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EXECUTIVE SUMMARY 
The Dam Impact Analysis (DIA) Model is a population viability analysis that was 

developed to help better understand the impacts of dams on the production potential of Atlantic 
salmon (Salmo salar). Dams have been identified as a major contributor to the historic decline 
and current low abundance of salmon in the Gulf of Maine Distinct Population Segment, which 
was first listed as endangered in 2000 and then expanded in 2009 to include Atlantic salmon in 
all rivers from the Androscoggin River north along the Maine coast to the U.S.-Canada border. 
The DIA Model specifically simulates the interactions of Atlantic salmon and 15 hydroelectric 
dams in the Penobscot River watershed in Maine. 

The modeling approach incorporates life stage-specific information for Atlantic salmon 
to simulate the life cycle of Atlantic salmon in the Penobscot River. Most model inputs were 
considered to be random variables, and Monte Carlo sampling from probability density functions 
was used to create multiple realizations of population trajectories over time. All DIA Model 
iterations were run for 50 years, roughly ten generations of fish, and 5,000 iterations were run for 
each simulation. The DIA Model was built in Microsoft Excel with the @Risk add-on. 

The DIA Model can be used to compare alternative scenarios of changes in future 
abundance and identify critical parameters and information needs for recovery efforts. The 
predicted abundance and distribution of adults and number and proportion of smolts killed due to 
the effects of dams were reported for several modeling scenarios. The DIA Model simulations 
are not meant to predict absolute abundance, distribution, or mortality, but rather are meant to 
project the relative changes under different modeling scenarios. The modeled population of 
Atlantic salmon in the Penobscot River decreased in abundance and distribution when DIA 
Model inputs were set at the base case values, whereas abundance increased and Atlantic salmon 
remained distributed throughout the Penobscot River watershed when marine and freshwater 
survival rates were increased appreciably in a recovery scenario. The production potential of 
Atlantic salmon was also more affected by the operational characteristics of mainstem dams than 
tributary dams in the Penobscot River watershed because mainstem dams tend to impact access 
to multiple upstream tributary dams. Sensitivity analyses were performed on all input values to 
determine which model inputs had the greatest impact on the results. The DIA Model results 
revealed that recovery of Atlantic salmon is most sensitive to marine survival and downstream 
dam passage survival rates. 
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1 INTRODUCTION 
The Gulf of Maine Distinct Population Segment (GOM DPS) of Atlantic salmon is listed 

as endangered under the U.S. Endangered Species Act (65 Federal Register 69469, November 
17, 2000; 74 Federal Register 29344, June 19, 2009). Dams have been identified as a major 
contributor to the historic decline and current low abundance of salmon in the GOM DPS (NRC 
2004; Fay et al. 2006). To better understand the impacts of dams on the production potential of 
Atlantic salmon, a tool was developed to simulate the interactions of Atlantic salmon and dams, 
particularly hydroelectric dams in the Penobscot River watershed. The Penobscot River 
watershed was chosen as the area of study for several reasons. In recent years, approximately 
75% of all U.S. Atlantic salmon returns have come from the Penobscot River (USASAC 2011). 
Also, multiple hydroelectric dams, which reduce migration success for downstream migrating 
smolts and upstream migrating adults, are located on both mainstem and major tributary reaches. 
Fifteen Federal Energy Regulatory Commission (FERC)-licensed dams were focused on because 
these dams are located within designated Atlantic salmon critical habitat (74 Federal Register 
39003, August 10, 2009) or currently occupied Atlantic salmon watersheds. 

Predicting the future viability of an endangered or threatened species is a vital part of 
planning management and recovery actions (NRC 1995), and population models are important 
tools for assessing management strategies and evaluating risks to these species (Morris and Doak 
2002; McGowan and Ryan 2009; McGowan and Ryan 2010). A life history modeling approach 
was undertaken because a large amount of life stage-specific information is available for Atlantic 
salmon. Life history models can provide biological realism but may require many assumptions 
regarding the various inputs. Population viability analysis (PVA) is a stochastic life history 
model for predicting changes in population abundance given uncertain biological parameters 
(Beissinger 2002). 

PVAs vary greatly in their complexity. A simple PVA quantitatively estimates 
information related to population growth and extinction probabilities for a single population 
(Dennis et al. 1991). A simple PVA is a stochastic exponential growth model of population size, 
which is equivalent to a stochastic Leslie-matrix projection with no density dependence. More 
complex PVA approaches account for a wider range of life history characteristics, such as age 
distribution, juvenile survival rates, adult survival rates, habitat limitations or degradation, age-
specific fecundity, and migration rates (Beissinger 2002). One such life-cycle model, 
SalmonPVA, was developed for the GOM DPS (Legault 2004). The SalmonPVA is a state-space 
model structured to represent GOM DPS Atlantic salmon life history characteristics. Results 
from these more complex PVA models can be used to explore the potential effects of 
management actions in light of unknown future conditions, variability of input data, and 
assumptions made when designing the model (Legault 2005). The more complex approach, such 
as was applied within the SalmonPVA, may provide information to decision makers related to an 
array of management measures available (Samson 2002). 

The Dam Impact Analysis (DIA) Model was built in Microsoft Excel with the @Risk 
add-on and was developed as a state-space model that is similar in structure to the SalmonPVA 
but representative of Penobscot River Atlantic salmon life history characteristics. Most DIA 
Model inputs were specified as random variables with known probability density functions, and 
Monte Carlo sampling was used to simulate many iterations of the Penobscot River population of 
Atlantic salmon forward in time. The DIA Model projections of future abundance can identify 
critical information requirements for recovery efforts. Specifically, the DIA Model was 
developed to assess the relative impacts of hydroelectric facility operations within the Penobscot 
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River watershed on the production potential of the Penobscot River Atlantic salmon population. 
The DIA Model simulations do not predict absolute abundance, but instead project the relative 
change in abundance and distribution under different modeling scenarios. 

This document describes the DIA Model developed for Atlantic salmon in the Penobscot 
River watershed. A full description of the chronology of the model development (Table 1.1) and 
modeling approach is presented and all input values, distributions, and assumptions are outlined. 

 

2 MODEL OVERVIEW 
An overview of the DIA Model is provided below. A schematic outlining the life stages 

modeled, additions and subtractions to the population and other metrics effecting the population 
was developed (Figure 2.1). A full description of all model inputs is provided in Section 3. The 
DIA model describes the dynamics of a population spatially distributed over 15 sections, 
hereafter referred to as production units (PUs; Figure 2.2). The linkages among PUs are defined 
by the physical configuration of the Penobscot drainage and accessibility (i.e., dams). 

The initial distribution of salmon in the DIA Model is based on the mean annual number 
of two sea-winter (2SW) female returns captured at the trap above Veazie Dam during 2002–
2011, which equaled 587 fish. These fish were randomly assigned among the PUs according to 
an underlying multinomial distribution based on the amount of salmon habitat available in each 
PU (see Section 3.1). Production potential was zero in PUs that could not be accessed due to lack 
of upstream dam passage, and, therefore, no adults were seeded into these PUs. For all 
subsequent calculations, the numbers of Atlantic salmon were rounded, rather than binomially 
assigned, to maintain whole numbers of fish and to minimize computational time. 

For each DIA Model iteration, the 2SW females in year 1 were multiplied by the 
fecundity rate to estimate the number of eggs produced in that same year (see Section 3.2). The 
number of eggs was then multiplied by the egg to smolt survival rate to estimate the number of 
two-year old smolts produced in year 4 (see Section 3.3). If the number of smolts in a PU 
exceeded the production potential cap, then the number of smolts was reduced to the maximum 
allowed for that PU to ensure that projections remained biologically reasonable. The carrying 
capacity assigned to each PU defines the maximum potential population size and induces a 
spatially explicit density dependence in the PU set comprising the Penobscot River watershed. 
Smolts surviving from the egg stage were considered wild-origin fish. Additionally, the option 
was available to have hatchery-origin smolts “stocked” into each PU (see Section 3.4). All 
smolts (hatchery- and wild-origin) then migrated downstream from their initial PU, through 
subsequent downstream PUs and over dams, to Verona Island. As fish migrated through PUs, the 
number of surviving smolts in a PU was multiplied by the distance-specific in-river survival rate 
(i.e., 1 – in-river mortality rate raised to the distance traveled; see Section 3.5). To simplify 
modeling, smolts were assumed to travel only half the length of their initial PU because fish 
could start their migration from a variety of locations within the PU (e.g., the furthest point 
upstream, the furthest point downstream). As smolts migrated downstream through subsequent 
PUs, they traveled the distance from the point of entry to the point of exit (e.g., fish from PU 7 
would travel the distance from Milo Dam to Howland Dam in PU 4). The in-river mortality rate 
was applied to each PU-specific group of smolts as they migrated downstream through each 
subsequent PU, until reaching the northern tip of Verona Island. 

Smolts exiting a PU had to traverse a dam to enter into a downstream PU. To account for 
dam-related mortality, the number of smolts above each dam was multiplied by the correlated 
draws from the dam-specific cumulative distribution functions of total hydroelectric project 
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survival to estimate the number of smolts remaining after passing each dam (see Sections 3.6.1 
and 3.6.2). Smolts that started their migration in PU 9, or further upstream, could travel through 
the Mainstem or Stillwater Branch of the Penobscot River (see Section 3.6.3). The number of 
smolts reaching PU 9 was multiplied by the Stillwater Branch path choice to estimate the number 
of smolts that migrated through that branch. The remaining smolts migrated through the 
mainstem. Smolts continued to migrate downstream through subsequent PUs, encountering in-
river and dam-related mortality, until the survivors reached the estuary at Verona Island. 

At Verona Island, an option was available to apply an indirect latent mortality rate to 
account for the negative effects on survival from passing multiple dams (see Section 3.7). An 
indirect latent mortality rate was calculated for smolts originating in each PU, based on the 
number of dams that fish from each PU passed. 

Although wild- and hatchery-origin smolts were treated the same during downstream 
migration (i.e., subjected to the same in-river mortality rates, smolt survival probabilities at 
dams, and indirect latent mortality rates), hatchery-origin smolts typically experience lower 
survival than wild-origin smolts (see Section 3.8). Hence, a survival discount was applied to 
hatchery-origin smolts to estimate the total number of wild-equivalents before they migrated out 
to sea. The remaining number of wild-equivalent smolts was halved to convert the number to 
wild-equivalent female smolts, which was needed to estimate the number of adult female returns. 
These wild-equivalent female smolts were considered post-smolts as they migrated beyond 
Verona Island, and the total number of female post-smolts in year 4 was multiplied by the marine 
survival rate to estimate the number of 2SW females that returned in year 6 (see Section 3.9). 

Maine Atlantic salmon return to their natal river to spawn with high fidelity (estimated 
straying rates 1–2%; Baum 1997). However, homing to the Penobscot River was assumed to be 
100% in the DIA Model, and the proportion of 2SW females that attempted to migrate upstream 
to each PU equaled the proportion of wild-equivalent female smolts that originated from each 
PU. Within the Penobscot River watershed, homing to natal PUs is less than 100%, and straying 
of adults is incorporated by randomly assigning a target PU based on estimated straying rates 
(see Section 3.10). Adults then migrated upstream from Verona Island and encountered dams as 
they attempted to migrate to their targeted PU (see Section 3.11). Upstream dam passage rates 
dictated the proportion of adults that were able to pass each dam. 2SW females that were unable 
to pass a dam died, returned to sea, or migrated to a different downriver PU to spawn (see 
Section 3.12). Adults that successfully passed dams continued to migrate upstream through all 
upriver PUs, until they reached their desired PU. No in-river mortality factor was applied, as 
freshwater mortality in free flowing stretches of river is assumed to be low for adult Atlantic 
salmon. In years when hatchery-reared smolts were stocked, 150 2SW females were removed 
from the migrating population for hatchery broodstock purposes just after passing the Veazie 
Dam (see Section 3.4). Hatchery broodstock were removed in a way that each PU contributed 
adult spawners in proportion to their adult returns (except PUs 13 and 14 because adults that 
returned to these PUs did not pass Veazie dam). The 2SW females that reached their desired PU 
spawned and produced eggs in that same year (i.e., year 6). This entire process was then repeated 
for nine more generations (one generation equaled 5 years). 

All fish were tracked according to their PU of origin. The adult portion of the Atlantic 
salmon life cycle focused on 2SW females because the vast majority of females return as 2SW 
fish and egg production is one of the limiting factors for this population (USASAC 2011). The 
smolt life stage focused on age-2 fish because the majority (>85%) of naturally-reared Atlantic 
salmon smolts from Maine, and specifically the Penobscot River, migrate to the ocean as age-2 
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fish, with smaller proportions of both age-1 and age-3 juveniles present (USASAC 2011). 
Although kelts play a vital role in the life history of Atlantic salmon, this life stage was not 
included in the DIA Model due to limited quantitative information for model inputs and the 
limited number of kelts present. 

A cohort of fish and its descendants were tracked through the life stages. Inputs were 
year- and iteration-specific random draws from distributions to incorporate stochastic variation 
into the model. All DIA Model iterations were run for 50 years, which equaled ten plus 
generations of fish, and 5,000 iterations were run for each simulation. All model iterations were 
run with @Risk. 

 

3 MODEL INPUTS 
3.1 Production Units 

The DIA Model was built for the Penobscot River watershed comprising 15 sections, or 
PUs (Table 3.1.1; Figure 2.2). The upstream boundary of each PU was either the headwaters of a 
tributary or a FERC-licensed hydroelectric dam. The downstream boundary of each PU was a 
hydroelectric dam, except in PU 14, where the downstream boundary was the northern tip of 
Verona Island. Using dams as PU endpoints meant that Atlantic salmon could not enter or exit a 
PU without attempting to pass a dam, with the exception of PU 14. This scheme helped further 
delineate the salmon-dam interactions in the model. 

Total network length, longest segment length, and partial segment length were distances 
calculated to describe each PU (Table 3.1.1). Total network length represents the sum of all 
perennial stream kilometers within a particular PU. Longest segment length represents the 
longest straight path distance that a fish could swim within a PU. Partial segment length 
represents the distance that a fish would swim when traversing from one PU to another (e.g., fish 
from PU 2 would travel the distance from Mattaceunk Dam to West Enfield Dam in PU 3; 
Figure 2.2). PUs can have no partial segment length (e.g., PU 15), one partial segment length 
(e.g., PU 2), or two partial segment lengths (e.g., PU 4). The longest segment lengths and partial 
segment lengths were also used to calculate in-river mortality (see Section 3.5). 

Each PU has the potential to support a different number of fish based on available habitat. 
Our measurement unit for Atlantic salmon is a habitat unit (HU) equal to 100 m2. The number of 
Atlantic salmon HUs was calculated for each PU using a model which estimated spawning and 
rearing habitat (Table 3.1.2; Wright et al. 2008). The number of Atlantic salmon HUs was used 
as a measure of production potential (i.e., the number of Atlantic salmon each PU could 
produce), and the proportional production potential (i.e., proportion of HUs in a PU compared 
the total habitat units for the drainage) was used to seed adults as well as to limit the number of 
smolts in each PU. 

The model was seeded with 2SW females that were randomly assigned among the PUs 
according to an underlying multinomial distribution based on the proportion of HUs in each PU 
(Table 3.1.2). PUs 1, 7, 8, and 11 were not allotted any HUs because adults were unable to 
access them due to lack of upstream dam passage. Therefore, no 2SW females were allocated to 
these PUs. 

The number of smolts in each PU was limited with a production potential cap, which was 
the maximum number of smolts allowed per HU (i.e., 10 smolts per 100 m2; Table 3.1.2). The 
cap of 10 smolts per 100 m2 is greater than the commonly accepted production potential of three 
smolts per 100 m2 in the Penobscot River (Meister 1962) but was implemented to prevent 
biologically unrealistic outputs from being produced via stochastic sampling. 



5 
 

PU 1, which is the West Branch of the Penobscot River above Medway, is different than 
the other PUs. Medway does not have upstream or downstream passage, so no fish are able to 
access this PU. Also, no anadromous Atlantic salmon are stocked in PU 1, so no juveniles are 
produced and no smolts migrate through this PU en route to PU 2 (Figure 2.2). Although PU 1 
was built into the DIA Model, this PU did not contribute to the Atlantic salmon population. PU 1 
was included in the model because the West Branch was historically important Atlantic salmon 
habitat and could be recognized as a potential component of Atlantic salmon recovery efforts in 
the Penobscot River in the future. 

 

3.2 Eggs per Female 
Adult female Atlantic salmon spawn at various ages, and typically older females produce 

more eggs. In the DIA Model, a fecundity rate was applied to the number of 2SW females in a 
year to estimate the number of eggs that would be produced the same year. 

The number of eggs produced per female Atlantic salmon was estimated using fecundity 
data for Penobscot River sea-run female Atlantic salmon, spawned at Craig Brook National Fish 
Hatchery during 1997–2010 (Denise Buckley, U.S. Fish and Wildlife Service, personal 
communication). The data were derived primarily from 2SW females, but a small number of 
older females were also spawned each year. A distribution was fit to the average number of eggs 
per female in each year by using a combination of characteristics of the data (e.g., discrete 
distributions were not considered for values that could be treated as continuous) and goodness of 
fit tests. The data were best described by a normal distribution with µ = 8,304 and  = 821 
(Figure 3.2.1). Year- and iteration-specific values were drawn from this distribution for base case 
fecundity values in all DIA Model simulations. 
 

3.3 Egg to Smolt Survival 
Atlantic salmon spend the first years of their lives in rivers, from the time they are eggs 

until they migrate to the ocean as smolts. Atlantic salmon go through several life stages during 
this time: egg, fry, parr, and smolt. The DIA Model did not calculate the number of fish at all of 
these life stages. Instead, an egg to smolt survival rate was applied to the number of eggs in a 
year to estimate the number of smolts that would survive three years later (i.e., age-2 smolts) and 
be available to initiate a downstream migration to the ocean. 

The egg to smolt survival rate was calculated based on the methods of Legault (2004). 
Egg to fry, fry to parr0+, parr0+ to parr1+, and parr1+ to smolt survival rates were obtained from 
the literature and were combined using a method that would account for uncertainty in each 
study. In order to be combined, studies for a particular life stage were standardized to the same 
time interval. The standardized mean, minimum, and maximum values were used to generate a 
triangular distribution for each study. The triangles were added together to form a new survival 
rate distribution for that life stage. This probability distribution function was converted to a 
cumulative distribution function, and the 10th and 90th percentiles were used as the limits of a 
uniform distribution. The uniform distribution was used to describe the uncertainty in survival 
for each life stage. Instream survival studies described in Legault (2004) were augmented with 
more recent studies. 

The egg to fry survival rate came directly from a study of GOM DPS Atlantic salmon 
(Jordan and Beland 1981) instead of using the objective process described above. The uniform 
distribution for survival of 15 to 35%, covered most other estimates of survival in the literature 
(see Table 2 in Legault 2004), and was thought to best represent egg to fry survival of Atlantic 
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salmon in Maine (Legault 2004). Two additional studies were excluded because they were not 
considered representative of Atlantic salmon survival in Maine (Table 3.3.1; Dumas and Marty 
2006; Flanagan et al. 2008). 

The fry to parr0+ survival rate was derived using the objective process described above, 
with the standard time period of two months. Seven studies were included, resulting in a uniform 
distribution ranging from 31 to 60% (Table 3.3.2; see Table 3 in Legault 2004; Figure 3.3.1). 
Other studies were excluded because they were not considered representative of Atlantic salmon 
survival in Maine for various reasons. One study had extremely low survival (Coghlan and 
Ringler 2004). Another study had a wide range of survival and did not report a mean survival 
rate (Coghlan et al. 2007). The duration of one study could not be determined (Raffenberg and 
Parrish 2003). Two studies (Aprahamian et al. 2004; Millard 2005) had multiple survival rate 
estimates, and these estimates were averaged for each study after standardizing the time period 
so that neither study would have undue influence on the overall calculation of survival for this 
life stage. The seven studies which were included had mean standardized survival rates ranging 
from 40.3 to 59.2% (Egglishaw and Shackley 1973; Egglishaw and Shackley 1980; Gardiner and 
Shackley 1991; Orciari et al. 1994; McMenemy 1995; Aprahamian et al. 2004; Millard 2005). 

The parr0+ to parr1+ survival rate was derived using the objective process described 
above, with the standard time period of twelve months. Eight studies were included, resulting in 
a uniform distribution of survival ranging from 13 to 56% (Table 3.3.3; see Table 4 in Legault 
2004; Figure 3.3.2). One study was excluded because survival was parsed out by season (Letcher 
et al. 2002). The eight studies which were included had mean standardized survival rates ranging 
from 11.3 to 51.0% (Meister 1962; Egglishaw and Shackley 1980; Kennedy and Strange 1980; 
Kennedy and Strange 1986; Gardiner and Shackley 1991; Orciari et al. 1994; Cunjak et al. 1998; 
Aprahamian et al. 2004). 

The parr1+ to smolt survival rate was derived using the objective process described 
above, with the standard time period of nine months. Five studies were included, resulting in a 
uniform distribution ranging from 17 to 50% (Table 3.3.4; see Table 5 in Legault 2004; Figure 
3.3.3). One study was excluded because the life stage of the fish was unclear (Letcher et al. 
2002). The five studies which were included had mean standardized survival rates ranging from 
16.8 to 45.8% (Meister 1962; Myers 1984; Orciari et al. 1994; Cunjak et al. 1998; John F. Kocik, 
NOAA’s National Marine Fisheries Service, personal communication). 

Combining the minimum and maximum values across these life stages produced a 
possible range from 0.10 to 5.88% for the egg to smolt survival rate, with a mean of 1.31% 
(Table 3.3.5). The egg to fry, fry to parr0+, parr0+ to parr1+, and parr1+ to smolt distributions 
were each sampled 10,000 times, and the life stage survival values from each iteration were 
multiplied together to calculate an egg to smolt survival rate. The sum of random values from the 
egg to fry, fry to parr0+, parr0+ to parr1+, and parr1+ to smolt distributions was approximately 
normal by the central limit theorem, and egg to smolt survival could be expressed as the sum of 
the natural logs of each survival rate (Hilborn and Walters 1992; Legault 2004). This meant that 
the distribution of egg to smolt survival approximated a lognormal distribution (Figure 3.3.4). 
These data were fitted with a lognormal distribution with  = 1.31%, minimum = 0.10%, and 
maximum = 5.88% for the base case egg to smolt survival distribution (Figure 3.3.5). The 90% 
confidence interval encompasses survival values between 0.5 and 2.4%, which coincides with 
the general perception that egg to smolt survival should be around 1 – 2% (Legault 2004). Year- 
and iteration-specific values were sampled for all DIA Model simulations. 
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3.4 Hatchery Stocking 
Hatchery-origin fry, parr, and smolts are stocked annually into the Penobscot River to 

supplement wild production with the goal of recovery of the Atlantic salmon population in the 
Penobscot Bay Salmon Habitat Recover Unit. The DIA Model allowed for smolt-stocking, as 
more than 90% adult returns to the Penobscot River have originated from smolt stocking 
(USASAC 2011). Within the DIA Model, hatchery smolts were stocked and proceeded through 
the downstream migration and ocean migration with their wild conspecifics. 

Smolt stocking could be turned on or off on a yearly basis in the DIA Model. When smolt 
stocking was turned on, a total of 550,000 smolts were stocked, to mimic the approximate 
number stocked annually. Smolts were distributed throughout the watershed according to the 
mean proportion stocked in each PU during 2003–2012 (Table 3.4.1; USASAC 2011; Justin 
Stevens, NOAA’s National Marine Fisheries Service, personal communication). In years when 
stocking was turned on, 150 2SW females were removed above Veazie Dam from the upstream 
migrating population of adults to fulfill the broodstock requirements. If 150 or fewer 2SW 
females were present above Veazie Dam, all of the fish were removed for hatchery broodstock. 
A total of 550,000 smolts were stocked annually regardless of the number of 2SW females 
removed for broodstock as broodstock shortages were assumed to be made up from backup 
broodstock sources. If smolt stocking was turned off, no broodstock were collected, and all 2SW 
females that successfully ascended the Veazie Dam fishway proceeded upriver. 

 

3.5 In-river Mortality 
Emigrating smolts are subjected to varying levels of in-river natural mortality as they 

migrate from their rearing habitat to the ocean. To incorporate this dynamic into the DIA Model, 
a distribution of mortality estimates per km was generated from telemetry studies conducted 
within the Penobscot River. 

A network array of telemetry receivers was deployed throughout the Penobscot River, 
and groups of both wild- and hatchery-origin smolts were tagged and released at various 
locations throughout the drainage in 2005 and 2006 (Holbrook et al. 2011) and again in 2009 and 
2010 (Joseph Zydlewski, U.S. Geological Survey, Maine Cooperative Fish and Wildlife 
Research Unit, personal communication). Estimates of mortality per km between successive 
telemetry unit/array pairs for each year- and origin-specific release group were derived from 
mark–recapture model outputs performed in Program MARK (White and Burnham 1999). Only 
fish that survived to the first receiver/array were included to eliminate potential bias associated 
with tagging-related mortality. Mortality estimates for successive telemetry unit/array pairs that 
spanned a hydroelectric facility were excluded because dam-related mortality was accounted for 
in Section 3.6.1. A total of 64 estimates of in-river mortality per km were available. Eleven of 
these estimates were removed from the analysis due to concerns that they were biased by 
tagging-release effects, the river segment being too small (<1 km long), or the river segment 
being flanked by two dams. The resulting dataset included estimates ranging from 0.0 to 2.8% 
loss per km migrated. These estimates were calculated from river segments that were between 
one and 20 km long. A cumulative frequency distribution was created from the data (Figure 
3.5.1), and 34.6% of the distribution represented a 0.0% mortality per km. 

The DIA Model applied year- and iteration-specific values from the in-river mortality 
distribution, which meant the same mortality per km value was used for all PUs in a year. To 
avoid the unlikely scenario of 35% of the iterations having 0% mortality per km, a new in-river 
mortality distribution was developed for use in the DIA Model. This new in-river mortality 
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distribution was created using a sub-model. A total of 500,000 smolts were proportionally 
distributed across all PUs, according to the production potential of each PU, in the sub-model. 
No smolts were stocked into PU 1, as this PU was excluded from the DIA Model due to the lack 
of upstream access into this system. Smolts were not stocked into PU 11 (Stillwater Branch) to 
simplify the simulation by not requiring an input variable for path choice between the Mainstem 
and Stillwater branches. PU-specific in-river mortality values were based on random draws from 
the cumulative distribution in-river mortality estimates described above. To calculate the number 
of surviving smolts entering each downriver PU, the PU-specific in-river mortalities were 
subtracted from one and raised to the distance travelled within a PU for each group of smolts 
(Table 3.1.1). Smolts in the sub-model were stocked in the middle of a PU, and the number of 
smolts surviving from the PU in which they were stocked was based on half the longest segment 
length of that PU. Smolts were assumed to have traveled the entire length of subsequent PUs 
(i.e., partial segment length; Table 3.1.1). The survivors after PU 14 were summed, and an 
estimated mortality rate per km was calculated as the proportion of smolts that survived divided 
by the total distance smolts migrated. A total of 10,000 iterations were performed, and the 
resulting mortality per km distribution was best described by a beta distribution with shape 
parameters  = 11.245 and  = 9.8007, minimum = zero, and maximum = 0.00038077 (Figure 
3.5.2). This distribution was fit by using a combination of characteristics of the data and 
goodness of fit tests. Year- and iteration-specific values were sampled from this new distribution 
for base case in-river mortality rates in all DIA Model simulations. 

 

3.6 Downstream Dam Passage Survival Rates 
3.6.1 Desktop Survival Analysis 

The Penobscot River Basin has been extensively developed for hydroelectric power 
generation. Approximately 123 dams are located in the Penobscot River watershed, and 31 of 
these dams operate under a FERC hydropower license or exemption (Tara Trinko Lake, NOAA’s 
National Marine Fisheries Service, personal communication). However, the DIA Model focused 
only on 15 FERC-licensed dams within designated Atlantic salmon critical habitat (74 Federal 
Register 39003, August 10, 2009) or occupied Atlantic salmon watersheds. 

Hydroelectric dams are known to impact Atlantic salmon through various mechanisms, 
such as habitat alteration, fish passage delays, and entrainment and impingement (Ruggles 1980; 
NRC 2004). Site-specific survival studies are available for some hydroelectric facilities in the 
Penobscot Basin (as summarized by Fay et al. (2006) and Holbrook (2009)). However, the 
limitations of currently available data are significant. As the DIA Model was designed to 
understand the impacts of these FERC-regulated dams on the productivity of the Penobscot 
River Atlantic salmon population, an accurate description of the total mortality associated with 
each of these facilities was required. Given the paucity of field data to describe these effects, 
Alden Research Laboratory, Inc. (hereafter referred to as Alden) was contracted to estimate 
current smolt survival rates at 15 FERC-regulated dams on the Penobscot River, based on site-
specific project data (e.g., turbine type, revolutions per minute, head, presence of fishways), fish 
characteristics, and hydrological records. The factors to be considered were to cover both direct 
and indirect mortality effects attributable to dam passage as well as delayed mortality based on 
available literature. 

Two types of mortality effects were incorporated within the DIA Model: direct and 
indirect. Direct mortality is the result of a lethal injury that occurs during passage through 
turbines, over fishways, or through fish bypasses and leads to death during passage or shortly 
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thereafter (Amaral et al. 2012). An example of direct mortality would be a lethal injury from 
blade strike. Indirect mortality may occur through a variety of mechanisms such as predation 
(that may be attributable to reduced migration speed or turbulence at a dam), disease (that may 
be more likely to occur as a result of sub-lethal injury such as scale loss), and the additive effects 
of stress and injury associated with passing one or multiple dams. The effects of indirect 
mortality may be felt during or immediately post-dam passage or sometime thereafter at a later 
state of migration. Indirect mortality was segregated into two discrete factors for the DIA Model: 
cumulative and latent. Indirect cumulative mortality can occur when passage through turbines, 
over spillways, and through bypasses results in injuries such as scale loss, lacerations, bruising, 
eye or fin damage, or internal hemorrhaging (Amaral et al. 2012). Although indirect cumulative 
mortality is likely fairly low, this mortality may increase after fish pass multiple dams. An 
indirect cumulative mortality factor was incorporated into smolt survival rate estimates at each of 
the 15 hydroelectric dams that were modeled (Amaral et al. 2012). Indirect latent mortality is 
believed to occur early in the marine phase of the salmon’s life history and is discussed further in 
Section 3.7. 

The route that a salmon smolt takes when passing a dam is a major factor in its likelihood 
of survival. A fish that passes through a properly designed downstream bypass has a better 
chance of survival than a fish that goes over a spillway, which, in turn, has a better chance of 
survival than a fish swimming through the turbines. Facility-specific characteristics were 
obtained and used by Alden to estimate flow-specific total project smolt mortality estimates 
based on flow-specific turbine, spillway, and bypass mortality estimates with an additional 
indirect cumulative mortality rate applied (i.e., mortality due to predation and sub-lethal injuries 
during passage). The probability of all possible flow conditions was estimated in discrete cubic 
feet per second (cfs) increments at all modeled facilities (Amaral et al. 2012). Cumulative flow 
probability distributions were generated for each modeled facility (Figure 3.6.1.1) and were used 
in combination with the total project smolt survival estimates (Figure 3.6.1.2) to generate year- 
and iteration-specific estimates of smolt survival at each of the 15 dams in the DIA Model, as 
described in Section 3.6.2. Flow probabilities, and hence total project smolt survival, was not 
calculated for approximately 0.5% of the flow probability at each of the modeled facilities due to 
the very low probability of occurrence at the extreme upper and lower cfs bins. These missing 
probabilities for extreme cfs bins were accounted for by subtracting the sum of the flow 
probabilities from one, dividing the missing probability in half, and assigning the halves to two 
new cfs bins, one on each end of the flow probability distribution. The total project smolt 
survival in each new flow bin was set equal to the survival at the adjacent cfs bin provided by 
Alden. Although ad hoc, results are likely robust to these probabilities for rare events. A full 
description of the Alden procedures can be found in Amaral et al. (2012). 

The Upper Dover Dam was an exception to the above outlined procedures. The total 
project survival for this facility was set to 92.15% for each year and iteration of the DIA Model. 
No turbine entrainment occurs at this facility, as the project is not presently operating. Also, a 
downstream bypass is not available for smolts to utilize. As such, all migrating smolts must pass 
the facility via the spillway, which has a set 97% survival rate. Additionally, an estimated 5% 
indirect cumulative mortality rate (i.e., 95% survival), due to sub-lethal injuries, increased stress, 
and disorientation, was applied to all smolts migrating past any facility (Amaral et al. 2012). The 
total project survival of 92.15% for the Upper Dover Dam was calculated as the product of the 
spillway and the indirect cumulative survival rates. 
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Alden updated smolt survival estimates for Milford, Great Works, Stillwater, and Orono 
dams due to a change in the flow allocation to the Stillwater Branch of the Penobscot River. 
These updates were not used for the analyses reported in this document as they were provided 
after all DIA Model runs were performed, but the new smolt survival estimates are available for 
future use (Amaral et al. 2012). The updated smolt survival estimates would not alter the results 
appreciably as the survival estimates are very similar to the previous estimates (Table 3.6.1.1). 

 
3.6.2 Downstream Passage Correlation 

Survival of smolts migrating past hydroelectric facilities is generally positively correlated 
with river flow. Downstream migrating smolts typically have two or three routes by which they 
can traverse a hydroelectric facility: a downstream bypass (if available), over the spillway, or 
through the turbines. Under low flow conditions, more flow is proportioned to the turbines and 
less flow is proportioned to the downstream bypass and the spillway, thereby increasing the 
proportion of smolts passing through the turbines. Passing through the turbines generally results 
in increased mortality and injury rates compared to passing via a downstream bypass or the 
spillway. Conversely, under high flow conditions, a greater proportion of the flow, and, 
therefore, downstream migrating smolts, passes through the downstream bypass and spillway 
where smolt survival is typically higher.  

Alden estimated probability of flow and total project smolt survival for all possible flow 
conditions in discrete cfs increments for 15 FERC-regulated hydroelectric facilities on the 
Penobscot River (see Section 3.6.1). Within the DIA Model, year-specific random draws from 
the facility-specific cumulative probability of flow relationships (Figure 3.6.1.1) were used 
determine the flow levels and subsequent total project smolt survival estimates for each facility 
(Figure 3.6.1.2). These estimates were used to calculate the number of smolts that survive at each 
facility as they migrate downstream to the ocean. Within the Penobscot River, if one facility is 
experiencing high flows and consequentially high smolt survival, all facilities are likely 
experiencing relatively high flows and high smolt survival. Therefore, a mechanism was needed 
to correlate total project smolt survival across all facilities within each year and to incorporate 
the variation in flow documented within the drainage. 

Flow data from 24 current and historic monitoring sites within the Penobscot River 
watershed were accessed through the USGS National Water Information System 
(http://waterdata.usgs.gov/nwis). Available flow data spanned from the lower reaches of the 
system to the headwaters, including all major tributaries. Careful review of the available data 
resulted in 19 sites being removed from the analysis because of a lack of contemporary data, the 
location within the drainage was not applicable to the DIA Model, or the data series consisted of 
a single year. Continuous flow data were available for the remaining five sites (USGS gauge 
1029500 – East Branch Penobscot River at Grindstone, USGS gauge 1030500 – Mattawamkeag 
River near Mattawamkeag, USGS gauge 1034000 - Piscataquis River at Medford, USGS gauge 
1031500 – Piscataquis River near Dover-Foxcroft, and USGS gauge 1034500 – Penobscot River 
at West Enfield) for the period 1935–2010. The smolt migration occurs within the months of 
April through June, so a correlation analysis was run on the mean April – June flow for each site 
(Table 3.6.2.1). The minimum correlation coefficient (r) = 0.831, maximum = 0.981, and  = 
0.901, suggest that flow within the Penobscot drainage was highly correlated and, therefore, high 
flow and high smolt survival at one facility should correspond with high flow and high smolt 
survival at all facilities within the drainage. 
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As stated above, a year-specific cumulative probability of flow common to all facilities 
was drawn from a uniform distribution bounded by zero and one. A year- and facility-specific 
random error drawn from a uniform distribution bounded by ± 0.1695 was added to these year-
specific cumulative probabilities. Each year- and facility-specific probability sum was 
constrained from zero to one. For each of these year- and facility-specific probability sums, 
corresponding flow rates and smolt survivals were obtained from facility-specific relationships 
between the cumulative probability of flow rates (Figure 3.6.1.1) and total project smolt survival 
(Figure 3.6.1.2). This method of combining a year-specific random variable with a year- and 
facility-specific random variable ensured that smolts experienced similar relative flows among 
all dams. As an example, if a year-specific cumulative flow probability of 0.40 was drawn, the 
resulting year- and facility-specific probability sums would range from 0.2305 to 0.5695 (i.e., 
0.40 ± 0.1695), with an approximate mean of 0.40. The range of the uniform distribution used 
for the year- and facility-specific random errors (i.e., ± 0.1695) was specified so that the mean 
correlation of the subsequent flow rates among all dams equaled 0.901, which approximated the 
actual correlation of flows for dams in the Penobscot drainage. In a few instances, the distance 
between neighboring hydroelectric facilities was small enough that flow conditions at the up-
river dam were likely identical to the lower dam. In these cases, the same year- and facility-
specific random error was used for both dams to match to the cumulative distribution. This 
occurred with four pairs of facilities: Great Works and Milford, Orono and Stillwater, Brown’s 
Mills and Dover Upper, and Milo and Sebec. Year- and iteration-specific smolt survival 
estimates were selected in this manner for all DIA Model simulations. 

 
3.6.3 Downstream Path Choice 

A unique feature of the Penobscot River is the Stillwater Branch (i.e., Stillwater River). 
The Stillwater Branch is an approximately 17-km long side channel of the Penobscot River that 
begins at river km 47 (measured from the top of Verona Island), runs along the north and western 
sides of Orson and Marsh Islands, and rejoins the mainstem at river km 58.5, upriver of Veazie 
Dam (Figure 2.2). Smolts originating upriver of the Stillwater Branch have the option of 
migrating via the Stillwater Branch or the mainstem. Differential survival is likely experienced 
by smolts migrating through these two routes due to differences in local environs and the 
presence of multiple hydroelectric facilities. Smolts that migrate via the mainstem encounter 2 
dams: Milford and Great Works. (Great Works Dam was still operating at the time the DIA 
Model was built but was removed in 2012.) Smolts that migrate via the Stillwater Branch 
encounter 3 dams: Gilman Falls, Stillwater and Orono. Gilman Falls serves to control Stillwater 
head pond height and was not included within the DIA Model as this dam is assumed to have a 
minor negative effect on downstream migrating smolts due to the presence of a natural bypass 
channel adjacent to the dam and the lack of hydroelectric production capacity. However, 
Milford, Great Works, Stillwater, and Orono dams do have the potential to significantly affect 
downstream migrating smolts and have been shown to have varying levels of total project smolt 
survival (Figure 3.6.1.2). Additionally, previous telemetry investigations have shown that the 
proportion of the smolts accessing the Stillwater Branch varies annually (Holbrook et al. 2011). 
To accurately assess the impacts that hydroelectric facilities may have on migrating smolts in the 
Penobscot River, the option of migrating down the Stillwater Branch or mainstem was 
incorporated into the DIA Model. 

As previously mentioned (Section 3.5), a network array of telemetry receivers was 
deployed throughout the Penobscot River and groups of both wild- and hatchery-origin smolts 
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were tagged and released at various locations throughout the drainage in 2005 and 2006 and 
again in 2009 and 2010. Release group-specific (2005 and 2006) and origin-specific (2009 and 
2010) estimates of Stillwater Branch use were calculated (Holbrook et al. 2011; Joseph 
Zydlewski, U.S. Geological Survey, Maine Cooperative Fish and Wildlife Research Unit, 
personal communication). Stillwater Branch use estimates (n = 6) were fitted to a triangular 
distribution with a minimum value = 4.4%, a most likely value = 25.9%, and a maximum value = 
25.9% (Figure 3.6.3.1). This distribution was fit by using a combination of characteristics of the 
data and goodness of fit tests. A cumulative frequency distribution was developed from 5,000 
random draws from the triangular distribution (Figure 3.6.3.2). The proportion of smolts that 
accessed the Stillwater Branch during their migration was determined via a random draw from 
the cumulative frequency distribution. Smolts that migrated through the Stillwater Branch were 
subjected to in-river mortality and mortality associated with the Stillwater and Orono dams. All 
remaining smolts migrated via the mainstem and were subjected to in-river mortality and 
mortality associated with the Milford and Great Works dams. Random draws for Stillwater 
Branch use were correlated with the total project survival estimates according to the methods 
detailed in Section 3.6.2. Year- and iteration-specific Stillwater Branch use estimates were 
selected in this manner for all base case DIA Model simulations. 

 

3.7 Indirect Latent Mortality 
Additional dam-related mortality that occurs in the early marine phases of the salmon’s 

life history has been previously discussed (Budy et al. 2002; Schaller and Petrosky 2007; 
Haeseker et al. 2012). This additional dam-related mortality has been identified by a number of 
different names such as cumulative mortality, latent mortality, and the hydrosystem-related 
delayed mortality hypothesis. Hereafter, this additional dam-related mortality is referred to as 
indirect latent mortality. Indirect latent mortality is defined as mortality that occurs in the ocean 
and estuary after exiting the hydrosystem but is related to the fish’s earlier experience within the 
hydrosystem (Budy et al. 2002). This mortality is due to effects of stress and injury over the 
course of passing one or multiple dams (Budy et al. 2002; Schaller and Petrosky 2007; Haeseker 
et al. 2012). Some indirect latent mortality may occur within a hydropower system (Budy et al. 
2002), but the cumulative in-river effects are difficult to separate from direct and indirect 
cumulative mortality that occur at or near individual dams. The DIA Model contained an option 
to apply an indirect latent mortality rate at Verona Island. This rate was calculated for smolts 
originating in each PU and was based on the number of dams that fish passed. An indirect latent 
mortality was applied to smolts at a rate of 10% per dam passed. 

Although indirect latent mortality has been demonstrated in other river systems (Budy et 
al. 2002; Schaller and Petrosky 2007; Haeseker et al. 2012), effectively quantifying this 
mortality, including in the Penobscot River, has been challenging, mainly because of difficulties 
directly measuring mortality after fish have left the river system. Due to the number of 
hydroelectric dams that are currently in the Penobscot River watershed, even a small indirect 
latent mortality rate can have a large effect on the number of smolts (and consequently 2SW 
females) in the population. An indirect latent mortality rate of 10% per dam is within the range 
of estimates for this mortality type developed from individual studies in the Snake River and 
lower Columbia River basins (Deriso et al. 1996; Schaller and Petrosky 2007). 
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3.8 Hatchery Discount 
Although hatchery- and wild-origin smolts experience the same kinds of mortality, 

hatchery-origin smolts typically experience lower survival than wild-origin smolts, and so a 
discount was applied to hatchery-origin smolts to estimate the number of wild-equivalents before 
they migrated out to sea. 

To estimate a hatchery discount, survival rates of wild- and hatchery-origin fish were 
obtained from the literature. Studies were included or excluded from the hatchery discount 
calculation with some subjectivity, and the decisions to include or exclude them are described 
below (Table 3.8.1). 

Studies of wild- and hatchery-origin Atlantic salmon were used to estimate the relative 
difference in survival between hatchery and wild fish from the smolt to adult life stages. Studies 
were excluded because they were not considered representative of Atlantic salmon in the 
Penobscot River watershed for various reasons. Studies were excluded if survival rates were not 
given (De Leaniz et al. 1989; Fleming et al. 1997; Einum and Fleming 2001; Salminen et al. 
2007). Other studies were excluded because their study design made the survival rates 
inapplicable for the hatchery discount (e.g., life stages outside of smolt to adult stages were 
included, adult Atlantic salmon were captured at sea rather than in the river, survival of wild and 
semi-wild fish were compared instead of wild and hatchery fish; Jonsson et al. 1991; Jonsson and 
Fleming 1993; Jonsson 1997; Jonsson et al. 2003; Jokikokko et al. 2006; Peyronnet et al. 2008; 
Kallio-Nyberg et al. 2011). The data points that were included (n = 17) had wild to hatchery 
survival ratios ranging from 1.18 to 8.20% (Jonsson et al. 1991; Crozier and Kennedy 1993; 
Jonsson and Fleming 1993; Jonsson et al. 2003; Jutila et al. 2003; Kallio-Nyberg et al. 2004; 
Saloniemi et al. 2004; Jokikokko et al. 2006; Peyronnet et al. 2008; Kallio-Nyberg et al. 2011). 

A distribution was fit to the included wild versus hatchery survival ratios by using a 
combination of characteristics of the data and goodness of fit tests. The data were best described 
by a log logistic distribution, with  = 1,  = 1.4271,  = 1.9922, and maximum = 12 (Figure 
3.8.1). Year- and iteration-specific values were drawn from this distribution for base case 
hatchery discount values in all DIA Model simulations. The proportion of hatchery smolts at 
Verona Island (after the indirect latent mortality rate was applied) was divided by the year- and 
iteration-specific hatchery discount to estimate the number of wild-equivalent smolts. 

 

3.9 Marine Survival 
U.S. Atlantic salmon spend approximately one half of their life in the marine 

environment. To account for this, the DIA Model estimated the number of female post-smolts 
that successfully emigrated to Verona Island at the upper-most reaches of Penobscot Bay, and a 
marine survival distribution was applied to this population to estimate the number of 2SW 
female returns that would successfully migrate to Greenland and back to Verona Island over the 
course of the following two years. These 2SW females would then be available to migrate 
upstream en route to their natal spawning grounds. 

Although the marine survival phase has received increased attention in recent times, an 
accurate assessment of marine survival for the Penobscot River salmon population is not 
available. Counts of adult returns divided by the total number of smolts stocked into the 
Penobscot River can be used as a surrogate for the marine survival rate, and these data are 
available from 1969 through the present. However, these are not accurate estimates of marine 
survival because they incorporate mortality of smolts in freshwater (i.e., stocking, in-river, and 
dam-related mortality). Marine survival estimates do exist for the Narraguagus River, a small 
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coastal Gulf of Maine river located approximately 105 km northeast of Penobscot Bay, but the 
estimates are from a short time series (1997–present) that only includes data from a period of low 
marine productivity (Chaput et al. 2005). Finally, the DIA Model focused on 2SW female 
returns, and none of the existing datasets provide sex-specific estimates of marine survival. As 
such, a new 2SW female-specific marine survival distribution was generated from available data 
from the Penobscot River, which aimed to remove the freshwater mortality factors.  

To estimate a 2SW female marine survival distribution, the number of female smolts at 
Verona Island had to be estimated first. Year-specific estimates of the number of smolts stocked 
into the Penobscot River during 1969–2008 (USASAC 2011) were halved to approximate the 
number of stocked female smolts and then multiplied by the proportion of smolts that survived to 
Verona Island to adjust for mortality during the freshwater portion of the migration. Smolt 
survival to Verona Island was estimated from five years (2005, 2006, 2009, 2010, and 2011) of 
telemetry studies conducted within the Penobscot River (Joseph Zydlewski, U.S. Geological 
Survey, Maine Cooperative Fish and Wildlife Research Unit, personal communication). 
Seventeen estimates were obtained from hatchery- and wild-origin groups released at six 
different locations, and the means were fitted to a beta distribution with shape parameters  = 
4.1923 and  = 1.8648, minimum = zero, and maximum = one (Figure 3.9.1). The distribution 
was fit by using a combination of characteristics of the data and goodness of fit tests. Year-
specific values were sampled from this distribution to estimate the number of female smolts that 
would survive from stocking to Verona Island. 

Estimates of 2SW adults returning to the Penobscot River were obtained for return years 
1971–2010 (Figure 3.9.2; USASAC 2011). These estimates represented all 2SW returns and, as 
the DIA Model focused on 2SW female returns, needed to be discounted accordingly. Sex 
statistics were available for the Penobscot River from 1978 to 2011 (Figure 3.9.3; Maine 
Department of Marine Resources fishway trap database, 2010 version). During 1978–1999, sex 
statistics were based on field determinations made at the adult trap. Starting in 2000, fish 
collected for broodstock were individually tagged in the field and brought to the hatchery, where 
their sex could accurately be determined during spawning. The 2000–2011 data are considered 
more accurate because sex determinations made in the field early in the season, prior to sexual 
dimorphism, are difficult. When converting the 2SW adult returns to female 2SW returns, the 
year-specific sex ratio estimates were used for 2000–2010, and the 2000–2010 mean ratio was 
used for all years prior. 

Year-specific 2SW female marine survival rates were calculated by dividing the 
estimated number of 2SW female returns by the estimated number of female smolts at Verona 
Island. A total of 10,000 iterations were run, where the number of female smolts that would 
survive from stocking to Verona Island was a stochastic process (as described above). The 
maximum survival was capped at 25%, which was exceeded in less than 0.05% of the iterations. 
The resulting 1971–2010 median values were fitted to an inverse gaussian distribution with  = 
0.006265, shape parameter  = 0.0068723, and a shift of 0.00000813424 (Figure 3.9.4). Year- 
and iteration-specific values were sampled from this distribution for base case marine survival 
rates in all DIA Model simulations. 

 

3.10 Straying 
Adult Maine Atlantic salmon have been shown to have a high degree of river-of-origin 

homing, with rates of 98–99% in hatchery-release studies (Baum 1997). However, the in-river 
migration behavior and the effect of this behavior on reach-level productivity are poorly 
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understood. Within-river homing behavior and its effect on distribution of spawning adults is 
postulated as being driven by habitat (i.e., temperature, flow, and substrate) (Kocik and Ferreri 
1998), the presence of conspecifics (i.e., pheromone cues), and environmental cues (Fleming 
1996). Atlantic salmon have a strong tendency to return to river reaches where they have been 
reared. Saunders (1967) estimated a homing rate of 70% for naturally-reared smolts in the upper 
Miramichi, NB, Canada. Similarly, Heggberget et al. (1988) showed adult Atlantic salmon 
returned with very high affinity (  = 87%) to areas they had selected as spawning grounds when 
artificially displaced. Evolutionarily, in-river homing is logical as the success of an individual’s 
rearing would provide selection for the local habitat characteristics, and returning adults provide 
this selective advantage to future progeny. However, limited levels of straying also benefits 
salmon populations by allowing for plasticity in habitat use in response to varying population 
levels (i.e., balancing density dependent effects) and the opportunity to colonize new habitat as 
well as the prevention of genetic bottlenecking (Heggberget et al. 1988). 

Estimated in-river homing rates and straying patterns were developed to more accurately 
model the spatial distribution of Atlantic salmon production in the Penobscot River watershed. 
PU-specific homing rates and straying patterns were developed through an assessment of all 
available pertinent data and information including various Atlantic salmon behavioral studies 
conducted within the Penobscot (Power and McCleave 1980; Shepard 1995; Gorsky 2005; 
Gorsky et al. 2009; Holbrook et al. 2009; Douglas B. Sigourney, U.S. Geological Survey, Maine 
Cooperative Fish and Wildlife Research Unit, personal communication), fishway trap data from 
throughout the drainage (Maine Department of Marine Resources fishway trap database, 2010 
version), and Expert Panel recommendations made on the topic (NMFS 2012). 

Estimates of PU-specific homing rates and straying patterns could not be developed 
based on the behavioral studies and fishway trap data for two primary reasons. First, the 
available data were not representative of the entire drainage as some PUs had no information 
from which to draw conclusions. Second, the patterns observed within the various datasets could 
not be delineated into behavioral effects versus effects confounded by upstream passage issues. 
Estimates of PU-specific homing rates and straying patterns should be based on behavioral 
patterns only and need to be free from influences of upstream passage issues as these affects are 
included within the Upstream Dam Passage Inefficiency dynamics (Section 3.12). 

A set of logical rules was developed to assist with estimating PU-specific homing rates 
and straying patterns by using the specific study results combined with the Expert Panel opinions 
and local knowledge (Table 3.10.1). The logical rules are as follows: 

 PUs 1, 2, 3, 4, 5, 6, 7, 8, 13, and 15 were defined as headwater areas. 
 Headwater homing rates were set at 90%. 
 PUs 9, 10, 11, 12, and 14 were defined as mainstem. 
 Mainstem homing rates were set at 70%. 
 Straying was proportionally divided according to 90% upriver and 10% downriver. 
 Upstream straying was assigned equally to adjacent PUs. 
 Downstream straying was assigned to the downstream PU. 

Exceptions to these logical rules are as follows: 
 PUs 1 and 2 - These PUs are in the upper drainage and straying fish would likely stop in 

multiple lower PUs (i.e., all straying fish were not confined to straying into the 
immediate downstream PU). 
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 PUs 4, 5, and 6 - It was believed some fish would stray into PUs 7 and 8 (i.e., lateral 
straying). 

 PUs 7 and 8 – Similar to the rationale for PUs 1 and 2, straying fish would likely stop in 
multiple lower PUs (i.e., all straying fish were not confined to straying into the 
immediate downstream PU). 

 PUs 9, 10, 11, and 12 - These PUs contain lower quality spawning habitat compared to 
adjacent PUs. Therefore, a higher rate of straying into adjacent PUs containing higher 
quality spawning habitat was assumed (i.e., lateral straying). 

 PU 13 - This lower river drainage is unique in that it is a fairly large, self-contained 
drainage, and all straying was assumed to be upstream due to a lack of suitable habitat 
downstream.  

 PU 14 - This lower river drainage is unique in that it is mostly large mainstem habitat 
with only a small amount of suitable habitat that is tributaries. All straying was assumed 
to be upstream due to a lack of suitable habitat downstream.  

 PU 15 – Similar to PU 13, this lower river drainage is unique in that it is a fairly large, 
self- contained drainage. Straying was assumed to be primarily downstream, with a small 
amount of straying upstream. 

The actual rates of homing and straying for returning Penobscot Atlantic salmon are 
likely determined by a combination of biotic and abiotic factors, but a dataset of homing rates 
and straying patterns with dam passage factors removed was needed for the DIA Model. Because 
observational data from the Penobscot was considered biased, model rates were based on logical 
concepts, field data, expert opinions, and biological theory. The PU-specific homing rates and 
straying patterns described above were the best available information for use in the DIA Model. 

 

3.11 Upstream Dam Passage Survival Rates 
3.11.1 Veazie, Great Works, Milford, and All Other Dams  

After spending several years feeding in the ocean, adult Atlantic salmon return to rivers 
to spawn. As stated in Section 3.6.1, a large number of dams are located within the Penobscot 
River watershed, and Atlantic salmon must attempt to pass these dams on their upstream 
migration to their spawning grounds. The DIA Model also addressed upstream passage dynamics 
at 15 of those dams. The calculation of upstream dam passage was dependent upon each dam. 

Numerous telemetry studies have been conducted within the Penobscot River that 
focused on evaluating upstream passage of adult Atlantic salmon. These studies were conducted 
in 1987–1990, 1992, and 2002–2006 and have provided estimates of upstream passage at Veazie, 
Great Works, and Milford dams (Holbrook et al. 2009). Veazie estimates ranged from 0.4210 to 
0.9840, with  = 0.6485 and  = 0.1907, Great Works estimates ranged from 0.1190 to 0.9440, 
with  = 0.6730 and  = 0.2783 and Milford estimates ranged from 0.6670 to 1.0000, with  = 
0.8993 and  = 0.0958. These data were used to generate cumulative frequency distributions 
(Figures 3.11.1.1, 3.11.1.2, and 3.11.1.3). To avoid using outliers from these datasets, minimums 
and maximums were placed on each of the cumulative distributions, using  ±  to calculate the 
limits (Table 3.11.1.1). Year- and iteration-specific values were randomly drawn from these 
cumulative distributions for base case upstream dam passage rates in all DIA Model simulations. 

Four dams (i.e., Medway, Milo, Sebec, and Orono) do not have any upstream passage 
facilities, meaning adults are not able to access the PUs above these dams (i.e., PUs 1, 7, 8, and 
11), and so upstream passage was set to zero (Table 3.11.1.1). No adults were seeded in these 
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PUs (because of the lack of upstream access). Subsequently, no smolts originated in them, and 
no 2SW females would home to them. However, a small proportion of adults were allowed to 
attempt to stray to these PUs (see Section 3.10) although their attempts would be unsuccessful 
due to the lack of passage at the facilities at the lower boundary of the PU. These adults would 
then die, return to the ocean un-spawned, or stray and spawn in a downstream PU (see Section 
3.12). 

Upstream passage estimated for the eight remaining modeled dams (i.e., Mattaceunk, 
West Enfield, Dover Upper, Brown’s Mills, Howland, Lowell, Stillwater, and Frankfort) were 
not available. Generalized estimates were used in previous modeling efforts (USFWS 1988) and 
were adopted here. A uniform distribution was developed for the eight remaining dams using  ± 

 (i.e., 0.92 ± 0.0325) as the upper and lower limits of the distributions (Table 3.11.1.1). Year- 
and iteration-specific values were sampled from the uniform distributions for the base case 
upstream dam passage rates in all DIA Model simulations. Adults that were not able to pass a 
dam died, returned to sea, or went to another PU (see Section 3.12). 

 
3.11.2 Upstream Path Choice 

As stated in Section 3.6.3, the Stillwater Branch presents a unique situation in the 
Penobscot River. Fish have the option to migrate through the Stillwater Branch or the mainstem. 
Whereas smolts were able to migrate downstream through either the Stillwater Branch or the 
Mainstem in the DIA Model, all adult spawners that attempted to migrate upstream of PU 12 
were forced to migrate through the mainstem. This was because Orono Dam, which is the 
downstream endpoint of PU 11 and the Stillwater Branch, has no upstream fish passage facilities. 

No adults were seeded in PU 11 (because of the lack of upstream access). Subsequently, 
no smolts originated in PU 11, and no 2SW females would home to PU 11. A small proportion of 
adults attempted to stray to PU 11 (Section 3.10). However, given the lack of upstream passage, 
all adults were diverted to the mainstem. 
 

3.12 Upstream Dam Passage Inefficiency 
Few, if any, upstream fishways provide safe, timely, and effective passage for 100% of 

migratory fish, including Atlantic salmon. Although multiple studies have been conducted in the 
Penobscot River to measure the effectiveness of fishways at various hydroelectric facilities, very 
little data are available concerning the fate of adult Atlantic salmon that are unsuccessful in 
locating or negotiating upstream fishways at dams. 

Within the DIA Model, the fate of adult salmon that were unsuccessful in passing an 
individual dam needed to be defined to more accurately model the spatial distribution of Atlantic 
salmon production in the Penobscot River watershed. In the absence of site-specific data, NMFS 
convened an expert panel, consisting of state, federal, and private sector biologists and engineers 
with expertise in Atlantic salmon biology and behavior at fishways, to address the issue. 
Specifically, the Expert Panel was asked if Atlantic salmon that are unsuccessful in locating and 
negotiating upstream fishways at the 15 hydroelectric projects modeled in the DIA Model die, 
return to the ocean un-spawned, or stray and spawn in downstream reaches. Through best 
professional judgment, the Expert Panel reached consensus regarding the fate of adult Atlantic 
salmon that are unsuccessful at locating and negotiating upstream fishways at the 15 
hydroelectric projects modeled in the DIA Model (Table 3.12.1). Hydroelectric projects 
upstream of the first impassable dam on the West Branch of the Penobscot River were not 
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evaluated by the group (e.g., dams upstream of Medway). A full description of the discussions 
and decisions reached are detailed in NMFS (2012). 

The Expert Panel recognized that no upstream fishway is 100% effective and concluded 
that a baseline 1% mortality is likely at all fishways for fish that do not successfully pass (Table 
3.12.2). Mortality estimates were increased for specific facilities due to a variety of reasons, such 
as a high percentage of fallback at a dam and, therefore, a high percentage of re-ascent and 
failure, the possibility of poaching-related mortality caused by migration delays, mortality due to 
a lack of thermal refuge for delayed adults, and the possibility of predation, mainly by seals, at 
the lower river dams. The logic behind assigning specific proportions of fish to return to the 
ocean un-spawned were related to proximity of the facility to the ocean and increased handling at 
the fishway trapping facility at Veazie Dam. The proportions of fish confined within the various 
downstream PUs after unsuccessfully attempting to ascend a particular fishway were determined 
by consensus within the Expert Panel.  

Within the DIA Model, adult returns must pass at least one dam en route to their 
spawning grounds, with the exception of fish destined for PU 14. Some percentage of these fish 
will not successfully pass each facility according to the upstream dam passage survival rates (see 
Section 3.11). These unsuccessful fish will die, return to the sea unspawned, or be redirected to a 
downstream PU according to the proportion detailed in Table 3.12.1. 

 

4 RESULTS 
The DIA model was run under two different scenarios: with the base case inputs (see 

Section 3) and with increased freshwater (i.e., egg to smolt) and marine survival rates. A 
scenario was run with increased survival rates (i.e., two times the base case freshwater survival 
and four times the base case marine survival) to simulate a recovering population of Atlantic 
salmon. The model run that used the base case survival rates is referred to as the “Base Case” 
scenario, and the model run that used the increased survival rates is referred to as the “Recovery” 
scenario. Five thousand iterations were run for both the Base Case and Recovery scenarios, and 
each iteration was run for 50 years (i.e., 10 generations). 

The reported results include estimated total adult abundance, distribution of adults, and 
total number and proportion of smolts killed by dams. These metrics were chosen to help 
monitor the reproduction, numbers, and distribution of the Atlantic salmon population in 
different scenarios. Total adult abundance was recorded as the median number of 2SW females 
across all PUs. For each of three areas of the Penobscot River watershed, the distribution of 
adults was recorded as the proportion of iterations when at least one 2SW female was present. 
The three areas of the Penobscot River watershed were the Upper Penobscot (i.e., above West 
Enfield Dam, PUs 1–3), the Piscataquis (i.e., the Piscataquis River watershed, PUs 4–8), and the 
Lower Penobscot (i.e., below West Enfield Dam, PUs 9–15) (Figures 2.2 and 4.1). PUs were 
grouped into these areas because of natural break points in the Penobscot River (i.e., the upper 
part of the mainstem and tributaries, a large primary tributary, and the lower part of the 
mainstem) and to avoid spurious results from stochasticity at the PU level. Total number of 
smolts killed by dams was recorded as the median number of smolts killed during emigration due 
to direct and indirect cumulative mortality associated with dam passage across the 15 modeled 
hydroelectric dams. Total proportion of smolts killed by dams was recorded as the median 
proportion of smolts killed during emigration due to direct and indirect cumulative mortality 
associated with dam passage across the 15 modeled hydroelectric dams. The total number and 
proportion of smolts killed by dams did not include mortality due to indirect latent mortality. 
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4.1 Base Case 
Adult abundance and distribution decreased in the Base Case scenario. The median 

number of 2SW females declined from generation 1 to generation 2, and varied without trend in 
subsequent generations (Table 4.1.1; Figure 4.1.1). The proportion of iterations when at least one 
2SW female was located in each Penobscot River watershed area equaled one in generation 1 for 
all three areas (Table 4.1.2; Figure 4.1.2). The proportion of iterations remained at one for the 
Lower Penobscot in generations 2–10 but declined from generations 1 to 4 in the Piscataquis and 
Upper Penobscot. 

The number of smolts killed decreased in the Base Case scenario, whereas the proportion 
of smolts killed remained constant. The median total number of smolts killed during emigration 
due to direct and indirect cumulative mortality associated with dam passage was the highest in 
generation 1, declined from generations 1 to 2, and varied without trend in generations 2–10 
(Table 4.1.3; Figure 4.1.3). The median total proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage remained constant at 0.11 
for all generations (Table 4.1.4; Figure 4.1.3). 

 

4.2 Recovery 
Adult abundance increased and adult distribution remained near one in all three areas in 

the Recovery scenario. The median number of 2SW females increased from generation 1 and 
reached a plateau by generation 7 (Table 4.1.1; Figure 4.1.1). The proportion of iterations when 
at least one 2SW female was located in each Penobscot River watershed area equaled one or was 
close to one in generations 1–10, for all three areas (Table 4.1.2; Figure 4.1.2). 

The number of smolts killed increased slightly overall in the Recovery scenario, whereas 
the proportion of smolts killed remained constant. The median number of smolts killed declined 
from generations 1 to 2 and then increased in subsequent generations (Table 4.1.3; Figure 4.1.3). 
The median total proportion of smolts killed during emigration due to direct and indirect 
cumulative mortality associated with dam passage was 0.10 or 0.11 for all generations (Table 
4.1.4; Figure 4.1.3). 

 

4.3 Summary 
Adult abundance, adult distribution, and the number of smolts killed decreased overall in 

the Base Case scenario, whereas adult abundance increased, adults remained distributed 
throughout the Penobscot River watershed, and the number of smolts killed increased overall in 
the Recovery scenario. The median number of 2SW females decreased in the Base Case scenario 
because survival rates were too low to sustain the initial number of adults. The median number 
of 2SW females increased in the Recovery scenario because the increase in marine and 
freshwater survival rates enabled the population to grow. The proportion of iterations when at 
least one 2SW female was located in each Penobscot River watershed area equaled one in all 
three areas in generation 1 because of the PUs where adults were seeded in this generation (see 
Section 3.1). In the Base Case scenario, the proportion of iterations when at least one 2SW 
female was present in the Lower Penobscot equaled one in all generations because returning 
adults did not have to pass as many dams (no dams for PU 14) to access this area of the 
watershed. The proportion of iterations was less than one in the Piscataquis and Upper Penobscot 
because too few 2SW females were able to pass the dams in the Lower Penobscot to enter these 
areas. The number of adults was also depleted before entering the Piscataquis or Upper 
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Penobscot because 150 2SW females were removed above Veazie Dam to fulfill hatchery 
broodstock requirements. The proportion of iterations when at least one 2SW female was present 
was high in all areas and generations of the Recovery scenario because survival rates were high 
and more 2SW females returned (enough to fulfill hatchery broodstock requirements and to have 
a large number left to attempt to pass dams) and produced smolts, which tried to home to their 
natal PU when they returned as adults. The number of smolts killed in the Base Case scenario 
decreased after generation 1 because spawning 2SW females were seeded throughout the 
Penobscot River watershed in generation 1, but low return rates in subsequent generations 
resulted in fewer spawners and, therefore, fewer smolts being produced. The number of smolts 
killed in the Recovery scenario increased because more smolts were available and attempted to 
migrate downstream. More smolts were available because of higher survival rates. 

 

5 ANALYSIS OF HATCHERY AND STATE OF RECOVERY 
The DIA Model was used to run scenarios to test the affects of stocking of hatchery-

reared smolts, freshwater and marine survival rates, and dams on the Penobscot River population 
of Atlantic salmon and was divided into these three parts. 

 
 The first part of this analysis was run with the hatchery component of the model turned 

on for all 50 years and with base case inputs for freshwater and marine survival rates. 
 The second part was run with the hatchery component turned off for all 50 years and with 

base case inputs for freshwater and marine survival rates. 
 The third part was run with the hatchery component turned off for all 50 years and with 

an increase of 2 times the base case freshwater survival rate and 4 times the base case 
marine survival rate. 

Each part of the analysis included five scenarios to test the impact of dams on the 
Atlantic salmon population (Table 5.1). The first scenario was run as the base case scenario for 
dams (i.e., all dams turned on). The second scenario incorporated the proposed changes to the 
Penobscot River watershed that are included in the Penobscot River Restoration Project (PRRP; 
Trinko Lake et al. 2012). These changes include removing Veazie and Great Works dams and 
decommissioning and building a bypass around Howland Dam. This second scenario was 
represented in the DIA Model as all dams turned on with the exception of downstream and 
upstream passage rates at Veazie, Great Works, and Howland dams being set to one (i.e., all 
smolts and adults successfully pass). Although 100% survival was assumed at Howland Dam 
after implementation of the PRRP, this assumption was likely overly optimistic and a small 
amount of take will still occur. The third scenario was run with all dams turned off (i.e., all 
smolts and adults successfully pass) with the exception of Medway, which no adults or smolts 
were allowed to pass. The fourth and fifth scenarios grouped dams by whether they were located 
in the mainstem or a tributary (Table 5.1). The mainstem of the Penobscot River begins at the 
confluence of the East Branch and West Branch of the Penobscot River (Baum 1983). Only dams 
that are physically on the mainstem Penobscot (i.e., below the confluence of East Branch and 
West Branch and not impounding a tributary) are considered mainstem dams. In the fourth 
scenario, dams on the mainstem were turned off and dams on a tributary were turned on. In the 
fifth scenario, dams on the mainstem were turned on and dams on a tributary were turned off. 

The reported results for each scenario include estimated total adult abundance, 
distribution of adults, and total number and proportion of smolts killed by dams, as recorded in 
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Section 4. Number and proportion of smolts killed by an individual dam were also reported in 
the third part of this analysis. Number of smolts killed by an individual dam was recorded as the 
median number of smolts killed during emigration due to direct and indirect cumulative 
mortality associated with dam passage at each one of the 15 modeled hydroelectric dams. 
Proportion of smolts killed by and individual dam was recorded as the median proportion of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage at each one of the 15 modeled hydroelectric dams. All DIA model iterations were 
run for 50 years (i.e., 10 generations), and 5,000 iterations were run for each scenario. 

 

5.1 Part 1 – Hatchery On Base Case 
Adult abundance and distribution decreased in all five scenarios in part 1. The median 

number of 2SW females declined from generation 1 to generation 2, and varied without trend in 
subsequent generations (Table 5.1.1; Figure 5.1.1). The proportion of iterations when at least one 
2SW female was located in each Penobscot River watershed area equaled one in generation 1 for 
all three areas and remained at one for the Lower Penobscot in generations 2–10 (Table 5.1.2; 
Figure 5.1.2). The proportion of iterations declined from generations 1 to 3 in the Piscataquis and 
Upper Penobscot and varied without trend in subsequent generations. Adult abundance and the 
proportion of iterations in the Upper Penobscot and Piscataquis were lowest in the scenario with 
all dams turned on and highest in the scenario with all dams turned off. Adult abundance and the 
proportion of iterations were similar in the scenarios with all dams turned on and with mainstem 
dams turned on and tributary dams turned off. 

The number and proportion of smolts killed differed between the scenarios in part 1. The 
median total number of smolts killed during emigration due to direct and indirect cumulative 
mortality associated with dam passage declined from generations 1 to 2, and varied without trend 
in generations 2–10 in all scenarios except the one with dams turned off (Table 5.1.3; Figure 
5.1.3). In the latter scenario, the number of smolts killed equaled zero in all generations. The 
median total proportion of smolts killed during emigration due to direct and indirect cumulative 
mortality associated with dam passage remained constant in all generations at different values for 
each scenario (Table 5.1.4; Figure 5.1.3). The number and proportion of smolts killed were 
lowest in the scenario with all dams turned off and highest in the scenario with all dams turned 
on. The number and proportion of smolts killed were similar in the scenarios with all dams 
turned on and with mainstem dams turned on and tributary dams turned off. 

 

5.2 Part 2 – Hatchery Off Base Case 
Adult abundance and distribution decreased in all five scenarios in part 2. The median 

number of 2SW females decreased to zero by generation 6 in all scenarios (Table 5.2.1; Figure 
5.2.1). The proportion of iterations when at least one 2SW female was located in each Penobscot 
River watershed area equaled one in generation 1 for all three areas and declined to zero by 
generation 10 in all areas and scenarios (Table 5.2.2; Figure 5.2.2). 

The number and proportion of smolts killed differed between the scenarios in part 2. The 
median total number and proportion of smolts killed declined to zero by generation 6 in all 
scenarios except the one with dams turned off (Tables 5.2.3 and 5.2.4; Figure 5.2.3). In the latter 
scenario, the number and proportion of smolts killed equaled zero in all generations. 
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5.3 Part 3 – Hatchery Off Recovery 
Adult abundance increased overall and adult distribution remained at or near one in all 

five scenarios in part 3. The median number of 2SW females decreased from generation 1 to 
generation 2 and increased in subsequent generations in the scenarios with all dams turned on 
and with mainstem dams on and dams in tributaries turned off (Table 5.3.1; Figure 5.3.1). The 
number of 2SW females increased from generation1 to generation 10 in the scenarios with the 
implementation of the PRRP, all dams turned off, and mainstem dams turned off and dams in 
tributaries turned on. Adult abundance was lowest in the scenario with all dams turned on and 
highest in the scenario with all dams turned off. Adult abundance was similar in the scenarios 
with all dams turned on and with mainstem dams turned on and tributary dams turned off. The 
proportion of iterations when at least one 2SW female was located in each Penobscot River 
watershed area equaled one or was close to one in generations 1–10 for all three areas in all 
scenarios (Table 5.3.2; Figure 5.3.2). 

The total number and proportion of smolts killed differed between the scenarios in part 3. 
The median total number of smolts killed during emigration due to direct and indirect cumulative 
mortality associated with dam passage decreased overall in the scenarios with all dams turned on 
and with mainstem dams turned on and dams in the tributaries turned off, increased overall in the 
scenarios with the implementation of the PRRP and with mainstem dams turned off and dams in 
tributaries turned on, and equaled zero in all generations in the scenario with all dams turned off 
(Table 5.3.3; Figure 5.3.3). The median total proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage declined in the scenarios 
with all dams turned on, with the implementation of the PRRP, and with mainstem dams turned 
on and dams in tributaries turned off (Table 5.3.4; Figure 5.3.3). The proportion of smolts killed 
remained low in the scenarios with mainstem dams turned off and dams in tributaries turned on 
and with all dams turned off.  

 
5.3.1 Individual Dam Impacts 

The number and proportion of smolts killed at individual dams differed between the 
scenarios in part 3. The number and proportion of smolts killed at Medway, Sebec, and Milo 
dams equaled zero in all generations for all scenarios because fish are not able to access habitat 
above these dams. In general, higher numbers of smolts were killed at dams that were located on 
the mainstem of the Penobscot River and close to the river mouth. The numbers of smolts killed 
in generation 10 were higher at these dams because fewer 2SW females were able to pass dams 
that were higher in the watershed in each subsequent generation. Hence, more fish spawned in 
and migrated out from lower PUs and were killed by dams that were lower in the watershed in 
later generations. The proportion of smolts killed at each dam depended on the characteristics of 
each individual dam. 

In the scenario with all dams turned on, the median number of smolts killed during 
emigration due to direct and indirect cumulative mortality associated with dam passage 
decreased from generation 1 to generation 3 or 4 at all dams except at Frankfort Dam, where the 
number of smolts killed increased in every generation (Table 5.3.1.1; Figure 5.3.1.1). The 
number of smolts killed in generation 10 was highest at Veazie, Great Works, Frankfort, and 
Milford dams. In general, the number of smolts killed was lower at dams that were located 
farther from the mouth of the Penobscot River or on a tributary rather than the mainstem of the 
Penobscot River. Frankfort Dam was an exception to this rule because it is the closest 
hydroelectric dam to the mouth of the Penobscot River. The median proportion of smolts killed 
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during emigration due to direct and indirect cumulative mortality associated with dam passage 
remained constant at dams that were closer to the mouth of the Penobscot River and decreased at 
dams that were farther from the river mouth (Table 5.3.1.2; Figure 5.3.1.2). The proportion of 
smolts killed in generation 10 was highest at Great Works Dam. 

In the scenario with the implementation of the PRRP, the median number and proportion 
of smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage equaled zero at Veazie, Great Works, and Howland dams because passage and 
survival were set to one at these dams due to their removal as part of the PRRP (Tables 5.3.1.3 
and 5.3.1.4; Figures 5.3.1.3 and 5.3.1.4). The median number of smolts killed increased overall 
at the dams that were closer to the mouth of the Penobscot River and decreased overall at dams 
that were farther from the river mouth. The number of smolts killed in generation 10 was highest 
at Milford Dam. The median proportion of smolts killed during emigration due to direct and 
indirect cumulative mortality associated with dam passage remained constant or decreased 
slightly at all hydroelectric dams in the Penobscot River watershed. The proportion of smolts 
killed in generation 10 was highest at Mattaceunk Dam. 

In the scenario with all dams turned off, the median number and proportion of smolts 
killed during emigration due to direct and indirect cumulative mortality associated with dam 
passage equaled zero in all generations. Passage and survival were set to one at all dams in this 
scenario. Therefore, no smolt mortality occurred. 

In the scenario with mainstem dams turned off and dams in tributaries turned on, the 
median number and proportion of smolts killed during emigration due to direct and indirect 
cumulative mortality associated with dam passage equaled zero at Veazie, Great Works, Milford, 
West Enfield, and Mattaceunk dams because passage and survival were set to one at these dams 
(Tables 5.3.1.5 and 5.3.1.6; Figures 5.3.1.5 and 5.3.1.6). The median number of smolts killed 
increased overall at all tributary dams where fish had access to the habitat above the dam. The 
number of smolts killed in generation 10 was highest at Howland and Orono dams. Although 
Orono Dam is closer to the mouth of the Penobscot River, fewer smolts were killed at this dam 
because the lack of upstream passage at Orono Dam likely inhibited adults from returning, 
spawning, and producing smolts in PU 11. Plus, only a proportion of the smolts migrate 
downstream through the Stillwater Branch. The median proportion of smolts killed during 
emigration due to direct and indirect cumulative mortality associated with dam passage remained 
constant at all tributary dams where fish had access to the habitat above the dam. The proportion 
of smolts killed in generation 10 was highest at Brown’s Mills Dam. 

In the scenario with mainstem dams turned on and tributary dams turned off, the median 
number and proportion of smolts killed during emigration due to direct and indirect cumulative 
mortality associated with dam passage equaled zero at Frankfort, Orono, Stillwater, Lowell, 
Howland, Brown’s Mills, and Dover Upper dams because passage and survival were set to one at 
these dams (Tables 5.3.1.7 and 5.3.1.8; Figures 5.3.1.7 and 5.3.1.8). The median number of 
smolts killed decreased overall at all mainstem dams. The number of smolts killed in generation 
10 was highest at Veazie Dam. The median proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage remained constant at all 
mainstem dams except Mattaceunk dam, which decreased. The proportion of smolts killed in 
generation 10 was highest at Great Works Dam. 
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5.4 Summary 
In the DIA Model, stocking of hatchery-reared smolts sustained the Penobscot River 

Atlantic salmon population when freshwater and marine survival rates were at base case values. 
In part 1, when the hatchery component of the model was turned on, adult abundance and 
distribution declined in the first two and three generations, respectively, but lower levels were 
maintained throughout the rest of the times series. In part 2, when the hatchery component of the 
model was turned off, adult abundance and distribution declined to zero within a few 
generations. The numbers of smolts killed decreased in parts 1 and 2 because low return rates of 
2SW females after generation 1 resulted in fewer spawners and, therefore, fewer smolts being 
produced and killed. 

In the DIA model, a two-fold increase in freshwater survival and a four-fold increase in 
marine survival were able to sustain and increase the population of Atlantic salmon in the 
Penobscot River watershed when no smolts were stocked, as shown in part 3. Adult abundance 
increased and adult distribution equaled or was close to one when freshwater and marine survival 
rates were increased and the hatchery component of the model was turned off in part 3. In 
contrast, adult abundance and distribution decreased in part 1 and declined to zero in part 2. In 
part 3, the number of smolts killed declined initially but increased at the end of the time series 
because higher survival rates led to more adults and, therefore, more smolts being in the 
watershed and attempting to migrate downstream at the end of the time series. In contrast, the 
numbers of smolts decreased in part 1 and declined to zero in part 2.  

The numbers and locations of dams that were turned on in the DIA model affected the 
population of Atlantic salmon. In parts 1, 2, and 3, adult abundance and distribution were lowest 
in the scenarios with all dams turned on and highest in the scenarios with all dams turned off 
(i.e., 100% passage of adults and smolts). Adult abundance and distribution were higher in the 
scenarios with mainstem dams turned off and dams in tributaries turned on than in the scenarios 
with mainstem dams turned on and dams in tributaries turned off. Adult abundance and 
distribution were also higher in the PRRP scenarios than in the scenarios with mainstem dams 
turned on and dams in the tributaries turned off but were lower in the PRRP scenarios than in the 
scenarios with mainstem dams turned off and dams in the tributaries turned on. The results of the 
scenarios with only some dams turned off imply that dams in the mainstem of the Penobscot 
River are more detrimental to the DIA Model population of Atlantic salmon than dams in the 
tributaries. This likely occurred because most Atlantic salmon have to attempt to pass dams in 
the mainstem to reach the ocean or their natal PU, whereas fewer Atlantic salmon migrate 
through and encounter dams in the tributaries. Aside from the scenarios with all dams turned off, 
fewer smolts were killed when more dams were turned on and when dams in the mainstem of the 
Penobscot River were turned on. This occurred because survival rates were higher in the 
scenarios with fewer dams on overall and fewer dams in the mainstem turned on. Higher survival 
rates led to more adults and smolts produced in these scenarios, enabling more smolts to be 
killed. No smolts were killed in the scenarios with all dams turned off because passage and 
survival were set at 100% for smolts. 

 

6 MODEL DIAGNOSTICS AND SENSITIVITY ANALYSES 
The DIA Model was evaluated using model diagnostics and sensitivity analyses (Table 

6.1). The model diagnostics (Sections 6.1 and 6.2) examined the appropriate number of model 
iterations to run for each scenario and the stability in results for a given number of iterations 
(Legault 2004). The sensitivity analyses (Sections 6.3–6.22) examined which model inputs had 
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the most influence on model results (McCarthy et al. 1996; Cross and Beissinger 2001) and were 
performed by holding model inputs at the base value while changing one input at a time. The 
model diagnostics and sensitivity analyses were also run with Base Case and Recovery scenarios 
(see Section 4). The number of iterations used in the model diagnostics runs depended on the 
scenario that was being tested, whereas 5,000 iterations were run for all sensitivity analysis 
scenarios. Each model diagnostic and sensitivity analysis iteration was run for 50 years (i.e., 10 
generations). The reported results include estimated total adult abundance, distribution of adults, 
and total number and proportion of smolts killed by dams and were recorded as in Section 4. 

 

6.1 Number of Iterations 
When performing Monte Carlo simulations, the appropriate number of model iterations to 

use must be found by trial and error. This can be done by conducting trials using different 
numbers of model iterations and comparing the variability in the results. Conducting more 
simulations produces more consistent results but takes more computation time. The Base Case 
and Recovery scenarios were run with 100, 500, 1,000, 5,000, and 10,000 iterations. 

Each result (i.e., adult abundance, distribution of adults, and total number and proportion 
of smolts killed by dams) was similar for all numbers of iterations tested among the Base Case 
scenarios and among the Recovery scenarios (Tables 6.1.1–6.1.8; Figures 6.1.1–6.1.6). As 
expected, results varied most when the model was run with 100 iterations and least when the 
model was run with 10,000 iterations. The decrease in variability seemed especially noticeable 
when 1,000 or more iterations were run. The variability between results from using 5,000 
iterations and 10,000 iterations was considered minimal, and the additional time to run 10,000 
iterations compared to 5,000 iterations did not seem justified. Therefore, 5,000 iterations was 
used as the standard for all Base Case and Recovery scenarios. 
 

6.2 Model Stability 
The model was run five times each under the Base Case and Recovery scenarios to look 

at the variability in the results between runs with 5,000 iterations. This was a second test to 
ensure the results would be stable when using 5,000 iterations. 

Each model result was similar among the five Base Case scenario runs and among the 
five Recovery scenario runs (Tables 6.2.1–6.2.8; Figures 6.2.1–6.2.6). The variability between 
runs was considered acceptable. Hence, 5,000 iterations were confirmed as the standard for all 
Base Case and Recovery scenarios. 

 

6.3 Production Potential Cap 
The number of wild smolts that originated in each PU was limited with a production 

potential cap, which was the maximum number of smolts allowed per HU (i.e., 10 smolts per 100 
m2; Table 3.1.2). The production potential cap represented the number of wild smolts that the 
habitat could support. No other density-dependent effects were included in the model. Ten 
smolts per 100 m2 was used as the base input value, and sensitivities were run at values of 0.25, 
0.5, 2, and 4 times the base value (i.e., 2.5, 5, 20, and 40 smolts per 100 m2, respectively). 

 
6.3.1 Base Case 

Adult abundance and distribution decreased in all five Base Case scenarios. These results 
were not sensitive to the production potential cap in the Base Case scenarios. The median 
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number of 2SW females declined from generation 1 to generation 2, and varied without trend in 
subsequent generations (Table 6.3.1.1; Figure 6.3.1.1). The proportion of iterations when at least 
one 2SW female was located in each Penobscot River watershed area equaled one in generation 
1 for all three areas (Table 6.3.1.2; Figure 6.3.1.2). The proportion of iterations remained at one 
for the Lower Penobscot in generations 2–10. The proportion of iterations for the Upper 
Penobscot and Piscataquis were similar, declining from generation 1 to 3 and varying without 
trend in subsequent generations for all five scenarios. 

The number of smolts killed decreased in all five Base Case scenarios, whereas the 
proportion of smolts killed remained constant. The number and proportion of smolts killed were 
not sensitive to the production potential cap in the Base Case scenarios. The median total number 
of smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage was the highest in generation 1, declined from generation 1 to generation 2, and 
varied without trend in generations 2–10 (Table 6.3.1.3; Figure 6.3.1.3). The median total 
proportion of smolts killed during emigration due to direct and indirect cumulative mortality 
associated with dam passage remained constant at 0.11 for all generations (Table 6.3.1.4; Figure 
6.3.1.3). 

 
6.3.2 Recovery 

Adult abundance increased and adult distribution remained near one in all five Recovery 
scenarios. The median number of 2SW females increased from generation 1 and reached a 
plateau by generation 10 (Table 6.3.2.1; Figure 6.3.2.1). The plateau occurred at the lowest 
abundance and earliest generation when the production potential cap was the lowest (2.5 smolts 
per 100 m2) and occurred at the highest abundance and latest generation when the production 
potential cap was the highest (40 smolts per 100 m2). The proportion of iterations when at least 
one 2SW female was located in each Penobscot River watershed area equaled one or was close 
to one in generations 1–10, for all three areas (Table 6.3.2.2; Figure 6.3.2.2). 

The number of smolts killed differed among the Recovery scenarios, whereas the 
proportion of smolts killed remained constant among the scenarios. In the scenario with a 
production potential cap of 2.5 smolts per 100 m2, the median total number of smolts killed 
during emigration due to direct and indirect cumulative mortality associated with dam passage 
declined from generation 1 to generation 2, and varied without trend in subsequent generations 
(Table 6.3.2.3; Figure 6.3.2.3). In all other scenarios, the number of smolts killed declined from 
generation 1 to generation 2 and then increased in subsequent generations. In generation 10, the 
fewest smolts were killed in the scenario with a production potential cap of 2.5 smolts per 100 
m2, and the most smolts were killed in the scenario with a production potential cap of 40 smolts 
per 100 m2. The median total proportion of smolts killed during emigration due to direct and 
indirect cumulative mortality associated with dam passage equaled 0.10 or 0.11 for all 
generations (Table 6.3.2.4; Figure 6.3.2.3). 

 

6.4 Eggs per Female 
The number of eggs produced per 2SW female was drawn from a normal distribution 

with µ = 8,304 and  = 821 (Figure 3.2.1). This distribution was used as the base input, and 
sensitivities were run at values of 0.25, 0.5, 2, and 4 times the base. 
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6.4.1 Base Case 
Adult abundance and distribution decreased overall in all five Base Case scenarios. The 

median number of 2SW females declined from generation 1 to generation 2 in all scenarios, 
varied without trend in subsequent generations in the scenarios with 0.25, 0.5 and 1 times the 
base eggs per female rate, and increased in subsequent generations in the scenarios with 2 and 4 
times the base eggs per female rate (Table 6.4.1.1; Figure 6.4.1.1). Adult abundance was lowest 
in the scenario with 0.25 times the base and highest in the scenario with 4 times the base. The 
proportion of iterations when at least one 2SW female was located in each Penobscot River 
watershed area equaled one in generation 1 for all three areas (Table 6.4.1.2; Figure 6.4.1.2). The 
proportion of iterations remained at one for the Lower Penobscot in generations 2–10. The 
proportion of iterations for Piscataquis and Upper Penobscot were similar, declining from 
generation 1 to 3 and varying without trend in subsequent generations for all five scenarios. 

The number of smolts killed decreased in all five Base Case scenarios, whereas the 
proportion of smolts killed remained constant. The median total number of smolts killed during 
emigration due to direct and indirect cumulative mortality associated with dam passage was the 
highest in generation 1, declined from generation 1 to generation 2, and varied without trend in 
generations 2–10 (Table 6.4.1.3; Figure 6.4.1.3). The median total proportion of smolts killed 
during emigration due to direct and indirect cumulative mortality associated with dam passage 
was 0.10 or 0.11 for all generations (Table 6.4.1.4; Figure 6.4.1.3). 

 
6.4.2 Recovery 

Adult abundance increased in all five Recovery scenarios, whereas adult distribution 
differed by scenario. The median number of 2SW females increased from generation 1 and 
reached a plateau by generation 10 (Table 6.4.2.1; Figure 6.4.2.1). The plateau occurred at the 
lowest abundance and earliest generation in the scenario with 0.25 times the base and occurred at 
the highest abundance and latest generation in the scenario with 4 times the base. The proportion 
of iterations when at least one 2SW female was located in each Penobscot River watershed area 
equaled one in generation 1 for all three areas and remained at one for the Lower Penobscot in 
generations 2–10 for all scenarios (Table 6.4.2.2; Figure 6.4.2.2). The proportion of iterations for 
the Upper Penobscot and Piscataquis declined from generation 1 to 2 and increased in 
subsequent generations. In the Upper Penobscot and Piscataquis, the proportion of iterations was 
the lowest in the scenario with the lowest eggs per female rate (i.e., 0.25 times the base) and 
equaled or was near one in all other scenarios. 

The number of smolts killed differed among the Recovery scenarios, whereas the 
proportion of smolts killed remained constant among the scenarios. In the scenario with 0.25 
times the base eggs per female rate, the median total number of smolts killed during emigration 
due to direct and indirect cumulative mortality associated with dam passage declined from 
generation 1 to generation 2 and varied without trend in subsequent generations (Table 6.4.2.3; 
Figure 6.4.2.3). In the scenarios with 0.5, 1, and 2 times the base, the median number of smolts 
killed declined from generation 1 to generation 2 and increased in subsequent generations. In the 
scenario with 4 times the base, the median number of smolts killed increased in all generations. 
The median total proportion of smolts killed during emigration due to direct and indirect 
cumulative mortality associated with dam passage was 0.10 or 0.11 for all generations (Table 
6.4.2.4; Figure 6.4.2.3). 
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6.5 Egg to Smolt Survival 
The survival rate from the egg to smolt life stages was drawn from a lognormal 

distribution with  = 1.31%, minimum = 0.10%, and maximum = 5.88% (Figure 3.3.5). This 
distribution was used as the base input, and sensitivities were run at values of 0.25, 0.5, 2, and 4 
times the base. 

 
6.5.1 Base Case 

Adult abundance and distribution decreased overall in all five Base Case scenarios. The 
median number of 2SW females declined from generation 1 to generation 2 in all scenarios, 
varied without trend in subsequent generations in the scenarios with 0.25, 0.5 and 1 times the 
base egg to smolt survival rate, and increased in subsequent generations in the scenarios with 2 
and 4 times the base egg to smolt survival rate (Table 6.5.1.1; Figure 6.5.1.1). The number of 
2SW females was lowest in the scenario with 0.25 times the base and highest in the scenario with 
4 times the base. The proportion of iterations when at least one 2SW female was located in each 
Penobscot River watershed area equaled one in generation 1 for all three areas and remained at 
one for the Lower Penobscot in generations 2–10 (Table 6.5.1.2; Figure 6.5.1.2). The proportion 
of iterations for the Upper Penobscot and Piscataquis were similar, declining from generation 1 
to 3 and varying without trend in subsequent generations for all five scenarios, and were the 
highest when the egg to smolt survival rate was the greatest (i.e., 4 times the base) and the lowest 
when the egg to smolt survival rate was the least (i.e., 0.25 times the base). 

The number of smolts killed decreased in all five Base Case scenarios, whereas the 
proportion of smolts killed remained constant. The median total number of smolts killed during 
emigration due to direct and indirect cumulative mortality associated with dam passage was the 
highest in generation 1, declined from generation 1 to generation 2 (base times 0.25, 0.5, and 1) 
or generation 3 (base times 2 and 4), and varied without trend in subsequent generations (Table 
6.5.1.3; Figure 6.5.1.3). The median total proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage was 0.10 or 0.11 for all 
generations (Table 6.5.1.4; Figure 6.5.1.3). 

 
6.5.2 Recovery 

Adult abundance increased in all five Recovery scenarios, whereas adult distribution 
differed by scenario. The median number of 2SW females increased from generation 1 and 
reached a plateau by generation 10 (Table 6.5.2.1; Figure 6.5.2.1). The plateau occurred at the 
lowest abundance and earliest generation in the scenario with 0.25 times the base and occurred at 
the highest abundance and latest generation in the scenario with 4 times the base. The proportion 
of iterations when at least one 2SW female was located in each Penobscot River watershed area 
equaled one in generation 1 for all three areas (Table 6.5.2.2; Figure 6.5.2.2). The proportion of 
iterations remained at one for the Lower Penobscot in generations 2–10 for all scenarios. The 
proportion of iterations for Piscataquis and Upper Penobscot declined from generation 1 to 2 and 
varied without trend in subsequent generations. The proportion of iterations in the two latter 
areas was lowest in the scenario with 0.25 times the base and was at or near one in the scenarios 
with 2 and 4 times the base. 

The number of smolts killed differed between the Recovery scenarios, whereas the 
proportion of smolts killed remained constant between the scenarios. In the scenario with 0.25 
times the base eggs per female rate, the median total number of smolts killed during emigration 
due to direct and indirect cumulative mortality associated with dam passage varied without trend 
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in all generations (Table 6.5.2.3; Figure 6.5.2.3). In the scenarios with 0.5 and 1 times the base, 
the median number of smolts killed declined from generation 1 to generation 2, and varied 
without trend in subsequent generations. In the scenarios with 2 and 4 times the base, the median 
number of smolts killed declined from generation 1 to generation 2 and then increased in 
subsequent generations. The median total proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage was 0.10 or 0.11 for all 
generations (Table 6.5.2.4; Figure 6.5.2.3). 

 

6.6 In-river Mortality 
The in-river mortality rate was drawn from a beta distribution with shape parameters  = 

11.245 and  = 9.8007, minimum = zero, and maximum = 0.00038077 (Figure 3.5.2). This 
distribution was used as the base input, and sensitivities were run at values of 0.25, 0.5, 2, and 4 
times the base. 

 
6.6.1 Base Case 

Adult abundance and distribution decreased in all five Base Case scenarios. These results 
were not sensitive to the in-river mortality rate in the Base Case scenarios. The median number 
of 2SW females declined from generation 1 to generation 2, and varied without trend in 
subsequent generations (Table 6.6.1.1; Figure 6.6.1.1). The proportion of iterations when at least 
one 2SW female was located in each Penobscot River watershed area equaled one in generation 
1 for all three areas (Table 6.6.1.2; Figure 6.6.1.2). The proportion of iterations remained at one 
for the Lower Penobscot in generations 2–10. The proportion of iterations for Piscataquis and 
Upper Penobscot were similar, declining from generation 1 to 3 and varying without trend in 
subsequent generations for all five scenarios. 

The number of smolts killed decreased in all five Base Case scenarios, whereas the 
proportion of smolts killed remained constant. The number and proportion of smolts killed were 
not sensitive to the in-river mortality rate in the Base Case scenarios. The median total number of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage was the highest in generation 1, declined from generation 1 to generation 2, and 
varied without trend in generations 2–10 (Table 6.6.1.3; Figure 6.6.1.3). The median total 
proportion of smolts killed during emigration due to direct and indirect cumulative mortality 
associated with dam passage remained constant at 0.11 for all generations (Table 6.6.1.4; Figure 
6.6.1.3). 

 
6.6.2 Recovery 

Adult abundance increased and adult distribution remained near one in all five Recovery 
scenarios. The median number of 2SW females increased from generation 1 and reached a 
plateau by generation 10 (Table 6.6.2.1; Figure 6.6.2.1). The plateau occurred at the lowest 
abundance when the in-river mortality was the highest (base times 4) and occurred at the highest 
abundance when in-river mortality was the lowest (base times 0.25). The proportion of iterations 
when at least one 2SW female was located in each Penobscot River watershed area equaled one 
or was close to one in generations 1–10, for all three areas (Table 6.6.2.2; Figure 6.6.2.2). 

The number of smolts killed during emigration due to direct and indirect cumulative 
mortality associated with dam passage increased overall in the Recovery scenarios, whereas the 
proportion of smolts killed remained constant. In all scenarios, the median number of smolts 
killed during emigration due to direct and indirect cumulative mortality associated with dam 
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passage declined from generation 1 to generation 2, and increased to generation 10 (Table 
6.6.2.3; Figure 6.6.2.3). The median total proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage was 0.10 or 0.11 for all 
generations (Table 6.6.2.4; Figure 6.6.2.3). 
 

6.7 Marine Survival 
The marine survival rate was drawn from an inverse gaussian distribution with  = 

0.006265, shape parameter  = 0.0068723, and a shift of 0.00000813424 (Figure 3.9.4). This 
distribution was used as the base input, and sensitivities were run at values of 0.25, 0.5, 2, and 4 
times the base. Because this sensitivity analysis was performed on the marine survival rate, the 
Base Case and Recovery scenarios are different than most of the other sensitivity analyses. The 
Base Case scenarios were run with the base freshwater survival rate, and the Recovery scenarios 
were run with freshwater survival increased by two times the base value, as in the other 
sensitivity analyses. Unlike the other sensitivity analyses, five marine survival values were tested 
in both the Base Case and Recovery scenarios. 

 
6.7.1 Base Case 

Adult abundance and distribution differed between Base Case scenarios. The median 
number of 2SW females decreased in the scenarios with 0.25, 0.5, 1, and 2 times the base and 
increased in the scenario with 4 times the base (Table 6.7.1.1; Figure 6.7.1.1). The proportion of 
iterations when at least one 2SW female was located in each Penobscot River watershed area 
equaled one in generation 1 for all three areas and remained at one for the Lower Penobscot in 
generations 2–10 (Table 6.7.1.2; Figure 6.7.1.2). The proportion of iterations for Piscataquis and 
Upper Penobscot were similar in each scenario, with the proportion being the lowest (close to 
zero) in the scenario with 0.25 times the base and highest (close to one) in the scenario with 4 
times the base. 

The number of smolts killed differed between Base Case scenarios, whereas the 
proportion of smolts killed remained constant. The median total number of smolts killed during 
emigration due to direct and indirect cumulative mortality associated with dam passage was the 
highest in generation 1, declined from generation 1 to generation 2, and varied without trend in 
generations 2–10 in all scenarios except 4 times the base (Table 6.7.1.3; Figure 6.7.1.3). In the 
latter scenario, the number of smolts killed increased after generation 2. The median total 
proportion of smolts killed during emigration due to direct and indirect cumulative mortality 
associated with dam passage remained constant at 0.11 for all generations (Table 6.7.1.4; Figure 
6.7.1.3). 

 
6.7.2 Recovery 

Adult abundance and distribution differed between Recovery scenarios. The median 
number of 2SW females decreased in the scenarios with 0.25, 0.5, and 1 times the base and 
increased in the scenarios with 2 and 4 times the base (Table 6.7.2.1; Figure 6.7.2.1). The 
proportion of iterations when at least one 2SW female was located in each Penobscot River 
watershed area equaled one in generation 1 for all three areas and remained at one for the Lower 
Penobscot in generations 2–10 (Table 6.7.2.2; Figure 6.7.2.2). The proportion of iterations for 
Piscataquis and Upper Penobscot were similar in each scenario, with the proportion being the 
lowest (close to zero) in the scenario with 0.25 times the base and highest (close to one) in the 
scenario with 4 times the base. 
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The number of smolts killed differed between Recovery scenarios, whereas the 
proportion of smolts killed remained constant. The median total number of smolts killed during 
emigration due to direct and indirect cumulative mortality associated with dam passage was the 
highest in generation 1, declined from generation 1 to generation 2, and varied without trend in 
generations 2–10 in all scenarios except 4 times the base (Table 6.7.2.3; Figure 6.7.2.3). In the 
latter scenario, the number of smolts killed increased after generation 2. The median total 
proportion of smolts killed during emigration due to direct and indirect cumulative mortality 
associated with dam passage remained constant at 0.11 for all generations (Table 6.7.2.4; Figure 
6.7.2.3). 

 

6.8 Initial Number of Adults 
The model was seeded with 587 2SW females in generation 1, which was the mean 

annual number of 2SW female returns captured at the trap above Veazie Dam during 2002–2011. 
This value was used as the base input, and sensitivities were run at values of 0.25, 0.5, 2, and 4 
times the base value (i.e., 147, 294, 1,174, and 2,348, respectively). 

 
6.8.1 Base Case 

Adult abundance and distribution decreased in all five Base Case scenarios. The median 
number of 2SW females decreased at different rates from generation 1 to generation 2 in the five 
scenarios, but abundance was approximately the same in all scenarios by generation 10 (Table 
6.8.1.1; Figure 6.8.1.1). The proportion of iterations when at least one 2SW female was located 
in each Penobscot River watershed area equaled one in generation 1 for all three areas and 
remained at one for the Lower Penobscot in generations 2–10 (Table 6.8.1.2; Figure 6.8.1.2). 
The proportion of iterations for Piscataquis and Upper Penobscot declined from one in 
generation 1 to approximately 0.5 by generation 10 in all five scenarios. 

The number of smolts killed decreased in the Base Case scenarios, whereas the 
proportion of smolts killed remained constant. The median total number of smolts killed during 
emigration due to direct and indirect cumulative mortality associated with dam passage was the 
highest in generation 1, declined from generation 1 to generation 2, and varied without trend in 
generations 2–10 (Table 6.8.1.3; Figure 6.8.1.3). The median total proportion of smolts killed 
during emigration due to direct and indirect cumulative mortality associated with dam passage 
equaled 0.10 or 0.11 for all generations (Table 6.8.1.4; Figure 6.8.1.3). 

 
6.8.2 Recovery 

Adult abundance increased overall and adult distribution equaled or was close to one in 
all Recovery scenarios. The median number of 2SW females increased from generation 1 to 
generation 10 in all scenarios except when starting abundance equaled 2,348 2SW females 
(Table 6.8.2.1; Figure 6.8.2.1). In the latter scenario, adult abundance decreased from generation 
1 to 2 and then increased. By generation 10, median adult abundance was close to the same 
number in all scenarios. The proportion of iterations when at least one 2SW female was located 
in each Penobscot River watershed area equaled one in generation 1 for all three areas and 
remained at one for the Lower Penobscot in generations 2–10 (Table 6.8.2.2; Figure 6.8.2.2). 
The proportion of iterations for Piscataquis and Upper Penobscot decreased from generation 1 to 
generation 2 but equaled or was near one in generations 3–10 in all scenarios except when 
starting abundance equaled 2,348 2SW females. The proportion of iterations for Piscataquis and 
Upper Penobscot equal or was close to one in all generations in the latter scenario. 
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The number of smolts killed differed between Recovery scenarios, whereas the 
proportion of smolts killed remained constant. The median total number of smolts killed during 
emigration due to direct and indirect cumulative mortality associated with dam passage increased 
overall when initial adult abundance was 147, 294, and 587 but decreased when initial adult 
abundance was 1,174 and 2,348 (Table 6.8.2.3; Figure 6.8.2.3). The median total proportion of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage equaled 0.10 or 0.11 for all generations (Table 6.8.2.4; Figure 6.8.2.3). 

 

6.9 Hatchery Stocking 
In the base hatchery input, the hatchery was turned on, meaning 550,000 smolts were 

stocked and 150 2SW females were removed above Veazie Dam to fulfill stocking requirements. 
Smolt stocking and removal of adults for broodstock occurred in all 50 years (i.e., ten 
generations). Sensitivities were run with the hatchery turned off for the whole time period, the 
hatchery turned on for the first 25 years and off for the second 25 years, and the hatchery turned 
off for the first 25 years and on for the second 25 years. 

 
6.9.1 Base Case 

Adult abundance and distribution differed between Base Case scenarios. The median 
number of 2SW females decreased to zero when the hatchery was turned off but maintained a 
low level of abundance when the hatchery was turned on (Table 6.9.1.1; Figure 6.9.1.1). The 
proportion of iterations when at least one 2SW female was located in each Penobscot River 
watershed area equaled one in generation 1 for all three areas (Table 6.9.1.2; Figure 6.9.1.2). The 
proportion of iterations decreased to zero or near zero in all three areas when the hatchery was 
turned off. Adult abundance and distribution increased in generation 6 in the scenario with the 
hatchery turned on for the first 25 years, whereas adult abundance and distribution remained 
nearly the same in generation 6 in the scenario with the hatchery turned on for the whole time 
period. The increase in generation 6 mentioned above was caused by leaving 150 2SW females 
in the river to spawn when the hatchery was turned off instead of removing them above Veazie 
Dam for broodstock. 

The number and proportion of smolts killed differed between Base Case scenarios. The 
median total number and total proportion of smolts killed during emigration due to direct and 
indirect cumulative mortality associated with dam passage decreased to zero when the hatchery 
was turned off (Table 6.9.1.3 and 6.9.1.4; Figure 6.9.1.3). The number and proportion of smolts 
killed remained stable when the hatchery was on. 

 
6.9.2 Recovery 

Adult abundance and distribution differed between Recovery scenarios. The median 
number of 2SW females moved toward a lower or higher equilibrium point when the hatchery 
was turned off or on, respectively (Table 6.9.2.1; Figure 6.9.2.1). By generation 10, adult 
abundance in the scenario with the hatchery turned on for the first 25 years approached adult 
abundance in the scenario with the hatchery turned off for the whole time series, and adult 
abundance in the scenario with the hatchery turned on in the second 25 years approached adult 
abundance in the scenario with the hatchery turned on for the whole time series. In the scenarios 
with the hatchery turned on for the first 25 years and the hatchery turned on for the second 25 
years, the median number of 2SW females in generation 6 differed from the scenarios with the 
hatchery turned on and off, respectively. The difference in generation 6 was caused by leaving in 
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or removing 150 2SW females above Veazie Dam. The proportion of iterations when at least one 
2SW female was located in each Penobscot River watershed area equaled or was near one in all 
generations, areas, and scenarios except in the scenario with the hatchery turned off for the first 
25 years and on for the second 25 years (Table 6.9.2.2; Figure 6.9.2.2). In the latter scenario, the 
proportion of iterations dropped in generation 6 (when the hatchery was turned on) in the Upper 
Penobscot and the Piscataquis and rebounded in subsequent generations. This was caused by the 
removal of 150 2SW females above Veazie Dam for broodstock. 

The number and proportion of smolts killed differed between Recovery scenarios. The 
median total number of smolts killed during emigration due to direct and indirect cumulative 
mortality associated with dam passage decreased overall when the hatchery was turned off and 
increased when the hatchery was turned on in the Recovery scenarios (Table 6.9.2.3; Figure 
6.9.2.3). The median total proportion of smolts killed during emigration due to direct and indirect 
cumulative mortality associated with dam passage decreased when the hatchery was turned off 
but remained constant at 0.11 when the hatchery was turned on (Table 6.9.2.4; Figure 6.9.2.3). 

 

6.10 Hatchery Discount 
The hatchery discount was applied to hatchery-origin smolts to convert the number of 

wild-equivalents before they migrated out to sea and was drawn from a log logistic distribution, 
with  = 1,  = 1.4271,  = 1.9922, and maximum = 12 (Figure 3.8.1). This distribution was 
used as the base input, and sensitivities were run at values of 0.25, 0.5, 2, and 4 times the base. 

 
6.10.1 Base Case 

Adult abundance and distribution differed between Base Case scenarios. The median 
number of 2SW females increased in the scenario with 0.25 times the base hatchery discount rate 
and decreased overall in the scenarios with 0.5, 1, 2, and 4 times the base (Table 6.10.1.1; Figure 
6.10.1.1). The proportion of iterations when at least one 2SW female was located in each 
Penobscot River watershed area equaled one in generation 1 for all three areas and remained at 
one for the Lower Penobscot in generations 2–10 (Table 6.10.1.2; Figure 6.10.1.2). The 
proportion of iterations for the Upper Penobscot and Piscataquis were similar in each scenario 
and decreased more as the hatchery discount increased. 

The number of smolts killed decreased in all five Base Case scenarios, whereas the 
proportion of smolts killed remained constant. The median total number of smolts killed during 
emigration due to direct and indirect cumulative mortality associated with dam passage was the 
highest in generation 1, declined from generation 1 to generation 2, and varied without trend in 
generations 2–10 (Table 6.10.1.3; Figure 6.10.1.3). The median total proportion of smolts killed 
during emigration due to direct and indirect cumulative mortality associated with dam passage 
equaled 0.10 or 0.11 in all generations (Table 6.10.1.4; Figure 6.10.1.3). 

 
6.10.2 Recovery 

Adult abundance increased in all five Recovery scenarios, whereas adult distribution 
differed between scenarios. The median number of 2SW females increased in all scenarios and 
was the highest in the scenario with the lowest hatchery discount (i.e., 0.25 times the base) 
(Table 6.10.2.1; Figure 6.10.2.1). The proportion of iterations when at least one 2SW female was 
located in each Penobscot River watershed area equaled one in generation 1 for all three areas 
and remained at one for the Lower Penobscot in generations 2–10 (Table 6.10.2.2; Figure 
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6.10.2.2). The proportion of iterations for the Upper Penobscot and Piscataquis were similar in 
each scenario, with the proportion decreasing as the hatchery discount increased. 

The number of smolts killed differed between Recovery scenarios, whereas the 
proportion of smolts killed remained constant. The median total number of smolts killed during 
emigration due to direct and indirect cumulative mortality associated with dam passage increased 
overall in the scenarios with 0.25, 0.5, and 1 times the base hatchery discount rate and decreased 
overall in the scenarios with 2 and 4 times the base (Table 6.10.2.3; Figure 6.10.2.3). The median 
total proportion of smolts killed during emigration due to direct and indirect cumulative 
mortality associated with dam passage equaled 0.10 or 0.11 for all generations (Table 6.10.2.4; 
Figure 6.10.2.3). 

 

6.11 Number of Smolts Stocked 
In the base hatchery input, 550,000 smolts were stocked annually. This value was used as 

the base input for the number of smolts stocked, and sensitivities were run at values of 0.25, 0.5, 
2, and 4 times the base value (i.e., 137,500, 275,000, 1,100,000, and 2,200,000, respectively). 

 
6.11.1 Base Case  

Adult abundance and distribution differed between Base Case scenarios. The median 
number of 2SW females decreased overall in the scenarios with 0.25, 0.5, 1, and 2 times the base 
number of smolts stocked and increased in the scenario with 4 times the base (Table 6.11.1.1; 
Figure 6.11.1.1). The proportion of iterations when at least one 2SW female was located in each 
Penobscot River watershed area equaled one in generation 1 for all three areas and remained at 
one for the Lower Penobscot in generations 2–10 in all scenarios (Table 6.11.1.2; Figure 
6.11.1.2). The proportion of iterations for the Upper Penobscot and Piscataquis were the lowest 
in the scenario with 0.25 times the base number of smolts stocked and increased as the number of 
smolts stocked increased. 

The number of smolts killed decreased in all five Base Case scenarios, whereas the 
proportion of smolts killed remained constant. The median total number of smolts killed during 
emigration due to direct and indirect cumulative mortality associated with dam passage was the 
highest in generation 1, declined from generation 1 to generation 2, and varied without trend in 
generations 2–10 (Table 6.11.1.3; Figure 6.11.1.3). The median total proportion of smolts killed 
during emigration due to direct and indirect cumulative mortality associated with dam passage 
equaled 0.11 in all generations and scenarios (Table 6.11.1.4; Figure 6.11.1.3). 

 
6.11.2 Recovery 

Adult abundance increased overall in all five Recovery scenarios, whereas adult 
distribution differed between scenarios. The median number of 2SW females increased in all 
scenarios and was the highest in the scenario with 4 times the base number of smolts stocked 
(Table 6.11.2.1; Figure 6.11.2.1). The proportion of iterations when at least one 2SW female was 
located in each Penobscot River watershed area equaled one in generation 1 for all three areas 
and remained at one for the Lower Penobscot in generations 2–10 in all scenarios (Table 
6.11.2.2; Figure 6.11.2.2). In the scenarios with 0.25, 0.5, 1, and 2 times the base number of 
smolts stocked, the proportion of iterations for the Upper Penobscot and Piscataquis declined 
from generation 1 to generation 2 and increased in subsequent generations. In the scenario with 4 
times the base number of smolts stocked, the proportion of iterations for the Upper Penobscot 
and Piscataquis equaled one in all generations. 
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The number and proportion of smolts killed differed between Recovery scenarios. The 
median total number of smolts killed during emigration due to direct and indirect cumulative 
mortality associated with dam passage decreased from generation 1 to generation 2 and then 
increased in subsequent generations in the scenarios with 0.25, 0.5, and 1 times the base number 
of smolts stocked (Table 6.11.2.3; Figure 6.11.2.3). The median total number of 2SW females 
increased in the scenarios with 2 and 4 times the base. The median total proportion of smolts 
killed during emigration due to direct and indirect cumulative mortality associated with dam 
passage decreased from 0.11 to 0.10 in the scenarios with 0.25 and 0.5 times the base number of 
smolts stocked and remained constant at 0.11 for all generations in the scenarios with 1, 2, and 4 
times the base (Table 6.11.2.4; Figure 6.11.2.3). 

 

6.12 Stocking Distribution 
Smolts were distributed throughout the Penobscot River watershed according to the mean 

proportion stocked in each PU during 2003–2012 (Table 3.4.1). This distribution of stocked 
smolts was used as the base input, and sensitivities were run with all smolts stocked in the 
Piscataquis River, all smolts stocked in PU 2, smolts stocked equally among PUs, and all smolts 
stocked below Veazie Dam. In the scenario with all smolts stocked in the Piscataquis River, 
smolts were stocked in PUs 4, 5, and 6 according to the proportion of habitat units in each PU 
(i.e., 66%, 0.4%, and 33.6%, respectively). In the scenario with all smolts stocked equally among 
PUs, no smolts were stocked in PU 1. In the scenario with all smolts stocked below Veazie Dam, 
smolts were stocked in PUs 13 and 14 according to the proportion of habitat units in each PU 
(i.e., 21.3% and 78.7%, respectively). 

 
6.12.1 Base Case  

Adult abundance decreased overall in all five Base Case scenarios, whereas adult 
distribution differed between scenarios. The median number of 2SW females decreased overall 
in all scenarios, but the number of 2SW females was highest in the scenario with all smolts 
stocked below Veazie dam (Table 6.12.1.1; Figure 6.12.1.1). The proportion of iterations when 
at least one 2SW female was located in each Penobscot River watershed area equaled one in 
generation 1 for all three areas and remained at one for the Lower Penobscot in generations 2–10 
in all scenarios (Table 6.12.1.2; Figure 6.12.1.2). The proportion of iterations for the Upper 
Penobscot and Piscataquis decreased from generation 1 to generation 3 and varied without trend 
in subsequent generations in all scenarios. The proportion of iterations in the Piscataquis was 
higher than the proportion of iterations in the Upper Penobscot in the scenario where all smolts 
were stocked in the Piscataquis. The proportion of iterations in the Upper Penobscot was higher 
than the proportion of iterations in the Piscataquis in the scenario where all smolts were stocked 
in PU 2. The proportion of iterations in the Upper Penobscot and Piscataquis were similar to 
each other in the other three scenarios and were highest in the base scenario. 

The number of smolts killed decreased in all five Base Case scenarios, whereas the 
proportion of smolts killed differed between scenarios. The median total number of smolts killed 
during emigration due to direct and indirect cumulative mortality associated with dam passage 
was the highest in generation 1, declined from generation 1 to generation 2, and varied without 
trend in generations 2–10 in all scenarios (Table 6.12.1.3; Figure 6.12.1.3). The number of 
smolts killed was lowest in the scenario where all smolts were stocked below Veazie Dam and 
was highest in the scenario where all smolts were stocked in PU 2. The median total proportion 
of smolts killed during emigration due to direct and indirect cumulative mortality associated with 
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dam passage was highest (0.13) in the scenario where all smolts were stocked in PU 2, lowest 
(0.06 in generations 2–10) in the scenario where all smolts were stocked below Veazie Dam, and 
equaled 0.10 or 0.11 in all generations for the other three scenarios (Table 6.12.1.4; Figure 
6.12.1.3). 
 
6.12.2 Recovery 

Adult abundance increased overall in all five Recovery scenarios, whereas adult 
distribution differed between scenarios. The median number of 2SW females increased in all 
scenarios and was the highest in the scenario where all smolts were stocked below Veazie Dam 
(Table 6.12.2.1; Figure 6.12.2.1). The proportion of iterations when at least one 2SW female was 
located in each Penobscot River watershed area equaled one in generation 1 for all three areas 
and remained at one for the Lower Penobscot in generations 2–10 in all scenarios (Table 
6.12.2.2; Figure 6.12.2.2). The proportion of iterations for the Upper Penobscot and Piscataquis 
declined from generation 1 to generation 2 and increased in subsequent generations. The 
proportion of iterations was closest to one in the base scenario. 

The number and proportion of smolts killed differed between Recovery scenarios. The 
median total number of smolts killed during emigration due to direct and indirect cumulative 
mortality associated with dam passage decreased from generation 1 to generation 2 and then 
increased in subsequent generations in all scenarios (Table 6.12.2.3; Figure 6.12.2.3). The 
number of smolts killed increased overall in the scenario where all smolts were stocked in the 
Piscataquis and in the base scenario and decreased overall in the other three scenarios. The 
number of smolts killed was the lowest in the scenario with all smolts stocked below Veazie 
Dam. The median total proportion of smolts killed during emigration due to direct and indirect 
cumulative mortality associated with dam passage was highest (0.13) in the scenario where all 
smolts were stocked in PU 2, lowest (0.09 in generations 2–10) in the scenario where all smolts 
were stocked below Veazie Dam, and equaled 0.10 or 0.11 in all generations for the other three 
scenarios (Table 6.12.2.4; Figure 6.12.2.3). 
 

6.13 Straying 
A set of logical rules was developed to assist with estimating PU-specific homing rates 

and straying patterns by using specific study results combined with the Expert Panel opinions 
and local knowledge (Table 3.10.1). These rules were used as the base input, and alternate sets of 
rules were developed to run sensitivities. The first alternate set of rules (RulesX1) was developed 
using study results, fishway trap data, and Expert Panel opinions, but local knowledge was 
excluded (Table 6.13.1). The second alternate set of rules (RulesX2) was the RulesX1 table 
applied to itself to further distribute straying fish (Table 6.13.2). In the third alternate set of rules 
(100% home), all adults returned to their natal PU (Table 6.13.3). In the fourth alternate set of 
rules (=straying), all returning adults strayed to other PUs equally (Table 6.13.4). 

 
6.13.1 Base Case 

Adult abundance and distribution decreased in all five Base Case scenarios and were not 
sensitive to straying in the Base Case scenarios. The median number of 2SW females declined 
from generation 1 to generation 2 and varied without trend in subsequent generations (Table 
6.13.1.1; Figure 6.13.1.1). The proportion of iterations when at least one 2SW female was 
located in each Penobscot River watershed area equaled one in generation 1 for all three areas 
and remained at one for the Lower Penobscot in generations 2–10 (Table 6.13.1.2; Figure 
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6.13.1.2). The proportion of iterations for the Upper Penobscot and Piscataquis were similar, 
declining from generation 1 to 3 and varying without trend in subsequent generations for all 
scenarios. 

The number of smolts killed decreased in all five Base Case scenarios, whereas the 
proportion of smolts killed remained constant. The number and proportion of smolts killed were 
not sensitive to straying in the Base Case scenarios. The median total number of smolts killed 
during emigration due to direct and indirect cumulative mortality associated with dam passage 
was the highest in generation 1, declined from generation 1 to generation 2, and varied without 
trend in generations 2–10 (Table 6.13.1.3; Figure 6.13.1.3). The median total proportion of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage remained constant at 0.11 for all generations and scenarios (Table 6.13.1.4; Figure 
6.13.1.3). 

 
6.13.2 Recovery 

Adult abundance increased and adult distribution remained near one in all five Recovery 
scenarios. The median number of 2SW females increased from generation 1 and reached a 
plateau by generation 10 (Table 6.13.2.1; Figure 6.13.2.1). Adult abundance was highest in the 
base scenario and lowest in the scenario with 100% homing. The proportion of iterations when at 
least one 2SW female was located in each Penobscot River watershed area equaled one or close 
to one in all generations, areas, and scenarios (Table 6.13.2.2; Figure 6.13.2.2). 

The number of smolts killed differed between the Recovery scenarios, whereas the 
proportion of smolts killed remained constant between the scenarios. The median total number of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage declined from generation 1 to generation 2 and increased in subsequent generations 
in all straying scenarios except 100% home, where the number of smolts killed varied without 
trend in generations 2–10 (Table 6.13.2.3; Figure 6.13.2.3). The number of smolts killed 
decreased overall in the RulesX1 and RulesX2 scenarios, whereas the number of smolts killed 
increased overall in the base and =straying scenarios. The median total proportion of smolts 
killed during emigration due to direct and indirect cumulative mortality associated with dam 
passage equaled 0.10 or 0.11 for all generations and scenarios (Table 6.13.2.4; Figure 6.13.2.3). 

 

6.14 Proportion Dying 
The fate of adult Atlantic salmon that were unsuccessful at passing an individual dam 

was determined by the Expert Panel, and one fate was that a proportion of the fish die (Table 
3.12.1). The Expert Panel’s decision on the proportion of fish that die was used as the base input, 
and sensitivities were run at alternate values (i.e., 0, 0.012, 0.024, and 0.048). The alternate 
proportions of fish dying were applied only to dams where the base proportion dying input was 
greater than zero (Table 3.12.1). The proportion of fish remaining downstream was adjusted 
accordingly so that the proportion dying, the proportion returning to sea, and the proportion 
remaining downstream still summed to one. 
 
6.14.1 Base Case  

Adult abundance and distribution decreased in all five Base Case scenarios, and these 
results were not sensitive to the proportion of fish dying in the Base Case scenarios. The median 
number of 2SW females declined to approximately the same value from generation 1 to 
generation 2 and varied without trend in subsequent generations in all scenarios (Table 6.14.1.1; 
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Figure 6.14.1.1). The proportion of iterations when at least one 2SW female was located in each 
Penobscot River watershed area equaled one in generation 1 for all three areas and remained at 
one for the Lower Penobscot in generations 2–10 (Table 6.14.1.2; Figure 6.14.1.2). The 
proportion of iterations for the Upper Penobscot and Piscataquis were similar, declining from 
generation 1 to 3 and varying without trend in subsequent generations in all scenarios. 

The number of smolts killed decreased in all five Base Case scenarios, whereas the 
proportion of smolts killed remained constant. The number and proportion of smolts killed were 
not sensitive to the proportion of fish dying in the Base Case scenarios. The median total number 
of smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage was highest in generation 1, declined from generation 1 to generation 2, and varied 
without trend in generations 2–10 (Table 6.14.1.3; Figure 6.14.1.3). The numbers of smolts 
killed were similar among scenarios. The median total proportion of smolts killed during 
emigration due to direct and indirect cumulative mortality associated with dam passage remained 
constant at 0.11 for all generations and scenarios (Table 6.14.1.4; Figure 6.14.1.3). 
 
6.14.2 Recovery 

Adult abundance increased and adult distribution remained near one in all five Recovery 
scenarios. Adult abundance and distribution were not sensitive to the proportion of fish dying in 
the Recovery scenarios. The median number of 2SW females increased from generation 1 and 
reached a plateau by generation 10 at approximately the same abundance in all scenarios (Table 
6.14.2.1; Figure 6.14.2.1). The proportion of iterations when at least one 2SW female was 
located in each Penobscot River watershed area equaled one or close to one in all generations, 
areas, and scenarios (Table 6.14.2.2; Figure 6.14.2.2). 

The number of smolts killed increased overall in all five Recovery scenarios, whereas the 
proportion of smolts killed remained constant. The number and proportion of smolts killed were 
not sensitive to the proportion of fish dying in the Recovery scenarios. The median total number 
of smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage was the highest in generation 1, declined from generation 1 to generation 2, and 
increased in subsequent generations to approximately the same level in all scenarios by 
generation 10 (Table 6.14.2.3; Figure 6.14.2.3). The median total proportion of smolts killed 
during emigration due to direct and indirect cumulative mortality associated with dam passage 
was equal to 0.10 or 0.11 for all generations and scenarios (Table 6.14.2.4; Figure 6.14.2.3). 

 

6.15 Proportion Returning to Sea 
Another fate of adult Atlantic salmon that were unsuccessful at passing an individual dam 

was that a proportion of the fish return to the ocean un-spawned. The proportion of fish returning 
to sea at each dam was determined by the Expert Panel, and this decision was used as the base 
input (Table 3.12.1). Sensitivities were run at values of 0, 0.5, 2, and 4 times the base value. The 
proportion of fish remaining downstream was adjusted accordingly so that the proportion dying, 
the proportion returning to sea, and the proportion remaining downstream still summed to one. 

 
6.15.1 Base Case 

Adult abundance and distribution decreased in all five Base Case scenarios. The median 
number of 2SW females declined from generation 1 to generation 2 and varied without trend in 
subsequent generations in all scenarios (Table 6.15.1.1; Figure 6.15.1.1). Abundance was the 
lowest in the scenario with 4 times the base. The proportion of iterations when at least one 2SW 
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female was located in each Penobscot River watershed area equaled one in generation 1 for all 
three areas and remained at one for the Lower Penobscot in generations 2–10 (Table 6.15.1.2; 
Figure 6.15.1.2). The proportion of iterations for the Upper Penobscot and Piscataquis were 
similar, declining from generation 1 to 3 and varying without trend in subsequent generations in 
all scenarios. 

The number of smolts killed decreased in all five Base Case scenarios, whereas the 
proportion of smolts killed remained constant. The median total number of smolts killed during 
emigration due to direct and indirect cumulative mortality associated with dam passage was 
highest in generation 1, declined from generation 1 to generation 2, and varied without trend in 
generations 2–10 (Table 6.15.1.3; Figure 6.15.1.3). The median total proportion of smolts killed 
during emigration due to direct and indirect cumulative mortality associated with dam passage 
remained constant at 0.11 for all generations and scenarios (Table 6.15.1.4; Figure 6.15.1.3). 
 
6.15.2 Recovery 

Adult abundance increased and adult distribution remained near one in all five Recovery 
scenarios. The median number of 2SW females increased from generation 1 and reached a 
plateau by generation 10 in all scenarios (Table 6.15.2.1; Figure 6.15.2.1). Abundance was 
highest in the scenario with 0 times the base proportion returning to sea and lowest in the 
scenario with 4 times the base. The proportion of iterations when at least one 2SW female was 
located in each Penobscot River watershed area equaled one or close to one in all generations, 
areas, and scenarios (Table 6.15.2.2; Figure 6.15.2.2). 

The number of smolts killed increased overall in all five Recovery scenarios, whereas the 
proportion of smolts killed remained constant. The median total number of smolts killed during 
emigration due to direct and indirect cumulative mortality associated with dam passage was the 
highest in generation 1, declined from generation 1 to generation 2, and increased in subsequent 
generations (Table 6.15.2.3; Figure 6.15.2.3). The median total proportion of smolts killed 
during emigration due to direct and indirect cumulative mortality associated with dam passage 
was equal to 0.10 or 0.11 for all generations and scenarios (Table 6.15.2.4; Figure 6.15.2.3). 

 

6.16 Proportion Remaining Downstream 
The third, and final, possible fate of adult Atlantic salmon that were unsuccessful at 

passing an individual dam in the DIA Model was that a proportion of the fish go elsewhere, 
specifically to a downstream PU, to spawn. The proportion of fish spawning in a downstream PU 
was determined by the Expert Panel, and this decision was used as the base input (Table 3.12.1). 
Sensitivities were run with all adults that were unsuccessful at passing an individual dam 
spawning in the PU immediately below that dam (Table 6.16.1) and with the adults evenly 
distributed between all PUs below the dam that was not passed (Table 6.16.2). 

 
6.16.1 Base Case  

Adult abundance and distribution decreased in all three Base Case scenarios, and these 
results were not sensitive to the proportion of fish remaining downstream in the Base Case 
scenarios. The median number of 2SW females declined to approximately the same value from 
generation 1 to generation 2 and varied without trend in subsequent generations in all scenarios 
(Table 6.16.1.1; Figure 6.16.1.1). The proportion of iterations when at least one 2SW female was 
located in each Penobscot River watershed area equaled one in generation 1 for all three areas 
and remained at one for the Lower Penobscot in generations 2–10 (Table 6.16.1.2; Figure 
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6.16.1.2). The proportion of iterations for the Upper Penobscot and Piscataquis were similar, 
declining from generation 1 to 3 and varying without trend in subsequent generations in all 
scenarios. 

The number of smolts killed decreased in all three Base Case scenarios, whereas the 
proportion of smolts killed remained constant. The number and proportion of smolts killed were 
not sensitive to the proportion of fish remaining downstream in the Base Case scenarios. The 
median total number of smolts killed during emigration due to direct and indirect cumulative 
mortality associated with dam passage was highest in generation 1, declined from generation 1 to 
generation 2, and varied without trend in generations 2–10 (Table 6.16.1.3; Figure 6.16.1.3). The 
numbers of smolts killed were similar among scenarios. The median total proportion of smolts 
killed during emigration due to direct and indirect cumulative mortality associated with dam 
passage remained constant at 0.11 for all generations and scenarios (Table 6.16.1.4; Figure 
6.16.1.3). 

 
6.16.2 Recovery 

Adult abundance increased and adult distribution remained near one in all three Recovery 
scenarios. Adult abundance and distribution were not sensitive to the proportion of fish 
remaining downstream in the Recovery scenarios. The median number of 2SW females 
increased from generation 1 and reached a plateau by generation 10 at approximately the same 
abundance in all scenarios (Table 6.16.2.1; Figure 6.16.2.1). The proportion of iterations when at 
least one 2SW female was located in each Penobscot River watershed area equaled one or close 
to one in all generations, areas, and scenarios (Table 6.16.2.2; Figure 6.16.2.2). 

The number of smolts killed increased overall in all three Recovery scenarios, whereas 
the proportion of smolts killed remained constant. The number and proportion of smolts killed 
were not sensitive to the proportion of fish dying in the Recovery scenarios. The median total 
number of smolts killed during emigration due to direct and indirect cumulative mortality 
associated with dam passage was the highest in generation 1, declined from generation 1 to 
generation 2, and increased in subsequent generations (Table 6.16.2.3; Figure 6.16.2.3). The 
median total proportion of smolts killed during emigration due to direct and indirect cumulative 
mortality associated with dam passage was equal to 0.10 or 0.11 for all generations and scenarios 
(Table 6.16.2.4; Figure 6.16.2.3). 

 

6.17 Downstream Dam Passage Survival Rates 
Downstream dam passage survival rates of smolts were estimated by Alden (Amaral et al. 

2012). These rates were used as the base input values, except for Upper Dover Dam, which 
equaled 92.15% (see Section 3.6.1). Sensitivities were run at -10%, -5%, +5%, and +10% of the 
base survival rates, with survival capped at one. These data adjustments were applied to each 
dam, except Dover Upper Dam. 

 
6.17.1 Base Case  

Adult abundance and distribution decreased in all five Base Case scenarios. The median 
number of 2SW females declined from generation 1 to generation 2 and varied without trend in 
subsequent generations (Table 6.17.1.1; Figure 6.17.1.1). Abundance was lowest in the scenario 
with downstream dam passage survival rates decreased by 10% and highest in the scenario with 
these rates increased by 10%. The proportion of iterations when at least one 2SW female was 
located in each Penobscot River watershed area equaled one in generation 1 for all three areas 
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and remained at one for the Lower Penobscot in generations 2–10 (Table 6.17.1.2; Figure 
6.17.1.2). The proportion of iterations for the Upper Penobscot and Piscataquis declined from 
generation 1 to 3 and varied without trend in subsequent generations. The proportion of iterations 
in the Upper Penobscot and Piscataquis were lowest in the scenario with downstream dam 
passage survival rates decreased by 10% and highest in the scenario with these rates increased by 
10%. 

The number of smolts killed decreased in all five Base Case scenarios, whereas the 
proportion of smolts killed remained constant in each of the Base Case scenarios. The median 
total number of smolts killed during emigration due to direct and indirect cumulative mortality 
associated with dam passage was highest in generation 1, declined from generation 1 to 
generation 2, and varied without trend in generations 2–10 (Table 6.17.1.3; Figure 6.17.1.3). The 
median total proportion of smolts killed during emigration due to direct and indirect cumulative 
mortality associated with dam passage remained constant for all generations in each scenario but 
varied among scenarios (Table 6.17.1.4; Figure 6.17.1.3). The number and proportions of smolts 
killed were highest in the scenario with downstream dam passage survival rates decreased by 
10% and lowest in the scenario with these rates increased by 10%. 

 
6.17.2 Recovery 

Adult abundance increased and adult distribution remained near one in all five Recovery 
scenarios. The median number of 2SW females increased from generation 1 and reached a 
plateau by generation 10 in all scenarios (Table 6.17.2.1; Figure 6.17.2.1). The proportion of 
iterations when at least one 2SW female was located in each Penobscot River watershed area 
equaled one or close to one in all generations, areas, and scenarios (Table 6.17.2.2; Figure 
6.17.2.2). The adult abundance and distribution were lowest in the scenario with downstream 
dam passage survival rates decreased by 10% and highest in the scenario with these rates 
increased by 10%. 

The number of smolts killed differed between Recovery scenarios, whereas the 
proportion of smolts killed remained constant in each of the Recovery scenarios. The median 
total number of smolts killed during emigration due to direct and indirect cumulative mortality 
associated with dam passage decreased overall in the scenario with survival rates decreased by 
10% but increased overall in the other four Recovery scenarios (Table 6.17.2.3; Figure 6.17.2.3). 
The median total proportion of smolts killed during emigration due to direct and indirect 
cumulative mortality associated with dam passage remained constant for all generations in each 
scenario but varied among scenarios (Table 6.17.2.4; Figure 6.17.2.3). The number and 
proportions of smolts killed were highest in the scenario with downstream dam passage survival 
rates decreased by 10% and lowest in the scenario with these rates increased by 10%. 

 

6.18 Upstream Dam Passage Survival Rates 
Upstream dam passage survival rate distributions of adults were estimated using 

telemetry studies or previous model estimates (Table 3.11.1.1). Sensitivities were run at -10%, -
5%, +5%, and +10% of the base survival rates, with survival capped at one. Four dams (i.e., 
Medway, Milo, Sebec, and Orono) do not have any upstream passage, and so upstream passage 
values at these dams were set to zero in both the base input and the sensitivity runs. 
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6.18.1 Base Case 
Adult abundance and distribution decreased in all five Base Case scenarios, and these 

results were not sensitive to upstream dam passage survival rates in the Base Case scenarios. The 
median number of 2SW females declined from generation 1 to generation 2 and varied without 
trend in subsequent generations (Table 6.18.1.1; Figure 6.18.1.1). The proportion of iterations 
when at least one 2SW female was located in each Penobscot River watershed area equaled one 
in generation 1 for all three areas and remained at one for the Lower Penobscot in generations 2–
10 (Table 6.18.1.2; Figure 6.18.1.2). The proportion of iterations for the Upper Penobscot and 
Piscataquis declined from generation 1 to 3 and varied without trend in subsequent generations. 
The proportion of iterations in the Upper Penobscot and Piscataquis were lowest in the scenario 
with upstream dam passage survival rates decreased by 10% and highest in the scenario with 
these rates increased by 10%. 

The number of smolts killed decreased in all five Base Case scenarios, whereas the 
proportion of smolts killed remained constant. The number and proportion of smolts killed were 
not sensitive to the upstream dam passage survival rates in the Base Case scenarios. The median 
total number of smolts killed during emigration due to direct and indirect cumulative mortality 
associated with dam passage was highest in generation 1, declined from generation 1 to 
generation 2, and varied without trend in generations 2–10 (Table 6.18.1.3; Figure 6.18.1.3). The 
median total proportion of smolts killed during emigration due to direct and indirect cumulative 
mortality associated with dam passage remained constant at 0.11 for all generations and 
scenarios (Table 6.18.1.4; Figure 6.18.1.3). 

 
6.18.2 Recovery 

Adult abundance increased and adult distribution remained near one in all five Recovery 
scenarios. Adult abundance and distribution were not sensitive to upstream dam passage survival 
rates in the Recovery scenarios. The median number of 2SW females increased from generation 
1 and reached a plateau by generation 10 in all scenarios (Table 6.18.2.1; Figure 6.18.2.1). The 
proportion of iterations when at least one 2SW female was located in each Penobscot River 
watershed area equaled one or close to one in all generations, areas, and scenarios (Table 
6.18.2.2; Figure 6.18.2.2). The adult abundance and distribution were lowest in the scenario with 
upstream dam passage survival rates decreased by 10% and highest in the scenario with these 
rates increased by 10%. 

The number of smolts killed differed between Recovery scenarios, whereas the 
proportion of smolts killed remained constant. The number and proportion of smolts killed were 
not sensitive to the upstream dam passage survival rates in the Recovery scenarios. The median 
total number of smolts killed during emigration due to direct and indirect cumulative mortality 
associated with dam passage decreased overall in the scenarios with survival rates decreased by 5 
and 10% but increased overall in the other three Recovery scenarios (Table 6.18.2.3; Figure 
6.18.2.3). The number of smolts killed was lowest in the scenario with downstream dam passage 
survival rates decreased by 10% and highest in the scenario with these rates increased by 10%. 
The median total proportion of smolts killed during emigration due to direct and indirect 
cumulative mortality associated with dam passage equaled 0.10 or 0.11 for all generations and 
scenarios (Table 6.18.2.4; Figure 6.18.2.3). 

 

  



43 
 

6.19 Indirect Latent Mortality 
An indirect latent mortality rate of 10% per dam was applied, and this rate was used as 

the base input. Sensitivities were run at values of 2.5%, 5%, 20%, and 40% indirect latent 
mortality per dam. 

 
6.19.1 Base Case 

Adult abundance and distribution decreased in all five Base Case scenarios. The median 
number of 2SW females declined from generation 1 to generation 2 and varied without trend in 
subsequent generations (Table 6.19.1.1; Figure 6.19.1.1). The proportion of iterations when at 
least one 2SW female was located in each Penobscot River watershed area equaled one in 
generation 1 for all three areas (Table 6.19.1.2; Figure 6.19.1.2). The proportion of iterations 
remained at one for the Lower Penobscot in generations 2–10 for the scenarios with 2.5%, 5%, 
10%, and 20% indirect latent mortality per dam but declined to below 0.10 in the scenario with 
40% indirect latent mortality per dam. The proportion of iterations for the Upper Penobscot and 
Piscataquis declined from generation 1 to 3 and varied without trend in subsequent generations. 
Adult abundance and distribution were highest in the scenario with 2.5% indirect latent mortality 
per dam and lowest (zero or close to zero in generations 2–10) in the scenario with 40% indirect 
latent mortality per dam. 

The number of smolts killed decreased in all five Base Case scenarios, whereas the 
proportion of smolts killed remained constant. The median total number of smolts killed during 
emigration due to direct and indirect cumulative mortality associated with dam passage was 
highest in generation 1, declined from generation 1 to generation 2, and varied without trend in 
generations 2–10 (Table 6.19.1.3; Figure 6.19.1.3). The median total proportion of smolts killed 
during emigration due to direct and indirect cumulative mortality associated with dam passage 
remained constant at 0.11 for all generations and scenarios (Table 6.19.1.4; Figure 6.19.1.3). 

 
6.19.2 Recovery 

Adult abundance and distribution differed between the Recovery scenarios. The median 
number of 2SW females increased overall in the scenarios with 2.5%, 5%, 10% and 20% indirect 
latent mortality per dam but decreased to zero in the scenario with 40% indirect latent mortality 
per dam (Table 6.19.2.1; Figure 6.19.2.1). The proportion of iterations when at least one 2SW 
female was located in each Penobscot River watershed area equaled one or close to one in all 
generations and areas in the scenarios with 2.5%, 5%, and 10% indirect latent mortality per dam, 
decreased from generation 1 to generation 2 and increased in subsequent generations in the 
scenario with 20% indirect latent mortality per dam, and decreased to zero or close to zero in the 
scenario with 40% indirect latent mortality per dam (Table 6.19.2.2; Figure 6.19.2.2). 

The number of smolts killed differed between Recovery scenarios, whereas the 
proportion of smolts killed remained constant. The median total number of smolts killed during 
emigration due to direct and indirect cumulative mortality associated with dam passage increased 
overall in the scenarios with 2.5%, 5%, and 10% indirect latent morality per dam but decreased 
overall in the scenarios with 20% and 40% indirect latent mortality per dam (Table 6.19.2.3; 
Figure 6.19.2.3). The median total proportion of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage equaled 0.10 or 0.11 for all 
generations and scenarios (Table 6.19.2.4; Figure 6.19.2.3). 
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6.20 Downstream Path Choice 
Smolts originating upriver of the Stillwater Branch have the option of migrating to the 

ocean via the Stillwater Branch or the mainstem. Telemetry data were used to develop a 
distribution for smolt use of the Stillwater Branch (Figure 3.6.3.2), and this was used as the base 
input. Sensitivities were run at 0.25, 0.5, 2, and 4 times the base. Downstream path choice for the 
Stillwater Branch was capped at one. 

 
6.20.1 Base Case  

Adult abundance and distribution decreased in all five Base Case scenarios, and these 
results were not sensitive to downstream path choice in the Base Case scenarios. The median 
number of 2SW females declined to approximately the same value from generation 1 to 
generation 2 and varied without trend in subsequent generations in all scenarios (Table 6.20.1.1; 
Figure 6.20.1.1). The proportion of iterations when at least one 2SW female was located in each 
Penobscot River watershed area equaled one in generation 1 for all three areas and remained at 
one for the Lower Penobscot in generations 2–10 (Table 6.20.1.2; Figure 6.20.1.2). The 
proportion of iterations for the Upper Penobscot and Piscataquis were similar, declining from 
generation 1 to 3 and varying without trend in subsequent generations in all scenarios. 

The number of smolts killed decreased in all five Base Case scenarios, whereas the 
proportion of smolts killed remained constant in each scenario. The median total number of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage was highest in generation 1, declined from generation 1 to generation 2, and varied 
without trend in generations 2–10 (Table 6.20.1.3; Figure 6.20.1.3). The number of smolts killed 
was highest in the scenario with 0.25 times the base Stillwater Branch use rate and lowest in the 
scenario with 4 times the base Stillwater use rate. The median total proportion of smolts killed 
during emigration due to direct and indirect cumulative mortality associated with dam passage 
remained constant for all generations at either 0.10 (in the scenarios with 2 and 4 times the base) 
or 0.11 (in the scenarios with 0.25, 0.5, and 1 times the base) (Table 6.20.1.4; Figure 6.20.1.3). 

 
6.20.2 Recovery 

Adult abundance increased and adult distribution remained near one in all five Recovery 
scenarios, and these results were not sensitive to downstream path choice in the Recovery 
scenarios. The median number of 2SW females increased from generation 1 and reached a 
plateau by generation 10 at approximately the same abundance in all scenarios (Table 6.20.2.1; 
Figure 6.20.2.1). The proportion of iterations when at least one 2SW female was located in each 
Penobscot River watershed area equaled one or close to one in all generations, areas, and 
scenarios (Table 6.20.2.2; Figure 6.20.2.2). 

The number of smolts killed increased overall in all five Recovery scenarios, whereas the 
proportion of smolts killed remained constant in each scenario. The median total number of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage was the highest in generation 1, declined from generation 1 to generation 2, and 
increased in subsequent generations (Table 6.20.2.3; Figure 6.20.2.3). The number of smolts 
killed was highest in the scenario with 0.25 times the base Stillwater Branch use rate and lowest 
in the scenario with 4 times the Stillwater Branch use rate. The median total proportion of smolts 
killed during emigration due to direct and indirect cumulative mortality associated with dam 
passage remained constant for all generations at either 0.10 (in the scenarios with 2 and 4 times 
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the base) or 0.11 (in the scenarios with 0.25, 0.5, and 1 times the base) (Table 6.20.2.4; Figure 
6.20.2.3). 

 

6.21 Freshwater and Marine Survival Rates With the Hatchery 
Turned On or Off 

A series of sensitivities were run with a range of freshwater and marine survival rates. 
Scenarios with five freshwater survival rates (0.25, 0.5, 1, 2, and 4 times the base case egg to 
smolt survival) were run with five marine survival rates (0.25, 0.5, 1, 2, and 4 times the base 
case). Each freshwater and marine survival rate combination was run with stocking of hatchery-
reared smolts turned on and turned off in the DIA Model. 

 
6.21.1 Hatchery On 

Adult abundance and distribution increased as freshwater and marine survival increased 
with the hatchery component of the model turned on. The median number of 2SW females 
decreased from generation 1 to generation 2 and varied without trend in subsequent generations 
when the marine survival rate was low (Tables 6.21.1.1 – 6.21.1.3; Figures 6.21.1.1 – 6.21.1.3). 
The number of 2SW females increased above the starting abundance of 587 fish by generation 
10 in the scenarios with the marine survival increased by 2 times the base and freshwater 
survival increased by 2 and 4 times the base and in all scenarios with marine survival increased 
by 4 times the base (Tables 6.21.1.4 – 6.21.1.5; Figures 6.21.1.4 – 6.21.1.5). The proportion of 
iterations when at least one 2SW female was located in each Penobscot River watershed area 
equaled one in generation 1 for all three areas and remained at or near one for the Lower 
Penobscot in generations 2–10 for all combinations of freshwater and marine survival rates 
(Tables 6.21.1.6 – 6.21.1.10; Figures 6.21.1.6 – 6.21.1.10). The proportion of iterations in the 
Upper Penobscot and Piscataquis declined from generation 1 to generation 3 and varied without 
trend in subsequent generations when the marine survival rate was low, but the proportion of 
iterations in these areas was close to or equal to one in all generations in scenarios when the 
freshwater survival rate was 1, 2, or 4 times the base and marine survival was 4 times the base.  

The trend in the number of smolts killed differed based on the freshwater and marine 
survival rates with the hatchery turned on, but the proportion of smolts killed remained constant. 
The median total number of smolts killed during emigration due to direct and indirect cumulative 
mortality associated with dam passage generally increased as freshwater and marine survival 
increased (Tables 6.21.1.11 – 6.21.1.15; Figures 6.21.1.11 – 6.21.1.15). The number of smolts 
killed decreased overall in scenarios when marine and freshwater survival rates were low and 
increased overall only in scenarios with 4 times the base marine survival rate and 1, 2, and 4 
times the freshwater survival rate. The median total proportion of smolts killed during emigration 
due to direct and indirect cumulative mortality associated with dam passage remained constant 
for all generations (0.10 and 0.11 in the scenario with 2 times the marine survival base case rate 
and 4 times the freshwater survival base case rate and the scenarios with 4 times the marine 
survival base case rate and 1, 2, and 4 times the freshwater base case rate; 0.11 for all other 
combinations of marine and freshwater survival rates) (Tables 6.21.1.16 – 6.21.1.20; Figures 
6.21.1.11 – 6.21.1.15). 
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6.21.2 Hatchery Off 
Adult abundance and distribution increased as freshwater and marine survival increased 

with the hatchery component of the model turned off. The median number of 2SW females 
decreased to zero or near zero when the marine or freshwater survival rates were low (Tables 
6.21.2.1 – 6.21.2.5; Figures 6.21.2.1 – 6.21.2.5). The number of 2SW females increased above 
the starting abundance of 587 fish by generation 10 in the scenarios with the marine survival 
increased by 2 times the base and freshwater survival increased by 4 times the base and with 
marine survival increased by 4 times the base and freshwater survival increased by 2 and 4 times 
the base. The proportion of iterations when at least one 2SW female was located in each 
Penobscot River watershed area equaled one in generation 1 for all three areas for all 
combinations of freshwater and marine survival rates (Tables 6.21.2.6 – 6.21.2.10; Figures 
6.21.2.6 – 6.21.2.10). The proportion of iterations in all three areas decreased to zero or near zero 
by generation 10 in scenarios with low marine or freshwater survival rates but equaled one or 
close to one in all generations in scenarios with 2 times the base marine survival and 4 times the 
base freshwater survival rates and 4 times the base marine survival rate and 2 and 4 times the 
base freshwater survival rates. 

The number and proportion of smolts killed decreased overall in all scenarios with a 
range of freshwater and marine survival rates and the hatchery turned off. The median total 
number of smolts killed during emigration due to direct and indirect cumulative mortality 
associated with dam passage decreased to zero or near zero in scenarios with low marine or 
freshwater survival rates (Tables 6.21.2.11 – 6.21.2.15; Figures 6.21.2.11 – 6.21.2.15). The 
number of smolts killed began to increase by generation 10 in scenarios with 2 times the base 
marine survival and 4 times the base freshwater survival rates and 4 times the base marine 
survival rate and 2 and 4 times the base freshwater survival rates. The median total proportion of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage decreased to zero in scenarios with low marine or freshwater survival rates (Tables 
6.21.2.16 – 6.21.2.20; Figures 6.21.2.11 – 6.21.2.15). The decrease in the proportion of smolts 
killed was less in scenarios with increased marine and freshwater survival rates. 
 

6.22 Median and Mean Marine Survival Rates for Different 
Time Series 

Estimates of the median 2SW female marine survival rates during 1971–2010 were fitted 
to an inverse gaussian distribution with  = 0.006265, shape parameter  = 0.0068723, and a 
shift of 0.00000813424 (Figure 3.9.4). This distribution was used as the base input, and five 
alternate distributions were used to run sensitivities. The distributions for the base and 
sensitivities were developed using the same process, but different data were used in each 
distribution (i.e., mean or median, different time series). The first alternate distribution was 
median estimates of 2SW female marine survival rates during 1971–1990 fitted to an inverse 
gaussian distribution with  = 0.012056, shape parameter  = 0.080705, and a shift of 
-0.0020676. The second alternate distribution was median estimates of 2SW female marine 
survival rates during 1991–2010 fitted to an inverse gaussian distribution with  = 0.003916, 
shape parameter  = 0.0480996, and a shift of -0.0013579. The third alternate distribution was 
mean estimates of 2SW female marine survival rates during 1971–2010 fitted to an inverse 
gaussian distribution with  = 0.0070894, shape parameter  = 0.0077758, and a shift of 
0.00000954211. The fourth alternate distribution was mean estimates of 2SW female marine 
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survival rates during 1971–1990 fitted to an inverse gaussian distribution with  = 0.013649, 
shape parameter  = 0.091492, and a shift of -0.0023463. The fifth alternate distribution was 
mean estimates of 2SW female marine survival rates during 1991–2010 fitted to an inverse 
gaussian distribution with  = 0.0044284, shape parameter  = 0.0543302, and a shift of 
-0.0015336. A Base Case scenario was run with each of the above distributions and the base case 
freshwater survival rate input, and a Recovery scenario was run with each of the above 
distributions increased by four times and the freshwater survival base case increased by two 
times. 

 
6.22.1 Base Case 

Adult abundance and distribution differed between the Base Case scenarios. The median 
number of 2SW females declined from generation 1 to generation 2 in all median and mean 
scenarios, varied without trend in generations 2–10 in the median and mean scenarios using 
1991–2010 and 1971–2010 data, and increased in generations 2–10 in the median and mean 
scenarios using 1971–1990 data (Tables 6.22.1.1 and 6.22.1.2; Figures 6.22.1.1 and 6.22.1.2). 
The number of 2SW females was highest in the scenario using the mean 2SW female marine 
survival rates from 1971 to 1990 and lowest in the scenario using the median 2SW female 
marine survival rates from 1991 to 2010, although the number of 2SW females killed was similar 
between median and mean scenarios that used marine survival rates from the same time period. 
The proportion of iterations when at least one 2SW female was located in each Penobscot River 
watershed area equaled one in generation 1 for all three areas and remained at one for the Lower 
Penobscot in generations 2–10 for all scenarios (Tables 6.22.1.3 and 6.22.1.4; Figures 6.22.1.3 
and 6.22.1.4). The proportion of iterations for the Upper Penobscot and Piscataquis were similar, 
declining from generation 1 to 3 and varying without trend in subsequent generations for all 
scenarios. The proportion of iterations for the Upper Penobscot and Piscataquis were closest to 
one in the scenario using the mean 2SW female marine survival rates from 1971 to 1990 and 
closest to zero in the scenario using the median 2SW female marine survival rates from 1991 to 
2010, although the proportion of iterations was similar between median and mean scenarios that 
used marine survival rates from the same time period. 

The number of smolts killed decreased in all of the median and mean Base Case 
scenarios, whereas the proportion of smolts killed remained constant. The median total number 
of smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage was the highest in generation 1, declined from generation 1 to generation 2 or 3, 
and varied without trend in subsequent generations (Tables 6.22.1.5 and 6.22.1.6; Figures 
6.22.1.5 and 6.22.1.6). The number of smolts killed was highest in the scenario using the mean 
2SW female marine survival rates from 1971 to 1990 and lowest in the scenario using the 
median 2SW female marine survival rates from 1991 to 2010, although the number of smolts 
killed was similar between median and mean scenarios that used marine survival rates from the 
same time period. The median total proportion of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage equaled 0.11 for all generations 
and scenarios (Tables 6.22.1.7 and 6.22.1.8; Figures 6.22.1.5 and 6.22.1.6). 
 
6.22.2 Recovery 

Adult abundance increased overall and adult distribution remained near one in all of the 
median and mean Recovery scenarios. The median number of 2SW females increased after 
generation 1 or 2 and reached a plateau by generation 10 (Tables 6.22.2.1 and 6.22.2.2; Figures 
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6.22.2.1 and 6.22.2.2). The number of 2SW females was highest in the scenario using the mean 
2SW female marine survival rates from 1971 to 1990 and lowest in the scenario using the 
median 2SW female marine survival rates from 1991 to 2010, although the number of 2SW 
females was similar between median and mean scenarios that used marine survival rates from the 
same time period. The proportion of iterations when at least one 2SW female was located in each 
Penobscot River watershed area equaled one or close to one in all generations, areas, and 
scenarios (Tables 6.22.2.3 and 6.22.2.4; Figures 6.22.2.3 and 6.22.2.4). 

The number of smolts killed differed between the Recovery scenarios, whereas the 
proportion of smolts killed remained constant. The median total number of smolts killed during 
emigration due to direct and indirect cumulative mortality associated with dam passage increased 
overall in the median and mean scenarios using the mean 2SW female marine survival rates from 
1971 to 1990 and 1971 to 2010 but decreased overall in the median and mean scenarios using the 
mean 2SW female marine survival rates from 1991 to 2010 (Tables 6.22.2.5 and 6.22.2.6; 
Figures 6.22.2.5 and 6.22.2.6). The number of smolts killed was highest in the scenario using the 
mean 2SW female marine survival rates from 1971 to 1990 and lowest in the scenario using the 
median 2SW female marine survival rates from 1991 to 2010, although the number of smolts 
killed was similar between median and mean scenarios that used marine survival rates from the 
same time period. The median total proportion of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage equaled 0.10 or 0.11 for all 
generations and scenarios (Tables 6.22.2.7 and 6.22.2.8; Figures 6.22.2.5 and 6.22.2.6). 

 

6.23 Summary 
Model diagnostics were used to decide the appropriate number of iterations and whether 

or not the results of model runs using that number of iterations were stable. Five thousand 
iterations was determined to be the appropriate number of model iterations, and the variation in 
the results of DIA Model runs using 5,000 iterations was considered acceptable. 

Sensitivity of model inputs were examined using the percent difference of 2SW female 
abundance in generation 10 (Table 6.23.1). The percent difference was calculated as the 
difference in the median number of 2SW females in generation 10 when the input was changed, 
compared to the median number of 2SW females in generation 10 when all inputs were set at 
their base estimates. Highly sensitive model inputs caused the median number of 2SW females to 
deviate by more than the percent change from the base (e.g., if the base input was multiplied by 
two, a highly sensitive input would cause more than a 100% difference) (Essington 2003). 
Linearly sensitive model inputs caused the median number of 2SW females to deviate by the 
percent change from the base (e.g., if the base input was multiplied by two, a linearly sensitive 
input would cause a 100% difference). Insensitive model inputs caused the median number of 
2SW females to deviate by less than the percent change from the base (e.g., if the base input was 
multiplied by two, an insensitive input would cause less than a 100% difference). Several 
sensitivities (hatchery stocking, stocking distribution, straying, proportion dying, proportion 
remaining downstream, and marine survival using mean and median-based estimates with 
different time series) could not be classified using this system because the base model was 
changed in a manner that did not allow for direct quantitative comparison. 

A few of the model inputs were highly sensitive, but the majority of the inputs were 
insensitive. Marine survival and downstream dam survival were highly sensitive in all Base Case 
and Recovery scenarios, the number of smolts stocked was highly sensitive in all Base Case 
scenarios, and the hatchery discount was highly sensitive when this input was decreased from the 
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base value in Base Case and Recovery scenarios. The sensitivity of the model to these inputs 
means a demographic response could reasonably be expected if one of these dynamics changed 
due to management intervention (e.g., downstream dam passage survival rate) or a shift in the 
natural range (e.g., marine survival). Other model inputs that could be compared quantitatively 
were insensitive. 

The sensitivities that could not be classified as highly sensitive, linearly sensitive, or 
insensitive were compared to each other (Table 6.23.1). The percent differences in the 
sensitivities for hatchery stocking, stocking distribution, and marine survival using mean and 
median-based estimates with different time were relatively high compared to percent differences 
of straying, the proportion dying, and the proportion remaining downstream. 

 

7 CONCLUSIONS 
Marine survival and downstream dam passage survival rates had the greatest impact of all 

DIA Model inputs. These findings are consistent with expectations expressed by the NRC 
(2004), who reviewed the status of Atlantic salmon in Maine. The model was highly sensitive to 
the estimates of marine survival and downstream dam passage survival in all Base Case and 
Recovery scenarios. Model results showed that the population of Atlantic salmon in the 
Penobscot River watershed declined when marine survival was low and all 15 hydroelectric 
dams were present in the watershed. Persistence of the modeled Atlantic salmon population at 
low levels was sustained by the stocking of hatchery-reared smolts. When marine survival and 
freshwater survival rates were increased, the abundance and distribution of adult Atlantic salmon 
abundance increased even when no smolts were stocked. 

The locations of dams also had a large affect on the modeled population of Atlantic 
salmon. Mainstem dams on the Penobscot River were more detrimental to Atlantic salmon than 
dams in tributaries. Adult abundance and distribution throughout the watershed were higher in 
scenarios with mainstem dams turned off and dams in tributaries turned on than in scenarios with 
mainstem dams turned on and dams in tributaries turned off, even though the former scenario has 
fewer dams turned off (i.e., 100% survival during fish passage) in the model. This result likely 
occurred because mainstem dams impacted access to the rest of the watershed. 

Several model inputs were difficult to estimate due to insufficient data from the 
Penobscot River. Even though Atlantic salmon are well-studied, especially Penobscot River 
Atlantic salmon, more data from this population would be beneficial for input value estimates. 
Marine survival, the hatchery discount, and indirect latent mortality were three such inputs, and 
the possibility exists that the estimates of mortality incorporated by these three inputs overlap. 
Marine survival estimates for 2SW females may include a significant portion of the mortality 
accounted for in the discount of hatchery smolt survival and the indirect latent mortality of fish 
that passed multiple dams. One benefit of the DIA Model is the flexibility to change input 
parameters. The hatchery discount and indirect latent mortality rates could be easily lowered if 
future studies suggest that this is appropriate. 

Model inputs that could be improved include egg to smolt survival rate, marine survival 
distribution, and flow distribution for downstream dam passage. Egg to smolt survival rate was 
estimated using values from the literature, but a distribution developed from a time series of 
Penobscot River monitoring data would be preferable. A monitoring program of egg deposition 
by reach could be initiated to provide data for this model input. The marine survival distribution 
was corrected to attempt to represent a ‘true’ marine survival distribution for the Penobscot 
River, but a time series of post-smolt abundance at Verona and number of adult returns at 
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Verona would be better. The flow allocation provided by Alden (Amaral et al. 2012) was based 
on their best estimate of the probability of flow at certain levels, but the flow patterns in real life 
may or may not mirror the Alden estimates. A long, continuous time series of flow data from 
gauges at each dam would be ideal for this data input. The model inputs are considered the best 
available information for each input. To continuously improve model performance and realism, 
inputs should be updated as new information becomes available. 

One peculiar model result that may have been caused by model input values was the large 
decrease in adult abundance, adult distribution, and the number of smolts killed from generation 
1 to generation 2 in the Base Case model runs. A possible reason for this decrease could be 
because the numbers of adults in generations 1 and 2 were not counted at the same point in their 
life stage. The starting population size for generation 1 in all model runs was the mean annual 
number of 2SW female spawners at Veazie Dam during 2002–2011. The number of adults in 
generation 2 (and subsequent generations) was the total number of adults throughout the 
Penobscot River watershed that reached a PU and spawned after accounting for homing, 
straying, and upstream dam passage dynamics. These dynamics could have resulted in increased 
mortality of adult spawners in generation 2 and subsequent smolts, which was not reflected in the 
number of adults used to seed the model in generation 1. The seeding locations in the model in 
generation 1 also resulted in a more widely dispersed population through the drainage than 
normally occurs, resulting in longer migrations because a proportion of the adults, and 
subsequently smolts, were located farther from the mouth of the Penobscot River and, therefore, 
had to pass more dams to reach the ocean and home to their natal PU. Migrating longer distances 
and over multiple dams increased the mortality to which fish were subjected. Although the 
decrease from generation 1 to generation 2 may not be realistic, the DIA Model is not meant to 
be a predictive tool but should instead be used to evaluate the relative changes in the Penobscot 
River population of Atlantic salmon as input values are modified. 

The DIA Model can be updated and developed further as new information becomes 
available. To date, the DIA Model has been used to evaluate the impacts of several hydroelectric 
dams on the Atlantic salmon population in the Penobscot River (NMFS 2012), and other 
analyses are possible. For instance, the DIA Model can be used to estimate which of the 15 
modeled hydroelectric dams has the most impact on Atlantic salmon productivity, to describe the 
relative impacts of dams versus marine survival on the Atlantic salmon population at the 
southern end of the species range, and to address a variety of ecologically-related hypotheses 
associated with Atlantic salmon, dams, and fresh- and saltwater survival. 
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Table 1.1. Chronology of Penobscot Dam Impact Analysis (DIA) Model. 
 

 

Date Meeting Content

September 2009 Kick‐off meeting with NEFSC and NERO staff in Woods Hole, MA.

November 2009 Workgroup meeting in Orono, ME to discuss development of DIA Model.

December 2009 Workgroup meeting in Woods Hole, MA to discuss development of DIA Model.

December 2009 Workgroup conference call.

January 2010 Workgroup conference call.

February 2010 Workgroup meeting in Portland, ME to discuss DIA Model development.

March 2010 Workgroup conference call.

March 2010 Development of Survival Distribution Statement of Work.

April 2010 Workgroup conference call.

April 2010 Survival Distribution Request for Proposals issued by NERO.

July 2010 Workgroup meeting in Woods Hole, MA to review Survival Distribution proposals.

September 2010 Survival Distribution project awarded to Alden Research Laboratory, Inc. 

October 2010 Workgroup meeting in Woods Hole, MA.

October 2010 Kick‐off meeting with Alden Research Laboratory, Inc. in Woods Hole, MA.

October 2010 Workgroup conference call.

December 2010 Phase I check in conference call with Alden Research Laboratory, Inc. 

December 2010 Expert Panel meeting in Orono, ME.

December 2010 Workgroup conference call.

January 2011 Model introduction meeting with U.S. Fish and Wildlife Service in Orono, ME.

January 2011 Phase I meeting with Alden Research Laboratory, Inc. in Orono, ME.

February 2011 Alden Research Laboratory, Inc. submits draft Phase I report.

February 2011 Conference call with Alden Research Laboratory, Inc.

March 2011 Workgroup conference call.

April 2011 Workgroup conference call.

May 2011 Workgroup conference call. 

June 2011 Work group meeting in Gloucester, MA.

June 2011 Phase II meeting in Gloucester, MA with Alden Research Laboratory, Inc.

July 2011 Workgroup conference call.

August 2011 Workgroup conference call.

September 2011 Alden Research Laboratory, Inc. submits draft Phase II report.

September 2011 Workgroup conference call.

November 2011 Workgroup conference call.

December 2011 Progress meeting in Orono, ME with Alden Research Laboratory, Inc.

February 2012 Workgroup conference call.

March 2012 Workgroup conference call.

April 2012 Workgroup conference call.

May 2012 Workgroup conference call.

May 2012 Workgroup meeting in Orono, ME.

June 2012 Northeast Fisheries Science Center produces final model outputs.

June 2012 Workgroup conference call.

July 2012 Workgroup conference call.

August 2012 Workgroup conference call.

September 2012 Alden Research Laboratory, Inc. submits Phase III final report.
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Table 3.1.1. Descriptions of production unit (PU) boundaries in the Penobscot River watershed with corresponding metrics of total 
network length, longest segment length, and partial segment length used within the Dam Impact Analysis Model. Total network length 
represents the sum of all perennial stream kilometers within a particular PU. Longest segment length represents the longest straight 
path distance that a fish could swim in a given PU. All smolts were subjected to natural mortality for half the distance of the longest 
segment length when migrating through their natal PU. Partial segment length corresponds to the distance that smolts would be 
subjected to natural mortality when traversing from one PU to another (i.e., not starting from their natal PU). Partial segment lengths in 
parentheses indicate situations where smolts can enter a PU from two different locations and, therefore, could be subjected to different 
levels of natural mortality based on different distances travelled. 
 

PU Downstream Boundaries Upstream Boundaries

Total 
Network 

Length 
(km)

Longest 
Segment 

Length 
(km)

Partial 
Segment 

Length 
(km)

1 Medway  West Branch headwaters 4,358 309 NA
2 Mattaceunk  East Branch headwaters, Medway 1,842 139 13
3 West Enfield  Mattawamkeag River headwaters, Mattaceunk 3,068 208 50
4 Howland  Pleasant River headwaters, Milo, Brown's Mills 873 125 42 (65)
5 Brown's Mills  Dover Upper 25 10 10
6 Dover Upper  Piscataquis River headwaters 906 78 NA
7 Milo  Sebec 46 12 12
8 Sebec  Sebec River headwaters 675 59 NA
9 Stillwater, Milford  Howland Dam, West Enfield Dam, Lowell Dam 1,147 65 54

10 Great Works  Milford 2 2 2
11 Orono  Stillwater 7 4 4
12 Veazie  Great Works, Orono 156 49 7
13 Frankfort  Marsh Stream headwaters 437 54 NA
14 Verona Island Kenduskeag Stream headwaters, Frankfort, Veazie 2,575 121 10 (41)
15 Lowell  Passadumkeag River headwaters 207 49 NA

 



60 
 

Table 3.1.2. Number of Atlantic salmon habitat units available within the Penobscot River, the number of habitat units accessible to 
Atlantic salmon and used within the DIA Model, the proportional production potential (i.e., proportion of the total habitat units used) 
used for seeding adults into the model, and the production potential cap (i.e., habitat units used multiplied by ten) used for limiting the 
number of smolts produced to a maximum projected productivity level for each production unit. 
 

PU 
Habitat Units 

Available (in 100 m2) 
Habitat Units 

Used (in 100 m2)

Proportional 
Production 

Potential
Production 

Potential Cap
1 84,287 0 0 0
2 44,250 44,250 0.2053 442,505
3 56,450 56,450 0.2619 564,495
4 42,849 42,849 0.1988 428,486
5 284 284 0.0013 2,839
6 21,782 21,782 0.1011 217,819
7 1,733 0 0 0
8 13,922 0 0 0
9 17,860 17,860 0.0829 178,599

10 4 4 0.0001 40
11 940 0 0 0
12 5,925 5,925 0.0275 59,247
13 4,801 4,801 0.0223 48,013
14 17,727 17,727 0.0822 177,271
15 3,601 3,601 0.0167 36,010
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Table 3.3.1. Egg to fry survival values from the literature (post-Legault 2004), assuming 8 months for standardization of survival rates. 
None of these entries were used to further describe egg to fry survival. See Legault (2004) for additional references considered. 
 

 
 
 
Table 3.3.2. Fry to parr0+ survival values from the literature (post-Legault 2004), assuming 2 months for standardization of survival 
rates. Highlighted entries were used to describe fry to parr0+ survival. See Legault (2004) for additional references considered. 
 

 
  

# Years Duration

Author Region Origin of Data (months) Mean Lower Upper Mean Lower Upper
Dumas & Marty 2006 France hatchery 1 3 32.30 NA NA 4.91 NA NA

Dumas & Marty 2006 France hatchery 1 3 83.60 NA NA 62.02 NA NA

Dumas & Marty 2006 France hatchery 1 3 73.90 NA NA 44.64 NA NA

Dumas & Marty 2006 France hatchery 1 3 37.19 4.91 62.02

Flanagan et al. 2008 New Brunswick hatchery 2 7 1.33 0.00 4.00 0.72 0.00 2.53

Flanagan et al. 2008 New Brunswick hatchery 2 7 12.50 3.00 48.00 9.29 1.82 43.22

Reported Percent Survival Converted Percent Survival

# Years Duration

Author Region Origin of Data (months) Mean Lower Upper Mean Lower Upper
Aprahamian et al. 2004 England hatchery 3.5 23.42 7.80 41.30 43.63 23.28 60.33

Aprahamian et al. 2004 England hatchery 1 3.5 22.50 NA NA 42.64 NA NA

Aprahamian et al. 2004 England hatchery 3.5 14.62 1.20 26.20 33.33 7.99 46.52

Aprahamian et al. 2004 England hatchery 2 3.5 30.15 27.40 32.90 50.40 47.72 52.98

Aprahamian et al. 2004, average England hatchery 3 3.5 20.54 1.20 41.30 40.48 7.99 60.33

Coghlan & Ringler 2004 New York hatchery 1 1 7.00 NA NA 0.49 NA NA

Coghlan & Ringler 2004 New York hatchery 1 2 2.00 NA 8.00 2.00 NA 8.00

Coghlan et al. 2007 New York hatchery 1 2 NA 1.00 66.00 NA 1.00 66.00

Raffenberg & Parrish 2003 Vermont hatchery unk unk NA 2.00 50.00 NA 2.00 50.00

Millard 2005 New York hatchery 1 3.5 24.00 4.00 38.00 44.24 15.89 57.53

Millard 2005 New York hatchery 1 3.5 6.00 1.00 22.00 20.04 7.20 42.10

Millard 2005 New York hatchery 1 3.5 37.00 28.00 63.00 56.66 48.32 76.80

Millard 2005, average New York hatchery 1 3.5 40.31 7.20 76.80

Reported Percent Survival Converted Percent Survival
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Table 3.3.3. Parr0+ to parr1+ survival values from the literature (post-Legault 2004), assuming 12 months for standardization of survival 
rates. Highlighted entries were used to describe parr0+ to parr1+ survival. See Legault (2004) for additional references considered. 
 

 

 
 
Table 3.3.4. Parr1+ to smolt survival values from the literature (post-Legault 2004), assuming 9 months for standardization of survival 
rates. This entry was not used to further describe parr1+ to smolt survival. See Legault (2004) for additional references considered. 
 

 
 
 

# Years Duration

Author Region Origin of Data (months) Mean Lower Upper Mean Lower Upper
Letcher et al. 2002 Massachusetts hatchery 1 8 0.56 NA NA 0.04 NA NA

Letcher et al. 2002 Massachusetts hatchery 1 5 0.71 NA NA 0.00 NA NA

Aprahamian et al. 2004 England hatchery 2 12.67 26.32 19.90 34.10 28.25 21.67 36.10

Reported Percent Survival Converted Percent Survival

# Years Duration

Author Region Origin of Data (months) Mean Lower Upper Mean Lower Upper
Letcher et al. 2002 Massachusetts hatchery 2 0.34 0.21 0.46 0.10 NA NA

Reported Percent Survival Converted Percent Survival
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Table 3.3.5. Summary of life stage survival rates used to develop the egg to smolt survival 
distribution. 
 

 

 
 
Table 3.4.1. Mean percentage and number of hatchery-reared smolts stocked into each production 
unit (PU) from 2003-2012. 
 

PU 
Smolts Stocked 

(%) 
 Number of 

Smolts Stocked
1 0 0
2 0 0
3 17.2 94,628
4 34.6 190,076
5 0 0
6 0 0
7 0 0
8 0 0
9 31.7 174,495

10 0 0
11 0 0
12 14.2 78,109
13 0 0
14 2.3 12,692
15 0 0

Total 100 550,000
 

Begin End Min Max Mean
Egg Fry 15 35 25.0
Fry Parr 0+ 31 60 45.5

Parr 0+ Parr 1+ 13 56 34.5
Parr 1+ Smolt 17 50 33.5

Egg Smolt 0.10 5.88 1.31

Life Stage Survival (%)
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Table 3.6.1.1. Differences in the mean, minimum, and maximum smolt survival between updated 
estimates and estimates used for analyses in this document for four hydroelectric dams. Smolt 
survival estimate differences are due to an update in the flow allocation to the Stillwater Branch of 
the Penobscot River. 
 

 
 
 
Table 3.6.2.1. Correlation analysis results of mean annual flow data during 1935 – 2010 at five 
monitoring sites (identified by their seven digit US geological Survey gauge number) within the 
Penobscot River drainage. Only April – June flow data was used to correspond to the timing of the 
Atlantic salmon smolt migration in the Penobscot River. 
 

1029500  1030500  1031500 1034500 1034000

1029500  1.000  0.918  0.831 0.959 0.882

1030500  0.918  1.000  0.834 0.931 0.869
1031500  0.831  0.834  1.000 0.888 0.981
1034500  0.959  0.931  0.888 1.000 0.922
1034000  0.882  0.869  0.981 0.922 1.000
   

Dam Mean  Minimum Maximum

Great Works  ‐0.004 0 ‐0.002

Milford  0 0 0

Orono  ‐0.006 ‐0.006 ‐0.002

Stillwater  ‐0.001 ‐0.024 0

Smolt Survival
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Table 3.8.1. Survival rates of wild- and hatchery-origin fish and the ratio of wild versus hatchery survival from the literature. Highlighted 
entries were used to describe the hatchery discount. Multiple survival rates for one study indicate results from different parts of study 
design (e.g., multiple rivers or ages, different recapture location). 
 

Author Region Start End

Wild 
Survival 

Rate
Hatchery 

Survival Rate
Wild:Hatchery 
Survival Ratio

Crozier and Kennedy 1993 Northern Ireland 1973 1990 0.0820 0.0100 8.2
Crozier and Kennedy 1993 Northern Ireland 1973 1990 0.0820 0.0230 3.6

Crozier and Kennedy 1993* Northern Ireland 1973 1990 0.0110 0.0010 7.3
Crozier and Kennedy 1993 Northern Ireland 1983 1990 0.3250 0.0720 4.5
Crozier and Kennedy 1993 Northern Ireland 1983 1990 0.3250 0.1280 2.5

De Leaniz et al. 1989 Spain 1985 1988 NA NA NA
De Leaniz et al. 1989 Spain 1985 1988 NA NA NA

Einum and Fleming 2001 Multiple NA NA NA NA NA
Fleming et al. 1997 Norway NA NA NA NA NA

Jokikokko et al. 2006 Finland 1986 1992 0.0843 0.0580 1.5
Jokikokko et al. 2006 Finland 1986 1992 0.0843 0.0375 2.2
Jokikokko et al. 2006 Finland 1986 1992 NA NA 1.0
Jokikokko et al. 2006 Finland 1986 1992 NA NA 2.1
Jokikokko et al. 2006 Finland 1986 1992 NA NA 2.1
Jokikokko et al. 2006 Finland 1986 1992 NA NA 1.0
Jokikokko et al. 2006 Finland 1986 1992 NA NA 3.5
Jokikokko et al. 2006 Finland 1986 1992 NA NA 3.4

Jonsson 1997 Multiple NA NA NA NA 2.0
Jonsson and Fleming 1993 Multiple NA NA 0.0690 0.0280 2.5
Jonsson and Fleming 1993 Multiple NA NA 0.0690 0.0070 9.9
Jonsson and Fleming 1993 Multiple NA NA 0.0690 0.0320 2.2

Jonsson et al. 1991 Norway 1975 1989 0.0580 0.0320 1.8
Jonsson et al. 1991 Norway 1975 1989 0.0290 0.0120 2.4
Jonsson et al. 1991 Norway 1975 1989 0.0020 0.0020 1.0
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Author Region Start End

Wild 
Survival 

Rate
Hatchery 

Survival Rate
Wild:Hatchery 
Survival Ratio

Jonsson et al. 2003 Norway 1981 1999 0.0710 0.0290 2.4
Jonsson et al. 2003 Norway 1981 1999 0.0710 0.0270 2.6
Jonsson et al. 2003 Norway 1981 1999 0.0180 0.0040 4.5
Jonsson et al. 2003 Norway 1981 1999 0.0180 0.0020 9.0
Jonsson et al. 2003 Norway 1981 1999 0.0890 0.0330 2.7
Jonsson et al. 2003 Norway 1981 1999 0.0890 0.0290 3.1

Jutila et al. 2003 Finland 1991 1993 0.1043 0.0713 1.5
Kallio-Nyberg et al. 2004 Finland 1972 1998 0.3300 0.2600 1.3
Kallio-Nyberg et al. 2011 Finland 1986 2007 0.0379 0.0208 1.8
Kallio-Nyberg et al. 2011 Finland 1986 2007 0.0379 0.0182 2.1

Peyronnet et al. 2008 Ireland 1980 2000 0.1598 0.0569 2.8
Peyronnet et al. 2008 Ireland 1980 2000 0.2089 0.0989 2.1
Peyronnet et al. 2008 Ireland 1980 2000 0.1107 0.0434 2.6
Salminen et al. 2007 Finland 1988 1999 NA NA NA

Saloniemi et al. 2004 Finland 1991 1993 0.1290 0.1095 1.2
*Reported wild:hatchery survival ratio was different than calculated value from wild and hatchery survival rates. Reported ratio was used instead of 
calculated value. 
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Table 3.10.1. Homing rates and straying patterns by production unit (PU) for the Dam Impact Analysis Model, based on an assessment 
of previous behavioral studies, fishway trap data, Expert Panel recommendations, and local knowledge. The Natal PU (rows) identifies 
where a fish was reared and the Final Destination PU (columns) identifies where a fish will attempt to migrate. Homing rates are bolded 
and listed in the diagonal row. Grey cells indicate no straying from that Natal PU into the Final Destination PU. 
 

 
 

 
Final Destination PU 

Natal 
PU 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

1 0.900 0.080 0.009 0.005 0 0 0 0 0.005 0 0 0 0 0 0.001 
2 0.070 0.900 0.009 0.010 0 0 0 0 0.010 0 0 0 0 0 0.001 
3 0 0.010 0.900 0.050 0.010 0.010 0 0 0.010 0 0 0 0 0 0.010 
4 0 0 0.010 0.900 0.001 0.049 0.020 0.020 0 0 0 0 0 0 0 
5 0 0 0 0.010 0.900 0.080 0.004 0.004 0.002 0 0 0 0 0 0 
6 0 0 0 0.080 0.01 0.900 0.005 0.005 0 0 0 0 0 0 0 
7 0 0 0 0.020 0 0 0.900 0.080 0 0 0 0 0 0 0 
8 0 0 0 0.020 0 0 0.080 0.900 0 0 0 0 0 0 0 
9 0 0.010 0.040 0.080 0 0 0 0 0.700 0.050 0.010 0.010 0 0 0.100 

10 0.020 0.020 0.060 0.060 0 0 0 0 0.100 0.700 0.010 0.010 0.010 0 0.010 
11 0.010 0.020 0.040 0.020 0 0 0 0 0.100 0.050 0.700 0.020 0.020 0.010 0.010 
12 0 0 0.020 0.020 0 0 0 0 0.200 0.020 0.020 0.700 0.010 0.010 0 
13 0 0 0.040 0.020 0 0 0 0 0.030 0 0 0 0.900 0.010 0 
14 0 0 0.030 0.060 0 0 0 0 0.080 0.020 0.010 0.100 0 0.700 0 
15 0 0.010 0.010 0 0 0 0 0 0.060 0.010 0.010 0 0 0 0.900 
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Table 3.11.1.1. Upstream passage for 15 hydroelectric dams included in the Dam Impact Analysis 
Model, including the mean, standard deviation, minimum, and maximum values. 
 

Hydroelectric Dam  Mean 
Standard 
Deviation Minimum Maximum 

Medway  0  0 0 0 

Mattaceunk  0.9200  0.0325 0.8875 0.9525 
West Enfield  0.9200  0.0325 0.8875 0.9525 
Dover Upper   0.9200  0.0325 0.8875 0.9525 
Brown's Mills  0.9200  0.0325 0.8875 0.9525 

Sebec  0  0 0 0 
Milo  0  0 0 0 

Howland  0.9200  0.0325 0.8875 0.9525 
Lowell  0.9200  0.0325 0.8875 0.9525 
Milford  0.8993  0.0958 0.6670 1.0000 

Stillwater  0.9200  0.0325 0.8875 0.9525 
Great Works  0.6730  0.2783 0.1190 0.9440 

Orono  0  0 0 0 
Veazie  0.6485  0.1907 0.4210 0.9840 

Frankfort  0.9200  0.0325 0.8875 0.9525 
 



69 
 

Table 3.12.1. Details regarding the fate of adult spawners that do not successful migrate above each of the 15 hydroelectric facilities 
modeled within the Dam Impact Analysis Model. Unsuccessful fish will: 1) die, 2) return to the sea and not spawn or 3) will be redirected 
to a downstream PU according to the proportions detailed under the Destination PU. 
 

 
  

Dam Failed to Pass

Proportion 

Dying

Proportion 

Returning to 

Sea

Proportion 

Remaining 

Downstream 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Medway 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0

Mattaceunk 0.01 0 0.99 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0

West Enfield 0.02 0 0.98 0 0 0 0.6 0 0 0 0 0.4 0 0 0 0 0 0

Upper Dover 0.02 0 0.98 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

Brown's Mills 0.02 0 0.98 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

Sebec 0 0 1 0 0 0 0.1 0 0 0.9 0 0 0 0 0 0 0 0

Milo 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

Howland 0.02 0 0.98 0 0 0.4 0 0 0 0 0 0.6 0 0 0 0 0 0

Lowell  0.01 0 0.99 0 0 0.01 0.01 0 0 0 0 0.98 0 0 0 0 0 0

Milford 0.01 0 0.99 0 0 0 0 0 0 0 0 0 0 0 0.8 0 0.2 0

Stillwater 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

Great Works 0.02 0.1 0.88 0 0 0 0 0 0 0 0 0 0 0 0.8 0 0.2 0

Orono 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

Veazie 0.03 0.15 0.82 0 0 0 0 0 0 0 0 0 0 0 0 0.1 0.9 0

Frankfort 0.02 0.1 0.88 0 0 0 0 0 0 0 0 0 0 0 0.1 0 0.9 0

Destination PU
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Table 3.12.2. Justification used for determining the percentages of Atlantic salmon adult spawners that die or return to sea and do not 
spawn for each of the 15 hydroelectric facilities modeled within the Dam Impact Analysis Model. The percentages are applied to fish that 
do not successfully pass each facility. The remaining fish are redirected to a downstream PU to spawn. 
 

 
 
  

Dam

Total 

Dead (%) Justification

Total Out 

to Sea (%) Justification

Medway 0 no passage 0

Mattaceunk 1 baseline 0

West Enfield 2 baseline, high percentage of fall back 0

Dover Upper 2 baseline, poaching 0

Brown's Mills 2 baseline, stalling, and lack of thermal refugia 0

Sebec 0 no passage 0

Milo 0 no passage 0

Howland 2 baseline, high percentage of fall back 0

Lowell  1 baseline 0

Stillwater 0 no passage 0

Milford 1 baseline 0

Great Works 2 baseline, stalling, and lack of thermal refugia 10 proximity to ocean

Orono 0 no passage 0

Veazie 3 baseline, seal predation, handling 15 proximity to ocean, handling

Frankfort 2 baseline, seal predation 10 proximity to ocean
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Table 4.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for the Base Case and Recovery scenarios. 
 

 
  

Base Case Recovery

Gen 25% median 75% 25% median 75%

1 587 587 587 587 587 587

2 51 124 329 525 1,057 2,091

3 51 122 323 909 1,891 3,925

4 51 119 344 1,242 2,483 4,813

5 52 118 324 1,408 2,730 5,286

6 51 120 329 1,496 2,859 5,454

7 50 119 330 1,478 2,924 5,508

8 52 121 327 1,538 2,894 5,528

9 51 121 329 1,518 2,894 5,607

10 52 119 324 1,531 2,941 5,660
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Table 4.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 under the Base Case and Recovery 
scenarios. 
 

 
  

Base Case Recovery

Gen Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00

2 0.52 0.52 1.00 0.96 0.96 1.00

3 0.49 0.50 1.00 0.98 0.98 1.00

4 0.48 0.49 1.00 0.99 0.99 1.00

5 0.48 0.48 1.00 0.99 0.99 1.00

6 0.48 0.49 1.00 0.99 0.99 1.00

7 0.48 0.49 1.00 0.99 0.99 1.00

8 0.48 0.48 1.00 0.99 0.99 1.00

9 0.48 0.49 1.00 0.99 0.99 1.00

10 0.48 0.49 1.00 0.99 0.99 1.00
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Table 4.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for the Base Case and Recovery scenarios. 
 

 
  

Base Case Recovery

Gen 25% median 75% 25% median 75%

1 165,841 178,926 197,361 181,207 198,544 219,982

2 150,923 162,374 178,497 166,953 187,430 219,594

3 150,879 161,515 176,614 171,055 192,816 228,268

4 150,632 162,103 178,765 174,162 198,402 236,743

5 150,815 161,933 177,300 175,577 201,414 240,414

6 150,898 161,633 178,287 176,644 200,124 238,869

7 150,609 161,468 177,244 175,734 200,952 242,706

8 151,036 162,202 178,661 176,368 201,284 239,874

9 150,745 161,823 177,234 176,467 202,536 242,691

10 150,916 161,774 177,611 176,594 201,486 243,378
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Table 4.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for the Base Case and Recovery scenarios. 
 

 

Base Case Recovery

Gen 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.10 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12
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Table 5.1. Hydroelectric dams turned on or off in five Dam Impact Analysis Model scenarios. The “X” indicates the dam is turned off (i.e., 
100% survival). In the two columns furthest to the right, the “X” also indicates whether a dam is located on the mainstem of the 
Penobscot River or on a tributary to the Penobscot River. 
 

Dam Dams on PRRP Dams off Mainstem off, 

Tributaries on

Mainstem on, 

Tributaries off

Medway *

Mattaceunk X X

West Enfield X X

Dover Upper X X

Brown's Mills X X

Sebec X X

Milo X X

Howland X X X

Lowell X X

Milford X X

Stillwater X X

Great Works X X X

Orono X X

Veazie X X X

Frankfort X X

*Medway Dam is considered a tributary dam, but was turned on due to the lack of of downstream and upstream passage.
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Table 5.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for scenarios with all dams turned on, implementation of the PRRP, all dams turned 
off, mainstem dams turned off and tributary dams turned on, and mainstem dams turned on and tributary dams turned off. Hatchery 
stocking was turned on and freshwater and marine survival rates were set at the base case values in all scenarios. 
 

 
  

Part 1 ‐ Dams on Part 1 ‐ PRRP Part 1 ‐ Dams off Part 1 ‐ Main off/Trib on Part 1 ‐ Main on/Trib off

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 51 124 339 96 304 703 170 428 936 130 363 816 61 153 408

3 52 121 330 85 300 718 164 445 990 120 362 818 60 145 408

4 51 120 337 86 308 704 165 447 992 118 363 842 60 147 412

5 50 118 322 92 301 699 166 452 1,034 124 358 834 62 148 408

6 51 120 329 90 298 705 166 450 1,008 114 359 838 61 149 400

7 50 120 321 93 285 709 161 451 1,022 121 354 826 59 148 406

8 51 122 326 93 300 699 171 437 1,007 119 355 831 59 152 402

9 50 118 333 88 305 707 172 452 990 121 348 823 62 152 396

10 50 122 324 89 298 703 173 453 994 118 360 840 62 147 399
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Table 5.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for scenarios with all dams turned on, 
implementation of the PRRP, all dams turned off, mainstem dams turned off and tributary dams turned on, and mainstem dams turned 
on and tributary dams turned off. Hatchery stocking was turned on and freshwater and marine survival rates were set at the base case 
values in all scenarios. 
 

 
  

Part 1 ‐ Dams on Part 1 ‐ PRRP Part 1 ‐ Dams off Part 1 ‐ Main off/Trib on Part 1 ‐ Main on/Trib off

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.52 0.52 1.00 0.88 0.88 1.00 0.94 0.94 1.00 0.91 0.92 1.00 0.59 0.59 1.00

3 0.48 0.49 1.00 0.87 0.87 1.00 0.93 0.93 1.00 0.89 0.90 1.00 0.54 0.55 1.00

4 0.48 0.48 1.00 0.87 0.87 1.00 0.93 0.93 1.00 0.90 0.90 1.00 0.54 0.55 1.00

5 0.48 0.48 1.00 0.87 0.88 1.00 0.93 0.93 1.00 0.90 0.90 1.00 0.54 0.55 1.00

6 0.48 0.49 1.00 0.87 0.87 1.00 0.93 0.93 1.00 0.90 0.90 1.00 0.54 0.55 1.00

7 0.48 0.49 1.00 0.87 0.88 1.00 0.93 0.93 1.00 0.90 0.90 1.00 0.53 0.54 1.00

8 0.48 0.49 1.00 0.87 0.88 1.00 0.93 0.93 1.00 0.90 0.90 1.00 0.54 0.54 1.00

9 0.48 0.48 1.00 0.87 0.87 1.00 0.93 0.93 1.00 0.89 0.90 1.00 0.54 0.55 1.00

10 0.48 0.48 1.00 0.87 0.88 1.00 0.93 0.93 1.00 0.90 0.90 1.00 0.54 0.55 1.00
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Table 5.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for scenarios with all dams turned on, implementation of the PRRP, all dams turned off, mainstem dams turned 
off and tributary dams turned on, and mainstem dams turned on and tributary dams turned off. Hatchery stocking was turned on and 
freshwater and marine survival rates were set at the base case values in all scenarios. 
 

 
  

Part 1 ‐ Dams on Part 1 ‐ PRRP Part 1 ‐ Dams off Part 1 ‐ Main off/Trib on Part 1 ‐ Main on/Trib off

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 166,139 178,671 196,125 58,756 61,305 64,826 0 0 0 32,922 35,101 37,012 136,002 150,516 171,652

2 150,702 161,952 178,509 52,788 54,766 59,175 0 0 0 30,877 33,196 35,867 124,653 138,305 156,493

3 150,499 161,394 176,913 52,716 54,630 58,793 0 0 0 30,872 33,158 35,719 123,521 136,236 155,134

4 150,490 161,768 177,536 52,734 54,649 58,595 0 0 0 30,980 33,230 35,866 124,208 137,030 155,571

5 150,368 160,911 177,378 52,670 54,551 58,750 0 0 0 30,912 33,192 35,805 123,645 136,527 156,652

6 150,380 161,464 177,434 52,703 54,477 58,644 0 0 0 30,756 33,159 35,907 124,305 137,043 156,153

7 150,576 161,867 178,069 52,744 54,562 58,694 0 0 0 30,817 33,165 35,811 123,541 136,922 155,274

8 150,547 161,541 177,444 52,735 54,534 58,584 0 0 0 30,909 33,250 35,881 123,821 137,158 155,962

9 150,676 161,682 178,163 52,721 54,634 58,567 0 0 0 30,891 33,226 35,844 123,906 136,957 156,378

10 150,835 162,048 177,507 52,716 54,580 58,658 0 0 0 30,910 33,224 35,891 123,929 137,349 157,101
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Table 5.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for scenarios with all dams turned on, implementation of the PRRP, all dams turned off, mainstem dams turned 
off and tributary dams turned on, and mainstem dams turned on and tributary dams turned off. Hatchery stocking was turned on and 
freshwater and marine survival rates were set at the base case values in all scenarios. 
 

 
  

Part 1 ‐ Dams on Part 1 ‐ PRRP Part 1 ‐ Dams off Part 1 ‐ Main off/Trib on Part 1 ‐ Main on/Trib off

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.03 0.03 0.04 0.00 0.00 0.00 0.02 0.02 0.02 0.08 0.09 0.10

2 0.10 0.11 0.12 0.03 0.03 0.03 0.00 0.00 0.00 0.02 0.02 0.02 0.08 0.09 0.10

3 0.10 0.11 0.12 0.03 0.03 0.03 0.00 0.00 0.00 0.02 0.02 0.02 0.08 0.09 0.10

4 0.10 0.11 0.12 0.03 0.03 0.03 0.00 0.00 0.00 0.02 0.02 0.02 0.08 0.09 0.10

5 0.10 0.11 0.12 0.03 0.03 0.03 0.00 0.00 0.00 0.02 0.02 0.02 0.08 0.09 0.10

6 0.10 0.11 0.12 0.03 0.03 0.03 0.00 0.00 0.00 0.02 0.02 0.02 0.08 0.09 0.10

7 0.10 0.11 0.12 0.03 0.03 0.03 0.00 0.00 0.00 0.02 0.02 0.02 0.08 0.09 0.10

8 0.10 0.11 0.12 0.03 0.03 0.03 0.00 0.00 0.00 0.02 0.02 0.02 0.08 0.09 0.10

9 0.10 0.11 0.12 0.03 0.03 0.03 0.00 0.00 0.00 0.02 0.02 0.02 0.08 0.09 0.10

10 0.10 0.11 0.12 0.03 0.03 0.03 0.00 0.00 0.00 0.02 0.02 0.02 0.08 0.09 0.10
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Table 5.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for scenarios with all dams turned on, implementation of the PRRP, all dams turned 
off, mainstem dams turned off and tributary dams turned on, and mainstem dams turned on and tributary dams turned off. Hatchery 
stocking was turned off and freshwater and marine survival rates were set at the base case values in all scenarios. 
 

 
  

Part 2 ‐ Dams on Part 2 ‐ PRRP Part 2 ‐ Dams off Part 2 ‐ Main off/Trib on Part 2 ‐ Main on/Trib off

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 22 42 79 39 73 141 57 108 208 49 91 178 27 51 101

3 1 5 14 4 9 24 9 20 48 6 14 37 2 7 18

4 0 1 2 0 0 4 0 3 10 0 2 7 0 1 2

5 0 0 0 0 0 0 0 0 2 0 0 1 0 0 1

6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 5.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for scenarios with all dams turned on, 
implementation of the PRRP, all dams turned off, mainstem dams turned off and tributary dams turned on, and mainstem dams turned 
on and tributary dams turned off. Hatchery stocking was turned off and freshwater and marine survival rates were set at the base case 
values in all scenarios. 
 

 
  

Part 2 ‐ Dams on Part 2 ‐ PRRP Part 2 ‐ Dams off Part 2 ‐ Main off/Trib on Part 2 ‐ Main on/Trib off

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.98 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.97 0.97 1.00

3 0.25 0.28 0.93 0.83 0.90 0.81 0.95 0.94 0.82 0.96 0.89 0.83 0.28 0.38 0.93

4 0.03 0.05 0.59 0.29 0.46 0.39 0.63 0.61 0.38 0.63 0.44 0.40 0.03 0.07 0.62

5 0.00 0.01 0.23 0.05 0.14 0.15 0.27 0.27 0.13 0.28 0.13 0.13 0.00 0.01 0.26

6 0.00 0.00 0.07 0.01 0.03 0.04 0.09 0.10 0.03 0.10 0.03 0.04 0.00 0.00 0.08

7 0.00 0.00 0.02 0.00 0.00 0.01 0.03 0.03 0.01 0.03 0.01 0.01 0.00 0.00 0.02

8 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01

9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00

10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 5.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for scenarios with all dams turned on, implementation of the PRRP, all dams turned off, mainstem dams turned 
off and tributary dams turned on, and mainstem dams turned on and tributary dams turned off. Hatchery stocking was turned off and 
freshwater and marine survival rates were set at the base case values in all scenarios. 
 

 
  

Part 2 ‐ Dams on Part 2 ‐ PRRP Part 2 ‐ Dams off Part 2 ‐ Main off/Trib on Part 2 ‐ Main on/Trib off

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 13,269 18,003 24,447 6,767 9,215 12,343 0 0 0 2,939 3,983 5,365 10,833 14,846 19,994

2 256 533 1,106 427 863 1,768 0 0 0 249 512 1,043 273 560 1,170

3 0 16 88 25 91 246 0 0 0 21 56 192 0 21 104

4 0 0 0 0 0 26 0 0 0 0 6 28 0 0 0

5 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0

6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 5.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for scenarios with all dams turned on, implementation of the PRRP, all dams turned off, mainstem dams turned 
off and tributary dams turned on, and mainstem dams turned on and tributary dams turned off. Hatchery stocking was turned off and 
freshwater and marine survival rates were set at the base case values in all scenarios. 
 

 
  

Part 2 ‐ Dams on Part 2 ‐ PRRP Part 2 ‐ Dams off Part 2 ‐ Main off/Trib on Part 2 ‐ Main on/Trib off

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.05 0.05 0.06 0.00 0.00 0.00 0.02 0.02 0.02 0.07 0.08 0.09

2 0.10 0.11 0.12 0.04 0.05 0.05 0.00 0.00 0.00 0.02 0.02 0.02 0.07 0.08 0.09

3 0.00 0.09 0.10 0.03 0.04 0.04 0.00 0.00 0.00 0.01 0.01 0.02 0.00 0.07 0.08

4 0.00 0.00 0.00 0.00 0.00 0.03 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00

5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00

6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 5.3.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for scenarios with all dams turned on, implementation of the PRRP, all dams turned 
off, mainstem dams turned off and tributary dams turned on, and mainstem dams turned on and tributary dams turned off. Hatchery 
stocking was turned off, the freshwater survival rate was increased by two times the base case value, and the marine survival rate was 
increased by 4 times the base case value in all scenarios. 
 

 
  

Part 3 ‐ Dams on Part 3 ‐ PRRP Part 3 ‐ Dams off Part 3 ‐ Main off/Trib on Part 3 ‐ Main on/Trib off

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 182 340 642 311 590 1,116 469 866 1,668 399 741 1,419 225 410 801

3 160 368 904 273 667 1,643 544 1,310 3,276 404 975 2,391 193 492 1,181

4 169 486 1,285 279 789 2,322 662 1,953 5,893 446 1,312 3,830 212 612 1,627

5 186 611 1,614 270 974 2,950 833 2,879 9,216 479 1,758 5,685 245 780 2,045

6 215 731 1,880 301 1,122 3,769 1,104 4,096 11,976 563 2,228 7,621 287 936 2,338

7 253 831 2,061 336 1,372 4,200 1,432 5,375 14,274 664 2,890 9,452 320 1,040 2,500

8 274 936 2,228 374 1,552 4,774 1,752 6,622 16,559 794 3,529 10,680 364 1,141 2,632

9 302 985 2,412 394 1,692 5,095 2,260 7,557 18,079 915 4,065 11,272 402 1,176 2,749

10 313 1,055 2,434 454 1,811 5,348 2,603 8,385 19,219 1,033 4,443 11,860 428 1,252 2,752
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Table 5.3.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for scenarios with all dams turned on, 
implementation of the PRRP, all dams turned off, mainstem dams turned off and tributary dams turned on, and mainstem dams turned 
on and tributary dams turned off. Hatchery stocking was turned off, the freshwater survival rate was increased by two times the base 
case value, and the marine survival rate was increased by 4 times the base case value in all scenarios. 
 

 
  

Part 3 ‐ Dams on Part 3 ‐ PRRP Part 3 ‐ Dams off Part 3 ‐ Main off/Trib on Part 3 ‐ Main on/Trib off

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

3 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.99 1.00 1.00

4 0.95 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.97 0.98 1.00

5 0.94 0.96 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.96 0.98 1.00

6 0.93 0.96 1.00 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.96 0.97 1.00

7 0.94 0.96 1.00 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.96 0.97 1.00

8 0.95 0.97 1.00 0.98 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.96 0.97 1.00

9 0.94 0.96 1.00 0.98 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.96 0.97 1.00

10 0.95 0.96 1.00 0.98 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.96 0.98 1.00
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Table 5.3.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for scenarios with all dams turned on, implementation of the PRRP, all dams turned off, mainstem dams turned 
off and tributary dams turned on, and mainstem dams turned on and tributary dams turned off. Hatchery stocking was turned off, the 
freshwater survival rate was increased by two times the base case value, and the marine survival rate was increased by 4 times the 
base case value in all scenarios. 
 

 
  

Part 3 ‐ Dams on Part 3 ‐ PRRP Part 3 ‐ Dams off Part 3 ‐ Main off/Trib on Part 3 ‐ Main on/Trib off

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 26,504 36,130 48,697 13,508 18,406 24,896 0 0 0 5,895 7,920 10,756 21,632 29,897 40,323

2 3,953 8,195 16,852 6,723 13,466 28,150 0 0 0 4,070 8,077 16,434 4,111 8,766 17,963

3 1,832 4,495 11,517 4,683 11,721 31,452 0 0 0 3,838 9,813 24,375 1,925 5,068 12,511

4 1,541 4,581 13,301 3,881 11,727 37,850 0 0 0 3,823 12,218 36,980 1,625 4,972 13,356

5 1,605 5,488 15,559 3,535 13,111 45,204 0 0 0 4,444 15,956 53,936 1,685 5,522 15,149

6 1,851 6,567 17,330 3,610 14,494 54,940 0 0 0 5,147 20,150 71,674 1,873 6,632 16,433

7 2,122 7,496 19,087 3,812 17,002 60,694 0 0 0 5,947 25,540 80,134 2,072 6,916 17,987

8 2,359 8,165 20,405 4,055 19,289 72,385 0 0 0 6,660 31,020 90,009 2,257 7,695 19,064

9 2,487 8,971 21,333 4,470 21,076 76,106 0 0 0 7,777 35,313 96,184 2,507 7,933 19,324

10 2,641 9,605 21,680 4,940 22,769 80,684 0 0 0 9,152 38,795 98,556 2,617 8,364 20,261
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Table 5.3.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for scenarios with all dams turned on, implementation of the PRRP, all dams turned off, mainstem dams turned 
off and tributary dams turned on, and mainstem dams turned on and tributary dams turned off. Hatchery stocking was turned off, the 
freshwater survival rate was increased by two times the base case value, and the marine survival rate was increased by 4 times the 
base case value in all scenarios. 
 

 
  

Part 3 ‐ Dams on Part 3 ‐ PRRP Part 3 ‐ Dams off Part 3 ‐ Main off/Trib on Part 3 ‐ Main on/Trib off

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.05 0.05 0.06 0.00 0.00 0.00 0.02 0.02 0.02 0.07 0.08 0.09

2 0.10 0.11 0.12 0.04 0.05 0.05 0.00 0.00 0.00 0.02 0.02 0.02 0.07 0.08 0.09

3 0.10 0.10 0.11 0.04 0.04 0.04 0.00 0.00 0.00 0.02 0.02 0.02 0.07 0.07 0.08

4 0.10 0.10 0.11 0.03 0.04 0.04 0.00 0.00 0.00 0.01 0.02 0.02 0.06 0.07 0.08

5 0.10 0.10 0.11 0.03 0.03 0.04 0.00 0.00 0.00 0.01 0.02 0.02 0.06 0.07 0.08

6 0.09 0.10 0.11 0.03 0.03 0.04 0.00 0.00 0.00 0.01 0.02 0.02 0.06 0.07 0.08

7 0.10 0.10 0.11 0.03 0.03 0.04 0.00 0.00 0.00 0.01 0.02 0.02 0.06 0.07 0.08

8 0.09 0.10 0.11 0.03 0.03 0.04 0.00 0.00 0.00 0.01 0.02 0.02 0.06 0.07 0.08

9 0.09 0.10 0.11 0.03 0.03 0.04 0.00 0.00 0.00 0.01 0.02 0.02 0.06 0.07 0.08

10 0.09 0.10 0.11 0.03 0.03 0.04 0.00 0.00 0.00 0.01 0.02 0.02 0.06 0.07 0.08
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Table 5.3.1.1. Median number of smolts killed during emigration due to direct and indirect cumulative mortality associated with dam 
passage at each one of the 15 modeled hydroelectric dams. Values are listed for generations (Gen) 1–10 for the scenario with all dams 
turned on. Hatchery stocking was turned off, the freshwater survival rate was increased by two times the base case value, and the 
marine survival rate was increased by 4 times the base case value. 
 

 
  

Gen Medway Mattaceunk West Enfield Dover Upper Brown's Mills Sebec Milo Howland Lowell Milford Stillwater Great Works Orono Veazie Frankfort

1 0 4,031 3,258 818 1,490 0 0 2,452 209 5,303 1,126 8,706 1,301 6,624 150

2 0 472 529 80 163 0 0 503 73 1,081 219 1,718 256 2,557 265

3 0 73 141 16 30 0 0 193 29 502 102 804 118 1,983 373

4 0 0 93 0 0 0 0 168 21 480 97 769 114 2,188 492

5 0 0 96 0 0 0 0 192 21 554 110 902 128 2,641 641

6 0 0 116 0 0 0 0 234 24 672 132 1,071 154 3,035 777

7 0 0 129 0 0 0 0 257 26 745 148 1,184 174 3,397 910

8 0 0 143 0 0 0 0 286 29 814 163 1,301 192 3,723 1,046

9 0 0 161 0 0 0 0 311 31 898 179 1,445 211 4,067 1,139

10 0 0 168 0 0 0 0 335 33 959 188 1,534 222 4,265 1,251
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Table 5.3.1.2. Median proportion of smolts killed during emigration due to direct and indirect cumulative mortality associated with dam 
passage at each one of the 15 modeled hydroelectric dams. Values are listed for generations (Gen) 1–10 for the scenario with all dams 
turned on. Hatchery stocking was turned off, the freshwater survival rate was increased by two times the base case value, and the 
marine survival rate was increased by 4 times the base case value. 
 

 
  

Gen Medway Mattaceunk West Enfield Dover Upper Brown's Mills Sebec Milo Howland Lowell Milford Stillwater Great Works Orono Veazie Frankfort

1 0.00 0.21 0.08 0.08 0.15 0.00 0.00 0.09 0.13 0.08 0.08 0.15 0.10 0.11 0.06

2 0.00 0.20 0.08 0.08 0.15 0.00 0.00 0.09 0.13 0.08 0.08 0.15 0.10 0.11 0.06

3 0.00 0.19 0.08 0.08 0.13 0.00 0.00 0.09 0.12 0.08 0.08 0.15 0.10 0.11 0.06

4 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.09 0.12 0.08 0.08 0.15 0.10 0.11 0.06

5 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.09 0.12 0.08 0.08 0.15 0.10 0.11 0.06

6 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.09 0.12 0.08 0.08 0.15 0.10 0.10 0.06

7 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.09 0.12 0.08 0.08 0.15 0.10 0.11 0.06

8 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.09 0.12 0.08 0.08 0.15 0.10 0.11 0.06

9 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.09 0.12 0.08 0.08 0.15 0.10 0.10 0.06

10 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.09 0.12 0.08 0.08 0.15 0.10 0.10 0.06
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Table 5.3.1.3. Median number of smolts killed during emigration due to direct and indirect cumulative mortality associated with dam 
passage at each one of the 15 modeled hydroelectric dams. Values are listed for generations (Gen) 1–10 for the scenario with 
implementation of the PRRP. Hatchery stocking was turned off, the freshwater survival rate was increased by two times the base case 
value, and the marine survival rate was increased by 4 times the base case value. 
 

 
  

Gen Medway Mattaceunk West Enfield Dover Upper Brown's Mills Sebec Milo Howland Lowell Milford Stillwater Great Works Orono Veazie Frankfort

1 0 4,006 3,257 819 1,486 0 0 0 203 5,481 1,172 0 1,349 0 153

2 0 2,036 2,165 464 947 0 0 0 267 4,953 999 0 1,162 0 162

3 0 1,078 1,603 327 693 0 0 0 325 5,083 1,017 0 1,184 0 190

4 0 612 1,293 281 609 0 0 0 417 5,532 1,127 0 1,334 0 226

5 0 370 1,152 285 625 0 0 0 550 6,525 1,332 0 1,549 0 277

6 0 263 1,065 299 649 0 0 0 672 7,720 1,534 0 1,774 0 332

7 0 229 1,107 340 747 0 0 0 871 8,973 1,736 0 2,038 0 400

8 0 218 1,189 375 795 0 0 0 1,048 10,173 2,004 0 2,334 0 461

9 0 217 1,255 406 860 0 0 0 1,148 11,036 2,220 0 2,598 0 513

10 0 222 1,343 445 915 0 0 0 1,221 11,894 2,329 0 2,701 0 582
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Table 5.3.1.4. Median proportion of smolts killed during emigration due to direct and indirect cumulative mortality associated with dam 
passage at each one of the 15 modeled hydroelectric dams. Values are listed for generations (Gen) 1–10 for the scenario with 
implementation of the PRRP. Hatchery stocking was turned off, the freshwater survival rate was increased by two times the base case 
value, and the marine survival rate was increased by 4 times the base case value. 
 

 
  

Gen Medway Mattaceunk West Enfield Dover Upper Brown's Mills Sebec Milo Howland Lowell Milford Stillwater Great Works Orono Veazie Frankfort

1 0.00 0.20 0.08 0.08 0.15 0.00 0.00 0.00 0.13 0.08 0.08 0.00 0.10 0.00 0.06

2 0.00 0.20 0.08 0.08 0.15 0.00 0.00 0.00 0.13 0.08 0.08 0.00 0.10 0.00 0.06

3 0.00 0.20 0.08 0.08 0.15 0.00 0.00 0.00 0.13 0.08 0.08 0.00 0.10 0.00 0.06

4 0.00 0.20 0.08 0.08 0.15 0.00 0.00 0.00 0.13 0.08 0.08 0.00 0.10 0.00 0.06

5 0.00 0.20 0.08 0.08 0.15 0.00 0.00 0.00 0.13 0.08 0.08 0.00 0.10 0.00 0.06

6 0.00 0.20 0.08 0.08 0.14 0.00 0.00 0.00 0.13 0.08 0.08 0.00 0.10 0.00 0.06

7 0.00 0.19 0.08 0.08 0.14 0.00 0.00 0.00 0.13 0.08 0.08 0.00 0.10 0.00 0.06

8 0.00 0.19 0.08 0.08 0.14 0.00 0.00 0.00 0.13 0.08 0.08 0.00 0.10 0.00 0.06

9 0.00 0.19 0.08 0.08 0.14 0.00 0.00 0.00 0.13 0.08 0.08 0.00 0.10 0.00 0.06

10 0.00 0.19 0.08 0.08 0.14 0.00 0.00 0.00 0.13 0.08 0.08 0.00 0.10 0.00 0.06
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Table 5.3.1.5. Median number of smolts killed during emigration due to direct and indirect cumulative mortality associated with dam 
passage at each one of the 15 modeled hydroelectric dams. Values are listed for generations (Gen) 1–10 for the scenario with mainstem 
dams turned off and tributary dams turned on. Hatchery stocking was turned off, the freshwater survival rate was increased by two 
times the base case value, and the marine survival rate was increased by 4 times the base case value. 
 

 
  

Gen Medway Mattaceunk West Enfield Dover Upper Brown's Mills Sebec Milo Howland Lowell Milford Stillwater Great Works Orono Veazie Frankfort

1 0 0 0 815 1,491 0 0 2,456 206 0 1,233 0 1,416 0 152

2 0 0 0 467 937 0 0 2,638 369 0 1,545 0 1,796 0 166

3 0 0 0 346 777 0 0 3,106 626 0 2,073 0 2,411 0 185

4 0 0 0 322 781 0 0 3,754 948 0 2,783 0 3,202 0 213

5 0 0 0 347 889 0 0 4,696 1,402 0 3,652 0 4,265 0 244

6 0 0 0 419 1,111 0 0 5,912 1,840 0 4,601 0 5,393 0 278

7 0 0 0 508 1,310 0 0 7,231 1,997 0 5,794 0 6,861 0 329

8 0 0 0 630 1,529 0 0 8,865 2,419 0 7,068 0 8,353 0 379

9 0 0 0 726 1,776 0 0 10,108 2,631 0 7,671 0 9,266 0 414

10 0 0 0 835 1,955 0 0 11,264 2,961 0 8,704 0 10,276 0 475
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Table 5.3.1.6. Median proportion of smolts killed during emigration due to direct and indirect cumulative mortality associated with dam 
passage at each one of the 15 modeled hydroelectric dams. Values are listed for generations (Gen) 1–10 for the scenario with mainstem 
dams turned off and tributary dams turned on. Hatchery stocking was turned off, the freshwater survival rate was increased by two 
times the base case value, and the marine survival rate was increased by 4 times the base case value. 
 

 
  

Gen Medway Mattaceunk West Enfield Dover Upper Brown's Mills Sebec Milo Howland Lowell Milford Stillwater Great Works Orono Veazie Frankfort

1 0.00 0.00 0.00 0.08 0.15 0.00 0.00 0.09 0.13 0.00 0.08 0.00 0.10 0.00 0.06

2 0.00 0.00 0.00 0.08 0.15 0.00 0.00 0.09 0.13 0.00 0.08 0.00 0.10 0.00 0.06

3 0.00 0.00 0.00 0.08 0.15 0.00 0.00 0.09 0.13 0.00 0.08 0.00 0.10 0.00 0.06

4 0.00 0.00 0.00 0.08 0.15 0.00 0.00 0.09 0.13 0.00 0.08 0.00 0.10 0.00 0.06

5 0.00 0.00 0.00 0.08 0.15 0.00 0.00 0.09 0.13 0.00 0.08 0.00 0.10 0.00 0.06

6 0.00 0.00 0.00 0.08 0.15 0.00 0.00 0.09 0.13 0.00 0.08 0.00 0.10 0.00 0.06

7 0.00 0.00 0.00 0.08 0.14 0.00 0.00 0.09 0.13 0.00 0.08 0.00 0.10 0.00 0.06

8 0.00 0.00 0.00 0.08 0.15 0.00 0.00 0.09 0.13 0.00 0.08 0.00 0.10 0.00 0.06

9 0.00 0.00 0.00 0.08 0.15 0.00 0.00 0.09 0.13 0.00 0.08 0.00 0.10 0.00 0.06

10 0.00 0.00 0.00 0.08 0.14 0.00 0.00 0.09 0.13 0.00 0.08 0.00 0.10 0.00 0.06
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Table 5.3.1.7. Median number of smolts killed during emigration due to direct and indirect cumulative mortality associated with dam 
passage at each one of the 15 modeled hydroelectric dams. Values are listed for generations (Gen) 1–10 for the scenario with mainstem 
dams turned on and tributary dams turned off. Hatchery stocking was turned off, the freshwater survival rate was increased by two 
times the base case value, and the marine survival rate was increased by 4 times the base case value. 
 

 
  

Gen Medway Mattaceunk West Enfield Dover Upper Brown's Mills Sebec Milo Howland Lowell Milford Stillwater Great Works Orono Veazie Frankfort

1 0 3,769 3,020 0 0 0 0 0 0 5,768 0 9,297 0 7,507 0

2 0 493 546 0 0 0 0 0 0 1,529 0 2,449 0 3,358 0

3 0 84 159 0 0 0 0 0 0 745 0 1,201 0 2,675 0

4 0 20 113 0 0 0 0 0 0 684 0 1,084 0 2,887 0

5 0 0 124 0 0 0 0 0 0 737 0 1,200 0 3,206 0

6 0 0 152 0 0 0 0 0 0 897 0 1,422 0 3,842 0

7 0 0 165 0 0 0 0 0 0 950 0 1,547 0 4,171 0

8 0 0 179 0 0 0 0 0 0 1,033 0 1,658 0 4,569 0

9 0 0 190 0 0 0 0 0 0 1,070 0 1,737 0 4,738 0

10 0 0 202 0 0 0 0 0 0 1,149 0 1,849 0 4,920 0
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Table 5.3.1.8. Median proportion of smolts killed during emigration due to direct and indirect cumulative mortality associated with dam 
passage at each one of the 15 modeled hydroelectric dams. Values are listed for generations (Gen) 1–10 for the scenario with mainstem 
dams turned on and tributary dams turned off. Hatchery stocking was turned off, the freshwater survival rate was increased by two 
times the base case value, and the marine survival rate was increased by 4 times the base case value. 
 

 
  

Gen Medway Mattaceunk West Enfield Dover Upper Brown's Mills Sebec Milo Howland Lowell Milford Stillwater Great Works Orono Veazie Frankfort

1 0.00 0.21 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.15 0.00 0.11 0.00

2 0.00 0.20 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.15 0.00 0.11 0.00

3 0.00 0.19 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.15 0.00 0.11 0.00

4 0.00 0.14 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.15 0.00 0.11 0.00

5 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.15 0.00 0.11 0.00

6 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.15 0.00 0.10 0.00

7 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.15 0.00 0.11 0.00

8 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.15 0.00 0.10 0.00

9 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.15 0.00 0.10 0.00

10 0.00 0.00 0.08 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.15 0.00 0.11 0.00
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Table 6.1. Overview of model diagnostics and sensitivity analyses used to evaluate the Dam Impact Analysis Model, including a 
description of the analysis or input, how the input was varied, and values tested in the Base Case and Recovery scenarios. Model 
diagnostics and sensitivity analyses are divided into sections based on how model inputs were varied. 
 

 
  

Description Vary By

Number of iterations number 100 500 1000 5000 10000 100 500 1000 5000 10000

Model stability number 5000 5000 5000 5000 5000 5000 5000 5000 5000 5000

Production potential cap multiplier 0.25 0.5 base 2 4 0.25 0.5 base 2 4

Eggs per female multiplier 0.25 0.5 base 2 4 0.25 0.5 base 2 4

Egg to smolt survival multiplier 0.25 0.5 base 2 4 0.25 0.5 base 2 4

In‐river mortality multiplier 0.25 0.5 base 2 4 0.25 0.5 base 2 4

Marine survival multiplier 0.25 0.5 base 2 4 0.25 0.5 base 2 4

Initial number of adults multiplier 0.25 0.5 base 2 4 0.25 0.5 base 2 4

Hatchery discount multiplier 0.25 0.5 base 2 4 0.25 0.5 base 2 4

Number of smolts stocked multiplier 0.25 0.5 base 2 4 0.25 0.5 base 2 4

Proportion returning to sea multiplier 0 0.5 base 2 4 0 0.5 base 2 4

Indirect latent mortality multiplier 0.25 0.5 base 2 4 0.25 0.5 base 2 4

Downstream path choice multiplier 0.25 0.5 base 2 4 0.25 0.5 base 2 4

Egg to smolt survival (hatchery on)

Marine survival * 0.25 multiplier 0.25 0.5 1 2 4

Marine survival * 0.5 multiplier 0.25 0.5 1 2 4

Marine survival * 1 multiplier 0.25 0.5 1 2 4

Marine survival * 2 multiplier 0.25 0.5 1 2 4

Marine survival * 4 multiplier 0.25 0.5 1 2 4

Egg to smolt survival (hatchery off)

Marine survival * 0.25 multiplier 0.25 0.5 1 2 4

Marine survival * 0.5 multiplier 0.25 0.5 1 2 4

Marine survival * 1 multiplier 0.25 0.5 1 2 4

Marine survival * 2 multiplier 0.25 0.5 1 2 4

Marine survival * 4 multiplier 0.25 0.5 1 2 4

Downstream dam survival percent ‐10% ‐5% base 5% 10% ‐10% ‐5% base 5% 10%

Upstream dam survival percent ‐10% ‐5% base 5% 10% ‐10% ‐5% base 5% 10%

Hatchery stocking varying approaches off on 1st 25 yrs on 2nd 25 yrs base off on 1st 25 yrs on 2nd 25 yrs base

Stocking distribution varying approaches all in Pisc  all in PU 2 base equal in all PUs all below VZ all in Pisc all in PU 2 base equal in all PUs all below VZ

Straying varying approaches RulesX1 RulesX2 base 100% home =straying RulesX1 RulesX2 base 100% home =straying

Proportion dying proportion 0 0.012 base 0.024 0.048 0 0.012 base 0.024 0.048

Proportion remaining downstream varying approaches

below 

impassable dam

evenly dist 

below base

below 

impassable dam

evenly dist 

below base

Marine survival

Mean based varying approaches 1971‐1990 1991‐2010 1971‐2010 1971‐1990 1991‐2010 1971‐2010

Median based varying approaches 1971‐1990 1991‐2010 base 1971‐1990 1991‐2010 base

Base Case Recovery
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Table 6.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for 100, 500, 1,000, 5,000, and 10,000 model iterations under the Base Case scenario. 
 

 
  

Base Case ‐ 100 Base Case ‐ 500 Base Case ‐ 1000 Base Case ‐ 5000 Base Case ‐ 10000

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 48 119 291 50 131 299 50 118 325 51 124 329 50 122 339

3 51 116 299 46 122 317 47 125 338 51 122 323 49 120 330

4 53 124 346 47 121 357 53 121 325 51 119 344 51 122 323

5 49 122 339 53 127 319 49 120 327 52 118 324 51 120 331

6 48 106 352 47 117 352 52 124 315 51 120 329 50 120 329

7 54 123 293 51 121 341 49 122 321 50 119 330 51 122 328

8 44 137 324 50 119 326 48 121 328 52 121 327 51 120 330

9 57 140 281 51 122 329 53 121 325 51 121 329 50 121 330

10 54 146 303 50 122 312 52 117 326 52 119 324 50 122 321
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Table 6.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 100, 500, 1,000, 5,000, and 10,000 model 
iterations under the Base Case scenario. 
 

 
  

Base Case ‐ 100 Base Case ‐ 500 Base Case ‐ 1000 Base Case ‐ 5000 Base Case ‐ 10000

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.51 0.52 1.00 0.52 0.52 1.00 0.52 0.53 1.00 0.52 0.52 1.00 0.52 0.52 1.00

3 0.47 0.47 1.00 0.49 0.50 1.00 0.48 0.49 1.00 0.49 0.50 1.00 0.48 0.49 1.00

4 0.51 0.51 1.00 0.46 0.47 1.00 0.47 0.48 1.00 0.48 0.49 1.00 0.48 0.48 1.00

5 0.50 0.50 1.00 0.49 0.50 1.00 0.49 0.50 1.00 0.48 0.48 1.00 0.48 0.49 1.00

6 0.49 0.49 1.00 0.48 0.49 1.00 0.47 0.48 1.00 0.48 0.49 1.00 0.48 0.48 1.00

7 0.50 0.51 1.00 0.49 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00

8 0.46 0.48 1.00 0.48 0.50 1.00 0.49 0.49 1.00 0.48 0.48 1.00 0.48 0.49 1.00

9 0.49 0.50 1.00 0.48 0.48 1.00 0.47 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00

10 0.55 0.55 1.00 0.50 0.50 1.00 0.49 0.51 1.00 0.48 0.49 1.00 0.48 0.49 1.00
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Table 6.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 100, 500, 1,000, 5,000, and 10,000 model iterations under the Base Case scenario. 
 

 
  

Base Case ‐ 100 Base Case ‐ 500 Base Case ‐ 1000 Base Case ‐ 5000 Base Case ‐ 10000

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 164,296 181,579 201,119 165,515 178,156 194,670 165,305 178,508 198,313 165,841 178,926 197,361 165,655 178,765 196,693

2 149,316 158,524 183,677 150,538 160,776 175,736 150,646 162,343 179,291 150,923 162,374 178,497 150,851 162,134 178,131

3 150,583 162,712 179,133 150,049 162,114 177,729 150,568 161,742 177,688 150,879 161,515 176,614 150,453 161,267 177,467

4 148,991 164,631 178,792 150,341 160,898 176,676 149,970 161,556 177,861 150,632 162,103 178,765 150,804 161,741 177,356

5 152,608 166,983 183,094 151,605 162,127 177,383 150,272 162,474 176,295 150,815 161,933 177,300 150,665 161,599 177,763

6 151,410 162,426 176,864 152,007 163,191 177,391 150,408 160,750 177,067 150,898 161,633 178,287 150,608 162,020 178,267

7 148,458 159,190 171,438 150,140 161,754 178,539 150,766 161,122 176,309 150,609 161,468 177,244 150,602 161,638 177,717

8 156,389 166,170 178,270 152,450 162,345 177,864 150,771 161,891 179,074 151,036 162,202 178,661 150,833 161,906 177,670

9 149,291 161,062 177,554 149,689 160,082 177,142 151,074 160,930 176,769 150,745 161,823 177,234 150,850 161,959 177,662

10 151,505 161,711 172,115 150,002 162,760 177,240 150,199 160,657 177,230 150,916 161,774 177,611 150,659 161,921 178,418
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Table 6.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 100, 500, 1,000, 5,000, and 10,000 model iterations under the Base Case scenario. 
 

 
  

Base Case ‐ 100 Base Case ‐ 500 Base Case ‐ 1000 Base Case ‐ 5000 Base Case ‐ 10000

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.10 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.10 0.11 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.10 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.11 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.1.5. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for 100, 500, 1,000, 5,000, and 10,000 model iterations under the Recovery scenario. 
 

 
  

Recovery ‐ 100 Recovery ‐ 500 Recovery ‐ 1000 Recovery ‐ 5000 Recovery ‐ 10000

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 528 1,086 2,000 549 1,027 2,125 514 1,025 2,131 525 1,057 2,091 521 1,043 2,098

3 874 2,057 3,865 906 1,815 4,131 950 1,886 3,783 909 1,891 3,925 927 1,922 3,850

4 1,080 2,293 4,396 1,158 2,624 5,113 1,223 2,442 4,966 1,242 2,483 4,813 1,249 2,480 4,848

5 1,273 2,779 5,647 1,391 2,616 5,057 1,393 2,725 5,228 1,408 2,730 5,286 1,400 2,723 5,228

6 1,680 2,820 4,734 1,455 2,786 5,404 1,556 2,837 5,368 1,496 2,859 5,454 1,497 2,845 5,455

7 1,479 2,965 5,442 1,386 2,874 5,364 1,528 2,874 5,675 1,478 2,924 5,508 1,501 2,880 5,552

8 1,373 2,713 6,240 1,489 2,730 5,601 1,456 2,926 5,566 1,538 2,894 5,528 1,523 2,917 5,576

9 1,529 3,019 5,209 1,580 2,882 5,360 1,481 2,914 5,553 1,518 2,894 5,607 1,518 2,920 5,576

10 1,588 2,856 5,487 1,472 2,965 5,731 1,532 2,865 5,720 1,531 2,941 5,660 1,526 2,916 5,525
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Table 6.1.6. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 100, 500, 1,000, 5,000, and 10,000 model 
iterations under the Recovery scenario. 
 

 
  

Recovery ‐ 100 Recovery ‐ 500 Recovery ‐ 1000 Recovery ‐ 5000 Recovery ‐ 10000

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.95 0.95 1.00 0.96 0.96 1.00 0.96 0.96 1.00 0.96 0.96 1.00 0.96 0.96 1.00

3 0.98 0.98 1.00 0.97 0.97 1.00 0.98 0.98 1.00 0.98 0.98 1.00 0.98 0.98 1.00

4 0.99 0.99 1.00 0.99 0.99 1.00 0.98 0.98 1.00 0.99 0.99 1.00 0.99 0.99 1.00

5 1.00 1.00 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

6 1.00 1.00 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

7 1.00 1.00 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

8 1.00 1.00 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

9 0.98 0.98 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

10 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00



103 
 

Table 6.1.7. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 100, 500, 1,000, 5,000, and 10,000 model iterations under the Recovery scenario. 
 

 
  

Recovery ‐ 100 Recovery ‐ 500 Recovery ‐ 1000 Recovery ‐ 5000 Recovery ‐ 10000

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 186,728 197,382 225,988 180,718 198,075 217,142 181,456 199,438 219,414 181,207 198,544 219,982 180,967 198,149 220,630

2 165,379 192,416 227,715 166,187 186,830 216,403 166,415 187,385 219,581 166,953 187,430 219,594 166,649 188,136 220,666

3 170,352 195,301 229,819 171,038 193,587 231,832 171,545 193,528 225,195 171,055 192,816 228,268 170,799 193,109 228,835

4 175,061 193,130 241,535 173,003 198,872 240,449 174,296 196,982 236,311 174,162 198,402 236,743 173,809 197,835 235,693

5 175,820 199,110 227,703 173,511 200,685 240,098 176,597 198,651 237,064 175,577 201,414 240,414 174,936 199,026 238,784

6 180,068 197,126 240,943 175,183 201,780 239,626 179,328 203,794 241,721 176,644 200,124 238,869 176,313 201,241 240,914

7 179,011 201,412 236,854 174,810 199,394 239,665 176,175 203,189 239,400 175,734 200,952 242,706 176,706 201,253 242,435

8 182,028 206,381 253,974 175,356 199,293 243,710 177,115 202,271 239,218 176,368 201,284 239,874 176,727 201,919 241,450

9 172,442 201,709 232,023 175,084 202,508 242,171 178,903 201,601 238,775 176,467 202,536 242,691 176,133 200,938 242,716

10 177,349 200,455 227,702 176,172 203,717 241,273 178,014 202,286 239,632 176,594 201,486 243,378 176,167 201,416 241,642



104 
 

Table 6.1.8. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 100, 500, 1,000, 5,000, and 10,000 model iterations under the Recovery scenario. 
 

 
  

Recovery ‐ 100 Recovery ‐ 500 Recovery ‐ 1000 Recovery ‐ 5000 Recovery ‐ 10000

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.10 0.11 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.11 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.11 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.11 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.10 0.12 0.10 0.10 0.12 0.10 0.11 0.12

9 0.10 0.10 0.11 0.10 0.10 0.11 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12

10 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for five model runs with 5,000 iterations under the Base Case scenario. 
 

 
  

Base Case ‐ run1 Base Case ‐ run2 Base Case ‐ run3 Base Case ‐ run4 Base Case ‐ run5

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 51 122 331 50 123 335 50 124 332 51 120 333 50 121 341

3 50 119 332 51 120 323 52 119 329 51 120 323 50 118 325

4 50 121 324 50 121 329 51 120 330 50 121 324 51 121 335

5 50 124 324 50 118 332 51 122 340 50 121 319 50 120 322

6 50 118 328 50 120 330 53 122 327 51 118 330 50 125 329

7 50 121 336 49 125 333 52 121 332 50 122 337 52 121 329

8 51 125 327 52 117 323 51 119 323 52 121 326 49 118 333

9 51 121 329 51 118 327 51 120 334 51 120 323 49 121 322

10 51 119 318 50 120 333 50 121 330 50 121 334 51 121 340



106 
 

Table 6.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for five model runs with 5,000 iterations 
under the Base Case scenario. 
 

 
  

Base Case ‐ run1 Base Case ‐ run2 Base Case ‐ run3 Base Case ‐ run4 Base Case ‐ run5

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.52 0.53 1.00 0.52 0.52 1.00 0.52 0.53 1.00 0.52 0.52 1.00 0.51 0.52 1.00

3 0.48 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00

4 0.48 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00

5 0.49 0.49 1.00 0.48 0.49 1.00 0.47 0.48 1.00 0.48 0.49 1.00 0.49 0.49 1.00

6 0.47 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00

7 0.48 0.49 1.00 0.49 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.48 1.00

8 0.49 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00

9 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00

10 0.48 0.48 1.00 0.47 0.48 1.00 0.48 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00
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Table 6.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for five model runs with 5,000 iterations under the Base Case scenario. 
 

 
  

Base Case ‐ run1 Base Case ‐ run2 Base Case ‐ run3 Base Case ‐ run4 Base Case ‐ run5

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 166,173 179,021 196,785 165,506 178,660 196,505 165,879 179,049 197,053 165,774 178,876 197,043 165,770 179,033 196,827

2 150,875 161,977 178,456 151,339 162,584 177,991 150,704 161,823 177,496 151,036 161,896 178,220 150,915 162,237 177,980

3 150,716 161,807 177,932 150,596 161,654 177,790 151,000 162,091 178,832 150,385 161,861 178,346 150,614 161,541 176,745

4 150,526 162,190 178,771 150,871 162,131 178,384 150,061 161,280 177,007 150,480 161,737 178,044 150,803 161,557 177,270

5 150,503 161,804 177,633 150,658 162,077 177,672 151,253 162,100 176,937 150,723 161,745 177,308 150,501 161,958 178,113

6 150,970 161,635 177,953 150,765 161,642 177,662 150,608 161,835 177,593 150,609 160,774 176,283 150,756 162,103 177,304

7 150,607 161,356 177,831 150,910 162,146 177,758 150,266 161,826 178,195 151,067 162,026 178,652 150,667 162,070 177,705

8 150,847 161,760 177,531 150,425 161,502 177,367 151,017 161,575 177,528 150,828 161,889 177,572 150,820 161,122 176,536

9 150,943 161,923 177,939 149,852 161,020 177,164 151,067 162,010 178,227 150,463 161,804 178,102 150,408 161,328 177,286

10 150,758 161,944 178,390 150,535 162,080 177,441 150,696 161,910 177,283 150,326 161,516 177,348 150,928 161,735 178,016
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Table 6.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for five model runs with 5,000 iterations under the Base Case scenario. 
 

 
  

Base Case ‐ run1 Base Case ‐ run2 Base Case ‐ run3 Base Case ‐ run4 Base Case ‐ run5

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.2.5. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for five model runs with 5,000 iterations under the Recovery scenario. 
 

 
  

Recovery ‐ run1 Recovery ‐ run2 Recovery ‐ run3 Recovery ‐ run4 Recovery ‐ run5

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 513 1,076 2,125 512 1,057 2,130 521 1,067 2,119 526 1,059 2,133 516 1,071 2,134

3 918 1,913 3,890 913 1,927 3,889 916 1,932 3,865 922 1,901 3,878 945 1,921 3,938

4 1,227 2,458 4,895 1,251 2,480 4,925 1,246 2,455 4,896 1,240 2,475 4,848 1,254 2,461 4,836

5 1,412 2,701 5,295 1,431 2,729 5,279 1,425 2,732 5,181 1,402 2,735 5,250 1,383 2,735 5,354

6 1,480 2,835 5,419 1,491 2,837 5,488 1,464 2,840 5,482 1,486 2,836 5,443 1,459 2,853 5,485

7 1,517 2,919 5,555 1,510 2,914 5,483 1,512 2,864 5,600 1,511 2,875 5,562 1,494 2,906 5,590

8 1,530 2,947 5,588 1,518 2,890 5,643 1,527 2,884 5,565 1,523 2,901 5,566 1,504 2,912 5,621

9 1,510 2,959 5,661 1,517 2,909 5,492 1,556 2,942 5,597 1,515 2,924 5,530 1,550 2,890 5,559

10 1,549 2,896 5,447 1,523 2,893 5,526 1,506 2,974 5,568 1,565 2,886 5,557 1,528 2,909 5,533
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Table 6.2.6. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for five model runs with 5,000 iterations 
under the Recovery scenario. 
 

 
  

Recovery ‐ run1 Recovery ‐ run2 Recovery ‐ run3 Recovery ‐ run4 Recovery ‐ run5

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.96 0.96 1.00 0.96 0.96 1.00 0.96 0.96 1.00 0.96 0.96 1.00 0.96 0.97 1.00

3 0.98 0.98 1.00 0.98 0.98 1.00 0.97 0.97 1.00 0.98 0.98 1.00 0.97 0.98 1.00

4 0.98 0.98 1.00 0.98 0.98 1.00 0.99 0.99 1.00 0.98 0.98 1.00 0.99 0.99 1.00

5 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

6 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

7 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

8 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

9 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

10 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00
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Table 6.2.7. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for five model runs with 5,000 iterations under the Recovery scenario. 
 

 
  

Recovery ‐ run1 Recovery ‐ run2 Recovery ‐ run3 Recovery ‐ run4 Recovery ‐ run5

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 181,101 197,608 219,497 180,902 198,025 219,617 181,060 199,110 221,318 180,906 197,820 219,464 180,990 198,041 221,277

2 166,972 188,420 219,069 167,160 188,645 219,146 168,046 188,636 219,811 166,507 188,495 220,674 166,872 187,510 219,394

3 170,941 193,325 229,017 170,020 193,656 229,038 170,809 193,314 227,605 170,581 194,085 229,950 171,324 193,705 227,995

4 173,496 198,590 237,312 174,908 198,769 235,324 174,160 197,774 235,905 174,490 199,432 236,038 173,864 197,441 235,737

5 175,100 198,824 238,896 176,108 199,721 239,934 176,300 199,200 239,863 175,718 200,559 240,375 175,203 200,283 240,054

6 174,869 200,607 240,419 176,299 201,327 241,661 175,963 200,318 241,353 176,042 200,449 242,051 176,826 201,362 242,245

7 176,700 201,554 242,242 176,547 201,229 240,953 176,506 202,284 242,484 175,750 202,205 241,914 176,257 201,464 241,844

8 176,907 201,199 243,516 176,275 201,261 241,307 175,813 201,510 241,985 176,645 201,329 241,416 176,069 201,412 241,946

9 175,765 201,940 241,985 176,324 201,680 243,368 176,227 202,173 243,140 176,128 200,619 239,896 176,735 201,704 241,473

10 176,436 202,584 239,674 176,899 201,169 243,039 176,240 200,673 242,116 176,232 201,532 241,854 175,768 201,496 240,204
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Table 6.2.8. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for five model runs with 5,000 iterations under the Recovery scenario. 
 

 
  

Recovery ‐ run1 Recovery ‐ run2 Recovery ‐ run3 Recovery ‐ run4 Recovery ‐ run5

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.10 0.12
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Table 6.3.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base production potential cap (i.e., 2.5, 5, 10, 
20, and 40 smolts per 100 m2, respectively) under the Base Case scenario. 
 

 
  

Base Case ‐ 2.5 Base Case ‐ 5 Base Case ‐ base Base Case ‐ 20 Base Case ‐ 40

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 51 124 340 51 119 342 51 124 329 50 122 337 51 121 331

3 49 116 316 50 120 329 51 122 323 51 119 316 51 117 324

4 49 121 322 51 122 330 51 119 344 50 119 330 51 120 337

5 50 118 319 50 120 320 52 118 324 51 121 329 51 119 330

6 50 118 323 51 118 325 51 120 329 51 119 326 51 125 330

7 49 119 320 50 121 332 50 119 330 51 124 334 50 122 333

8 49 116 321 50 116 329 52 121 327 51 123 331 51 121 326

9 50 119 317 51 121 327 51 121 329 51 122 329 49 123 325

10 50 117 329 51 122 325 52 119 324 53 121 329 50 119 339
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Table 6.3.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
production potential cap (i.e., 2.5, 5, 10, 20, and 40 smolts per 100 m2, respectively) under the Base Case scenario. 
 

 
  

Base Case ‐ 2.5 Base Case ‐ 5 Base Case ‐ base Base Case ‐ 20 Base Case ‐ 40

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.52 0.52 1.00 0.52 0.52 1.00 0.52 0.52 1.00 0.51 0.52 1.00 0.52 0.52 1.00

3 0.48 0.49 1.00 0.48 0.49 1.00 0.49 0.50 1.00 0.48 0.48 1.00 0.48 0.49 1.00

4 0.48 0.49 1.00 0.48 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00

5 0.47 0.48 1.00 0.48 0.48 1.00 0.48 0.48 1.00 0.48 0.49 1.00 0.48 0.48 1.00

6 0.48 0.48 1.00 0.47 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.49 0.50 1.00

7 0.47 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00

8 0.47 0.48 1.00 0.47 0.48 1.00 0.48 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00

9 0.47 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00

10 0.48 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00
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Table 6.3.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base production potential cap (i.e., 2.5, 5, 10, 20, and 40 smolts per 100 
m2, respectively) under the Base Case scenario. 
 

 
  

Base Case ‐ 2.5 Base Case ‐ 5 Base Case ‐ base Base Case ‐ 20 Base Case ‐ 40

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 166,481 179,491 197,304 165,662 178,991 195,984 165,841 178,926 197,361 165,759 178,771 195,549 166,097 178,792 196,655

2 150,807 162,112 178,252 150,695 161,955 178,173 150,923 162,374 178,497 150,788 161,656 177,836 150,844 162,033 177,994

3 150,413 161,661 176,635 150,517 161,164 177,121 150,879 161,515 176,614 150,402 161,873 177,900 150,761 162,080 178,558

4 150,549 161,960 177,923 150,503 161,369 177,714 150,632 162,103 178,765 150,660 161,720 177,324 150,927 162,151 177,603

5 150,834 161,756 177,533 150,897 162,200 178,599 150,815 161,933 177,300 150,639 162,069 177,915 150,737 161,907 178,540

6 150,739 161,815 177,480 150,795 161,766 177,418 150,898 161,633 178,287 150,755 161,587 177,435 150,883 161,875 177,130

7 150,305 161,098 177,575 150,689 161,653 177,398 150,609 161,468 177,244 150,728 161,386 177,579 151,045 162,091 177,614

8 150,593 161,345 177,902 150,701 161,614 177,387 151,036 162,202 178,661 150,782 161,809 177,523 150,773 161,613 178,588

9 150,567 161,259 177,506 150,727 161,873 177,520 150,745 161,823 177,234 150,681 162,291 178,258 150,793 162,394 178,570

10 150,729 161,227 177,024 150,710 161,592 178,018 150,916 161,774 177,611 150,942 162,235 178,420 151,099 161,888 178,012
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Table 6.3.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base production potential cap (i.e., 2.5, 5, 10, 20, and 40 smolts per 100 
m2, respectively) under the Base Case scenario. 
 

 
  

Base Case ‐ 2.5 Base Case ‐ 5 Base Case ‐ base Base Case ‐ 20 Base Case ‐ 40

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.3.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base production potential cap (i.e., 2.5, 5, 10, 
20, and 40 smolts per 100 m2, respectively) under the Recovery scenario. 
 

 
  

Recovery ‐ 2.5 Recovery ‐ 5 Recovery ‐ base Recovery ‐ 20 Recovery ‐ 40

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 513 1,044 2,104 525 1,063 2,093 525 1,057 2,091 515 1,060 2,117 525 1,047 2,119

3 695 1,392 2,690 836 1,672 3,241 909 1,891 3,925 966 2,068 4,227 989 2,066 4,508

4 733 1,439 2,747 967 1,849 3,669 1,242 2,483 4,813 1,448 3,097 6,210 1,528 3,420 7,373

5 741 1,456 2,748 1,007 1,963 3,766 1,408 2,730 5,286 1,862 3,734 7,379 2,168 4,801 10,206

6 717 1,441 2,870 1,031 1,966 3,772 1,496 2,859 5,454 2,089 4,171 8,190 2,708 5,780 12,140

7 728 1,490 2,780 1,033 1,983 3,809 1,478 2,924 5,508 2,184 4,381 8,529 3,062 6,609 13,282

8 740 1,472 2,772 1,032 1,987 3,846 1,538 2,894 5,528 2,274 4,480 8,656 3,407 7,035 13,893

9 747 1,443 2,801 1,014 1,974 3,746 1,518 2,894 5,607 2,306 4,557 8,576 3,471 7,208 14,381

10 746 1,445 2,790 1,017 2,015 3,754 1,531 2,941 5,660 2,319 4,624 8,850 3,641 7,334 14,361
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Table 6.3.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
production potential cap (i.e., 2.5, 5, 10, 20, and 40 smolts per 100 m2, respectively) under the Recovery scenario. 
 

 
  

Recovery ‐ 2.5 Recovery ‐ 5 Recovery ‐ base Recovery ‐ 20 Recovery ‐ 40

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.96 0.96 1.00 0.96 0.96 1.00 0.96 0.96 1.00 0.96 0.97 1.00 0.96 0.96 1.00

3 0.97 0.97 1.00 0.97 0.97 1.00 0.98 0.98 1.00 0.98 0.98 1.00 0.98 0.98 1.00

4 0.97 0.97 1.00 0.98 0.98 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

5 0.97 0.97 1.00 0.98 0.98 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

6 0.97 0.97 1.00 0.98 0.98 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

7 0.97 0.97 1.00 0.98 0.98 1.00 0.99 0.99 1.00 0.99 0.99 1.00 1.00 1.00 1.00

8 0.97 0.97 1.00 0.98 0.98 1.00 0.99 0.99 1.00 0.99 0.99 1.00 1.00 1.00 1.00

9 0.97 0.97 1.00 0.98 0.98 1.00 0.99 0.99 1.00 0.99 1.00 1.00 1.00 1.00 1.00

10 0.97 0.97 1.00 0.98 0.98 1.00 0.99 0.99 1.00 0.99 0.99 1.00 1.00 1.00 1.00
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Table 6.3.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base production potential cap (i.e., 2.5, 5, 10, 20, and 40 smolts per 100 
m2, respectively) under the Recovery scenario. 
 

 
  

Recovery ‐ 2.5 Recovery ‐ 5 Recovery ‐ base Recovery ‐ 20 Recovery ‐ 40

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 180,992 197,515 219,759 181,163 197,541 219,303 181,207 198,544 219,982 180,531 197,738 219,156 180,738 198,139 219,990

2 164,989 185,093 215,108 165,878 186,342 217,361 166,953 187,430 219,594 167,356 189,045 222,003 168,124 189,054 223,102

3 165,541 185,404 213,152 168,604 189,675 221,337 171,055 192,816 228,268 173,018 198,256 235,961 173,740 199,944 244,777

4 166,480 186,197 213,370 169,578 190,542 224,232 174,162 198,402 236,743 178,210 205,110 251,372 179,130 211,651 265,452

5 166,370 186,397 214,260 169,919 192,277 226,521 175,577 201,414 240,414 181,699 211,282 260,221 187,368 223,596 286,431

6 166,403 186,712 214,520 169,685 191,397 226,052 176,644 200,124 238,869 183,087 212,845 265,915 191,169 231,558 304,537

7 166,549 185,692 214,571 170,365 192,662 227,429 175,734 200,952 242,706 184,724 216,101 268,170 195,758 238,645 312,349

8 166,476 186,191 213,927 170,693 192,370 224,413 176,368 201,284 239,874 185,631 216,250 269,532 196,732 239,283 314,437

9 166,551 185,561 214,269 170,231 191,312 225,538 176,467 202,536 242,691 185,628 217,039 269,055 197,762 242,553 318,195

10 166,455 185,820 213,638 170,371 192,207 226,374 176,594 201,486 243,378 186,972 217,816 272,728 200,219 243,731 321,162
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Table 6.3.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base production potential cap (i.e., 2.5, 5, 10, 20, and 40 smolts per 100 
m2, respectively) under the Recovery scenario. 
 

 
  

Recovery ‐ 2.5 Recovery ‐ 5 Recovery ‐ base Recovery ‐ 20 Recovery ‐ 40

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.10 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.10 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.10 0.12 0.10 0.10 0.11

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.10 0.11

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11
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Table 6.4.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base eggs per female rate under the Base 
Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 39 97 274 44 102 297 51 124 329 66 159 421 100 247 572

3 38 96 268 43 104 288 51 122 323 66 160 434 107 256 638

4 38 95 273 43 105 274 51 119 344 68 164 436 120 285 675

5 40 94 269 43 104 300 52 118 324 70 172 434 122 296 702

6 40 94 264 42 104 279 51 120 329 68 168 434 124 302 725

7 39 95 277 42 103 286 50 119 330 72 170 438 128 305 722

8 39 95 262 43 102 290 52 121 327 70 166 436 130 301 727

9 39 96 269 43 102 296 51 121 329 71 165 440 130 307 735

10 39 97 267 43 104 288 52 119 324 70 172 443 126 306 714
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Table 6.4.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
eggs per female rate under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.47 0.48 1.00 0.48 0.49 1.00 0.52 0.52 1.00 0.57 0.58 1.00 0.69 0.69 1.00

3 0.45 0.46 1.00 0.46 0.47 1.00 0.49 0.50 1.00 0.53 0.53 1.00 0.59 0.60 1.00

4 0.46 0.47 1.00 0.46 0.47 1.00 0.48 0.49 1.00 0.52 0.53 1.00 0.60 0.61 1.00

5 0.45 0.46 1.00 0.47 0.47 1.00 0.48 0.48 1.00 0.52 0.53 1.00 0.60 0.60 1.00

6 0.46 0.46 1.00 0.46 0.47 1.00 0.48 0.49 1.00 0.52 0.54 1.00 0.61 0.61 1.00

7 0.45 0.46 1.00 0.46 0.47 1.00 0.48 0.49 1.00 0.52 0.53 1.00 0.61 0.62 1.00

8 0.45 0.46 1.00 0.46 0.47 1.00 0.48 0.48 1.00 0.52 0.53 1.00 0.61 0.61 1.00

9 0.45 0.46 1.00 0.46 0.47 1.00 0.48 0.49 1.00 0.52 0.53 1.00 0.61 0.62 1.00

10 0.46 0.46 1.00 0.46 0.47 1.00 0.48 0.49 1.00 0.52 0.53 1.00 0.61 0.61 1.00
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Table 6.4.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base eggs per female rate under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 153,111 163,942 180,216 157,982 169,452 186,371 165,841 178,926 197,361 181,046 197,573 219,673 209,686 234,497 266,430

2 148,821 159,469 175,318 149,409 159,886 175,526 150,923 162,374 178,497 153,284 165,728 183,881 156,285 172,480 196,796

3 148,625 159,254 174,727 149,747 160,391 175,948 150,879 161,515 176,614 152,451 163,983 182,076 155,205 169,577 191,945

4 149,457 160,028 175,200 149,721 160,670 176,433 150,632 162,103 178,765 152,581 164,591 182,427 155,668 170,185 192,271

5 149,587 159,974 175,246 150,227 160,666 176,446 150,815 161,933 177,300 152,470 164,628 181,818 155,736 170,469 191,689

6 149,187 159,311 174,608 149,638 160,519 176,055 150,898 161,633 178,287 152,055 163,864 181,903 155,406 169,350 190,318

7 149,996 160,136 175,668 149,806 160,541 175,774 150,609 161,468 177,244 151,810 163,599 181,960 155,914 170,486 191,142

8 148,809 159,347 173,641 149,817 160,285 176,019 151,036 162,202 178,661 152,068 164,207 182,260 155,676 170,316 191,107

9 149,074 159,374 174,670 149,623 160,171 175,249 150,745 161,823 177,234 152,455 164,230 181,944 155,916 170,175 191,446

10 148,929 159,148 174,414 149,310 159,768 174,779 150,916 161,774 177,611 151,784 164,040 180,960 155,486 170,485 192,504
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Table 6.4.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base eggs per female rate under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.4.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base eggs per female rate under the Recovery 
scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 345 789 1,609 408 868 1,795 525 1,057 2,091 722 1,453 2,724 1,090 2,170 4,098

3 463 1,010 2,072 622 1,309 2,739 909 1,891 3,925 1,485 2,906 5,566 2,280 4,216 7,997

4 526 1,101 2,271 770 1,588 3,253 1,242 2,483 4,813 1,876 3,559 6,700 2,574 4,785 8,790

5 526 1,131 2,321 826 1,746 3,487 1,408 2,730 5,286 2,028 3,754 6,953 2,672 4,953 8,992

6 533 1,161 2,391 885 1,802 3,608 1,496 2,859 5,454 2,085 3,759 7,016 2,659 4,949 9,222

7 536 1,167 2,376 892 1,867 3,748 1,478 2,924 5,508 2,107 3,840 7,015 2,716 4,982 9,205

8 539 1,154 2,402 888 1,869 3,738 1,538 2,894 5,528 2,075 3,821 7,244 2,690 4,926 9,276

9 544 1,161 2,401 907 1,852 3,701 1,518 2,894 5,607 2,078 3,843 7,152 2,690 4,998 9,097

10 541 1,177 2,402 916 1,880 3,791 1,531 2,941 5,660 2,090 3,805 7,139 2,692 4,971 9,292
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Table 6.4.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
eggs per female rate under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.93 0.93 1.00 0.94 0.94 1.00 0.96 0.96 1.00 0.98 0.98 1.00 0.99 0.99 1.00

3 0.94 0.94 1.00 0.96 0.96 1.00 0.98 0.98 1.00 0.99 0.99 1.00 1.00 1.00 1.00

4 0.94 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00

5 0.95 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00

6 0.95 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00

7 0.95 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00

8 0.95 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00

9 0.94 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00

10 0.95 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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Table 6.4.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base eggs per female rate under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 157,431 168,823 185,548 165,479 178,894 196,976 181,207 198,544 219,982 209,612 234,267 266,327 263,490 308,167 364,538

2 154,207 166,251 183,911 158,428 173,339 194,766 166,953 187,430 219,594 185,821 220,635 290,235 232,493 319,638 494,237

3 154,516 167,545 184,437 160,145 176,265 199,296 171,055 192,816 228,268 193,975 237,309 318,710 256,353 369,680 541,056

4 155,279 167,922 185,959 161,229 178,214 201,252 174,162 198,402 236,743 201,470 248,579 336,861 274,928 393,372 561,158

5 154,971 167,802 186,696 161,404 177,589 200,164 175,577 201,414 240,414 203,775 253,399 341,755 279,964 397,855 564,116

6 155,082 167,527 186,557 162,331 178,662 202,185 176,644 200,124 238,869 203,800 252,258 346,228 278,910 407,523 569,395

7 155,294 168,620 186,220 162,420 178,977 202,269 175,734 200,952 242,706 205,618 254,856 341,061 282,581 414,766 573,742

8 155,135 167,764 186,595 162,664 178,911 202,085 176,368 201,284 239,874 204,144 255,617 348,217 282,190 412,303 573,768

9 155,478 168,268 185,895 162,221 178,806 203,112 176,467 202,536 242,691 205,480 256,812 350,812 280,335 411,734 576,167

10 155,597 168,944 186,394 162,321 178,390 202,660 176,594 201,486 243,378 204,914 255,487 347,992 281,992 417,285 574,638
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Table 6.4.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base eggs per female rate under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12
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Table 6.5.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base egg to smolt survival rate under the Base 
Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 39 94 275 43 103 292 51 124 329 66 160 419 98 248 591

3 39 95 275 43 101 291 51 122 323 66 161 427 107 270 636

4 39 94 266 43 104 288 51 119 344 68 167 442 117 278 696

5 39 95 265 43 103 292 52 118 324 71 169 423 121 295 709

6 39 93 268 42 102 293 51 120 329 70 166 443 125 295 734

7 39 92 268 43 104 282 50 119 330 71 167 436 124 307 726

8 39 94 273 43 104 281 52 121 327 70 167 444 125 310 734

9 40 93 273 43 105 280 51 121 329 71 170 433 125 305 736

10 39 95 258 43 102 286 52 119 324 69 169 437 127 299 727
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Table 6.5.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
egg to smolt survival rate under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.46 0.47 1.00 0.48 0.49 1.00 0.52 0.52 1.00 0.59 0.59 1.00 0.67 0.67 1.00

3 0.46 0.46 1.00 0.46 0.47 1.00 0.49 0.50 1.00 0.52 0.53 1.00 0.61 0.61 1.00

4 0.44 0.45 1.00 0.46 0.47 1.00 0.48 0.49 1.00 0.53 0.54 1.00 0.60 0.61 1.00

5 0.45 0.46 1.00 0.46 0.47 1.00 0.48 0.48 1.00 0.52 0.53 1.00 0.61 0.62 1.00

6 0.45 0.46 1.00 0.46 0.47 1.00 0.48 0.49 1.00 0.52 0.53 1.00 0.61 0.62 1.00

7 0.45 0.46 1.00 0.46 0.47 1.00 0.48 0.49 1.00 0.52 0.53 1.00 0.60 0.61 1.00

8 0.45 0.46 1.00 0.47 0.47 1.00 0.48 0.48 1.00 0.52 0.53 1.00 0.60 0.61 1.00

9 0.45 0.46 1.00 0.47 0.47 1.00 0.48 0.49 1.00 0.52 0.53 1.00 0.61 0.62 1.00

10 0.45 0.46 1.00 0.46 0.47 1.00 0.48 0.49 1.00 0.53 0.53 1.00 0.60 0.61 1.00
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Table 6.5.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base egg to smolt survival rate under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 153,307 164,201 179,465 157,698 169,494 185,307 165,841 178,926 197,361 180,763 197,372 220,436 210,394 234,860 265,712

2 149,888 160,356 176,422 150,038 160,761 176,103 150,923 162,374 178,497 152,879 165,057 183,207 157,501 173,268 197,401

3 149,402 159,920 174,777 149,202 159,642 175,219 150,879 161,515 176,614 152,073 164,168 181,283 155,648 170,390 192,315

4 149,735 160,385 175,741 150,038 160,984 176,332 150,632 162,103 178,765 152,442 163,801 181,159 155,423 170,326 190,612

5 149,775 159,795 175,263 150,167 160,502 176,668 150,815 161,933 177,300 152,239 163,826 181,780 155,203 169,695 190,660

6 149,275 159,362 175,096 149,429 160,202 175,879 150,898 161,633 178,287 152,712 164,674 182,013 155,641 170,782 192,314

7 149,340 159,846 175,137 150,089 160,827 177,016 150,609 161,468 177,244 152,119 164,180 181,494 155,547 170,692 191,975

8 149,153 159,498 175,012 149,854 160,925 176,277 151,036 162,202 178,661 152,528 164,706 182,947 155,355 170,688 191,584

9 149,483 160,167 175,498 149,933 160,561 176,027 150,745 161,823 177,234 151,957 164,480 182,524 156,030 170,546 191,484

10 148,951 160,151 175,627 149,814 159,578 175,496 150,916 161,774 177,611 152,375 164,369 182,228 155,624 170,220 191,296
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Table 6.5.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base egg to smolt survival rate under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.5.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base egg to smolt survival rate under the 
Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 320 739 1,525 341 782 1,644 405 877 1,811 525 1,057 2,091 732 1,441 2,719

3 397 843 1,753 469 1,020 2,057 606 1,299 2,690 909 1,891 3,925 1,502 2,909 5,743

4 406 887 1,835 523 1,096 2,233 762 1,618 3,214 1,242 2,483 4,813 1,906 3,509 6,875

5 415 883 1,803 528 1,147 2,372 865 1,685 3,570 1,408 2,730 5,286 2,029 3,696 7,065

6 404 872 1,825 533 1,162 2,405 891 1,807 3,615 1,496 2,859 5,454 2,059 3,779 7,199

7 407 884 1,793 543 1,162 2,415 905 1,875 3,662 1,478 2,924 5,508 2,065 3,861 7,060

8 396 893 1,830 545 1,164 2,363 893 1,876 3,713 1,538 2,894 5,528 2,085 3,790 7,269

9 405 881 1,847 536 1,189 2,429 906 1,873 3,801 1,518 2,894 5,607 2,075 3,842 7,243

10 392 898 1,848 542 1,168 2,452 917 1,853 3,755 1,531 2,941 5,660 2,079 3,828 7,170
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Table 6.5.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
egg to smolt survival rate under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.91 0.91 1.00 0.92 0.93 1.00 0.94 0.94 1.00 0.96 0.96 1.00 0.99 0.99 1.00

3 0.92 0.92 1.00 0.94 0.94 1.00 0.96 0.96 1.00 0.98 0.98 1.00 0.99 0.99 1.00

4 0.92 0.93 1.00 0.95 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00

5 0.93 0.93 1.00 0.95 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00

6 0.93 0.93 1.00 0.95 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00

7 0.93 0.93 1.00 0.95 0.96 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00

8 0.92 0.93 1.00 0.95 0.95 1.00 0.98 0.98 1.00 0.99 0.99 1.00 1.00 1.00 1.00

9 0.93 0.93 1.00 0.95 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00

10 0.92 0.93 1.00 0.95 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00
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Table 6.5.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base egg to smolt survival rate under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 152,947 163,476 179,474 157,152 168,935 185,761 165,873 179,053 197,148 181,207 198,544 219,982 209,001 234,625 265,299

2 151,510 163,124 179,436 154,041 166,447 184,136 158,606 174,162 195,431 166,953 187,430 219,594 186,371 221,947 287,195

3 152,016 163,215 178,868 154,298 166,899 185,179 160,021 176,048 197,963 171,055 192,816 228,268 192,817 235,716 321,585

4 152,438 164,204 179,536 154,802 168,117 186,627 161,136 177,247 201,385 174,162 198,402 236,743 199,978 247,814 334,429

5 152,431 164,202 180,836 155,668 168,329 185,866 161,922 178,296 202,382 175,577 201,414 240,414 202,561 252,510 340,237

6 152,190 162,910 179,157 154,801 167,984 185,944 162,466 178,591 201,066 176,644 200,124 238,869 205,273 254,663 344,049

7 152,014 163,443 179,792 154,900 168,399 186,502 161,989 178,857 203,356 175,734 200,952 242,706 204,212 254,355 347,591

8 151,685 163,294 179,350 155,114 167,528 185,811 162,166 178,872 202,691 176,368 201,284 239,874 205,363 255,787 347,404

9 151,568 162,981 179,327 154,930 167,558 185,566 162,082 178,806 201,591 176,467 202,536 242,691 204,705 252,093 342,865

10 152,127 163,424 179,604 155,320 168,708 187,364 162,410 178,468 202,639 176,594 201,486 243,378 206,300 253,587 349,017
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Table 6.5.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base egg to smolt survival rate under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12
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Table 6.6.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base in-river mortality rate under the Base 
Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 51 127 350 52 127 347 51 124 329 50 119 320 45 108 290

3 51 125 336 52 125 333 51 122 323 48 113 311 44 105 285

4 51 122 333 52 123 335 51 119 344 49 114 319 46 106 282

5 53 126 336 52 123 337 52 118 324 47 115 320 45 105 273

6 52 130 335 53 127 330 51 120 329 49 114 318 46 105 285

7 52 126 355 52 125 333 50 119 330 48 118 318 46 103 281

8 53 126 332 52 122 337 52 121 327 49 117 316 45 107 281

9 53 122 347 51 123 334 51 121 329 48 116 316 46 105 289

10 52 123 342 51 124 334 52 119 324 49 120 312 44 105 287
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Table 6.6.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
in-river mortality rate under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.52 0.53 1.00 0.52 0.53 1.00 0.52 0.52 1.00 0.51 0.51 1.00 0.47 0.48 1.00

3 0.49 0.49 1.00 0.50 0.51 1.00 0.49 0.50 1.00 0.47 0.48 1.00 0.43 0.44 1.00

4 0.49 0.50 1.00 0.49 0.50 1.00 0.48 0.49 1.00 0.47 0.48 1.00 0.44 0.45 1.00

5 0.49 0.49 1.00 0.48 0.49 1.00 0.48 0.48 1.00 0.47 0.48 1.00 0.44 0.45 1.00

6 0.49 0.50 1.00 0.49 0.50 1.00 0.48 0.49 1.00 0.47 0.48 1.00 0.44 0.45 1.00

7 0.49 0.50 1.00 0.49 0.50 1.00 0.48 0.49 1.00 0.47 0.48 1.00 0.44 0.45 1.00

8 0.49 0.49 1.00 0.49 0.50 1.00 0.48 0.48 1.00 0.47 0.48 1.00 0.45 0.45 1.00

9 0.49 0.50 1.00 0.49 0.49 1.00 0.48 0.49 1.00 0.47 0.47 1.00 0.44 0.45 1.00

10 0.48 0.49 1.00 0.49 0.50 1.00 0.48 0.49 1.00 0.47 0.48 1.00 0.44 0.45 1.00
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Table 6.6.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base in-river mortality rate under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 168,087 181,854 200,231 167,796 181,294 199,309 165,841 178,926 197,361 162,455 175,208 192,462 155,610 167,822 185,003

2 153,137 164,500 180,302 152,826 163,877 180,201 150,923 162,374 178,497 147,951 159,137 174,393 141,601 152,550 167,887

3 153,158 164,512 180,843 152,269 163,782 179,288 150,879 161,515 176,614 147,591 158,240 174,168 141,499 151,991 166,631

4 153,219 164,308 180,820 151,878 163,475 179,990 150,632 162,103 178,765 147,471 158,149 173,461 141,673 152,151 168,015

5 153,369 164,486 180,101 151,686 162,596 178,858 150,815 161,933 177,300 147,436 158,534 173,478 141,470 151,633 166,517

6 152,872 164,002 180,475 152,447 163,448 179,676 150,898 161,633 178,287 147,305 158,040 173,937 141,560 152,058 167,035

7 153,765 164,844 180,791 152,431 163,132 179,385 150,609 161,468 177,244 147,410 157,967 173,816 141,427 151,983 166,365

8 152,864 163,607 180,505 152,244 163,936 179,666 151,036 162,202 178,661 147,467 158,469 174,496 141,690 151,898 166,947

9 152,852 164,340 181,096 152,136 163,561 180,374 150,745 161,823 177,234 147,772 158,278 174,434 141,433 152,013 167,186

10 152,748 164,072 180,413 152,665 163,406 179,361 150,916 161,774 177,611 147,533 158,030 173,210 141,640 152,120 167,759
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Table 6.6.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base in-river mortality rate under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.6.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base in-river mortality rate under the Recovery 
scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 523 1,105 2,157 520 1,079 2,168 525 1,057 2,091 501 1,030 2,063 458 949 1,902

3 954 1,956 4,014 966 1,955 3,914 909 1,891 3,925 878 1,833 3,781 804 1,711 3,430

4 1,309 2,521 4,892 1,295 2,528 4,979 1,242 2,483 4,813 1,223 2,341 4,671 1,083 2,230 4,376

5 1,436 2,793 5,471 1,442 2,743 5,290 1,408 2,730 5,286 1,382 2,653 5,106 1,266 2,475 4,804

6 1,517 2,935 5,561 1,506 2,939 5,502 1,496 2,859 5,454 1,451 2,782 5,264 1,347 2,550 4,991

7 1,560 2,942 5,695 1,539 2,966 5,593 1,478 2,924 5,508 1,444 2,832 5,423 1,330 2,573 5,038

8 1,556 2,994 5,783 1,557 2,937 5,683 1,538 2,894 5,528 1,469 2,806 5,412 1,358 2,610 5,042

9 1,546 3,004 5,754 1,547 2,983 5,716 1,518 2,894 5,607 1,484 2,838 5,458 1,340 2,673 5,069

10 1,587 2,996 5,651 1,538 2,951 5,681 1,531 2,941 5,660 1,482 2,793 5,372 1,413 2,607 5,056



142 
 

Table 6.6.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
in-river mortality rate under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.97 0.97 1.00 0.97 0.97 1.00 0.96 0.96 1.00 0.96 0.96 1.00 0.95 0.95 1.00

3 0.98 0.98 1.00 0.98 0.98 1.00 0.98 0.98 1.00 0.97 0.98 1.00 0.97 0.97 1.00

4 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.98 0.99 1.00 0.98 0.98 1.00

5 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.98 0.98 1.00

6 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.98 0.98 1.00

7 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

8 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

9 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.98 0.99 1.00

10 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00
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Table 6.6.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base in-river mortality rate under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 183,994 200,552 223,498 182,987 200,103 222,068 181,207 198,544 219,982 177,266 194,015 215,954 170,141 186,153 206,431

2 170,320 192,471 223,389 169,550 190,636 222,456 166,953 187,430 219,594 163,385 183,872 214,799 155,807 173,997 201,805

3 174,287 198,068 236,010 173,148 195,873 233,652 171,055 192,816 228,268 166,405 188,672 223,861 159,164 179,380 211,553

4 176,358 202,233 243,135 175,535 199,812 241,050 174,162 198,402 236,743 169,828 191,753 226,624 161,291 182,304 215,966

5 178,955 204,164 246,740 176,612 201,180 243,375 175,577 201,414 240,414 171,190 195,133 232,514 162,737 184,473 219,124

6 179,116 205,034 246,058 177,939 203,446 244,511 176,644 200,124 238,869 171,786 195,426 234,034 164,041 184,576 219,208

7 179,611 205,556 248,133 178,914 204,401 246,113 175,734 200,952 242,706 173,468 196,125 233,833 163,680 185,515 220,883

8 179,399 204,951 248,492 178,006 203,328 245,593 176,368 201,284 239,874 171,627 195,953 234,599 164,530 185,145 221,157

9 179,437 205,427 249,839 178,445 204,153 246,236 176,467 202,536 242,691 172,349 196,744 233,634 164,176 186,287 223,376

10 180,307 206,299 249,131 179,021 203,932 245,158 176,594 201,486 243,378 173,129 196,473 233,972 164,678 186,579 221,655



144 
 

Table 6.6.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base in-river mortality rate under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.10 0.12

5 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12

8 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.7.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base marine survival rate under the Base Case 
scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 10 22 45 22 47 111 51 124 329 139 367 836 405 880 1,768

3 9 17 37 19 42 96 51 122 323 167 437 987 615 1,310 2,659

4 9 17 36 19 40 96 51 119 344 185 467 1,026 770 1,590 3,253

5 8 18 37 19 42 95 52 118 324 191 482 1,064 850 1,748 3,525

6 9 17 36 18 41 98 51 120 329 196 485 1,090 873 1,844 3,711

7 9 17 37 19 40 95 50 119 330 190 486 1,086 899 1,829 3,733

8 8 18 38 19 40 94 52 121 327 193 491 1,076 913 1,857 3,785

9 9 17 37 19 41 93 51 121 329 195 499 1,090 910 1,879 3,805

10 9 17 37 19 41 95 52 119 324 199 493 1,094 915 1,869 3,724
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Table 6.7.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
marine survival rate under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.08 0.08 1.00 0.25 0.25 1.00 0.52 0.52 1.00 0.78 0.78 1.00 0.94 0.94 1.00

3 0.06 0.06 1.00 0.21 0.21 1.00 0.49 0.50 1.00 0.78 0.79 1.00 0.96 0.96 1.00

4 0.06 0.06 1.00 0.21 0.22 1.00 0.48 0.49 1.00 0.78 0.79 1.00 0.97 0.97 1.00

5 0.06 0.06 1.00 0.21 0.22 1.00 0.48 0.48 1.00 0.79 0.80 1.00 0.97 0.97 1.00

6 0.07 0.07 1.00 0.21 0.21 1.00 0.48 0.49 1.00 0.80 0.80 1.00 0.97 0.97 1.00

7 0.06 0.06 1.00 0.22 0.22 1.00 0.48 0.49 1.00 0.80 0.80 1.00 0.97 0.97 1.00

8 0.06 0.06 1.00 0.21 0.21 1.00 0.48 0.48 1.00 0.80 0.80 1.00 0.97 0.97 1.00

9 0.06 0.06 1.00 0.21 0.21 1.00 0.48 0.49 1.00 0.80 0.81 1.00 0.97 0.98 1.00

10 0.06 0.07 1.00 0.21 0.21 1.00 0.48 0.49 1.00 0.80 0.80 1.00 0.97 0.98 1.00
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Table 6.7.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base marine survival rate under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 165,391 178,899 197,254 166,269 178,864 197,362 165,841 178,926 197,361 165,975 178,912 196,889 166,240 179,316 195,777

2 149,147 159,542 175,141 149,594 160,077 175,643 150,923 162,374 178,497 153,741 166,649 184,067 158,498 173,745 195,470

3 149,362 159,495 174,835 149,044 159,740 174,367 150,879 161,515 176,614 153,795 166,171 183,842 160,183 175,858 198,518

4 149,165 159,545 175,262 149,573 160,271 175,477 150,632 162,103 178,765 154,005 166,203 185,061 161,111 177,338 200,007

5 149,275 159,952 174,768 149,310 159,990 175,743 150,815 161,933 177,300 153,692 166,306 183,792 161,885 178,057 201,583

6 149,741 159,476 174,550 149,052 159,542 174,738 150,898 161,633 178,287 153,489 166,087 183,825 161,758 178,104 201,694

7 149,275 159,765 173,959 149,285 159,918 175,331 150,609 161,468 177,244 154,258 166,733 184,772 162,386 178,616 202,539

8 149,260 159,942 175,639 149,633 160,276 175,128 151,036 162,202 178,661 153,955 166,320 184,180 162,047 178,958 203,608

9 148,885 159,072 174,323 148,994 159,302 174,790 150,745 161,823 177,234 154,212 166,984 184,213 161,977 178,720 202,651

10 148,936 159,260 174,125 149,105 159,148 174,832 150,916 161,774 177,611 153,824 166,135 183,702 161,839 178,563 202,839



148 
 

Table 6.7.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base marine survival rate under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.7.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base marine survival rate under the Recovery 
scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 13 27 57 28 59 145 67 161 403 188 461 980 525 1,057 2,091

3 10 20 42 24 50 116 65 159 423 249 625 1,322 909 1,891 3,925

4 9 19 40 22 48 108 68 165 433 299 706 1,526 1,242 2,483 4,813

5 9 18 40 23 49 109 70 168 429 334 752 1,624 1,408 2,730 5,286

6 9 18 39 23 48 109 70 166 443 340 796 1,673 1,496 2,859 5,454

7 9 19 40 22 46 106 69 177 437 358 793 1,737 1,478 2,924 5,508

8 9 19 40 22 47 113 70 169 455 347 806 1,748 1,538 2,894 5,528

9 9 19 40 23 48 111 70 172 441 345 812 1,758 1,518 2,894 5,607

10 9 18 41 23 48 113 69 170 434 352 816 1,735 1,531 2,941 5,660
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Table 6.7.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
marine survival rate under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.10 0.11 1.00 0.30 0.31 1.00 0.58 0.59 1.00 0.83 0.84 1.00 0.96 0.96 1.00

3 0.06 0.07 1.00 0.23 0.23 1.00 0.52 0.53 1.00 0.83 0.83 1.00 0.98 0.98 1.00

4 0.06 0.07 1.00 0.22 0.23 1.00 0.51 0.52 1.00 0.85 0.85 1.00 0.99 0.99 1.00

5 0.06 0.07 1.00 0.22 0.22 1.00 0.53 0.53 1.00 0.86 0.86 1.00 0.99 0.99 1.00

6 0.06 0.06 1.00 0.22 0.23 1.00 0.53 0.54 1.00 0.86 0.87 1.00 0.99 0.99 1.00

7 0.07 0.07 1.00 0.22 0.22 1.00 0.53 0.53 1.00 0.86 0.86 1.00 0.99 0.99 1.00

8 0.06 0.06 1.00 0.22 0.23 1.00 0.53 0.53 1.00 0.85 0.86 1.00 0.99 0.99 1.00

9 0.06 0.06 1.00 0.22 0.22 1.00 0.53 0.53 1.00 0.86 0.86 1.00 0.99 0.99 1.00

10 0.06 0.06 1.00 0.22 0.23 1.00 0.52 0.52 1.00 0.86 0.86 1.00 0.99 0.99 1.00
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Table 6.7.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base marine survival rate under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 181,617 198,597 220,603 181,128 198,070 220,582 181,417 198,034 220,876 180,981 197,761 220,025 181,207 198,544 219,982

2 149,493 159,928 175,829 150,265 161,224 177,400 152,613 165,078 183,715 157,912 173,483 196,057 166,953 187,430 219,594

3 149,094 159,260 174,864 149,809 160,976 176,050 152,374 164,263 182,857 158,418 173,777 195,473 171,055 192,816 228,268

4 149,609 160,166 174,590 149,720 160,380 175,791 152,621 164,740 182,406 158,458 174,279 196,552 174,162 198,402 236,743

5 149,356 159,964 175,177 150,024 160,954 177,002 152,271 164,249 181,806 159,696 175,660 198,673 175,577 201,414 240,414

6 149,397 159,934 174,903 149,461 160,568 176,072 152,221 164,307 181,902 159,237 174,838 197,955 176,644 200,124 238,869

7 149,140 159,394 175,037 149,819 160,548 176,394 152,072 163,669 181,372 159,560 174,949 198,020 175,734 200,952 242,706

8 149,165 159,471 174,641 150,031 161,063 176,573 152,281 164,403 182,157 159,496 175,556 197,373 176,368 201,284 239,874

9 149,012 159,898 174,857 150,049 160,907 176,877 152,118 163,996 181,604 159,560 176,193 199,666 176,467 202,536 242,691

10 148,945 159,125 174,321 149,677 160,148 176,416 152,037 164,505 182,286 159,533 175,409 199,752 176,594 201,486 243,378
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Table 6.7.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base marine survival rate under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.8.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base initial adult abundance (i.e., 147, 294, 
587, 1,174, and 2,348, respectively) under the Base Case scenario. 
 

 
  

Base Case ‐ 147 Base Case ‐ 294 Base Case ‐ base(587) Base Case ‐ 1174 Base Case ‐ 2348

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 147 147 147 294 294 294 587 587 587 1,174 1,174 1,174 2,348 2,348 2,348

2 39 97 268 43 104 291 51 124 329 67 163 426 99 249 583

3 48 117 323 48 119 322 51 122 323 54 128 344 59 140 374

4 50 120 323 51 121 334 51 119 344 50 121 337 52 123 330

5 51 119 319 52 121 321 52 118 324 50 122 331 51 120 329

6 51 122 329 49 120 339 51 120 329 50 119 332 51 119 329

7 51 124 329 51 119 329 50 119 330 51 123 332 52 120 333

8 50 121 325 51 119 326 52 121 327 52 121 320 51 120 332

9 50 122 332 50 120 332 51 121 329 51 121 326 51 121 326

10 50 121 331 51 121 333 52 119 324 51 119 328 52 122 324
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Table 6.8.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
initial adult abundance (i.e., 147, 294, 587, 1,174, and 2,348, respectively) under the Base Case scenario. 
 

 
  

Base Case ‐ 147 Base Case ‐ 294 Base Case ‐ base(587) Base Case ‐ 1174 Base Case ‐ 2348

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.46 0.47 1.00 0.48 0.49 1.00 0.52 0.52 1.00 0.58 0.59 1.00 0.68 0.68 1.00

3 0.48 0.49 1.00 0.47 0.48 1.00 0.49 0.50 1.00 0.49 0.50 1.00 0.51 0.51 1.00

4 0.48 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.47 0.48 1.00 0.49 0.49 1.00

5 0.48 0.49 1.00 0.48 0.48 1.00 0.48 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00

6 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00

7 0.49 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00

8 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00

9 0.49 0.50 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00

10 0.49 0.50 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.47 0.48 1.00



155 
 

Table 6.8.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base initial adult abundance (i.e., 147, 294, 587, 1,174, and 2,348, 
respectively) under the Base Case scenario. 
 

 
  

Base Case ‐ 147 Base Case ‐ 294 Base Case ‐ base(587) Base Case ‐ 1174 Base Case ‐ 2348

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 152,897 164,511 180,119 157,270 169,030 184,989 165,841 178,926 197,361 180,352 197,380 220,160 209,373 236,070 268,772

2 150,796 161,592 177,869 150,555 161,491 177,739 150,923 162,374 178,497 151,510 162,622 179,010 152,184 164,461 181,498

3 150,834 161,817 177,623 150,972 161,613 177,661 150,879 161,515 176,614 151,052 161,943 177,470 150,505 161,869 178,343

4 150,223 161,712 178,026 150,727 162,188 177,470 150,632 162,103 178,765 150,068 161,570 178,444 150,277 161,543 177,519

5 150,981 162,079 178,792 150,487 161,428 177,669 150,815 161,933 177,300 150,848 161,773 177,756 150,916 162,318 177,779

6 150,806 162,094 178,018 150,798 161,444 177,734 150,898 161,633 178,287 150,725 161,575 176,958 150,584 161,679 177,632

7 150,859 162,122 178,037 150,708 161,668 177,351 150,609 161,468 177,244 150,738 161,730 177,830 150,767 161,690 177,465

8 150,223 160,911 177,678 150,934 161,746 177,773 151,036 162,202 178,661 150,833 161,620 178,268 150,388 161,506 177,513

9 150,545 161,720 177,507 150,962 162,348 178,803 150,745 161,823 177,234 150,456 161,550 177,276 150,867 162,182 177,902

10 150,574 161,578 178,048 150,821 161,473 178,223 150,916 161,774 177,611 150,534 160,909 177,212 151,197 162,624 178,261
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Table 6.8.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base initial adult abundance (i.e., 147, 294, 587, 1,174, and 2,348, 
respectively) under the Base Case scenario. 
 

 
  

Base Case ‐ 147 Base Case ‐ 294 Base Case ‐ base(587) Base Case ‐ 1174 Base Case ‐ 2348

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12
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Table 6.8.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base initial adult abundance (i.e., 147, 294, 
587, 1,174, and 2,348, respectively) under the Recovery scenario. 
 

 
  

Recovery ‐ 147 Recovery ‐ 294 Recovery ‐ base(587) Recovery ‐ 1174 Recovery ‐ 2348

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 147 147 147 294 294 294 587 587 587 1,174 1,174 1,174 2,348 2,348 2,348

2 347 802 1,613 408 883 1,783 525 1,057 2,091 724 1,421 2,764 1,112 2,111 4,070

3 794 1,659 3,393 853 1,743 3,502 909 1,891 3,925 1,091 2,185 4,355 1,313 2,629 5,198

4 1,151 2,360 4,671 1,223 2,387 4,569 1,242 2,483 4,813 1,309 2,611 5,099 1,441 2,777 5,435

5 1,378 2,673 5,220 1,406 2,718 5,207 1,408 2,730 5,286 1,446 2,807 5,290 1,484 2,894 5,434

6 1,464 2,828 5,446 1,488 2,874 5,343 1,496 2,859 5,454 1,487 2,856 5,532 1,535 2,892 5,548

7 1,498 2,860 5,473 1,483 2,870 5,538 1,478 2,924 5,508 1,549 2,867 5,633 1,523 2,885 5,478

8 1,540 2,905 5,470 1,513 2,883 5,571 1,538 2,894 5,528 1,532 2,899 5,570 1,552 2,880 5,547

9 1,509 2,910 5,558 1,527 2,900 5,568 1,518 2,894 5,607 1,540 2,899 5,478 1,538 2,934 5,555

10 1,514 2,943 5,514 1,525 2,968 5,553 1,531 2,941 5,660 1,529 2,964 5,493 1,534 2,905 5,560
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Table 6.8.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
initial adult abundance (i.e., 147, 294, 587, 1,174, and 2,348, respectively) under the Recovery scenario. 
 

 
  

Recovery ‐ 147 Recovery ‐ 294 Recovery ‐ base(587) Recovery ‐ 1174 Recovery ‐ 2348

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.92 0.92 1.00 0.94 0.94 1.00 0.96 0.96 1.00 0.98 0.98 1.00 1.00 1.00 1.00

3 0.97 0.97 1.00 0.97 0.97 1.00 0.98 0.98 1.00 0.98 0.98 1.00 0.99 0.99 1.00

4 0.98 0.99 1.00 0.98 0.98 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

5 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

6 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

7 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

8 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 1.00 1.00

9 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

10 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00
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Table 6.8.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base initial adult abundance (i.e., 147, 294, 587, 1,174, and 2,348, 
respectively) under the Recovery scenario. 
 

 
  

Recovery ‐ 147 Recovery ‐ 294 Recovery ‐ base(587) Recovery ‐ 1174 Recovery ‐ 2348

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 157,547 168,672 185,114 165,411 178,381 195,560 181,207 198,544 219,982 209,582 235,014 267,620 263,318 308,063 363,701

2 164,183 181,712 209,105 164,356 183,465 213,123 166,953 187,430 219,594 171,141 195,117 233,837 179,554 211,373 259,138

3 169,217 190,313 224,258 170,171 191,681 226,355 171,055 192,816 228,268 173,012 196,832 233,650 176,070 202,154 243,458

4 172,140 196,093 234,300 172,961 196,070 233,825 174,162 198,402 236,743 173,956 199,156 241,470 176,343 201,090 240,261

5 174,781 199,986 239,082 174,608 200,282 240,369 175,577 201,414 240,414 175,572 200,138 239,582 176,416 201,133 240,236

6 175,166 201,349 239,830 176,466 200,272 239,480 176,644 200,124 238,869 175,315 200,191 241,042 176,561 200,318 241,291

7 176,207 200,994 241,983 176,263 200,990 240,567 175,734 200,952 242,706 176,873 201,814 240,871 176,701 200,975 242,460

8 176,711 202,353 243,386 176,073 201,054 240,817 176,368 201,284 239,874 176,207 201,118 241,885 176,721 202,030 240,706

9 175,580 200,698 243,670 175,648 199,991 240,578 176,467 202,536 242,691 176,208 201,437 241,706 176,868 201,852 240,893

10 176,582 201,652 241,881 177,058 201,630 240,748 176,594 201,486 243,378 177,369 201,740 243,243 175,910 202,459 244,713
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Table 6.8.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base initial adult abundance (i.e., 147, 294, 587, 1,174, and 2,348, 
respectively) under the Recovery scenario. 
 

 
  

Recovery ‐ 147 Recovery ‐ 294 Recovery ‐ base(587) Recovery ‐ 1174 Recovery ‐ 2348

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.10 0.12

6 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12

7 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12

9 0.10 0.10 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.9.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for the hatchery off, the hatchery on for the first 25 years, the hatchery on for the 
second 25 years, and the hatchery on (base) under the Base Case scenario. 
 

 
  

Base Case ‐ off Base Case ‐ on 1st 25 yr Base Case ‐ on 2nd 25 yr Base Case ‐ base (on)

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587

2 22 42 81 51 121 331 22 43 82 51 124 329

3 1 5 14 51 121 317 1 5 14 51 122 323

4 0 1 2 51 118 331 0 1 2 51 119 344

5 0 0 0 51 121 324 0 0 0 52 118 324

6 0 0 0 135 247 468 0 0 0 51 120 329

7 0 0 0 14 34 85 34 87 258 50 119 330

8 0 0 0 1 5 16 48 115 319 52 121 327

9 0 0 0 0 1 2 49 117 335 51 121 329

10 0 0 0 0 0 1 50 121 334 52 119 324
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Table 6.9.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for the hatchery off, the hatchery on for the 
first 25 years, the hatchery on for the second 25 years, and the hatchery on (base) under the Base Case scenario. 
 

 
  

Base Case ‐ off Base Case ‐ on 1st 25 yr Base Case ‐ on 2nd 25 yr Base Case ‐ base (on)

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.98 0.96 1.00 0.52 0.53 1.00 0.98 0.96 1.00 0.52 0.52 1.00

3 0.24 0.28 0.93 0.48 0.49 1.00 0.25 0.29 0.93 0.49 0.50 1.00

4 0.03 0.05 0.58 0.47 0.48 1.00 0.02 0.04 0.59 0.48 0.49 1.00

5 0.01 0.01 0.23 0.48 0.49 1.00 0.00 0.01 0.23 0.48 0.48 1.00

6 0.00 0.00 0.07 1.00 1.00 1.00 0.00 0.00 0.06 0.48 0.49 1.00

7 0.00 0.00 0.02 0.61 0.76 1.00 0.45 0.46 1.00 0.48 0.49 1.00

8 0.00 0.00 0.01 0.17 0.26 0.92 0.48 0.49 1.00 0.48 0.48 1.00

9 0.00 0.00 0.00 0.04 0.07 0.59 0.47 0.48 1.00 0.48 0.49 1.00

10 0.00 0.00 0.00 0.01 0.02 0.26 0.49 0.49 1.00 0.48 0.49 1.00
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Table 6.9.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for the hatchery off, the hatchery on for the first 25 years, the hatchery on for the second 25 years, and the 
hatchery on (base) under the Base Case scenario. 
 

 
  

Base Case ‐ off Base Case ‐ on 1st 25 yr Base Case ‐ on 2nd 25 yr Base Case ‐ base (on)

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 13,407 18,066 24,300 165,964 178,837 197,064 13,359 18,034 24,503 165,841 178,926 197,361

2 258 539 1,124 151,529 162,054 177,903 261 538 1,125 150,923 162,374 178,497

3 0 15 90 150,946 161,893 176,942 0 15 93 150,879 161,515 176,614

4 0 0 0 150,766 162,030 178,116 0 0 0 150,632 162,103 178,765

5 0 0 0 150,335 161,464 177,657 0 0 0 150,815 161,933 177,300

6 0 0 0 1,359 2,781 5,719 148,382 159,136 174,178 150,898 161,633 178,287

7 0 0 0 76 220 590 150,183 161,674 177,149 150,609 161,468 177,244

8 0 0 0 0 15 87 150,482 161,720 176,539 151,036 162,202 178,661

9 0 0 0 0 0 0 150,529 161,905 178,460 150,745 161,823 177,234

10 0 0 0 0 0 0 150,606 161,697 177,396 150,916 161,774 177,611
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Table 6.9.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for the hatchery off, the hatchery on for the first 25 years, the hatchery on for the second 25 years, and the 
hatchery on (base) under the Base Case scenario. 
 

 
  

Base Case ‐ off Base Case ‐ on 1st 25 yr Base Case ‐ on 2nd 25 yr Base Case ‐ base (on)

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.00 0.09 0.10 0.10 0.11 0.12 0.00 0.09 0.10 0.10 0.11 0.12

4 0.00 0.00 0.00 0.10 0.11 0.12 0.00 0.00 0.00 0.10 0.11 0.12

5 0.00 0.00 0.00 0.10 0.11 0.12 0.00 0.00 0.00 0.10 0.11 0.12

6 0.00 0.00 0.00 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.00 0.00 0.00 0.10 0.10 0.11 0.10 0.11 0.12 0.10 0.11 0.12

8 0.00 0.00 0.00 0.00 0.09 0.11 0.10 0.11 0.12 0.10 0.11 0.12

9 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.11 0.12 0.10 0.11 0.12

10 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.9.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all Penobscot 
River production units in generations (Gen) 1–10 for the hatchery off, the hatchery on for the first 25 years, the hatchery on for the 
second 25 years, and the hatchery on (base) under the Recovery scenario. 
 

 
  

Recovery ‐ off Recovery ‐ on 1st 25 yr Recovery ‐ on 2nd 25 yr Recovery ‐ base (on)

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587

2 183 334 651 527 1,057 2,095 182 341 650 525 1,057 2,091

3 152 375 915 929 1,905 3,897 152 376 932 909 1,891 3,925

4 161 474 1,333 1,278 2,540 4,809 164 471 1,343 1,242 2,483 4,813

5 188 618 1,616 1,432 2,780 5,300 187 599 1,652 1,408 2,730 5,286

6 213 759 1,869 1,615 2,990 5,627 155 583 1,700 1,496 2,859 5,454

7 247 842 2,110 1,133 2,198 4,158 748 1,623 3,329 1,478 2,924 5,508

8 267 930 2,250 938 1,856 3,618 1,150 2,316 4,627 1,538 2,894 5,528

9 303 967 2,372 822 1,690 3,409 1,384 2,639 5,127 1,518 2,894 5,607

10 315 1,015 2,395 760 1,591 3,154 1,479 2,815 5,335 1,531 2,941 5,660



166 
 

Table 6.9.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for the hatchery off, the hatchery on for the 
first 25 years, the hatchery on for the second 25 years, and the hatchery on (base) under the Recovery scenario. 
 

 
  

Recovery ‐ off Recovery ‐ on 1st 25 yr Recovery ‐ on 2nd 25 yr Recovery ‐ base (on)

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 1.00 1.00 1.00 0.97 0.97 1.00 1.00 1.00 1.00 0.96 0.96 1.00

3 0.98 0.99 1.00 0.98 0.98 1.00 0.98 0.99 1.00 0.98 0.98 1.00

4 0.95 0.97 1.00 0.98 0.98 1.00 0.95 0.97 1.00 0.99 0.99 1.00

5 0.94 0.96 1.00 0.99 0.99 1.00 0.94 0.97 1.00 0.99 0.99 1.00

6 0.94 0.96 1.00 1.00 1.00 1.00 0.55 0.56 1.00 0.99 0.99 1.00

7 0.94 0.96 1.00 1.00 1.00 1.00 0.96 0.96 1.00 0.99 0.99 1.00

8 0.94 0.96 1.00 1.00 1.00 1.00 0.98 0.98 1.00 0.99 0.99 1.00

9 0.94 0.96 1.00 1.00 1.00 1.00 0.99 0.99 1.00 0.99 0.99 1.00

10 0.94 0.96 1.00 0.99 1.00 1.00 0.99 0.99 1.00 0.99 0.99 1.00
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Table 6.9.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to direct 
and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for the hatchery off, the hatchery on for the first 25 years, the hatchery on for the second 25 years, and the 
hatchery on (base) under the Recovery scenario. 
 

 
  

Recovery ‐ off Recovery ‐ on 1st 25 yr Recovery ‐ on 2nd 25 yr Recovery ‐ base (on)

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 26,699 35,883 48,632 180,695 197,508 219,608 26,443 36,251 48,738 181,207 198,544 219,982

2 3,948 8,092 17,721 166,577 187,474 219,552 3,868 8,401 16,995 166,953 187,430 219,594

3 1,785 4,566 11,734 171,119 193,924 227,432 1,739 4,558 11,690 171,055 192,816 228,268

4 1,456 4,605 13,266 173,929 198,049 235,466 1,479 4,598 13,547 174,162 198,402 236,743

5 1,583 5,560 15,498 175,502 199,391 239,260 1,579 5,456 15,799 175,577 201,414 240,414

6 1,834 6,801 17,337 20,786 38,433 75,962 154,207 167,248 186,565 176,644 200,124 238,869

7 2,075 7,413 19,376 11,728 22,637 44,071 167,295 187,399 218,381 175,734 200,952 242,706

8 2,177 8,374 20,095 8,856 18,173 33,947 171,508 194,802 232,690 176,368 201,284 239,874

9 2,466 8,820 21,434 7,397 16,107 30,883 175,492 199,573 239,042 176,467 202,536 242,691

10 2,709 9,561 21,907 6,498 15,041 28,473 175,650 200,339 239,189 176,594 201,486 243,378
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Table 6.9.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for the hatchery off, the hatchery on for the first 25 years, the hatchery on for the second 25 years, and the 
hatchery on (base) under the Recovery scenario. 
 

 
  

Recovery ‐ off Recovery ‐ on 1st 25 yr Recovery ‐ on 2nd 25 yr Recovery ‐ base (on)

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.10 0.11 0.10 0.11 0.12 0.10 0.10 0.11 0.10 0.11 0.12

4 0.10 0.10 0.11 0.10 0.11 0.12 0.10 0.10 0.11 0.10 0.11 0.12

5 0.10 0.10 0.11 0.10 0.11 0.12 0.10 0.10 0.11 0.10 0.11 0.12

6 0.10 0.10 0.11 0.10 0.10 0.11 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.10 0.11 0.10 0.10 0.11 0.10 0.11 0.12 0.10 0.11 0.12

8 0.09 0.10 0.11 0.10 0.10 0.11 0.10 0.11 0.12 0.10 0.11 0.12

9 0.09 0.10 0.11 0.10 0.10 0.11 0.10 0.11 0.12 0.10 0.11 0.12

10 0.09 0.10 0.11 0.10 0.10 0.11 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.10.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base hatchery discount rate under 
the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 324 744 1,507 117 317 737 51 124 329 28 59 145 19 37 80

3 380 838 1,702 131 350 807 51 122 323 23 51 117 12 25 53

4 397 863 1,737 135 363 806 51 119 344 22 47 111 11 23 48

5 405 873 1,759 142 362 802 52 118 324 22 49 110 10 22 46

6 390 861 1,796 134 356 819 51 120 329 22 47 111 10 22 46

7 401 880 1,774 135 355 822 50 119 330 22 48 111 10 22 46

8 410 849 1,780 137 366 824 52 121 327 22 47 111 10 22 46

9 390 862 1,740 137 360 805 51 121 329 23 47 112 11 22 46

10 397 867 1,755 138 363 810 52 119 324 22 47 111 11 22 45
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Table 6.10.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
hatchery discount rate under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.92 0.92 1.00 0.75 0.76 1.00 0.52 0.52 1.00 0.30 0.30 1.00 0.16 0.16 1.00

3 0.93 0.93 1.00 0.74 0.75 1.00 0.49 0.50 1.00 0.23 0.23 1.00 0.07 0.08 1.00

4 0.92 0.93 1.00 0.76 0.76 1.00 0.48 0.49 1.00 0.21 0.22 1.00 0.07 0.07 1.00

5 0.92 0.93 1.00 0.76 0.77 1.00 0.48 0.48 1.00 0.22 0.23 1.00 0.07 0.07 1.00

6 0.92 0.93 1.00 0.75 0.76 1.00 0.48 0.49 1.00 0.22 0.23 1.00 0.07 0.07 1.00

7 0.92 0.92 1.00 0.75 0.76 1.00 0.48 0.49 1.00 0.22 0.23 1.00 0.07 0.07 1.00

8 0.92 0.93 1.00 0.76 0.76 1.00 0.48 0.48 1.00 0.22 0.22 1.00 0.06 0.07 1.00

9 0.93 0.93 1.00 0.76 0.77 1.00 0.48 0.49 1.00 0.21 0.22 1.00 0.07 0.07 1.00

10 0.93 0.93 1.00 0.75 0.75 1.00 0.48 0.49 1.00 0.22 0.22 1.00 0.07 0.07 1.00



171 
 

Table 6.10.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base hatchery discount rate under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 165,365 178,703 197,079 165,999 178,556 196,582 165,841 178,926 197,361 166,289 179,221 197,220 165,603 178,839 197,219

2 157,706 171,764 191,918 152,999 165,388 182,792 150,923 162,374 178,497 150,070 160,620 175,768 149,154 159,860 175,524

3 157,784 172,287 193,212 153,158 165,131 183,335 150,879 161,515 176,614 149,693 159,954 175,357 149,322 159,737 174,695

4 157,420 171,572 192,396 153,400 165,881 183,300 150,632 162,103 178,765 149,646 160,311 175,617 148,503 158,885 174,742

5 157,938 172,169 193,577 153,168 165,305 182,971 150,815 161,933 177,300 149,609 160,018 175,327 149,161 159,609 175,604

6 157,941 172,206 192,513 153,294 165,680 182,887 150,898 161,633 178,287 149,662 159,542 174,444 149,113 159,352 174,171

7 158,041 172,743 192,629 153,090 165,683 182,862 150,609 161,468 177,244 149,822 160,481 175,620 148,732 158,902 174,193

8 158,154 172,854 193,398 153,837 166,152 183,608 151,036 162,202 178,661 149,660 160,193 175,511 148,884 159,257 174,404

9 157,517 172,359 193,488 153,452 165,558 182,239 150,745 161,823 177,234 149,312 160,188 175,478 148,484 158,850 175,213

10 157,978 172,211 192,969 153,459 165,787 183,690 150,916 161,774 177,611 149,417 159,970 176,198 148,871 159,667 175,554
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Table 6.10.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base hatchery discount rate under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.10.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base hatchery discount rate under 
the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 1,877 3,526 6,736 968 1,894 3,721 525 1,057 2,091 281 644 1,323 171 424 916

3 3,103 5,762 10,972 1,747 3,367 6,412 909 1,891 3,925 461 1,080 2,340 225 626 1,535

4 3,344 6,292 11,803 2,071 3,949 7,502 1,242 2,483 4,813 678 1,526 3,137 330 893 2,125

5 3,464 6,330 11,983 2,200 4,117 7,771 1,408 2,730 5,286 842 1,817 3,611 440 1,124 2,497

6 3,509 6,436 11,707 2,292 4,191 7,822 1,496 2,859 5,454 926 1,948 3,899 526 1,285 2,839

7 3,514 6,394 11,981 2,241 4,171 7,886 1,478 2,924 5,508 986 2,019 4,034 576 1,413 3,078

8 3,501 6,357 11,917 2,257 4,160 7,913 1,538 2,894 5,528 1,019 2,071 4,076 648 1,449 3,081

9 3,496 6,452 11,892 2,254 4,245 7,908 1,518 2,894 5,607 1,039 2,064 4,156 661 1,533 3,255

10 3,503 6,455 11,898 2,264 4,243 7,904 1,531 2,941 5,660 1,058 2,109 4,186 694 1,581 3,262
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Table 6.10.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
hatchery discount rate under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 1.00 1.00 1.00 0.99 0.99 1.00 0.96 0.96 1.00 0.90 0.90 1.00 0.80 0.80 1.00

3 1.00 1.00 1.00 1.00 1.00 1.00 0.98 0.98 1.00 0.90 0.90 1.00 0.74 0.74 1.00

4 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 1.00 0.92 0.93 1.00 0.78 0.79 1.00

5 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 1.00 0.94 0.95 1.00 0.82 0.83 1.00

6 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 1.00 0.95 0.95 1.00 0.84 0.84 1.00

7 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 1.00 0.95 0.95 1.00 0.85 0.86 1.00

8 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 1.00 0.96 0.96 1.00 0.87 0.87 1.00

9 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 1.00 0.96 0.96 1.00 0.88 0.88 1.00

10 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 1.00 0.96 0.96 1.00 0.87 0.87 1.00
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Table 6.10.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base hatchery discount rate under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 181,067 198,090 220,504 180,974 198,270 221,056 181,207 198,544 219,982 181,178 198,427 220,336 181,231 197,740 220,049

2 193,621 235,848 315,133 178,505 205,722 252,370 166,953 187,430 219,594 160,911 178,178 203,868 157,574 172,066 193,831

3 205,419 256,617 348,233 184,937 217,117 273,408 171,055 192,816 228,268 162,782 179,199 206,092 157,318 172,219 193,138

4 210,390 262,588 351,977 187,974 221,950 280,880 174,162 198,402 236,743 164,519 182,951 210,077 157,615 173,956 197,029

5 209,072 263,480 355,769 189,097 222,899 286,954 175,577 201,414 240,414 165,305 184,289 212,356 158,939 174,965 198,038

6 209,711 263,452 355,818 189,913 223,391 283,662 176,644 200,124 238,869 167,238 186,040 215,607 159,620 177,157 200,699

7 210,051 264,119 356,858 189,426 224,758 285,891 175,734 200,952 242,706 166,920 187,060 217,041 160,798 177,765 201,480

8 210,123 265,923 359,667 189,444 224,644 287,472 176,368 201,284 239,874 167,143 186,848 217,510 161,726 177,725 203,510

9 210,433 265,151 361,232 188,980 225,057 287,932 176,467 202,536 242,691 167,926 187,483 216,775 161,851 178,410 203,785

10 210,608 264,157 353,760 188,958 224,366 285,240 176,594 201,486 243,378 168,112 188,347 217,938 162,250 180,153 205,031
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Table 6.10.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base hatchery discount rate under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12

7 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.11.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base number of smolts stocked 
under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 19 37 79 27 60 144 51 124 329 120 319 721 327 731 1,516

3 12 25 51 24 49 117 51 122 323 129 349 782 393 824 1,748

4 11 22 48 23 48 109 51 119 344 133 368 801 383 867 1,755

5 11 22 46 22 48 110 52 118 324 137 367 817 389 875 1,799

6 11 22 46 22 48 109 51 120 329 136 357 820 396 863 1,776

7 10 22 46 22 48 109 50 119 330 138 359 833 409 877 1,749

8 11 21 45 22 46 113 52 121 327 136 357 808 407 861 1,758

9 10 22 46 22 47 112 51 121 329 136 361 825 404 870 1,783

10 11 22 46 21 47 112 52 119 324 137 367 804 389 870 1,785
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Table 6.11.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
number of smolts stocked under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.16 0.16 1.00 0.30 0.30 1.00 0.52 0.52 1.00 0.75 0.76 1.00 0.91 0.91 1.00

3 0.07 0.08 1.00 0.23 0.23 1.00 0.49 0.50 1.00 0.75 0.76 1.00 0.92 0.92 1.00

4 0.06 0.07 1.00 0.22 0.23 1.00 0.48 0.49 1.00 0.75 0.76 1.00 0.92 0.93 1.00

5 0.06 0.07 1.00 0.22 0.23 1.00 0.48 0.48 1.00 0.76 0.76 1.00 0.92 0.92 1.00

6 0.07 0.07 1.00 0.22 0.23 1.00 0.48 0.49 1.00 0.75 0.76 1.00 0.93 0.93 1.00

7 0.07 0.07 1.00 0.22 0.22 1.00 0.48 0.49 1.00 0.76 0.77 1.00 0.93 0.93 1.00

8 0.07 0.07 1.00 0.22 0.23 1.00 0.48 0.48 1.00 0.75 0.76 1.00 0.93 0.93 1.00

9 0.07 0.07 1.00 0.22 0.22 1.00 0.48 0.49 1.00 0.75 0.76 1.00 0.92 0.93 1.00

10 0.07 0.07 1.00 0.22 0.22 1.00 0.48 0.49 1.00 0.75 0.76 1.00 0.93 0.93 1.00
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Table 6.11.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base number of smolts stocked under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 52,447 58,663 66,557 90,503 98,929 110,096 165,841 178,926 197,361 315,266 337,480 369,994 613,771 656,846 716,789

2 37,385 40,180 44,232 75,302 80,699 88,904 150,923 162,374 178,497 302,438 324,746 355,701 606,797 651,212 714,989

3 37,393 39,889 43,786 74,890 80,161 88,102 150,879 161,515 176,614 303,353 326,912 359,220 608,682 651,757 717,704

4 37,425 40,031 43,822 75,268 80,614 88,490 150,632 162,103 178,765 303,145 325,840 358,520 607,944 654,580 720,626

5 37,370 40,194 44,107 74,995 80,789 88,333 150,815 161,933 177,300 302,954 325,373 358,031 607,628 653,823 719,290

6 37,313 40,019 43,995 74,986 80,652 88,357 150,898 161,633 178,287 302,442 324,316 355,908 607,555 652,512 719,547

7 37,273 39,973 43,809 74,969 80,317 87,504 150,609 161,468 177,244 302,709 324,418 356,975 607,010 652,238 716,696

8 37,377 40,069 44,010 74,700 80,509 88,371 151,036 162,202 178,661 302,963 325,007 359,588 606,462 652,664 718,012

9 37,321 39,909 43,765 74,977 80,250 87,980 150,745 161,823 177,234 303,362 325,112 356,554 609,600 651,963 716,238

10 37,393 39,951 43,822 74,956 80,566 88,506 150,916 161,774 177,611 303,121 325,348 357,710 608,739 655,180 718,771
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Table 6.11.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base number of smolts stocked under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.11.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base number of smolts stocked 
under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 174 428 929 288 637 1,305 525 1,057 2,091 954 1,874 3,741 1,885 3,555 6,968

3 237 620 1,513 446 1,092 2,372 909 1,891 3,925 1,716 3,325 6,597 3,113 5,811 10,912

4 339 890 2,128 662 1,494 3,216 1,242 2,483 4,813 2,100 3,908 7,457 3,443 6,284 11,690

5 453 1,135 2,527 832 1,802 3,658 1,408 2,730 5,286 2,213 4,055 7,798 3,471 6,416 11,888

6 554 1,323 2,774 939 1,940 3,845 1,496 2,859 5,454 2,267 4,161 7,869 3,457 6,455 12,101

7 637 1,433 2,987 988 2,005 4,064 1,478 2,924 5,508 2,276 4,167 7,859 3,489 6,493 12,000

8 666 1,521 3,186 1,035 2,087 4,181 1,538 2,894 5,528 2,265 4,129 7,902 3,456 6,496 12,019

9 694 1,544 3,272 1,016 2,076 4,202 1,518 2,894 5,607 2,260 4,160 7,906 3,539 6,520 11,791

10 708 1,570 3,253 1,042 2,113 4,187 1,531 2,941 5,660 2,261 4,218 8,028 3,477 6,383 11,830



182 
 

Table 6.11.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
number of smolts stocked under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.80 0.80 1.00 0.90 0.90 1.00 0.96 0.96 1.00 0.99 0.99 1.00 1.00 1.00 1.00

3 0.74 0.75 1.00 0.89 0.90 1.00 0.98 0.98 1.00 1.00 1.00 1.00 1.00 1.00 1.00

4 0.79 0.79 1.00 0.92 0.93 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00

5 0.83 0.83 1.00 0.93 0.94 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00

6 0.85 0.86 1.00 0.95 0.95 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00

7 0.87 0.87 1.00 0.95 0.95 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00

8 0.87 0.87 1.00 0.96 0.96 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00

9 0.88 0.88 1.00 0.95 0.96 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00

10 0.88 0.88 1.00 0.96 0.96 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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Table 6.11.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base number of smolts stocked under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 66,294 76,800 90,552 104,967 117,463 134,139 181,207 198,544 219,982 332,519 357,745 394,440 632,841 676,546 740,803

2 42,154 49,195 62,318 84,336 95,604 115,045 166,953 187,430 219,594 332,418 371,021 429,684 660,074 732,012 834,667

3 41,390 48,185 61,195 84,544 97,501 117,649 171,055 192,816 228,268 339,069 381,813 448,125 674,450 751,918 864,879

4 42,536 50,113 63,826 86,332 100,508 122,456 174,162 198,402 236,743 344,416 389,432 454,240 678,342 758,920 870,301

5 42,846 51,531 67,269 87,812 102,461 126,191 175,577 201,414 240,414 345,136 388,794 458,346 679,923 760,949 870,663

6 43,879 53,080 69,174 89,526 104,626 127,963 176,644 200,124 238,869 343,086 388,719 459,964 679,956 758,601 877,164

7 45,064 54,498 71,394 89,143 104,871 129,460 175,734 200,952 242,706 345,842 390,714 458,828 678,265 756,041 873,365

8 45,056 55,179 72,671 89,820 105,112 130,283 176,368 201,284 239,874 345,441 389,321 458,803 679,233 761,494 874,070

9 45,263 55,557 74,177 90,084 104,731 130,935 176,467 202,536 242,691 345,435 390,098 457,810 679,031 760,905 868,326

10 45,664 55,384 73,677 90,059 104,966 131,323 176,594 201,486 243,378 345,356 389,375 457,772 677,369 762,334 873,159
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Table 6.11.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base number of smolts stocked under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.10 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.10 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.10 0.11 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.10 0.11 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.10 0.11 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.10 0.11 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.10 0.11 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.10 0.11 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.12.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for all smolts stocked in the Piscataquis River, all smolts stocked in PU 2, 
smolts stocked using the base distribution, smolts stocked equally among PUs, and all smolts stocked below Veazie Dam under the 
Base Case scenario. 
 

 
  

Base Case ‐ all in Pisc Base Case ‐ all in PU 2 Base Case ‐ base Base Case ‐ equal in all PUs Base Case ‐ all below VZ

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 32 72 190 27 59 147 51 124 329 65 135 334 208 393 798

3 27 62 157 22 48 114 51 122 323 67 138 328 251 459 926

4 27 60 155 21 46 107 51 119 344 69 142 335 253 478 943

5 26 60 155 21 47 108 52 118 324 70 143 338 259 479 937

6 26 60 154 21 46 110 51 120 329 69 144 335 254 479 958

7 27 61 154 21 47 111 50 119 330 70 141 345 256 484 936

8 27 59 151 22 47 109 52 121 327 68 142 341 257 480 947

9 27 60 150 21 47 111 51 121 329 70 140 339 256 483 950

10 27 61 152 21 46 110 52 119 324 69 139 347 254 481 962
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Table 6.12.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for all smolts stocked in the Piscataquis 
River, all smolts stocked in PU 2, smolts stocked using the base distribution, smolts stocked equally among PUs, and all smolts 
stocked below Veazie Dam under the Base Case scenario. 
 

 
  

Base Case ‐ all in Pisc Base Case ‐ all in PU 2 Base Case ‐ base Base Case ‐ equal in all PUs Base Case ‐ all below VZ

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.36 0.39 1.00 0.33 0.30 1.00 0.52 0.52 1.00 0.44 0.44 1.00 0.33 0.33 1.00

3 0.25 0.33 1.00 0.25 0.23 1.00 0.49 0.50 1.00 0.38 0.39 1.00 0.31 0.32 1.00

4 0.24 0.33 1.00 0.25 0.22 1.00 0.48 0.49 1.00 0.39 0.39 1.00 0.32 0.33 1.00

5 0.24 0.32 1.00 0.25 0.22 1.00 0.48 0.48 1.00 0.38 0.39 1.00 0.32 0.32 1.00

6 0.23 0.33 1.00 0.25 0.22 1.00 0.48 0.49 1.00 0.38 0.38 1.00 0.32 0.33 1.00

7 0.24 0.33 1.00 0.25 0.22 1.00 0.48 0.49 1.00 0.38 0.39 1.00 0.31 0.32 1.00

8 0.23 0.32 1.00 0.25 0.22 1.00 0.48 0.48 1.00 0.38 0.39 1.00 0.32 0.32 1.00

9 0.23 0.32 1.00 0.25 0.22 1.00 0.48 0.49 1.00 0.39 0.39 1.00 0.32 0.33 1.00

10 0.24 0.32 1.00 0.25 0.22 1.00 0.48 0.49 1.00 0.38 0.38 1.00 0.32 0.33 1.00
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Table 6.12.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for all smolts stocked in the Piscataquis River, all smolts stocked in PU 2, smolts stocked using the base 
distribution, smolts stocked equally among PUs, and all smolts stocked below Veazie Dam under the Base Case scenario. 
 

 
  

Base Case ‐ all in Pisc Base Case ‐ all in PU 2 Base Case ‐ base Base Case ‐ equal in all PUs Base Case ‐ all below VZ

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 222,805 239,303 262,636 255,824 280,102 300,659 165,841 178,926 197,361 176,739 190,776 208,235 21,610 26,224 32,276

2 206,591 219,916 241,186 239,235 262,117 281,627 150,923 162,374 178,497 161,363 172,972 189,922 6,916 9,394 11,290

3 206,603 220,704 241,619 238,627 261,656 280,725 150,879 161,515 176,614 161,009 172,565 188,778 6,963 9,578 11,394

4 206,349 220,485 242,885 238,535 261,905 281,134 150,632 162,103 178,765 160,210 172,376 188,915 6,990 9,852 11,446

5 206,299 220,156 241,841 239,078 260,270 280,136 150,815 161,933 177,300 160,498 171,969 188,342 6,987 9,830 11,450

6 206,037 220,183 241,683 239,298 261,645 281,208 150,898 161,633 178,287 160,864 172,502 189,577 6,995 9,783 11,471

7 205,949 220,342 241,240 239,033 262,324 281,212 150,609 161,468 177,244 160,892 172,295 188,594 6,987 9,459 11,429

8 206,301 220,826 242,780 239,166 260,611 280,416 151,036 162,202 178,661 160,852 172,313 188,824 6,998 9,542 11,457

9 206,438 220,636 242,931 238,877 261,315 280,850 150,745 161,823 177,234 161,102 173,110 189,208 6,998 9,721 11,454

10 206,040 219,994 241,537 240,029 260,901 280,939 150,916 161,774 177,611 160,823 172,634 187,636 6,983 9,414 11,423
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Table 6.12.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for all smolts stocked in the Piscataquis River, all smolts stocked in PU 2, smolts stocked using the base 
distribution, smolts stocked equally among PUs, and all smolts stocked below Veazie Dam under the Base Case scenario. 
 

 
  

Base Case ‐ all in Pisc Base Case ‐ all in PU 2 Base Case ‐ base Base Case ‐ equal in all PUs Base Case ‐ all below VZ

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.12 0.09 0.09 0.10

2 0.10 0.10 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.13 0.06 0.06 0.09

3 0.10 0.11 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.12 0.06 0.06 0.09

4 0.10 0.11 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.12 0.06 0.06 0.09

5 0.10 0.11 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.12 0.06 0.06 0.09

6 0.10 0.11 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.13 0.06 0.06 0.09

7 0.10 0.11 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.12 0.06 0.06 0.09

8 0.10 0.11 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.12 0.06 0.06 0.09

9 0.10 0.11 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.13 0.06 0.06 0.09

10 0.10 0.11 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.12 0.06 0.06 0.09
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Table 6.12.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for all smolts stocked in the Piscataquis River, all smolts stocked in PU 2, 
smolts stocked using the base distribution, smolts stocked equally among PUs, and all smolts stocked below Veazie Dam under the 
Recovery scenario. 
 

 
  

Recovery ‐ all in Pisc Recovery ‐ all in PU 2 Recovery ‐ base Recovery ‐ equal in all PUs Recovery ‐ all below VZ

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 354 760 1,515 295 645 1,326 525 1,057 2,091 524 1,075 2,112 1,008 1,995 3,986

3 580 1,288 2,690 442 1,079 2,310 909 1,891 3,925 954 1,965 3,950 1,864 3,565 6,571

4 830 1,770 3,567 643 1,474 3,150 1,242 2,483 4,813 1,283 2,519 4,807 2,119 3,834 7,216

5 990 2,068 4,073 813 1,739 3,551 1,408 2,730 5,286 1,398 2,734 5,136 2,124 3,950 7,484

6 1,104 2,217 4,255 899 1,894 3,861 1,496 2,859 5,454 1,465 2,782 5,285 2,182 4,014 7,460

7 1,155 2,282 4,521 968 1,983 3,952 1,478 2,924 5,508 1,505 2,827 5,417 2,123 4,004 7,368

8 1,182 2,303 4,529 998 2,053 4,009 1,538 2,894 5,528 1,485 2,873 5,366 2,158 4,012 7,497

9 1,185 2,342 4,635 1,022 2,060 4,125 1,518 2,894 5,607 1,511 2,814 5,396 2,189 4,007 7,382

10 1,189 2,324 4,685 1,024 2,090 4,107 1,531 2,941 5,660 1,510 2,855 5,454 2,171 4,029 7,638
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Table 6.12.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for all smolts stocked in the Piscataquis 
River, all smolts stocked in PU 2, smolts stocked using the base distribution, smolts stocked equally among PUs, and all smolts 
stocked below Veazie Dam under the Recovery scenario. 
 

 
  

Recovery ‐ all in Pisc Recovery ‐ all in PU 2 Recovery ‐ base Recovery ‐ equal in all PUs Recovery ‐ all below VZ

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.92 0.93 1.00 0.91 0.90 1.00 0.96 0.96 1.00 0.94 0.94 1.00 0.91 0.91 1.00

3 0.91 0.94 1.00 0.91 0.89 1.00 0.98 0.98 1.00 0.96 0.96 1.00 0.96 0.96 1.00

4 0.94 0.95 1.00 0.93 0.92 1.00 0.99 0.99 1.00 0.97 0.98 1.00 0.97 0.98 1.00

5 0.95 0.97 1.00 0.94 0.93 1.00 0.99 0.99 1.00 0.98 0.98 1.00 0.98 0.98 1.00

6 0.96 0.97 1.00 0.95 0.94 1.00 0.99 0.99 1.00 0.98 0.98 1.00 0.97 0.98 1.00

7 0.96 0.97 1.00 0.96 0.95 1.00 0.99 0.99 1.00 0.98 0.98 1.00 0.98 0.98 1.00

8 0.97 0.98 1.00 0.96 0.96 1.00 0.99 0.99 1.00 0.98 0.98 1.00 0.98 0.98 1.00

9 0.97 0.98 1.00 0.96 0.95 1.00 0.99 0.99 1.00 0.98 0.98 1.00 0.98 0.98 1.00

10 0.96 0.97 1.00 0.96 0.96 1.00 0.99 0.99 1.00 0.98 0.98 1.00 0.98 0.98 1.00
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Table 6.12.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for all smolts stocked in the Piscataquis River, all smolts stocked in PU 2, smolts stocked using the base 
distribution, smolts stocked equally among PUs, and all smolts stocked below Veazie Dam under the Recovery scenario. 
 

 
  

Recovery ‐ all in Pisc Recovery ‐ all in PU 2 Recovery ‐ base Recovery ‐ equal in all PUs Recovery ‐ all below VZ

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 238,335 257,927 285,908 271,711 298,167 323,743 181,207 198,544 219,982 191,771 209,396 230,691 34,659 44,421 56,669

2 222,263 245,437 280,566 256,476 282,612 310,639 166,953 187,430 219,594 175,615 195,393 222,023 14,098 23,445 39,198

3 223,809 249,022 283,935 256,745 284,237 314,129 171,055 192,816 228,268 179,625 198,970 227,587 18,458 28,480 46,163

4 226,808 252,368 291,019 260,764 288,626 320,786 174,162 198,402 236,743 182,164 203,619 234,833 20,753 31,278 52,026

5 228,488 255,223 293,742 263,442 290,512 323,783 175,577 201,414 240,414 183,168 205,190 235,832 21,050 32,514 53,796

6 229,191 257,310 297,398 262,801 291,733 325,826 176,644 200,124 238,869 183,805 205,958 237,064 21,671 33,314 54,799

7 230,418 257,186 297,823 262,421 291,480 326,540 175,734 200,952 242,706 183,452 205,934 238,854 21,439 33,414 54,924

8 230,198 258,014 298,353 265,121 291,922 326,876 176,368 201,284 239,874 182,959 205,769 238,829 21,204 33,013 55,865

9 230,401 256,376 296,544 263,545 291,965 328,254 176,467 202,536 242,691 184,424 206,237 237,707 21,208 33,117 56,319

10 231,194 259,232 301,109 264,171 293,519 328,503 176,594 201,486 243,378 184,130 206,317 239,419 21,411 33,391 55,035
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Table 6.12.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for all smolts stocked in the Piscataquis River, all smolts stocked in PU 2, smolts stocked using the base 
distribution, smolts stocked equally among PUs, and all smolts stocked below Veazie Dam under the Recovery scenario. 
 

 
  

Recovery ‐ all in Pisc Recovery ‐ all in PU 2 Recovery ‐ base Recovery ‐ equal in all PUs Recovery ‐ all below VZ

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.12 0.09 0.10 0.11

2 0.10 0.11 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.12 0.08 0.09 0.10

3 0.10 0.10 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.12 0.08 0.09 0.10

4 0.10 0.11 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.12 0.08 0.09 0.10

5 0.10 0.10 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.12 0.08 0.09 0.10

6 0.10 0.11 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.12 0.08 0.09 0.10

7 0.10 0.10 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.12 0.08 0.09 0.10

8 0.10 0.10 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.12 0.08 0.09 0.10

9 0.10 0.10 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.12 0.08 0.09 0.10

10 0.10 0.11 0.12 0.11 0.13 0.14 0.10 0.11 0.12 0.10 0.11 0.12 0.09 0.09 0.10
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Table 6.13.1. Alternate homing rates and straying patterns by production unit (PU) for the Dam Impact Analysis Model, based on an 
assessment of previous behavioral studies, fishway trap data, and Expert Panel recommendations, but local knowledge was excluded 
(RulesX1). The Natal PU (rows) identifies where a fish was reared and the Final Destination PU (columns) identifies where a fish will 
attempt to migrate. Homing rates are bolded and listed in the diagonal row. Grey cells indicate no straying from that Natal PU into the 
Final Destination PU. 
 

 
  

Natal PU 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 0.900 0.090 0.010 0 0 0 0 0 0 0 0 0 0 0 0

2 0.045 0.900 0.045 0 0 0 0 0 0.010 0 0 0 0 0 0

3 0 0.045 0.900 0.045 0 0 0 0 0.010 0 0 0 0 0 0

4 0 0 0.045 0.900 0 0.045 0 0 0.010 0 0 0 0 0 0

5 0 0 0 0.050 0.900 0.050 0 0 0 0 0 0 0 0 0

6 0 0 0 0.090 0 0.900 0 0 0.010 0 0 0 0 0 0

7 0 0 0 0.045 0 0 0.900 0.045 0.010 0 0 0 0 0 0

8 0 0 0 0.010 0 0 0.090 0.900 0 0 0 0 0 0 0

9 0 0 0.090 0.090 0 0 0 0 0.700 0.030 0 0 0 0 0.090

10 0 0 0 0 0 0 0 0 0.270 0.700 0 0.030 0 0 0

11 0 0 0 0 0 0 0 0 0.270 0.030 0.700 0 0 0 0

12 0 0 0 0 0 0 0 0 0 0.270 0 0.700 0 0.030 0

13 0 0 0 0 0 0 0 0 0 0 0 0.050 0.900 0.050 0

14 0 0 0 0 0 0 0 0 0 0 0 0.270 0.030 0.700 0

15 0 0 0 0 0 0 0 0 0.100 0 0 0 0 0 0.900

Final Destination PU
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Table 6.13.2. Alternate homing rates and straying patterns by production unit (PU) for the Dam Impact Analysis Model, based on 
applying the RulesX1 table to itself to further distribute straying fish (RulesX2). The Natal PU (rows) identifies where a fish was reared 
and the Final Destination PU (columns) identifies where a fish will attempt to migrate. Homing rates are bolded and listed in the diagonal 
row. Grey cells indicate no straying from that Natal PU into the Final Destination PU. 
 

 
  

Natal PU 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 0.904 0.081 0.013 0.000 0 0 0 0 0.001 0 0 0 0 0 0

2 0.041 0.906 0.042 0.003 0 0 0 0 0.007 0.000 0 0 0 0 0.001

3 0.002 0.041 0.905 0.041 0 0.002 0 0 0.008 0.000 0 0 0 0 0.001

4 0 0.002 0.041 0.907 0 0.041 0 0 0.008 0.000 0 0 0 0 0.001

5 0 0 0.002 0.050 0.900 0.047 0 0 0.001 0 0 0 0 0 0

6 0 0 0.005 0.082 0 0.904 0 0 0.008 0.000 0 0 0 0 0.001

7 0 0 0.003 0.042 0.002 0 0.904 0.041 0.007 0.000 0 0 0 0 0.001

8 0 0 0.000 0.013 0 0.000 0.081 0.904 0.001 0 0 0 0 0 0

9 0 0.004 0.085 0.085 0 0.004 0 0 0.719 0.021 0 0.001 0 0 0.081

10 0 0 0.024 0.024 0 0 0 0 0.189 0.716 0 0.021 0 0.001 0.024

11 0 0 0.024 0.024 0 0 0 0 0.197 0.029 0.700 0.001 0 0 0.024

12 0 0 0 0 0 0 0 0 0.073 0.189 0 0.716 0.001 0.021 0

13 0 0 0 0 0 0 0 0 0 0.014 0 0.049 0.902 0.037 0

14 0 0 0 0 0 0 0 0 0 0.073 0 0.191 0.027 0.710 0

15 0 0.009 0.009 0 0 0 0 0 0.070 0.003 0 0 0 0 0.909

Final Destination PU
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Table 6.13.3. Alternate homing rates and straying patterns by production unit (PU) for the Dam Impact Analysis Model, where all adults 
return to their natal PU (100% home). The Natal PU (rows) identifies where a fish was reared and the Final Destination PU (columns) 
identifies where a fish will attempt to migrate. Homing rates are bolded and listed in the diagonal row. Grey cells indicate no straying 
from that Natal PU into the Final Destination PU. 
 

 
  

Natal PU 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0 0

2 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0 0

3 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0 0

4 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0 0

5 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0 0

6 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0 0

7 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0 0

8 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0 0

9 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0 0

11 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0 0

12 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0 0

13 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0 0

14 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0

15 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000

Final Destination PU
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Table 6.13.4. Alternate homing rates and straying patterns by production unit (PU) for the Dam Impact Analysis Model, where all 
returning adults stray equally to other PUs (=straying). The Natal PU (rows) identifies where a fish was reared and the Final Destination 
PU (columns) identifies where a fish will attempt to migrate. Homing rates are bolded and listed in the diagonal row. Grey cells indicate 
no straying from that Natal PU into the Final Destination PU. 
 

 
  

Natal PU 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 0 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071

2 0.071 0 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071

3 0.071 0.071 0 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071

4 0.071 0.071 0.071 0 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071

5 0.071 0.071 0.071 0.071 0 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071

6 0.071 0.071 0.071 0.071 0.071 0 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071

7 0.071 0.071 0.071 0.071 0.071 0.071 0 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071

8 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0 0.071 0.071 0.071 0.071 0.071 0.071 0.071

9 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0 0.071 0.071 0.071 0.071 0.071 0.071

10 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0 0.071 0.071 0.071 0.071 0.071

11 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0 0.071 0.071 0.071 0.071

12 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0 0.071 0.071 0.071

13 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0 0.071 0.071

14 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0 0.071

15 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0

Final Destination PU



197 
 

Table 6.13.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for the straying scenarios RulesX1, RulesX2, the base, 100% home, and 
=straying under the Base Case scenario. 
 

 
  

Base Case ‐ RulesX1 Base Case ‐ RulesX2 Base Case ‐ base Base Case ‐ 100% home Base Case ‐ =straying

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 53 123 339 51 125 335 51 124 329 53 124 335 57 131 338

3 52 120 324 51 121 322 51 122 323 51 119 335 53 124 334

4 52 121 332 52 120 322 51 119 344 52 120 326 54 123 332

5 51 122 326 51 121 329 52 118 324 50 120 328 54 124 328

6 51 122 333 51 118 332 51 120 329 52 122 332 54 123 325

7 53 121 324 51 119 330 50 119 330 52 121 323 54 121 332

8 52 119 328 50 120 339 52 121 327 51 123 334 54 126 328

9 54 121 327 51 120 326 51 121 329 51 123 335 54 123 329

10 53 124 323 52 119 321 52 119 324 51 123 322 53 124 325
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Table 6.13.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for the straying scenarios RulesX1, RulesX2, 
the base, 100% home, and =straying under the Base Case scenario. 
 

 
  

Base Case ‐ RulesX1 Base Case ‐ RulesX2 Base Case ‐ base Base Case ‐ 100% home Base Case ‐ =straying

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.50 0.51 1.00 0.51 0.52 1.00 0.52 0.52 1.00 0.51 0.52 1.00 0.48 0.48 1.00

3 0.47 0.48 1.00 0.47 0.48 1.00 0.49 0.50 1.00 0.47 0.48 1.00 0.46 0.46 1.00

4 0.47 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.47 0.48 1.00 0.47 0.47 1.00

5 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.48 1.00 0.48 0.48 1.00 0.47 0.47 1.00

6 0.48 0.48 1.00 0.48 0.48 1.00 0.48 0.49 1.00 0.47 0.48 1.00 0.47 0.47 1.00

7 0.48 0.48 1.00 0.48 0.48 1.00 0.48 0.49 1.00 0.47 0.48 1.00 0.46 0.46 1.00

8 0.47 0.48 1.00 0.47 0.48 1.00 0.48 0.48 1.00 0.47 0.48 1.00 0.47 0.47 1.00

9 0.47 0.48 1.00 0.47 0.47 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.47 0.47 1.00

10 0.48 0.49 1.00 0.47 0.48 1.00 0.48 0.49 1.00 0.48 0.48 1.00 0.47 0.47 1.00
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Table 6.13.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for the straying scenarios RulesX1, RulesX2, the base, 100% home, and =straying under the Base Case 
scenario. 
 

 
  

Base Case ‐ RulesX1 Base Case ‐ RulesX2 Base Case ‐ base Base Case ‐ 100% home Base Case ‐ =straying

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 165,902 179,096 196,955 165,967 178,868 196,533 165,841 178,926 197,361 165,939 179,200 197,855 165,491 178,387 196,732

2 151,123 162,997 179,091 150,986 162,184 177,798 150,923 162,374 178,497 151,035 162,019 178,972 150,824 161,876 178,444

3 151,280 162,742 178,759 151,065 162,112 178,351 150,879 161,515 176,614 150,953 161,952 177,810 150,907 161,721 178,169

4 150,850 161,898 178,680 151,198 162,089 177,354 150,632 162,103 178,765 151,024 162,236 178,468 151,086 161,967 178,097

5 150,959 161,981 177,425 150,884 161,622 177,758 150,815 161,933 177,300 150,600 162,029 178,304 150,684 161,727 178,064

6 150,837 161,823 177,989 150,608 161,688 178,523 150,898 161,633 178,287 150,924 162,614 178,175 150,961 161,851 177,767

7 151,212 161,833 178,603 150,573 161,997 178,365 150,609 161,468 177,244 150,927 161,816 177,903 150,729 161,763 178,391

8 151,047 161,731 177,730 151,447 162,758 178,843 151,036 162,202 178,661 150,644 161,665 177,230 151,158 162,211 177,581

9 151,225 162,380 178,773 150,744 162,079 178,689 150,745 161,823 177,234 150,819 161,930 177,775 150,757 161,677 177,284

10 151,130 161,989 178,353 151,039 162,360 178,153 150,916 161,774 177,611 150,703 161,664 177,633 150,640 161,741 177,777



200 
 

Table 6.13.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for the straying scenarios RulesX1, RulesX2, the base, 100% home, and =straying under the Base Case 
scenario. 
 

 
  

Base Case ‐ RulesX1 Base Case ‐ RulesX2 Base Case ‐ base Base Case ‐ 100% home Base Case ‐ =straying

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.13.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for the straying scenarios RulesX1, RulesX2, the base, 100% home, and 
=straying under the Recovery scenario. 
 

 
  

Recovery ‐ RulesX1 Recovery ‐ RulesX2 Recovery ‐ base Recovery ‐ 100% home Recovery ‐ =straying

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 523 1,053 2,096 515 1,065 2,124 525 1,057 2,091 524 1,063 2,092 536 1,066 2,077

3 932 1,865 3,717 914 1,855 3,754 909 1,891 3,925 898 1,882 3,801 900 1,880 3,762

4 1,145 2,290 4,432 1,125 2,282 4,503 1,242 2,483 4,813 1,120 2,156 4,234 1,147 2,338 4,681

5 1,209 2,373 4,596 1,223 2,396 4,697 1,408 2,730 5,286 1,161 2,274 4,463 1,273 2,569 4,995

6 1,262 2,444 4,681 1,249 2,404 4,703 1,496 2,859 5,454 1,169 2,279 4,440 1,329 2,658 5,177

7 1,267 2,427 4,697 1,289 2,489 4,722 1,478 2,924 5,508 1,176 2,241 4,534 1,375 2,652 5,114

8 1,298 2,465 4,582 1,272 2,466 4,769 1,538 2,894 5,528 1,168 2,299 4,470 1,380 2,683 5,242

9 1,272 2,478 4,727 1,273 2,466 4,759 1,518 2,894 5,607 1,166 2,334 4,488 1,375 2,703 5,230

10 1,252 2,479 4,742 1,297 2,468 4,705 1,531 2,941 5,660 1,188 2,330 4,505 1,370 2,742 5,288
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Table 6.13.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for the straying scenarios RulesX1, RulesX2, 
the base, 100% home, and =straying under the Recovery scenario. 
 

 
  

Recovery ‐ RulesX1 Recovery ‐ RulesX2 Recovery ‐ base Recovery ‐ 100% home Recovery ‐ =straying

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.96 0.96 1.00 0.96 0.96 1.00 0.96 0.96 1.00 0.96 0.96 1.00 0.96 0.96 1.00

3 0.98 0.98 1.00 0.98 0.98 1.00 0.98 0.98 1.00 0.97 0.97 1.00 0.98 0.98 1.00

4 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.98 0.98 1.00 0.99 0.99 1.00

5 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.98 0.98 1.00 0.99 0.99 1.00

6 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.98 0.99 1.00 0.99 0.99 1.00

7 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 1.00 1.00 1.00

8 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

9 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 1.00 1.00 1.00

10 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.98 0.99 1.00 0.99 0.99 1.00
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Table 6.13.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for the straying scenarios RulesX1, RulesX2, the base, 100% home, and =straying under the Recovery scenario. 
 

 
  

Recovery ‐ RulesX1 Recovery ‐ RulesX2 Recovery ‐ base Recovery ‐ 100% home Recovery ‐ =straying

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 181,567 198,742 220,748 181,433 198,258 219,757 181,207 198,544 219,982 181,530 198,446 220,344 182,058 198,722 219,903

2 168,352 190,399 224,269 169,056 191,428 225,980 166,953 187,430 219,594 169,030 190,548 219,838 167,217 186,899 216,545

3 172,342 193,351 223,850 172,372 194,439 227,261 171,055 192,816 228,268 170,458 190,145 219,077 176,136 203,688 249,670

4 172,649 193,835 225,757 174,616 197,207 229,107 174,162 198,402 236,743 171,570 191,686 218,756 181,938 212,104 263,543

5 174,332 195,521 227,063 175,350 197,107 228,643 175,577 201,414 240,414 171,198 191,258 219,271 184,561 214,694 270,014

6 174,539 195,561 227,605 175,783 198,847 231,457 176,644 200,124 238,869 171,513 190,940 218,543 184,218 218,318 275,167

7 173,559 195,886 228,124 175,778 198,412 229,755 175,734 200,952 242,706 172,265 191,229 219,097 185,208 217,861 272,754

8 174,805 195,170 226,626 175,433 197,493 230,335 176,368 201,284 239,874 171,932 191,575 219,289 185,719 218,943 276,066

9 175,053 196,088 229,547 176,730 198,699 230,419 176,467 202,536 242,691 171,400 190,903 219,499 185,681 218,812 275,689

10 173,419 195,785 229,240 175,351 197,638 230,300 176,594 201,486 243,378 172,185 191,229 219,437 185,607 218,986 277,836
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Table 6.13.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for the straying scenarios RulesX1, RulesX2, the base, 100% home, and =straying under the Recovery scenario. 
 

 
  

Recovery ‐ RulesX1 Recovery ‐ RulesX2 Recovery ‐ base Recovery ‐ 100% home Recovery ‐ =straying

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12

4 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12

7 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.14.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for the proportion of adults that die after unsuccessfully passing a dam 
equal to 0, 0.012, the base, 0.024, and 0.048 under the Base Case scenario. 
 

 
  

Base Case ‐ 0 Base Case ‐ 0.012 Base Case ‐ base Base Case ‐ 0.024 Base Case ‐ 0.048

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 53 123 343 50 125 347 51 124 329 51 124 335 49 121 328

3 52 125 334 50 122 327 51 122 323 51 116 319 50 116 324

4 52 125 340 51 121 339 51 119 344 50 121 329 49 120 332

5 52 127 341 52 123 332 52 118 324 52 120 327 50 117 329

6 52 124 335 52 124 327 51 120 329 51 121 326 49 119 326

7 53 125 336 53 122 329 50 119 330 51 123 325 50 119 318

8 52 124 349 52 123 340 52 121 327 50 120 328 49 118 333

9 54 126 332 51 123 333 51 121 329 51 122 328 50 119 326

10 51 126 339 52 125 334 52 119 324 51 120 330 50 120 331
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Table 6.14.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for the proportion of adults that die after 
unsuccessfully passing a dam equal to 0, 0.012, the base, 0.024, and 0.048 under the Base Case scenario. 
 

 
  

Base Case ‐ 0 Base Case ‐ 0.012 Base Case ‐ base Base Case ‐ 0.024 Base Case ‐ 0.048

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.52 0.52 1.00 0.52 0.52 1.00 0.52 0.52 1.00 0.51 0.52 1.00 0.52 0.53 1.00

3 0.48 0.49 1.00 0.48 0.48 1.00 0.49 0.50 1.00 0.47 0.48 1.00 0.48 0.49 1.00

4 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.47 0.48 1.00 0.49 0.49 1.00

5 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.48 1.00 0.47 0.48 1.00 0.47 0.48 1.00

6 0.47 0.48 1.00 0.49 0.49 1.00 0.48 0.49 1.00 0.49 0.50 1.00 0.48 0.49 1.00

7 0.47 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00

8 0.49 0.50 1.00 0.48 0.49 1.00 0.48 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00

9 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00

10 0.48 0.49 1.00 0.49 0.49 1.00 0.48 0.49 1.00 0.48 0.48 1.00 0.48 0.49 1.00
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Table 6.14.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for the proportion of adults that die after unsuccessfully passing a dam equal to 0, 0.012, the base, 0.024, and 
0.048 under the Base Case scenario. 
 

 
  

Base Case ‐ 0 Base Case ‐ 0.012 Base Case ‐ base Base Case ‐ 0.024 Base Case ‐ 0.048

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 165,752 178,394 196,438 165,604 178,612 197,210 165,841 178,926 197,361 165,024 178,993 197,799 165,387 178,203 196,293

2 150,885 162,263 178,997 150,727 161,992 178,075 150,923 162,374 178,497 151,009 162,123 178,041 151,045 162,443 178,726

3 151,037 161,471 176,966 150,761 161,639 176,887 150,879 161,515 176,614 150,658 162,131 178,348 150,762 161,991 177,889

4 150,760 162,029 178,932 150,560 161,854 178,059 150,632 162,103 178,765 150,739 162,000 178,091 151,122 162,161 178,714

5 150,823 161,677 177,772 150,714 161,652 177,544 150,815 161,933 177,300 151,113 162,386 178,670 150,126 160,928 177,054

6 150,581 161,852 178,007 150,414 161,839 176,894 150,898 161,633 178,287 150,088 161,417 176,770 150,415 161,521 177,157

7 150,966 162,385 178,053 150,830 161,933 177,819 150,609 161,468 177,244 150,574 161,835 178,033 150,657 161,953 177,251

8 150,255 161,397 177,595 150,360 161,659 177,738 151,036 162,202 178,661 150,962 162,061 177,750 150,785 161,469 177,386

9 150,341 161,554 178,176 150,647 161,886 178,781 150,745 161,823 177,234 150,790 161,417 177,309 151,155 161,619 177,048

10 150,773 161,840 178,426 150,564 161,738 177,818 150,916 161,774 177,611 150,778 161,485 177,777 150,864 162,096 178,537
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Table 6.14.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for the proportion of adults that die after unsuccessfully passing a dam equal to 0, 0.012, the base, 0.024, and 
0.048 under the Base Case scenario. 
 

 
  

Base Case ‐ 0 Base Case ‐ 0.012 Base Case ‐ base Base Case ‐ 0.024 Base Case ‐ 0.048

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.14.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for the proportion of adults that die after unsuccessfully passing a dam 
equal to 0, 0.012, the base, 0.024, and 0.048 under the Recovery scenario. 
 

 
  

Recovery ‐ 0 Recovery ‐ 0.012 Recovery ‐ base Recovery ‐ 0.024 Recovery ‐ 0.048

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 520 1,105 2,098 511 1,071 2,116 525 1,057 2,091 507 1,063 2,115 510 1,057 2,072

3 958 1,933 4,002 954 1,932 3,922 909 1,891 3,925 916 1,897 3,904 920 1,891 3,800

4 1,277 2,481 4,957 1,271 2,514 4,829 1,242 2,483 4,813 1,242 2,528 4,914 1,216 2,475 4,792

5 1,445 2,781 5,331 1,421 2,741 5,338 1,408 2,730 5,286 1,423 2,772 5,241 1,377 2,757 5,177

6 1,514 2,872 5,494 1,496 2,831 5,506 1,496 2,859 5,454 1,474 2,835 5,407 1,468 2,795 5,416

7 1,525 2,902 5,582 1,525 2,952 5,560 1,478 2,924 5,508 1,512 2,940 5,546 1,465 2,896 5,521

8 1,564 2,944 5,588 1,524 2,937 5,529 1,538 2,894 5,528 1,527 2,891 5,593 1,484 2,870 5,481

9 1,553 2,953 5,533 1,518 2,910 5,526 1,518 2,894 5,607 1,520 2,917 5,600 1,500 2,890 5,530

10 1,546 2,926 5,692 1,534 2,892 5,702 1,531 2,941 5,660 1,532 2,939 5,500 1,489 2,868 5,561
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Table 6.14.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for the proportion of adults that die after 
unsuccessfully passing a dam equal to 0, 0.012, the base, 0.024, and 0.048 under the Recovery scenario. 
 

 
  

Recovery ‐ 0 Recovery ‐ 0.012 Recovery ‐ base Recovery ‐ 0.024 Recovery ‐ 0.048

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.96 0.96 1.00 0.96 0.97 1.00 0.96 0.96 1.00 0.96 0.97 1.00 0.97 0.97 1.00

3 0.98 0.98 1.00 0.98 0.98 1.00 0.98 0.98 1.00 0.98 0.98 1.00 0.97 0.98 1.00

4 0.99 0.99 1.00 0.98 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.98 0.99 1.00

5 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

6 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

7 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

8 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

9 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

10 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00
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Table 6.14.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for the proportion of adults that die after unsuccessfully passing a dam equal to 0, 0.012, the base, 0.024, and 
0.048 under the Recovery scenario. 
 

 
  

Recovery ‐ 0 Recovery ‐ 0.012 Recovery ‐ base Recovery ‐ 0.024 Recovery ‐ 0.048

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 181,072 197,460 220,030 181,691 199,628 221,021 181,207 198,544 219,982 180,944 197,546 220,175 181,323 198,496 221,471

2 167,546 188,158 219,692 167,084 187,644 219,544 166,953 187,430 219,594 166,812 187,385 218,862 167,298 187,760 220,358

3 170,522 192,988 228,935 170,256 192,862 227,991 171,055 192,816 228,268 171,478 194,540 229,120 170,633 193,393 229,596

4 173,533 198,027 236,215 173,542 198,867 236,267 174,162 198,402 236,743 173,756 198,433 236,410 173,488 198,110 235,801

5 175,190 199,355 240,244 174,958 199,802 239,132 175,577 201,414 240,414 174,807 199,974 240,151 175,173 199,584 238,418

6 176,548 200,489 240,749 176,206 200,431 241,601 176,644 200,124 238,869 174,990 200,058 240,704 175,893 200,781 240,291

7 175,712 201,242 239,775 176,033 201,158 240,205 175,734 200,952 242,706 175,872 201,364 240,550 175,898 201,049 242,400

8 176,994 201,053 239,888 175,936 201,900 242,749 176,368 201,284 239,874 176,740 201,786 244,142 175,836 201,071 240,836

9 176,300 201,240 238,929 176,529 201,400 244,738 176,467 202,536 242,691 177,221 202,014 240,249 176,707 202,849 243,431

10 176,548 201,288 240,672 175,641 200,396 241,086 176,594 201,486 243,378 176,851 202,289 241,453 176,314 200,849 241,274
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Table 6.14.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for the proportion of adults that die after unsuccessfully passing a dam equal to 0, 0.012, the base, 0.024, and 
0.048 under the Recovery scenario. 
 

 
  

Recovery ‐ 0 Recovery ‐ 0.012 Recovery ‐ base Recovery ‐ 0.024 Recovery ‐ 0.048

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.10 0.12

7 0.10 0.10 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.15.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0, 0.5, 1 (base), 2, and 4 times the base proportion of adults that return 
to sea after unsuccessfully passing a dam under the Base Case scenario. 
 

 
  

Base Case ‐ 0 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 58 135 367 54 130 349 51 124 329 43 107 306 29 76 245

3 59 136 371 54 129 342 51 122 323 41 101 297 27 66 217

4 60 137 368 54 130 345 51 119 344 44 103 285 25 66 224

5 59 141 361 57 128 349 52 118 324 43 102 292 26 65 213

6 59 141 362 56 129 357 51 120 329 42 102 295 26 63 219

7 60 138 365 55 128 347 50 119 330 42 106 294 26 65 221

8 59 138 365 55 128 351 52 121 327 42 103 292 26 64 218

9 59 142 379 57 130 347 51 121 329 41 102 288 26 63 216

10 61 139 369 56 131 345 52 119 324 43 102 291 26 64 221
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Table 6.15.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0, 0.5, 1 (base), 2, and 4 times the base 
proportion of adults that return to sea after unsuccessfully passing a dam under the Base Case scenario. 
 

 
  

Base Case ‐ 0 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.52 0.53 1.00 0.52 0.53 1.00 0.52 0.52 1.00 0.52 0.53 1.00 0.53 0.53 1.00

3 0.48 0.48 1.00 0.48 0.49 1.00 0.49 0.50 1.00 0.47 0.48 1.00 0.47 0.48 1.00

4 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.47 0.48 1.00

5 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.48 1.00 0.48 0.49 1.00 0.47 0.47 1.00

6 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.47 0.48 1.00

7 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.47 0.48 1.00

8 0.48 0.49 1.00 0.49 0.50 1.00 0.48 0.48 1.00 0.48 0.49 1.00 0.47 0.48 1.00

9 0.48 0.49 1.00 0.49 0.49 1.00 0.48 0.49 1.00 0.48 0.48 1.00 0.47 0.48 1.00

10 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.47 0.48 1.00
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Table 6.15.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0, 0.5, 1 (base), 2, and 4 times the base proportion of adults that return to sea after unsuccessfully passing a 
dam under the Base Case scenario. 
 

 
  

Base Case ‐ 0 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 165,377 177,973 195,208 165,747 178,458 196,637 165,841 178,926 197,361 166,192 178,997 197,518 166,081 179,398 196,688

2 150,959 162,270 178,387 150,903 162,206 178,875 150,923 162,374 178,497 150,570 161,722 177,676 150,636 162,152 178,378

3 150,480 161,611 177,959 150,485 161,775 176,924 150,879 161,515 176,614 150,611 161,248 176,481 150,614 161,480 177,759

4 151,028 161,933 178,795 150,872 162,438 178,042 150,632 162,103 178,765 150,829 161,963 177,765 150,447 161,924 177,267

5 150,435 161,297 178,221 150,659 161,786 177,014 150,815 161,933 177,300 150,392 161,385 177,528 150,599 161,704 177,224

6 150,998 162,226 179,259 151,020 161,856 177,947 150,898 161,633 178,287 150,368 161,463 177,639 150,889 161,635 176,985

7 150,616 161,597 177,544 150,214 161,614 178,323 150,609 161,468 177,244 150,440 161,099 177,086 150,278 161,306 176,763

8 151,134 161,784 177,643 150,649 162,043 178,775 151,036 162,202 178,661 150,852 161,595 178,082 150,338 161,461 177,707

9 150,568 161,794 178,244 150,777 161,891 176,932 150,745 161,823 177,234 150,880 162,137 177,894 150,391 161,267 178,143

10 150,971 161,848 177,432 150,445 161,555 177,698 150,916 161,774 177,611 151,064 161,739 177,627 150,607 161,247 177,623
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Table 6.15.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0, 0.5, 1 (base), 2, and 4 times the base proportion of adults that return to sea after unsuccessfully passing a 
dam under the Base Case scenario. 
 

 
  

Base Case ‐ 0 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.15.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0, 0.5, 1 (base), 2, and 4 times the base proportion of adults that return 
to sea after unsuccessfully passing a dam under the Recovery scenario. 
 

 
  

Recovery ‐ 0 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 559 1,143 2,236 531 1,117 2,171 525 1,057 2,091 471 984 1,987 383 809 1,660

3 1,020 2,084 4,218 970 2,021 3,955 909 1,891 3,925 848 1,674 3,477 616 1,363 2,753

4 1,372 2,684 5,125 1,321 2,543 5,109 1,242 2,483 4,813 1,116 2,247 4,492 827 1,754 3,622

5 1,527 2,938 5,584 1,484 2,855 5,475 1,408 2,730 5,286 1,299 2,515 4,883 986 2,007 3,979

6 1,584 3,082 5,865 1,545 2,877 5,664 1,496 2,859 5,454 1,353 2,626 5,129 1,087 2,152 4,251

7 1,603 3,104 5,919 1,543 2,994 5,665 1,478 2,924 5,508 1,355 2,697 5,213 1,122 2,212 4,381

8 1,639 3,112 5,827 1,564 2,999 5,724 1,538 2,894 5,528 1,420 2,671 5,304 1,126 2,242 4,393

9 1,630 3,134 5,897 1,578 3,004 5,738 1,518 2,894 5,607 1,410 2,724 5,191 1,140 2,323 4,362

10 1,638 3,101 5,848 1,597 2,997 5,663 1,531 2,941 5,660 1,395 2,730 5,201 1,177 2,299 4,435
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Table 6.15.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0, 0.5, 1 (base), 2, and 4 times the base 
proportion of adults that return to sea after unsuccessfully passing a dam under the Recovery scenario. 
 

 
  

Recovery ‐ 0 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.97 0.97 1.00 0.96 0.96 1.00 0.96 0.96 1.00 0.96 0.96 1.00 0.96 0.96 1.00

3 0.98 0.98 1.00 0.98 0.98 1.00 0.98 0.98 1.00 0.98 0.98 1.00 0.97 0.97 1.00

4 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.98 0.98 1.00 0.98 0.98 1.00

5 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

6 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

7 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

8 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

9 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

10 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00
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Table 6.15.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0, 0.5, 1 (base), 2, and 4 times the base proportion of adults that return to sea after unsuccessfully passing a 
dam under the Recovery scenario. 
 

 
  

Recovery ‐ 0 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 181,571 198,431 220,867 180,597 198,294 220,822 181,207 198,544 219,982 181,537 198,553 220,688 181,045 198,031 219,777

2 168,083 188,159 219,778 167,158 188,402 219,562 166,953 187,430 219,594 167,635 188,214 220,849 167,157 187,493 220,462

3 171,140 193,588 230,702 171,011 193,695 230,706 171,055 192,816 228,268 170,758 192,247 228,290 168,522 191,140 225,940

4 174,043 198,552 237,208 175,101 197,651 235,638 174,162 198,402 236,743 172,694 196,543 234,427 172,993 195,290 231,502

5 175,627 200,441 239,230 175,622 199,936 238,920 175,577 201,414 240,414 175,525 199,815 237,472 173,985 197,505 235,858

6 175,841 201,253 241,098 175,499 200,937 240,342 176,644 200,124 238,869 175,549 200,511 240,866 174,085 198,698 239,764

7 176,163 201,139 240,537 177,021 200,564 242,344 175,734 200,952 242,706 175,857 201,639 241,825 174,423 199,533 240,596

8 176,781 202,102 241,803 176,469 202,192 242,734 176,368 201,284 239,874 176,434 200,771 241,574 174,444 198,765 238,196

9 176,830 202,176 243,152 177,179 202,751 241,159 176,467 202,536 242,691 175,879 201,069 241,568 175,364 200,826 239,437

10 177,796 202,652 243,223 175,876 201,365 241,255 176,594 201,486 243,378 176,141 202,080 242,551 174,883 199,770 238,339
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Table 6.15.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0, 0.5, 1 (base), 2, and 4 times the base proportion of adults that return to sea after unsuccessfully passing a 
dam under the Recovery scenario. 
 

 
  

Recovery ‐ 0 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.16.1. Alternate distribution of the proportion of adult Atlantic salmon remaining in a downstream production unit (PU) after 
unsuccessfully attempting to pass an individual dam, where all adults spawn in the PU immediately below the dam that was not passed. 
Grey cells indicate that none of the adults that failed to pass that dam spawned in that Destination PU. 
 

 
  

Dam Failed to Pass

Proportion 

Dying

Proportion 

Returning to 

Sea

Proportion 

Remaining 

Downstream 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Medway 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0

Mattaceunk 0.01 0 0.99 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0

West Enfield 0.02 0 0.98 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

Upper Dover 0.02 0 0.98 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0

Brown's Mills 0.02 0 0.98 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

Sebec 0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0

Milo 0 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0

Howland 0.02 0 0.98 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

Lowell  0.01 0 0.99 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

Milford 0.01 0 0.99 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0

Stillwater 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0

Great Works 0.02 0.1 0.88 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

Orono 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0

Veazie 0.03 0.15 0.82 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

Frankfort 0.02 0.1 0.88 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0

Destination PU
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Table 6.16.2. Alternate distribution of the proportion of adult Atlantic salmon remaining in a downstream production unit (PU) after 
unsuccessfully attempting to pass an individual dam, where adults were evenly distributed and spawned in all PUs below the dam that 
was not passed. Grey cells indicate that none of the adults that failed to pass that dam spawned in that Destination PU. 
 

 
  

Dam Failed to Pass

Proportion 

Dying

Proportion 

Returning to 

Sea

Proportion 

Remaining 

Downstream 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Medway 0 0 1 0 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071 0.071

Mattaceunk 0.01 0 0.99 0 0 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077

West Enfield 0.02 0 0.98 0 0 0 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083

Upper Dover 0.02 0 0.98 0 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077

Brown's Mills 0.02 0 0.98 0 0.083 0.083 0.083 0 0 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083 0.083

Sebec 0 0 1 0 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077

Milo 0 0 1 0 0.083 0.083 0.083 0.083 0.083 0 0 0.083 0.083 0.083 0.083 0.083 0.083 0.083

Howland 0.02 0 0.98 0 0.111 0.111 0 0 0 0 0 0.111 0.111 0.111 0.111 0.111 0.111 0.111

Lowell  0.01 0 0.99 0 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0.077 0

Milford 0.01 0 0.99 0 0 0 0 0 0 0 0 0 0.200 0.200 0.200 0.200 0.200 0

Stillwater 0 0 1 0 0 0 0 0 0 0 0 0 0 0.250 0.250 0.250 0.250 0

Great Works 0.02 0.1 0.88 0 0 0 0 0 0 0 0 0 0 0.250 0.250 0.250 0.250 0

Orono 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0.333 0.333 0.333 0

Veazie 0.03 0.15 0.82 0 0 0 0 0 0 0 0 0 0 0 0 0.500 0.500 0

Frankfort 0.02 0.1 0.88 0 0 0 0 0 0 0 0 0 0 0 0 0 1.000 0

Destination PU
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Table 6.16.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units (PUs) in generations (Gen) 1–10 for all adults that unsuccessfully attempt to pass an individual dam 
spawning in the PU immediately below the impassable dam, for adults being evenly distributed in all PUs below the impassable dam, 
and the base under the Base Case scenario. 
 

 
  

Base Case ‐ below impassable dam Base Case ‐ evenly dist below Base Case ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587

2 50 125 341 51 122 341 51 124 329

3 48 118 318 50 119 320 51 122 323

4 51 119 326 51 123 318 51 119 344

5 50 122 333 52 120 326 52 118 324

6 50 119 319 51 123 323 51 120 329

7 50 121 320 51 120 318 50 119 330

8 51 117 324 52 121 326 52 121 327

9 51 120 335 51 120 317 51 121 329

10 50 121 322 51 120 318 52 119 324
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Table 6.16.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for all adults that unsuccessfully attempt to 
pass an individual dam spawning in the production unit (PU) immediately below the impassable dam, for adults being evenly distributed 
in all PUs below the impassable dam, and the base under the Base Case scenario. 
 

 
  

Base Case ‐ below impassable dam Base Case ‐ evenly dist below Base Case ‐ base

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.52 0.52 1.00 0.52 0.52 1.00 0.52 0.52 1.00

3 0.48 0.48 1.00 0.47 0.48 1.00 0.49 0.50 1.00

4 0.48 0.49 1.00 0.47 0.48 1.00 0.48 0.49 1.00

5 0.49 0.49 1.00 0.48 0.49 1.00 0.48 0.48 1.00

6 0.48 0.49 1.00 0.48 0.48 1.00 0.48 0.49 1.00

7 0.48 0.49 1.00 0.47 0.48 1.00 0.48 0.49 1.00

8 0.47 0.48 1.00 0.47 0.48 1.00 0.48 0.48 1.00

9 0.48 0.49 1.00 0.47 0.48 1.00 0.48 0.49 1.00

10 0.48 0.49 1.00 0.47 0.48 1.00 0.48 0.49 1.00
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Table 6.16.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for all adults that unsuccessfully attempt to pass an individual dam spawning in the production unit (PU) 
immediately below the impassable dam, for adults being evenly distributed in all PUs below the impassable dam, and the base under 
the Base Case scenario. 
 

 
  

Base Case ‐ below impassable dam Base Case ‐ evenly dist below Base Case ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 165,627 178,716 196,063 165,678 178,806 196,351 165,841 178,926 197,361

2 150,796 162,284 178,349 151,302 162,456 177,756 150,923 162,374 178,497

3 150,308 161,199 177,897 150,951 162,115 177,244 150,879 161,515 176,614

4 150,551 161,864 177,464 151,503 161,744 177,090 150,632 162,103 178,765

5 150,430 161,250 176,781 150,769 161,450 177,676 150,815 161,933 177,300

6 150,314 161,929 178,230 151,236 162,340 177,853 150,898 161,633 178,287

7 150,435 161,643 176,431 150,718 162,139 178,190 150,609 161,468 177,244

8 150,458 161,846 177,914 151,314 162,259 177,988 151,036 162,202 178,661

9 150,674 161,377 177,463 150,517 161,749 177,203 150,745 161,823 177,234

10 150,490 161,508 177,326 150,853 161,577 177,082 150,916 161,774 177,611
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Table 6.16.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for all adults that unsuccessfully attempt to pass an individual dam spawning in the production unit (PU) 
immediately below the impassable dam, for adults being evenly distributed in all PUs below the impassable dam, and the base under 
the Base Case scenario. 
 

 
  

Base Case ‐ below impassable dam Base Case ‐ evenly dist below Base Case ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.16.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units (PUs) in generations (Gen) 1–10 for all adults that unsuccessfully attempt to pass an individual dam 
spawning in the PU immediately below the impassable dam, for adults being evenly distributed in all PUs below the impassable dam, 
and the base under the Recovery scenario. 
 

 
  

Recovery ‐ below impassable dam Recovery ‐ evenly dist below Recovery ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587

2 517 1,072 2,098 521 1,057 2,111 525 1,057 2,091

3 903 1,889 3,689 877 1,839 3,818 909 1,891 3,925

4 1,197 2,328 4,605 1,179 2,353 4,727 1,242 2,483 4,813

5 1,334 2,577 5,085 1,336 2,604 5,152 1,408 2,730 5,286

6 1,402 2,711 5,184 1,413 2,782 5,353 1,496 2,859 5,454

7 1,411 2,744 5,336 1,432 2,816 5,434 1,478 2,924 5,508

8 1,449 2,772 5,274 1,450 2,798 5,406 1,538 2,894 5,528

9 1,468 2,784 5,303 1,468 2,832 5,447 1,518 2,894 5,607

10 1,447 2,782 5,313 1,464 2,808 5,481 1,531 2,941 5,660
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Table 6.16.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for all adults that unsuccessfully attempt to 
pass an individual dam spawning in the production unit (PU) immediately below the impassable dam, for adults being evenly distributed 
in all PUs below the impassable dam, and the base under the Recovery scenario. 
 

 
  

Recovery ‐ below impassable dam Recovery ‐ evenly dist below Recovery ‐ base

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.96 0.96 1.00 0.96 0.96 1.00 0.96 0.96 1.00

3 0.98 0.98 1.00 0.97 0.97 1.00 0.98 0.98 1.00

4 0.99 0.99 1.00 0.98 0.98 1.00 0.99 0.99 1.00

5 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

6 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

7 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

8 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

9 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

10 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00
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Table 6.16.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for all adults that unsuccessfully attempt to pass an individual dam spawning in the production unit (PU) 
immediately below the impassable dam, for adults being evenly distributed in all PUs below the impassable dam, and the base under 
the Recovery scenario. 
 

 
  

Recovery ‐ below impassable dam Recovery ‐ evenly dist below Recovery ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 180,140 197,473 219,373 180,927 198,705 220,918 181,207 198,544 219,982

2 166,468 187,114 218,538 167,572 187,204 218,325 166,953 187,430 219,594

3 169,746 192,316 227,078 170,625 191,797 225,340 171,055 192,816 228,268

4 172,173 197,178 233,269 172,606 195,852 232,101 174,162 198,402 236,743

5 173,242 198,564 237,494 174,026 197,949 235,626 175,577 201,414 240,414

6 174,784 200,379 240,936 174,185 198,039 237,752 176,644 200,124 238,869

7 174,412 199,158 241,251 176,581 199,957 237,603 175,734 200,952 242,706

8 174,598 199,550 240,380 175,006 199,056 237,190 176,368 201,284 239,874

9 174,676 198,789 238,563 174,334 199,055 238,671 176,467 202,536 242,691

10 175,312 200,394 239,276 174,652 199,408 237,992 176,594 201,486 243,378
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Table 6.16.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for all adults that unsuccessfully attempt to pass an individual dam spawning in the production unit (PU) 
immediately below the impassable dam, for adults being evenly distributed in all PUs below the impassable dam, and the base under 
the Recovery scenario. 
 

 
  

Recovery ‐ below impassable dam Recovery ‐ evenly dist below Recovery ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12
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Table 6.17.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for downstream dam passage survival rates decreased by 10%, decreased 
by 5%, set at the base, increased by 5%, and increased by 10% (with survival capped at one) under the Base Case scenario. 
 

 
  

Base Case  ‐10% Base Case  ‐5% Base Case ‐ base Base Case  +5% Base Case  +10%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 37 82 217 44 98 274 51 124 329 60 153 409 73 190 476

3 36 81 199 43 96 259 51 122 323 61 150 411 71 186 465

4 37 82 207 41 96 260 51 119 344 59 149 409 71 179 492

5 36 81 206 43 98 266 52 118 324 60 157 411 73 184 475

6 36 80 201 43 98 264 51 120 329 61 152 391 74 188 473

7 36 82 204 43 100 267 50 119 330 60 147 409 73 184 484

8 37 79 212 43 96 263 52 121 327 60 145 404 72 183 484

9 37 82 213 43 98 270 51 121 329 61 147 410 72 189 482

10 37 82 208 43 101 262 52 119 324 62 149 411 72 181 482
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Table 6.17.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for downstream dam passage survival rates 
decreased by 10%, decreased by 5%, set at the base, increased by 5%, and increased by 10% (with survival capped at one) under the 
Base Case scenario. 
 

 
  

Base Case  ‐10% Base Case  ‐5% Base Case ‐ base Base Case  +5% Base Case  +10%

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.39 0.40 1.00 0.46 0.47 1.00 0.52 0.52 1.00 0.58 0.59 1.00 0.64 0.64 1.00

3 0.35 0.36 1.00 0.42 0.43 1.00 0.49 0.50 1.00 0.55 0.56 1.00 0.60 0.60 1.00

4 0.36 0.37 1.00 0.41 0.42 1.00 0.48 0.49 1.00 0.54 0.55 1.00 0.59 0.59 1.00

5 0.36 0.37 1.00 0.42 0.42 1.00 0.48 0.48 1.00 0.55 0.56 1.00 0.60 0.61 1.00

6 0.35 0.36 1.00 0.42 0.43 1.00 0.48 0.49 1.00 0.55 0.56 1.00 0.60 0.61 1.00

7 0.36 0.37 1.00 0.42 0.43 1.00 0.48 0.49 1.00 0.54 0.55 1.00 0.59 0.60 1.00

8 0.36 0.37 1.00 0.42 0.43 1.00 0.48 0.48 1.00 0.53 0.54 1.00 0.60 0.61 1.00

9 0.37 0.38 1.00 0.42 0.42 1.00 0.48 0.49 1.00 0.54 0.55 1.00 0.60 0.61 1.00

10 0.36 0.37 1.00 0.42 0.43 1.00 0.48 0.49 1.00 0.55 0.55 1.00 0.60 0.61 1.00
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Table 6.17.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for downstream dam passage survival rates decreased by 10%, decreased by 5%, set at the base, increased by 
5%, and increased by 10% (with survival capped at one) under the Base Case scenario. 
 

 
  

Base Case  ‐10% Base Case  ‐5% Base Case ‐ base Base Case  +5% Base Case  +10%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 278,617 290,461 305,709 226,156 238,252 254,548 165,841 178,926 197,361 95,972 110,200 130,903 25,874 41,299 63,406

2 255,190 263,267 274,611 205,982 215,707 229,378 150,923 162,374 178,497 87,586 100,310 118,935 22,319 35,590 56,627

3 254,464 262,503 274,123 205,966 215,525 229,513 150,879 161,515 176,614 86,938 99,466 117,911 22,735 36,481 56,682

4 254,660 262,483 273,705 205,894 215,143 228,359 150,632 162,103 178,765 87,286 100,271 118,345 23,121 37,159 57,147

5 254,678 262,656 273,991 206,327 215,700 229,646 150,815 161,933 177,300 87,346 100,193 119,452 22,808 36,890 55,879

6 254,700 262,677 273,820 206,072 215,297 228,022 150,898 161,633 178,287 87,104 100,169 117,890 22,592 36,133 55,621

7 254,448 262,611 274,653 206,048 215,882 229,722 150,609 161,468 177,244 87,408 100,103 119,076 22,961 37,102 56,478

8 254,637 262,985 274,518 206,116 215,843 229,803 151,036 162,202 178,661 87,022 100,024 119,302 22,889 36,018 55,498

9 254,482 262,470 274,213 206,318 215,675 229,709 150,745 161,823 177,234 87,544 100,608 119,896 22,847 36,899 57,529

10 254,687 262,563 273,405 206,001 214,970 228,989 150,916 161,774 177,611 87,254 100,325 118,045 22,897 36,307 55,601
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Table 6.17.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for downstream dam passage survival rates decreased by 10%, decreased by 5%, set at the base, increased by 
5%, and increased by 10% (with survival capped at one) under the Base Case scenario. 
 

 
  

Base Case  ‐10% Base Case  ‐5% Base Case ‐ base Base Case  +5% Base Case  +10%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03

2 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03

3 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03

4 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03

5 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03

6 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03

7 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03

8 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03

9 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03

10 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03
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Table 6.17.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for downstream dam passage survival rates decreased by 10%, decreased 
by 5%, set at the base, increased by 5%, and increased by 10% (with survival capped at one) under the Recovery scenario. 
 

 
  

Recovery  ‐10% Recovery  ‐5% Recovery ‐ base Recovery  +5% Recovery  +10%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 351 755 1,556 433 906 1,794 525 1,057 2,091 617 1,261 2,433 720 1,458 2,788

3 635 1,388 2,815 785 1,619 3,345 909 1,891 3,925 1,114 2,262 4,452 1,296 2,636 5,153

4 915 1,898 3,714 1,075 2,148 4,148 1,242 2,483 4,813 1,450 2,869 5,585 1,706 3,235 6,303

5 1,055 2,146 4,102 1,230 2,410 4,575 1,408 2,730 5,286 1,641 3,150 5,950 1,822 3,579 6,794

6 1,148 2,205 4,422 1,325 2,495 4,809 1,496 2,859 5,454 1,688 3,240 6,130 1,902 3,648 6,903

7 1,165 2,301 4,461 1,323 2,564 4,918 1,478 2,924 5,508 1,720 3,253 6,295 1,952 3,638 6,956

8 1,178 2,326 4,492 1,321 2,604 4,965 1,538 2,894 5,528 1,762 3,337 6,180 1,970 3,711 6,964

9 1,201 2,316 4,450 1,332 2,607 4,975 1,518 2,894 5,607 1,747 3,327 6,282 1,964 3,704 7,075

10 1,190 2,340 4,500 1,372 2,606 4,904 1,531 2,941 5,660 1,740 3,278 6,276 2,001 3,722 7,110
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Table 6.17.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for downstream dam passage survival rates 
decreased by 10%, decreased by 5%, set at the base, increased by 5%, and increased by 10% (with survival capped at one) under the 
Recovery scenario. 
 

 
  

Recovery  ‐10% Recovery  ‐5% Recovery ‐ base Recovery  +5% Recovery  +10%

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.92 0.92 1.00 0.94 0.95 1.00 0.96 0.96 1.00 0.98 0.98 1.00 0.98 0.99 1.00

3 0.95 0.95 1.00 0.97 0.97 1.00 0.98 0.98 1.00 0.98 0.98 1.00 0.99 0.99 1.00

4 0.96 0.96 1.00 0.97 0.98 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

5 0.97 0.97 1.00 0.98 0.98 1.00 0.99 0.99 1.00 0.99 1.00 1.00 1.00 1.00 1.00

6 0.97 0.98 1.00 0.98 0.98 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00

7 0.98 0.98 1.00 0.98 0.98 1.00 0.99 0.99 1.00 0.99 0.99 1.00 1.00 1.00 1.00

8 0.98 0.98 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 1.00 1.00 1.00

9 0.98 0.98 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 1.00 1.00 1.00

10 0.98 0.98 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 1.00 1.00 1.00
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Table 6.17.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for downstream dam passage survival rates decreased by 10%, decreased by 5%, set at the base, increased by 
5%, and increased by 10% (with survival capped at one) under the Recovery scenario. 
 

 
  

Recovery  ‐10% Recovery  ‐5% Recovery ‐ base Recovery  +5% Recovery  +10%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 301,315 319,580 342,255 244,747 262,309 285,145 181,207 198,544 219,982 106,308 123,526 147,154 28,373 45,062 69,748

2 270,712 289,823 320,229 223,271 243,660 275,496 166,953 187,430 219,594 100,917 121,643 150,022 27,946 45,518 73,448

3 274,423 297,320 331,432 226,393 249,682 285,501 171,055 192,816 228,268 103,757 125,291 157,364 28,967 47,980 75,954

4 278,244 302,590 341,845 231,050 254,277 293,185 174,162 198,402 236,743 105,945 128,487 163,809 30,453 48,446 78,113

5 280,775 305,537 344,960 232,185 258,496 299,045 175,577 201,414 240,414 106,415 128,902 166,820 30,266 48,766 79,485

6 281,941 307,287 348,590 233,160 259,210 300,107 176,644 200,124 238,869 106,455 129,056 166,787 29,587 50,050 80,276

7 282,780 307,724 349,126 233,852 259,098 300,826 175,734 200,952 242,706 107,479 129,971 167,567 29,365 49,581 79,088

8 284,238 309,388 350,066 234,575 259,800 301,859 176,368 201,284 239,874 107,010 131,070 168,338 29,782 49,836 80,426

9 283,612 308,404 349,889 234,594 258,904 300,804 176,467 202,536 242,691 107,972 131,008 167,460 30,538 49,512 80,260

10 283,296 309,190 350,013 235,287 260,440 300,739 176,594 201,486 243,378 107,444 131,591 167,497 30,156 49,811 79,343
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Table 6.17.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for downstream dam passage survival rates decreased by 10%, decreased by 5%, set at the base, increased by 
5%, and increased by 10% (with survival capped at one) under the Recovery scenario. 
 

 
  

Recovery  ‐10% Recovery  ‐5% Recovery ‐ base Recovery  +5% Recovery  +10%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03

2 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03

3 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03

4 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03

5 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03

6 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03

7 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03

8 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.10 0.12 0.05 0.06 0.07 0.01 0.02 0.03

9 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03

10 0.19 0.19 0.20 0.14 0.15 0.16 0.10 0.11 0.12 0.05 0.06 0.07 0.01 0.02 0.03
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Table 6.18.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for upstream dam passage survival rates decreased by 10%, decreased by 
5%, set at the base, increased by 5%, and increased by 10% (with survival capped at one) under the Base Case scenario. 
 

 
  

Base Case  ‐10% Base Case  ‐5% Base Case ‐ base Base Case  +5% Base Case  +10%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 56 128 337 52 125 333 51 124 329 47 122 337 42 118 349

3 57 127 328 55 122 330 51 122 323 46 117 324 43 113 329

4 56 131 336 55 122 327 51 119 344 46 118 330 42 111 325

5 57 132 336 56 125 331 52 118 324 46 117 325 41 111 319

6 56 127 336 55 125 328 51 120 329 46 117 336 40 113 331

7 58 128 332 56 122 323 50 119 330 47 117 335 41 112 334

8 59 127 331 54 126 329 52 121 327 47 118 332 41 113 327

9 58 127 337 54 124 331 51 121 329 47 117 327 42 113 325

10 58 128 329 54 123 329 52 119 324 46 115 328 43 112 330
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Table 6.18.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for upstream dam passage survival rates 
decreased by 10%, decreased by 5%, set at the base, increased by 5%, and increased by 10% (with survival capped at one) under the 
Base Case scenario. 
 

 
  

Base Case  ‐10% Base Case  ‐5% Base Case ‐ base Base Case  +5% Base Case  +10%

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.47 0.48 1.00 0.49 0.50 1.00 0.52 0.52 1.00 0.54 0.55 1.00 0.57 0.58 1.00

3 0.44 0.45 1.00 0.46 0.46 1.00 0.49 0.50 1.00 0.50 0.51 1.00 0.53 0.54 1.00

4 0.43 0.44 1.00 0.46 0.47 1.00 0.48 0.49 1.00 0.51 0.52 1.00 0.53 0.54 1.00

5 0.44 0.45 1.00 0.46 0.47 1.00 0.48 0.48 1.00 0.51 0.52 1.00 0.54 0.55 1.00

6 0.44 0.45 1.00 0.46 0.47 1.00 0.48 0.49 1.00 0.52 0.52 1.00 0.53 0.54 1.00

7 0.44 0.45 1.00 0.45 0.46 1.00 0.48 0.49 1.00 0.51 0.51 1.00 0.53 0.54 1.00

8 0.43 0.43 1.00 0.46 0.47 1.00 0.48 0.48 1.00 0.50 0.51 1.00 0.53 0.54 1.00

9 0.44 0.45 1.00 0.47 0.47 1.00 0.48 0.49 1.00 0.51 0.52 1.00 0.54 0.54 1.00

10 0.44 0.44 1.00 0.45 0.46 1.00 0.48 0.49 1.00 0.50 0.51 1.00 0.53 0.54 1.00
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Table 6.18.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for upstream dam passage survival rates decreased by 10%, decreased by 5%, set at the base, increased by 5%, 
and increased by 10% (with survival capped at one) under the Base Case scenario. 
 

 
  

Base Case  ‐10% Base Case  ‐5% Base Case ‐ base Base Case  +5% Base Case  +10%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 165,661 178,762 197,246 165,847 179,023 195,975 165,841 178,926 197,361 166,018 179,473 197,291 166,177 179,238 197,078

2 150,508 161,982 178,322 150,929 161,455 177,332 150,923 162,374 178,497 151,484 162,822 178,291 151,544 162,477 179,369

3 149,989 160,397 176,256 150,569 161,480 177,260 150,879 161,515 176,614 150,742 162,002 178,962 150,885 162,057 178,149

4 150,394 161,189 176,943 150,736 161,885 176,732 150,632 162,103 178,765 150,970 162,113 178,233 151,196 162,398 178,871

5 150,112 161,191 176,853 150,131 161,471 177,405 150,815 161,933 177,300 150,884 162,049 177,691 151,176 162,847 179,595

6 150,726 161,508 177,507 150,287 161,293 177,106 150,898 161,633 178,287 151,092 162,294 177,846 151,288 162,684 179,436

7 149,834 160,870 176,615 150,749 161,341 177,252 150,609 161,468 177,244 151,122 162,587 179,135 151,324 162,687 179,136

8 150,461 161,212 177,147 150,558 161,580 176,887 151,036 162,202 178,661 150,792 161,925 178,117 150,922 162,612 179,008

9 150,151 161,184 177,482 150,478 161,324 177,040 150,745 161,823 177,234 150,733 161,252 177,276 151,275 162,639 179,884

10 150,203 160,820 177,256 150,381 161,771 177,652 150,916 161,774 177,611 151,370 162,224 177,354 151,250 162,583 178,749
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Table 6.18.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for upstream dam passage survival rates decreased by 10%, decreased by 5%, set at the base, increased by 5%, 
and increased by 10% (with survival capped at one) under the Base Case scenario. 
 

 
  

Base Case  ‐10% Base Case  ‐5% Base Case ‐ base Base Case  +5% Base Case  +10%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.18.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for upstream dam passage survival rates decreased by 10%, decreased by 
5%, set at the base, increased by 5%, and increased by 10% (with survival capped at one) under the Recovery scenario. 
 

 
  

Recovery  ‐10% Recovery  ‐5% Recovery ‐ base Recovery  +5% Recovery  +10%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 512 1,051 2,074 514 1,070 2,067 525 1,057 2,091 510 1,067 2,147 530 1,114 2,127

3 950 1,926 3,861 940 1,924 3,823 909 1,891 3,925 927 1,913 3,750 892 1,884 3,820

4 1,206 2,457 4,837 1,260 2,450 4,844 1,242 2,483 4,813 1,265 2,495 4,904 1,227 2,492 4,955

5 1,380 2,649 4,956 1,400 2,686 5,223 1,408 2,730 5,286 1,407 2,773 5,452 1,411 2,813 5,563

6 1,440 2,743 5,139 1,457 2,861 5,310 1,496 2,859 5,454 1,499 2,916 5,560 1,527 2,961 5,850

7 1,459 2,764 5,220 1,471 2,838 5,350 1,478 2,924 5,508 1,528 2,965 5,688 1,552 3,013 5,937

8 1,445 2,818 5,287 1,478 2,870 5,457 1,538 2,894 5,528 1,558 2,974 5,736 1,570 3,131 5,997

9 1,458 2,754 5,276 1,495 2,804 5,457 1,518 2,894 5,607 1,537 2,948 5,771 1,600 3,112 6,055

10 1,455 2,772 5,287 1,468 2,831 5,468 1,531 2,941 5,660 1,571 2,974 5,744 1,581 3,097 6,158
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Table 6.18.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for upstream dam passage survival rates 
decreased by 10%, decreased by 5%, set at the base, increased by 5%, and increased by 10% (with survival capped at one) under the 
Recovery scenario. 
 

 
  

Recovery  ‐10% Recovery  ‐5% Recovery ‐ base Recovery  +5% Recovery  +10%

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.95 0.95 1.00 0.96 0.96 1.00 0.96 0.96 1.00 0.97 0.97 1.00 0.97 0.97 1.00

3 0.97 0.97 1.00 0.97 0.97 1.00 0.98 0.98 1.00 0.98 0.98 1.00 0.98 0.98 1.00

4 0.98 0.98 1.00 0.98 0.98 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

5 0.98 0.98 1.00 0.98 0.98 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

6 0.98 0.98 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

7 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 1.00 1.00 1.00

8 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

9 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

10 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00
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Table 6.18.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for upstream dam passage survival rates decreased by 10%, decreased by 5%, set at the base, increased by 5%, 
and increased by 10% (with survival capped at one) under the Recovery scenario. 
 

 
  

Recovery  ‐10% Recovery  ‐5% Recovery ‐ base Recovery  +5% Recovery  +10%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 180,678 198,223 220,148 181,515 198,792 220,273 181,207 198,544 219,982 181,102 197,570 219,115 180,659 198,506 220,392

2 163,924 182,852 209,270 165,030 183,588 212,134 166,953 187,430 219,594 169,788 191,498 225,792 171,548 196,905 239,238

3 167,197 186,789 215,569 168,462 189,589 222,221 171,055 192,816 228,268 174,242 198,548 240,573 176,501 205,933 256,191

4 169,131 188,812 218,916 171,595 193,784 227,701 174,162 198,402 236,743 176,576 203,629 249,706 181,832 213,587 271,285

5 169,554 190,036 220,599 173,033 194,962 228,773 175,577 201,414 240,414 178,735 206,890 252,587 183,079 218,211 279,148

6 170,334 190,743 222,169 173,572 195,854 230,217 176,644 200,124 238,869 180,214 209,162 257,573 185,944 219,125 282,715

7 170,692 191,823 222,383 173,405 195,884 229,579 175,734 200,952 242,706 180,039 209,530 257,311 185,233 219,098 284,802

8 171,309 191,728 221,068 172,436 195,350 230,842 176,368 201,284 239,874 179,903 209,703 259,817 185,977 220,897 288,514

9 171,507 190,667 221,556 173,732 195,264 229,517 176,467 202,536 242,691 179,884 209,853 260,658 186,005 221,084 286,549

10 171,188 190,558 222,141 173,214 195,355 232,079 176,594 201,486 243,378 180,293 209,479 257,636 186,554 221,569 285,627



246 
 

Table 6.18.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for upstream dam passage survival rates decreased by 10%, decreased by 5%, set at the base, increased by 5%, 
and increased by 10% (with survival capped at one) under the Recovery scenario. 
 

 
  

Recovery  ‐10% Recovery  ‐5% Recovery ‐ base Recovery  +5% Recovery  +10%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12

8 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12

10 0.10 0.10 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.19.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base indirect latent mortality rate 
(i.e., 2.5%, 5%, 10%, 20%, and 40% per dam, respectively) under the Base Case scenario. 
 

 
  

Base Case ‐ 2.5% Base Case ‐ 5% Base Case ‐ base Base Case ‐ 20% Base Case ‐ 40%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 75 190 501 65 170 443 51 124 329 28 58 138 0 0 0

3 72 192 491 64 163 431 51 122 323 28 59 143 0 0 0

4 74 190 483 66 160 439 51 119 344 28 58 135 0 0 0

5 74 194 484 65 163 434 52 118 324 28 59 135 0 0 0

6 74 185 483 66 164 438 51 120 329 28 59 135 0 0 0

7 74 187 497 67 164 443 50 119 330 28 59 137 0 0 0

8 75 192 495 64 165 436 52 121 327 28 58 138 0 0 0

9 73 187 491 64 164 440 51 121 329 28 59 135 0 0 0

10 72 193 497 66 168 428 52 119 324 28 59 139 0 0 0
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Table 6.19.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
indirect latent mortality rate (i.e., 2.5%, 5%, 10%, 20%, and 40% per dam, respectively) under the Base Case scenario. 
 

 
  

Base Case ‐ 2.5% Base Case ‐ 5% Base Case ‐ base Base Case ‐ 20% Base Case ‐ 40%

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.64 0.64 1.00 0.61 0.61 1.00 0.52 0.52 1.00 0.27 0.28 1.00 0.00 0.00 0.19

3 0.61 0.62 1.00 0.58 0.58 1.00 0.49 0.50 1.00 0.25 0.26 1.00 0.00 0.00 0.09

4 0.61 0.62 1.00 0.56 0.56 1.00 0.48 0.49 1.00 0.24 0.25 1.00 0.00 0.00 0.08

5 0.61 0.62 1.00 0.57 0.57 1.00 0.48 0.48 1.00 0.25 0.26 1.00 0.00 0.00 0.08

6 0.60 0.61 1.00 0.57 0.58 1.00 0.48 0.49 1.00 0.25 0.26 1.00 0.00 0.00 0.09

7 0.60 0.61 1.00 0.57 0.57 1.00 0.48 0.49 1.00 0.26 0.26 1.00 0.00 0.00 0.08

8 0.61 0.62 1.00 0.56 0.57 1.00 0.48 0.48 1.00 0.25 0.25 1.00 0.00 0.00 0.08

9 0.60 0.61 1.00 0.56 0.57 1.00 0.48 0.49 1.00 0.24 0.25 1.00 0.00 0.00 0.08

10 0.61 0.61 1.00 0.57 0.58 1.00 0.48 0.49 1.00 0.26 0.27 1.00 0.00 0.00 0.09
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Table 6.19.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base indirect latent mortality rate (i.e., 2.5%, 5%, 10%, 20%, and 40% per 
dam, respectively) under the Base Case scenario. 
 

 
  

Base Case ‐ 2.5% Base Case ‐ 5% Base Case ‐ base Base Case ‐ 20% Base Case ‐ 40%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 166,042 179,187 196,955 165,594 178,772 196,613 165,841 178,926 197,361 165,478 178,822 197,219 165,511 179,256 197,164

2 152,478 164,586 181,179 151,065 162,721 179,512 150,923 162,374 178,497 149,382 159,710 175,010 148,722 159,407 174,457

3 151,133 162,789 179,167 151,871 163,080 179,478 150,879 161,515 176,614 149,818 160,197 175,390 149,268 158,982 174,302

4 151,786 163,291 180,179 151,461 162,351 178,590 150,632 162,103 178,765 149,375 160,339 176,195 149,228 159,620 174,804

5 152,034 162,994 179,763 151,373 162,593 179,626 150,815 161,933 177,300 149,166 159,361 174,646 148,787 159,255 174,445

6 151,254 162,628 179,992 151,453 162,496 178,760 150,898 161,633 178,287 149,571 160,491 175,843 148,846 159,424 175,228

7 151,023 162,939 179,948 151,693 162,825 179,320 150,609 161,468 177,244 149,397 160,401 176,347 149,234 159,626 175,273

8 151,739 162,920 179,716 151,730 162,759 179,633 151,036 162,202 178,661 149,578 160,034 175,091 148,697 159,618 174,743

9 151,722 163,237 179,600 151,365 162,736 179,359 150,745 161,823 177,234 149,401 160,073 175,580 148,248 159,343 174,527

10 151,942 163,770 180,117 151,096 162,392 179,219 150,916 161,774 177,611 149,093 159,603 174,732 148,566 159,012 174,123
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Table 6.19.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base indirect latent mortality rate (i.e., 2.5%, 5%, 10%, 20%, and 40% per 
dam, respectively) under the Base Case scenario. 
 

 
  

Base Case ‐ 2.5% Base Case ‐ 5% Base Case ‐ base Base Case ‐ 20% Base Case ‐ 40%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.19.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base indirect latent mortality rate 
(i.e., 2.5%, 5%, 10%, 20%, and 40% per dam, respectively) under the Recovery scenario. 
 

 
  

Recovery ‐ 2.5% Recovery ‐ 5% Recovery ‐ base Recovery ‐ 20% Recovery ‐ 40%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 736 1,487 2,826 667 1,331 2,637 525 1,057 2,091 214 513 1,100 0 0 0

3 1,357 2,631 5,178 1,193 2,345 4,874 909 1,891 3,925 440 1,005 2,118 0 0 0

4 1,702 3,373 6,559 1,543 3,077 5,995 1,242 2,483 4,813 667 1,480 2,966 0 0 0

5 1,893 3,577 6,976 1,735 3,272 6,417 1,408 2,730 5,286 816 1,725 3,413 0 0 0

6 1,937 3,718 7,098 1,800 3,415 6,555 1,496 2,859 5,454 908 1,819 3,668 0 0 0

7 1,991 3,722 7,142 1,812 3,402 6,565 1,478 2,924 5,508 966 1,945 3,780 0 0 0

8 1,992 3,801 7,142 1,813 3,470 6,631 1,538 2,894 5,528 977 1,953 3,792 0 0 0

9 1,990 3,810 7,234 1,812 3,480 6,590 1,518 2,894 5,607 974 1,972 3,951 0 0 0

10 1,980 3,789 7,162 1,812 3,521 6,638 1,531 2,941 5,660 1,012 1,977 3,829 0 0 0
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Table 6.19.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
indirect latent mortality rate (i.e., 2.5%, 5%, 10%, 20%, and 40% per dam, respectively) under the Recovery scenario. 
 

 
  

Recovery ‐ 2.5% Recovery ‐ 5% Recovery ‐ base Recovery ‐ 20% Recovery ‐ 40%

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.99 0.99 1.00 0.98 0.98 1.00 0.96 0.96 1.00 0.82 0.82 1.00 0.00 0.00 0.29

3 0.99 0.99 1.00 0.99 0.99 1.00 0.98 0.98 1.00 0.88 0.89 1.00 0.00 0.00 0.13

4 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.92 0.92 1.00 0.00 0.00 0.08

5 1.00 1.00 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.94 0.94 1.00 0.00 0.00 0.06

6 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 1.00 0.95 0.95 1.00 0.00 0.00 0.05

7 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 1.00 0.95 0.95 1.00 0.00 0.00 0.04

8 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 1.00 0.95 0.95 1.00 0.00 0.00 0.03

9 1.00 1.00 1.00 1.00 1.00 1.00 0.99 0.99 1.00 0.96 0.96 1.00 0.00 0.00 0.03

10 1.00 1.00 1.00 0.99 1.00 1.00 0.99 0.99 1.00 0.96 0.96 1.00 0.00 0.00 0.03
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Table 6.19.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base indirect latent mortality rate (i.e., 2.5%, 5%, 10%, 20%, and 40% per 
dam, respectively) under the Recovery scenario. 
 

 
  

Recovery ‐ 2.5% Recovery ‐ 5% Recovery ‐ base Recovery ‐ 20% Recovery ‐ 40%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 180,918 197,959 220,414 181,455 198,089 220,048 181,207 198,544 219,982 181,226 198,543 220,478 180,933 198,077 219,670

2 173,577 199,341 239,671 171,411 194,830 233,775 166,953 187,430 219,594 157,529 172,252 193,849 148,692 159,392 174,685

3 178,669 206,903 255,156 175,955 202,793 247,858 171,055 192,816 228,268 160,845 176,611 199,403 148,066 158,724 173,717

4 182,559 213,860 267,266 180,190 209,561 255,984 174,162 198,402 236,743 162,552 179,685 205,012 147,987 158,839 174,626

5 184,465 215,476 274,971 181,905 210,758 263,456 175,577 201,414 240,414 164,440 182,089 207,455 147,694 158,420 173,622

6 185,708 217,937 276,482 182,325 212,300 262,233 176,644 200,124 238,869 165,289 182,338 210,214 147,495 158,377 173,746

7 185,777 217,709 275,623 181,496 212,034 262,348 175,734 200,952 242,706 166,208 183,503 208,695 146,835 157,898 172,752

8 185,746 218,153 274,200 182,175 212,573 266,948 176,368 201,284 239,874 166,175 184,215 209,199 145,860 157,151 172,030

9 184,556 218,907 278,867 182,552 212,350 264,036 176,467 202,536 242,691 164,973 183,266 209,034 145,436 156,969 173,381

10 185,842 217,766 278,408 182,328 211,315 261,963 176,594 201,486 243,378 165,429 183,241 210,193 145,142 156,772 171,811
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Table 6.19.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base indirect latent mortality rate (i.e., 2.5%, 5%, 10%, 20%, and 40% per 
dam, respectively) under the Recovery scenario. 
 

 
  

Recovery ‐ 2.5% Recovery ‐ 5% Recovery ‐ base Recovery ‐ 20% Recovery ‐ 40%

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.20.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for downstream path choice rates for the Stillwater Branch of 0.25, 0.5, 1 
(base), 2, and 4 times the base (with Stillwater Branch use capped at one) under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 50 119 333 50 123 330 51 124 329 52 124 342 52 126 346

3 50 117 327 50 119 320 51 122 323 50 118 332 53 126 340

4 51 120 323 50 117 328 51 119 344 50 121 337 52 125 339

5 51 118 325 50 121 328 52 118 324 52 122 338 52 127 342

6 51 118 322 50 120 323 51 120 329 52 123 337 53 125 346

7 49 119 333 51 118 331 50 119 330 52 125 330 54 126 349

8 50 121 321 51 118 323 52 121 327 51 125 338 52 123 344

9 51 118 327 51 120 324 51 121 329 53 126 331 53 128 343

10 50 120 322 50 121 332 52 119 324 52 122 337 53 125 348
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Table 6.20.1.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for downstream path choice rates for the 
Stillwater Branch of 0.25, 0.5, 1 (base), 2, and 4 times the base (with Stillwater Branch use capped at one) under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.52 0.52 1.00 0.51 0.52 1.00 0.52 0.52 1.00 0.52 0.53 1.00 0.54 0.54 1.00

3 0.48 0.49 1.00 0.48 0.49 1.00 0.49 0.50 1.00 0.49 0.50 1.00 0.50 0.50 1.00

4 0.49 0.49 1.00 0.47 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.49 0.49 1.00

5 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.48 1.00 0.48 0.49 1.00 0.49 0.50 1.00

6 0.48 0.49 1.00 0.49 0.49 1.00 0.48 0.49 1.00 0.49 0.50 1.00 0.49 0.50 1.00

7 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.49 0.50 1.00 0.50 0.51 1.00

8 0.48 0.49 1.00 0.48 0.48 1.00 0.48 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00

9 0.48 0.49 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.49 0.50 1.00 0.49 0.50 1.00

10 0.47 0.48 1.00 0.48 0.49 1.00 0.48 0.49 1.00 0.49 0.49 1.00 0.49 0.50 1.00
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Table 6.20.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for downstream path choice rates for the Stillwater Branch of 0.25, 0.5, 1 (base), 2, and 4 times the base (with 
Stillwater Branch use capped at one) under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 168,916 182,313 200,795 167,809 181,248 199,384 165,841 178,926 197,361 161,712 174,828 192,912 154,335 166,159 183,583

2 153,869 165,192 180,588 152,610 164,165 180,357 150,923 162,374 178,497 147,200 157,753 174,518 140,178 149,786 166,964

3 153,261 164,894 180,271 152,782 164,414 180,342 150,879 161,515 176,614 147,141 157,659 174,114 139,617 149,286 165,613

4 153,410 164,965 180,484 152,163 163,717 179,894 150,632 162,103 178,765 146,949 157,785 174,568 140,030 149,410 165,862

5 152,962 164,165 180,529 152,172 163,904 180,170 150,815 161,933 177,300 147,146 157,991 174,235 140,089 149,834 166,609

6 153,613 165,096 181,125 152,072 163,463 179,341 150,898 161,633 178,287 147,346 157,904 174,285 139,828 149,428 165,259

7 153,322 165,106 180,286 152,630 163,386 179,758 150,609 161,468 177,244 146,852 157,358 172,846 140,024 150,161 166,412

8 153,132 164,790 180,510 152,694 164,090 179,453 151,036 162,202 178,661 146,854 157,615 173,156 139,964 149,647 164,724

9 153,752 165,144 181,010 152,225 163,432 180,061 150,745 161,823 177,234 147,437 158,235 174,009 140,058 149,647 165,484

10 153,234 164,438 180,056 152,488 163,856 179,616 150,916 161,774 177,611 147,348 158,326 174,302 139,761 149,754 165,614
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Table 6.20.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for downstream path choice rates for the Stillwater Branch of 0.25, 0.5, 1 (base), 2, and 4 times the base (with 
Stillwater Branch use capped at one) under the Base Case scenario. 
 

 
  

Base Case ‐ 0.25 Base Case ‐ 0.5 Base Case ‐ base Base Case ‐ 2 Base Case ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11
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Table 6.20.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for downstream path choice rates for the Stillwater Branch of 0.25, 0.5, 1 
(base), 2, and 4 times the base (with Stillwater Branch use capped at one) under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 504 1,073 2,082 516 1,054 2,112 525 1,057 2,091 525 1,080 2,146 528 1,099 2,182

3 936 1,899 3,719 943 1,921 3,854 909 1,891 3,925 929 1,954 3,928 947 1,944 3,992

4 1,237 2,461 4,771 1,257 2,484 4,871 1,242 2,483 4,813 1,259 2,502 4,860 1,295 2,553 4,937

5 1,417 2,733 5,142 1,424 2,740 5,195 1,408 2,730 5,286 1,401 2,756 5,453 1,451 2,833 5,414

6 1,479 2,818 5,409 1,477 2,865 5,376 1,496 2,859 5,454 1,497 2,853 5,427 1,538 2,887 5,629

7 1,483 2,879 5,546 1,484 2,886 5,531 1,478 2,924 5,508 1,539 2,892 5,471 1,553 2,996 5,662

8 1,506 2,881 5,627 1,506 2,844 5,531 1,538 2,894 5,528 1,516 2,927 5,643 1,568 2,956 5,690

9 1,504 2,844 5,641 1,520 2,873 5,513 1,518 2,894 5,607 1,551 2,984 5,651 1,564 3,024 5,764

10 1,539 2,883 5,494 1,502 2,901 5,538 1,531 2,941 5,660 1,540 2,968 5,603 1,547 2,979 5,703
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Table 6.20.2.2. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for downstream path choice rates for the 
Stillwater Branch of 0.25, 0.5, 1 (base), 2, and 4 times the base (with Stillwater Branch use capped at one) under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.96 0.96 1.00 0.96 0.96 1.00 0.96 0.96 1.00 0.97 0.97 1.00 0.97 0.97 1.00

3 0.98 0.98 1.00 0.97 0.97 1.00 0.98 0.98 1.00 0.98 0.98 1.00 0.98 0.98 1.00

4 0.99 0.99 1.00 0.98 0.98 1.00 0.99 0.99 1.00 0.98 0.99 1.00 0.99 0.99 1.00

5 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

6 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

7 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

8 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

9 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00

10 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00 0.99 0.99 1.00
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Table 6.20.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for downstream path choice rates for the Stillwater Branch of 0.25, 0.5, 1 (base), 2, and 4 times the base (with 
Stillwater Branch use capped at one) under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 184,090 201,335 223,031 182,619 199,743 221,442 181,207 198,544 219,982 176,514 192,978 215,977 168,937 184,018 207,303

2 169,652 190,789 221,780 169,239 190,617 222,332 166,953 187,430 219,594 163,678 184,264 216,052 155,713 176,754 209,306

3 173,517 196,937 232,753 173,423 195,947 232,210 171,055 192,816 228,268 167,811 190,250 224,497 159,136 180,805 218,620

4 176,876 201,303 239,832 175,743 200,146 238,209 174,162 198,402 236,743 170,259 194,039 233,336 162,590 186,218 224,977

5 178,287 202,661 243,003 176,937 201,902 241,775 175,577 201,414 240,414 171,695 196,248 236,792 164,460 187,987 228,801

6 179,325 204,090 244,229 178,482 203,063 243,028 176,644 200,124 238,869 172,176 196,961 238,493 165,564 189,340 229,961

7 179,678 204,545 244,692 178,706 203,429 244,034 175,734 200,952 242,706 172,342 197,293 236,179 165,269 190,023 230,568

8 179,679 205,327 244,892 178,845 203,654 244,885 176,368 201,284 239,874 172,037 197,273 239,056 164,894 189,384 229,787

9 179,400 204,912 245,845 178,801 203,136 243,622 176,467 202,536 242,691 172,456 197,101 238,213 164,666 190,767 232,850

10 179,461 204,387 245,398 178,680 204,428 246,969 176,594 201,486 243,378 172,585 198,645 239,213 165,063 190,350 231,885
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Table 6.20.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for downstream path choice rates for the Stillwater Branch of 0.25, 0.5, 1 (base), 2, and 4 times the base (with 
Stillwater Branch use capped at one) under the Recovery scenario. 
 

 
  

Recovery ‐ 0.25 Recovery ‐ 0.5 Recovery ‐ base Recovery ‐ 2 Recovery ‐ 4

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.09 0.10 0.11

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.10 0.11 0.09 0.10 0.11

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.11 0.09 0.10 0.11
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Table 6.21.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate 
with 0.25 times the base case marine survival rate and the hatchery turned on. 
 

 
  

Marine 0.25x ‐ FW 0.25x Marine 0.25x ‐ FW 0.5x Marine 0.25x ‐ FW 1x Marine 0.25x ‐ FW 2x Marine 0.25x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 8 17 37 9 18 40 10 22 46 13 27 56 19 37 80

3 8 16 36 8 16 35 9 18 37 9 20 41 12 25 52

4 8 16 35 8 16 35 8 17 37 9 19 40 11 23 48

5 8 16 36 8 16 36 9 17 36 9 19 40 11 22 46

6 8 16 36 8 16 36 9 17 37 9 18 40 11 22 46

7 8 16 35 8 16 35 8 18 37 9 19 40 10 22 46

8 8 16 35 8 16 36 9 17 38 9 19 40 10 22 46

9 8 16 36 8 16 35 9 17 37 9 19 40 11 21 46

10 8 16 34 8 16 36 9 17 37 9 19 40 11 22 46
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Table 6.21.1.2. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate 
with 0.5 times the base case marine survival rate and the hatchery turned on. 
 

 
  

Marine 0.5x ‐ FW 0.25x Marine 0.5x ‐ FW 0.5x Marine 0.5x ‐ FW 1x Marine 0.5x ‐ FW 2x Marine 0.5x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 17 38 88 18 40 96 22 47 112 28 60 146 40 85 226

3 17 36 83 17 38 86 19 42 95 23 50 114 33 71 169

4 16 36 85 17 38 89 19 41 97 22 48 113 32 67 153

5 16 36 85 17 38 88 19 40 93 22 47 115 31 65 155

6 16 36 86 17 38 88 19 41 94 22 48 111 31 66 151

7 16 36 84 17 38 88 19 41 94 22 46 108 30 66 151

8 16 36 86 17 39 88 18 40 94 22 48 111 31 65 151

9 16 36 83 17 37 89 19 40 96 22 47 112 31 64 150

10 16 36 86 17 38 88 19 41 93 23 48 109 30 63 153
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Table 6.21.1.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate 
with 1 times the base case marine survival rate and the hatchery turned on. 
 

 
  

Marine 1x ‐ FW 0.25x Marine 1x ‐ FW 0.5x Marine 1x ‐ FW 1x Marine 1x ‐ FW 2x Marine 1x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 40 94 277 44 105 291 51 122 347 66 163 420 96 250 586

3 39 93 272 43 103 285 49 121 331 67 160 420 107 265 637

4 39 96 269 43 102 286 50 118 324 70 164 424 117 285 680

5 40 94 270 43 106 282 50 119 329 70 171 433 121 293 713

6 38 96 273 43 103 288 48 125 332 69 168 431 124 302 717

7 40 95 273 43 104 280 51 118 333 68 172 438 128 302 727

8 40 93 267 43 104 287 50 121 329 69 169 446 125 305 746

9 40 93 270 43 102 280 50 118 339 69 168 455 130 302 729

10 39 94 269 43 102 280 49 123 319 70 172 430 131 299 737
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Table 6.21.1.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate 
with 2 times the base case marine survival rate and the hatchery turned on. 
 

 
  

Marine 2x ‐ FW 0.25x Marine 2x ‐ FW 0.5x Marine 2x ‐ FW 1x Marine 2x ‐ FW 2x Marine 2x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 106 293 695 117 316 742 140 364 827 186 465 992 282 643 1,317

3 110 317 715 134 355 793 166 431 982 247 616 1,336 433 973 2,047

4 112 312 725 139 362 815 186 455 1,039 303 715 1,524 557 1,181 2,371

5 116 310 715 136 364 816 191 475 1,063 331 769 1,637 607 1,264 2,459

6 115 316 733 139 356 820 194 479 1,065 342 795 1,679 636 1,308 2,588

7 116 310 740 138 361 813 200 492 1,073 349 816 1,716 657 1,314 2,545

8 116 311 712 141 363 819 187 493 1,082 349 815 1,725 646 1,344 2,585

9 115 315 723 135 358 840 189 497 1,087 353 806 1,752 658 1,323 2,574

10 113 320 720 138 369 831 189 492 1,103 355 830 1,737 652 1,342 2,659
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Table 6.21.1.5. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate 
with 4 times the base case marine survival rate and the hatchery turned on. 
 

 
  

Marine 4x ‐ FW 0.25x Marine 4x ‐ FW 0.5x Marine 4x ‐ FW 1x Marine 4x ‐ FW 2x Marine 4x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 326 735 1,534 351 804 1,610 406 887 1,795 526 1,052 2,087 739 1,425 2,779

3 386 835 1,778 467 1,002 2,103 618 1,332 2,690 930 1,908 3,807 1,501 2,875 5,707

4 395 896 1,830 516 1,098 2,276 757 1,561 3,284 1,243 2,489 4,817 1,898 3,510 6,741

5 408 886 1,837 547 1,129 2,309 824 1,752 3,485 1,414 2,707 5,231 2,021 3,698 6,938

6 409 876 1,852 534 1,163 2,381 866 1,816 3,655 1,478 2,867 5,417 2,030 3,799 7,121

7 399 883 1,823 546 1,157 2,380 901 1,897 3,687 1,523 2,822 5,506 2,087 3,782 7,092

8 411 891 1,842 534 1,156 2,353 906 1,853 3,757 1,508 2,877 5,558 2,053 3,930 7,157

9 425 890 1,822 550 1,174 2,412 899 1,851 3,748 1,510 2,902 5,612 2,091 3,859 7,157

10 418 890 1,787 561 1,174 2,394 931 1,907 3,708 1,493 2,961 5,548 2,070 3,884 7,117
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Table 6.21.1.6. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
case freshwater survival rate with 0.25 times the base case marine survival rate and the hatchery turned on. 
 

 
  

Marine 0.25x ‐ FW 0.25x Marine 0.25x ‐ FW 0.5x Marine 0.25x ‐ FW 1x Marine 0.25x ‐ FW 2x Marine 0.25x ‐ FW 4x

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.06 0.07 1.00 0.07 0.07 1.00 0.09 0.09 1.00 0.11 0.11 1.00 0.16 0.16 1.00

3 0.06 0.06 0.99 0.06 0.06 1.00 0.06 0.06 1.00 0.06 0.06 1.00 0.07 0.07 1.00

4 0.06 0.06 0.99 0.06 0.06 1.00 0.06 0.07 1.00 0.07 0.07 1.00 0.07 0.07 1.00

5 0.06 0.06 0.99 0.06 0.06 1.00 0.06 0.06 1.00 0.06 0.07 1.00 0.07 0.07 1.00

6 0.06 0.06 0.99 0.07 0.07 0.99 0.06 0.06 0.99 0.06 0.06 1.00 0.06 0.07 1.00

7 0.06 0.06 0.99 0.06 0.06 0.99 0.06 0.06 1.00 0.07 0.07 1.00 0.07 0.07 1.00

8 0.06 0.06 0.99 0.06 0.07 1.00 0.06 0.07 1.00 0.06 0.07 1.00 0.07 0.07 1.00

9 0.06 0.06 0.99 0.06 0.07 0.99 0.06 0.07 1.00 0.06 0.06 1.00 0.07 0.07 1.00

10 0.06 0.06 0.99 0.06 0.06 0.99 0.06 0.06 1.00 0.06 0.07 1.00 0.07 0.07 1.00
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Table 6.21.1.7. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
case freshwater survival rate with 0.5 times the base case marine survival rate and the hatchery turned on. 
 

 
  

Marine 0.5x ‐ FW ‐ 0.25x Marine 0.5x ‐ FW 0.5x Marine 0.5x ‐ FW 1x Marine 0.5x ‐ FW 2x Marine 0.5x ‐ FW 4x

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.21 0.22 1.00 0.23 0.23 1.00 0.25 0.26 1.00 0.30 0.31 1.00 0.39 0.40 1.00

3 0.20 0.21 1.00 0.20 0.20 1.00 0.21 0.21 1.00 0.22 0.23 1.00 0.26 0.27 1.00

4 0.20 0.21 1.00 0.21 0.22 1.00 0.21 0.22 1.00 0.22 0.23 1.00 0.25 0.26 1.00

5 0.21 0.21 1.00 0.20 0.21 1.00 0.21 0.21 1.00 0.23 0.23 1.00 0.25 0.26 1.00

6 0.20 0.21 1.00 0.21 0.21 1.00 0.21 0.21 1.00 0.22 0.22 1.00 0.25 0.25 1.00

7 0.19 0.20 1.00 0.21 0.21 1.00 0.21 0.22 1.00 0.22 0.23 1.00 0.25 0.25 1.00

8 0.21 0.21 1.00 0.21 0.21 1.00 0.21 0.22 1.00 0.22 0.23 1.00 0.25 0.25 1.00

9 0.20 0.21 1.00 0.21 0.21 1.00 0.21 0.22 1.00 0.22 0.23 1.00 0.24 0.25 1.00

10 0.21 0.22 1.00 0.20 0.21 1.00 0.20 0.21 1.00 0.22 0.22 1.00 0.25 0.25 1.00
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Table 6.21.1.8. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
case freshwater survival rate with 1 times the base case marine survival rate and the hatchery turned on. 
 

 
  

Marine 1x ‐ FW 0.25x Marine 1x ‐ FW 0.5x Marine 1x ‐ FW 1x Marine 1x ‐ FW 2x Marine 1x ‐ FW 4x

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.46 0.47 1.00 0.48 0.49 1.00 0.51 0.52 1.00 0.58 0.59 1.00 0.68 0.68 1.00

3 0.45 0.46 1.00 0.45 0.46 1.00 0.49 0.49 1.00 0.52 0.53 1.00 0.60 0.61 1.00

4 0.45 0.46 1.00 0.46 0.46 1.00 0.47 0.48 1.00 0.52 0.53 1.00 0.60 0.61 1.00

5 0.45 0.45 1.00 0.47 0.48 1.00 0.48 0.49 1.00 0.52 0.53 1.00 0.60 0.61 1.00

6 0.45 0.46 1.00 0.46 0.47 1.00 0.48 0.49 1.00 0.52 0.53 1.00 0.62 0.62 1.00

7 0.45 0.46 1.00 0.46 0.47 1.00 0.48 0.49 1.00 0.52 0.53 1.00 0.61 0.62 1.00

8 0.44 0.45 1.00 0.47 0.48 1.00 0.48 0.49 1.00 0.52 0.53 1.00 0.60 0.61 1.00

9 0.45 0.46 1.00 0.46 0.47 1.00 0.47 0.48 1.00 0.52 0.53 1.00 0.61 0.62 1.00

10 0.45 0.46 1.00 0.46 0.47 1.00 0.49 0.50 1.00 0.52 0.53 1.00 0.61 0.61 1.00
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Table 6.21.1.9. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
case freshwater survival rate with 2 times the base case marine survival rate and the hatchery turned on. 
 

 
  

Marine 2x ‐ FW 0.25x Marine 2x ‐ FW 0.5x Marine 2x ‐ FW 1x Marine 2x ‐ FW 2x Marine 2x ‐ FW 4x

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.73 0.73 1.00 0.75 0.75 1.00 0.78 0.79 1.00 0.83 0.84 1.00 0.89 0.89 1.00

3 0.73 0.73 1.00 0.75 0.76 1.00 0.78 0.79 1.00 0.83 0.83 1.00 0.89 0.89 1.00

4 0.73 0.74 1.00 0.75 0.76 1.00 0.79 0.79 1.00 0.84 0.85 1.00 0.90 0.91 1.00

5 0.73 0.74 1.00 0.75 0.76 1.00 0.80 0.80 1.00 0.85 0.86 1.00 0.92 0.93 1.00

6 0.74 0.74 1.00 0.76 0.76 1.00 0.80 0.81 1.00 0.86 0.86 1.00 0.93 0.93 1.00

7 0.73 0.74 1.00 0.76 0.77 1.00 0.80 0.80 1.00 0.86 0.86 1.00 0.93 0.93 1.00

8 0.74 0.75 1.00 0.76 0.76 1.00 0.80 0.80 1.00 0.86 0.87 1.00 0.93 0.93 1.00

9 0.73 0.74 1.00 0.76 0.77 1.00 0.79 0.80 1.00 0.86 0.86 1.00 0.93 0.93 1.00

10 0.73 0.74 1.00 0.75 0.76 1.00 0.79 0.80 1.00 0.86 0.86 1.00 0.92 0.93 1.00
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Table 6.21.1.10. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
case freshwater survival rate with 4 times the base case marine survival rate and the hatchery turned on. 
 

 
  

Marine 4x ‐ FW 0.25x Marine 4x ‐ FW 0.5x Marine 4x ‐ FW 1x Marine 4x ‐ FW 2x Marine 4x ‐ FW 4x

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.91 0.91 1.00 0.92 0.93 1.00 0.94 0.94 1.00 0.96 0.96 1.00 0.98 0.98 1.00

3 0.92 0.93 1.00 0.94 0.94 1.00 0.96 0.96 1.00 0.98 0.98 1.00 0.99 0.99 1.00

4 0.93 0.93 1.00 0.94 0.95 1.00 0.96 0.97 1.00 0.99 0.99 1.00 0.99 1.00 1.00

5 0.93 0.93 1.00 0.95 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00

6 0.93 0.93 1.00 0.94 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00

7 0.93 0.93 1.00 0.94 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00

8 0.93 0.93 1.00 0.95 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00

9 0.93 0.93 1.00 0.94 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00

10 0.93 0.93 1.00 0.95 0.95 1.00 0.97 0.97 1.00 0.99 0.99 1.00 1.00 1.00 1.00
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Table 6.21.1.11. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 0.25 times the base case marine 
survival rate and the hatchery turned on. 
 

 
  

Marine 0.25x ‐ FW 0.25x Marine 0.25x ‐ FW 0.5x Marine 0.25x ‐ FW 1x Marine 0.25x ‐ FW 2x Marine 0.25x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 152,925 164,137 179,577 157,120 168,521 184,924 165,811 178,984 196,161 181,168 198,161 220,216 209,994 235,121 267,968

2 148,695 158,711 174,192 148,826 159,208 175,007 149,147 159,486 174,288 149,472 159,984 175,456 149,845 160,475 175,756

3 148,918 159,426 174,330 149,223 159,509 174,287 148,807 158,998 174,294 149,034 159,354 173,713 149,102 159,486 175,002

4 149,091 160,112 174,850 149,520 160,142 175,852 148,990 159,279 174,523 149,146 159,628 175,303 149,851 159,897 174,406

5 149,047 159,752 175,315 148,624 159,450 175,030 149,001 159,785 174,604 148,856 159,598 174,265 149,194 159,424 175,190

6 148,799 159,246 174,899 148,748 158,883 173,893 148,990 159,070 174,304 149,273 160,327 175,252 149,355 159,344 174,814

7 148,946 159,275 174,272 148,811 159,001 173,347 149,044 159,364 175,031 149,411 159,623 174,906 149,020 159,852 175,050

8 148,533 158,996 173,815 148,640 159,014 174,433 149,009 159,657 174,484 148,746 159,450 175,021 148,988 159,995 176,131

9 148,811 159,668 174,702 149,246 159,389 174,791 148,902 159,528 174,365 149,060 159,037 174,677 149,428 159,618 174,983

10 148,892 159,325 174,453 148,722 159,438 174,606 148,936 159,020 175,220 148,915 159,543 173,461 149,502 160,146 174,929
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Table 6.21.1.12. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.5, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 0.5 times the base case marine 
survival rate and the hatchery turned on. 
 

 
  

Marine 0.5x ‐ FW 0.25x Marine 0.5x ‐ FW 0.5x Marine 0.5x ‐ FW 1x Marine 0.5x ‐ FW 2x Marine 0.5x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 153,304 163,877 179,245 158,042 169,534 185,881 166,041 179,027 197,393 180,784 197,201 219,672 209,943 235,171 268,177

2 149,246 159,894 174,768 149,394 159,503 175,301 149,925 160,719 175,977 150,522 161,693 177,928 152,280 164,780 183,473

3 149,306 159,706 175,016 148,972 159,874 174,794 149,597 160,205 174,982 150,093 160,713 177,570 150,899 162,791 179,763

4 148,922 159,217 173,698 148,900 159,557 175,466 149,216 160,080 175,563 149,721 160,323 176,034 150,792 161,782 178,095

5 149,031 159,621 174,962 148,837 159,216 175,165 149,329 159,488 174,503 150,073 161,000 176,543 150,648 162,083 179,717

6 149,220 159,300 174,094 149,168 159,398 174,791 149,851 159,972 173,858 150,155 160,984 177,245 150,663 162,038 179,165

7 148,889 159,036 174,277 148,705 159,435 174,993 149,300 160,151 174,845 149,990 160,666 176,697 150,492 161,717 178,431

8 148,988 159,433 174,229 148,784 159,373 174,917 149,893 160,387 175,963 149,874 160,673 176,889 151,048 162,034 179,852

9 149,058 159,353 174,508 148,980 159,194 173,800 149,654 160,012 175,444 149,467 160,589 176,629 150,510 162,158 178,495

10 148,977 159,208 174,281 149,319 160,162 175,287 149,306 160,011 175,503 149,495 160,241 175,851 150,760 161,795 177,934
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Table 6.21.1.13. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 1 times the base case marine 
survival rate and the hatchery turned on. 
 

 
  

Marine 1x ‐ FW 0.25x Marine 1x ‐ FW 0.5x Marine 1x ‐ FW 1x Marine 1x ‐ FW 2x Marine 1x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 153,467 164,155 179,245 157,815 169,434 186,171 166,114 179,459 197,956 180,664 198,396 219,697 209,433 234,881 267,916

2 149,624 159,632 174,946 150,061 160,776 176,217 150,692 162,029 178,243 153,002 165,405 183,649 156,664 172,645 196,257

3 149,312 160,037 175,860 149,953 160,831 175,831 150,402 161,693 177,856 151,738 164,298 181,898 155,389 170,235 192,148

4 149,716 160,017 175,077 149,782 159,877 175,716 150,110 161,332 177,712 152,055 164,251 181,845 155,387 169,939 191,688

5 149,490 159,838 175,232 149,804 160,501 176,021 150,460 161,583 177,364 151,615 163,976 181,101 155,854 170,273 191,126

6 149,230 159,797 175,461 149,879 160,651 176,692 151,207 162,616 178,756 151,612 163,934 181,261 155,944 170,473 191,516

7 149,144 159,475 175,041 149,918 160,684 176,514 150,849 161,758 177,266 152,482 164,585 181,181 156,081 171,135 192,299

8 149,245 159,505 175,064 149,974 160,572 176,223 150,873 162,065 177,615 151,977 164,106 180,781 155,550 170,849 192,119

9 149,113 159,698 174,233 149,886 160,718 176,286 150,820 161,690 177,543 152,139 164,455 181,128 155,479 170,375 191,650

10 149,319 159,980 175,331 150,121 160,444 176,016 150,981 161,998 177,942 152,920 164,921 182,030 155,397 170,812 192,309
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Table 6.21.1.14. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 2 times the base case marine 
survival rate and the hatchery turned on. 
 

 
  

Marine 2x ‐ FW 0.25x Marine 2x ‐ FW 0.5x Marine 2x ‐ FW 1x Marine 2x ‐ FW 2x Marine 2x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 152,855 163,857 179,503 158,099 169,615 185,987 165,413 178,621 195,739 181,113 198,511 219,934 209,320 234,894 267,120

2 150,265 161,031 176,889 151,166 162,372 178,704 153,527 166,134 184,031 158,222 174,275 195,609 166,934 189,401 226,805

3 150,337 161,247 177,218 151,453 162,513 178,498 153,794 166,694 184,725 158,009 173,851 196,643 167,467 190,434 226,466

4 150,532 160,693 176,969 151,317 162,731 179,506 153,500 166,580 183,169 158,898 174,402 196,460 169,979 192,751 229,049

5 150,079 161,159 176,583 151,573 163,058 180,107 153,828 166,226 184,314 158,911 174,973 197,648 170,142 193,858 232,267

6 149,903 160,479 175,611 151,333 162,870 179,230 153,618 166,142 184,237 159,821 175,550 198,885 171,130 194,999 233,577

7 150,231 161,085 176,811 151,787 163,148 179,226 153,970 166,802 184,721 159,575 175,259 198,449 171,157 194,156 231,302

8 150,330 161,535 177,384 151,988 163,248 179,176 153,909 166,397 185,045 159,879 175,653 199,293 171,729 194,997 233,616

9 150,364 161,183 176,818 151,488 162,468 178,664 153,674 166,443 185,146 159,460 175,105 197,426 171,393 196,362 234,653

10 150,122 161,070 175,870 151,699 162,863 179,030 153,788 166,611 185,223 160,039 176,339 198,826 171,505 195,483 234,095
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Table 6.21.1.15. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 4 times the base case marine 
survival rate and the hatchery turned on. 
 

 
  

Marine 4x ‐ FW 0.25x Marine 4x ‐ FW 0.5x Marine 4x ‐ FW 1x Marine 4x ‐ FW 2x Marine 4x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 153,529 163,966 179,449 157,612 169,209 185,517 165,827 178,804 196,344 181,799 198,411 221,074 210,303 235,890 268,922

2 151,972 162,905 178,787 154,388 166,916 184,401 159,308 174,313 196,426 166,457 186,724 218,390 186,238 222,260 285,357

3 152,249 163,298 179,641 154,373 167,303 185,019 160,597 175,762 199,512 170,867 193,135 228,109 194,539 236,410 320,891

4 152,342 163,429 179,906 155,532 168,395 186,511 161,057 177,831 200,768 174,137 197,942 234,326 200,528 247,313 337,063

5 152,092 163,184 178,788 154,948 167,340 185,726 162,169 177,489 200,131 174,917 199,967 240,369 204,280 251,999 341,167

6 152,384 164,464 181,102 155,131 167,608 185,218 161,447 177,566 201,701 176,600 200,631 243,134 204,364 254,782 344,849

7 152,222 163,094 179,180 155,142 167,742 185,718 161,395 177,700 201,046 176,651 201,662 241,617 203,858 256,089 350,040

8 151,566 163,085 178,493 155,698 168,237 186,123 162,200 178,420 202,183 176,285 200,727 242,662 204,840 256,789 352,567

9 151,843 163,050 179,718 154,836 167,553 185,769 162,749 178,873 203,654 176,970 201,051 241,883 204,049 257,826 350,898

10 152,183 163,470 180,244 155,104 167,895 185,916 161,806 178,833 202,688 175,484 199,732 244,370 204,614 256,659 347,664
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Table 6.21.1.16. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 0.25 times the base case marine 
survival rate and the hatchery turned on. 
 

 
  

Marine 0.25x ‐ FW 0.25x Marine 0.25x ‐ FW 0.5x Marine 0.25x ‐ FW 1x Marine 0.25x ‐ FW 2x Marine 0.25x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.21.1.17. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 0.5 times the base case marine 
survival rate and the hatchery turned on. 
 

 
  

Marine 0.5x ‐ FW 0.25x Marine 0.5x ‐ FW 0.5x Marine 0.5x ‐ FW 1x Marine 0.5x ‐ FW 2x Marine 0.5x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.21.1.18. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 1 times the base case marine 
survival rate and the hatchery turned on. 
 

 
  

Marine 1x ‐ FW 0.25x Marine 1x ‐ FW 0.5x Marine 1x ‐ FW 1x Marine 1x ‐ FW 2x Marine 1x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.21.1.19. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 2 times the base case marine 
survival rate and the hatchery turned on. 
 

 
  

Marine 2x ‐ FW 0.25x Marine 2x ‐ FW 0.5x Marine 2x ‐ FW 1x Marine 2x ‐ FW 2x Marine 2x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12



282 
 

Table 6.21.1.20. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 4 times the base case marine 
survival rate and the hatchery turned on. 
 

 
  

Marine 4x ‐ FW 0.25x Marine 4x ‐ FW 0.5x Marine 4x ‐ FW 1x Marine 4x ‐ FW 2x Marine 4x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.10 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.10 0.12 0.10 0.11 0.12
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Table 6.21.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate 
with 0.25 times the base case marine survival rate and the hatchery turned off. 
 

 
  

Marine 0.25x ‐ FW 0.25x Marine 0.25x ‐ FW 0.5x Marine 0.25x ‐ FW 1x Marine 0.25x ‐ FW 2x Marine 0.25x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 0 3 5 3 5 9 5 10 20 11 20 40 22 42 81

3 0 0 0 0 0 0 0 0 1 0 1 2 1 5 14

4 0 0 0 0 0 0 0 0 0 0 0 0 0 1 2

5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 6.21.2.2. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate 
with 0.5 times the base case marine survival rate and the hatchery turned off. 
 

 
  

Marine 0.5x ‐ FW 0.25x Marine 0.5x ‐ FW 0.5x Marine 0.5x ‐ FW 1x Marine 0.5x ‐ FW 2x Marine 0.5x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 3 5 9 5 10 20 11 20 40 22 42 81 45 84 166

3 0 0 0 0 0 1 0 1 2 1 5 14 9 23 58

4 0 0 0 0 0 0 0 0 0 0 1 2 1 7 23

5 0 0 0 0 0 0 0 0 0 0 0 0 1 1 8

6 0 0 0 0 0 0 0 0 0 0 0 0 0 1 2

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 6.21.2.3. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate 
with 1 times the base case marine survival rate and the hatchery turned off. 
 

 
  

Marine 1x ‐ FW 0.25x Marine 1x ‐ FW 0.5x Marine 1x ‐ FW 1x Marine 1x ‐ FW 2x Marine 1x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 5 10 20 11 20 41 22 41 81 45 84 164 90 171 328

3 0 0 1 0 1 2 1 5 14 9 23 57 38 93 232

4 0 0 0 0 0 0 0 1 2 1 7 22 20 61 172

5 0 0 0 0 0 0 0 0 0 1 1 8 11 40 132

6 0 0 0 0 0 0 0 0 0 0 1 2 6 26 97

7 0 0 0 0 0 0 0 0 0 0 0 1 2 17 75

8 0 0 0 0 0 0 0 0 0 0 0 0 1 11 59

9 0 0 0 0 0 0 0 0 0 0 0 0 1 7 44

10 0 0 0 0 0 0 0 0 0 0 0 0 0 3 33
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Table 6.21.2.4. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate 
with 2 times the base case marine survival rate and the hatchery turned off. 
 

 
  

Marine 2x ‐ FW 0.25x Marine 2x ‐ FW 0.5x Marine 2x ‐ FW 1x Marine 2x ‐ FW 2x Marine 2x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 11 21 40 22 42 81 46 84 158 89 173 324 186 339 643

3 0 1 2 1 5 14 9 22 57 37 92 234 149 361 873

4 0 0 0 0 1 2 1 7 22 20 59 182 157 435 1,074

5 0 0 0 0 0 0 1 1 8 11 39 136 167 486 1,202

6 0 0 0 0 0 0 0 1 2 6 26 104 178 531 1,177

7 0 0 0 0 0 0 0 0 1 2 18 83 199 548 1,244

8 0 0 0 0 0 0 0 0 0 1 11 64 202 571 1,267

9 0 0 0 0 0 0 0 0 0 1 7 45 211 584 1,305

10 0 0 0 0 0 0 0 0 0 0 3 36 220 592 1,289
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Table 6.21.2.5. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate 
with 4 times the base case marine survival rate and the hatchery turned off. 
 

 
  

Marine 4x ‐ FW 0.25x Marine 4x ‐ FW 0.5x Marine 4x ‐ FW 1x Marine 4x ‐ FW 2x Marine 4x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587 587 587 587 587 587 587

2 22 43 80 44 84 165 89 171 322 178 336 666 373 670 1,294

3 1 5 14 9 23 57 39 92 232 152 370 920 618 1,326 2,834

4 0 1 2 1 7 22 20 60 176 160 463 1,344 960 1,976 3,869

5 0 0 0 1 1 8 11 40 141 181 606 1,630 1,192 2,225 4,303

6 0 0 0 0 1 2 6 28 106 210 726 1,887 1,294 2,412 4,599

7 0 0 0 0 0 1 2 18 83 226 844 2,149 1,360 2,477 4,585

8 0 0 0 0 0 0 1 11 65 256 906 2,217 1,393 2,540 4,676

9 0 0 0 0 0 0 1 7 50 283 948 2,408 1,409 2,556 4,763

10 0 0 0 0 0 0 0 4 38 328 1,019 2,443 1,406 2,547 4,803
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Table 6.21.2.6. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
case freshwater survival rate with 0.25 times the base case marine survival rate and the hatchery turned off. 
 

 
  

Marine 0.25x ‐ FW 0.25x Marine 0.25x ‐ FW 0.5x Marine 0.25x ‐ FW 1x Marine 0.25x ‐ FW 2x Marine 0.25x ‐ FW 4x

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.40 0.33 0.58 0.62 0.56 0.83 0.80 0.74 0.96 0.92 0.89 0.99 0.98 0.96 1.00

3 0.00 0.00 0.01 0.00 0.00 0.08 0.01 0.01 0.32 0.06 0.07 0.69 0.24 0.28 0.93

4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.15 0.02 0.04 0.58

5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.23

6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07

7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02

8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 6.21.2.7. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
case freshwater survival rate with 0.5 times the base case marine survival rate and the hatchery turned off. 
 

 
  

Marine 0.5x ‐ FW 0.25x Marine 0.5x ‐ FW 0.5x Marine 0.5x ‐ FW 1x Marine 0.5x ‐ FW 2x Marine 0.5x ‐ FW 4x

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.62 0.55 0.83 0.79 0.74 0.96 0.92 0.89 0.99 0.98 0.96 1.00 0.99 0.99 1.00

3 0.00 0.00 0.09 0.01 0.01 0.33 0.05 0.06 0.69 0.25 0.29 0.93 0.60 0.65 0.99

4 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.16 0.02 0.04 0.59 0.24 0.32 0.93

5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.00 0.01 0.23 0.11 0.17 0.76

6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.05 0.08 0.54

7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.04 0.35

8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.21

9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.12

10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.07
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Table 6.21.2.8. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
case freshwater survival rate with 1 times the base case marine survival rate and the hatchery turned off. 
 

 
  

Marine 1x ‐ FW 0.25x Marine 1x ‐ FW 0.5x Marine 1x ‐ FW 1x Marine 1x ‐ FW 2x Marine 1x ‐ FW 4x

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.80 0.75 0.96 0.92 0.88 1.00 0.98 0.96 1.00 0.99 0.99 1.00 1.00 1.00 1.00

3 0.00 0.00 0.33 0.05 0.06 0.70 0.25 0.29 0.93 0.60 0.65 0.99 0.88 0.91 1.00

4 0.00 0.00 0.01 0.00 0.00 0.15 0.03 0.05 0.58 0.23 0.32 0.93 0.68 0.76 1.00

5 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.22 0.11 0.17 0.76 0.56 0.66 0.99

6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.05 0.08 0.54 0.48 0.58 0.96

7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.04 0.35 0.41 0.50 0.92

8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.22 0.35 0.43 0.87

9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.13 0.31 0.38 0.80

10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.27 0.33 0.74
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Table 6.21.2.9. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
case freshwater survival rate with 2 times the base case marine survival rate and the hatchery turned off. 
 

 
  

Marine 2x ‐ FW 0.25x Marine 2x ‐ FW 0.5x Marine 2x ‐ FW 1x Marine 2x ‐ FW 2x Marine 2x ‐ FW 4x

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.92 0.88 0.99 0.98 0.96 1.00 0.99 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00

3 0.05 0.06 0.70 0.25 0.28 0.93 0.59 0.65 0.99 0.88 0.91 1.00 0.98 0.99 1.00

4 0.00 0.00 0.15 0.03 0.05 0.58 0.23 0.31 0.93 0.68 0.77 1.00 0.95 0.97 1.00

5 0.00 0.00 0.01 0.00 0.01 0.24 0.11 0.16 0.75 0.56 0.65 0.99 0.94 0.96 1.00

6 0.00 0.00 0.00 0.00 0.00 0.07 0.05 0.08 0.53 0.48 0.57 0.96 0.94 0.96 1.00

7 0.00 0.00 0.00 0.00 0.00 0.02 0.03 0.04 0.35 0.42 0.50 0.92 0.93 0.96 1.00

8 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.21 0.36 0.44 0.86 0.93 0.96 1.00

9 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.12 0.32 0.39 0.81 0.93 0.96 1.00

10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.07 0.27 0.34 0.74 0.94 0.96 1.00
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Table 6.21.2.10. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base 
case freshwater survival rate with 4 times the base case marine survival rate and the hatchery turned off. 
 

 
  

Marine 4x ‐ FW 0.25x Marine 4x ‐ FW 0.5x Marine 4x ‐ FW 1x Marine 4x ‐ FW 2x Marine 4x ‐ FW 4x

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.97 0.96 1.00 1.00 0.99 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

3 0.26 0.29 0.93 0.60 0.65 0.99 0.88 0.91 1.00 0.98 0.99 1.00 1.00 1.00 1.00

4 0.03 0.05 0.59 0.24 0.32 0.93 0.69 0.77 1.00 0.95 0.98 1.00 1.00 1.00 1.00

5 0.00 0.01 0.24 0.11 0.17 0.75 0.57 0.67 0.99 0.94 0.97 1.00 1.00 1.00 1.00

6 0.00 0.00 0.07 0.05 0.09 0.54 0.49 0.58 0.96 0.94 0.97 1.00 1.00 1.00 1.00

7 0.00 0.00 0.02 0.02 0.04 0.37 0.42 0.51 0.92 0.94 0.96 1.00 1.00 1.00 1.00

8 0.00 0.00 0.00 0.01 0.02 0.22 0.37 0.45 0.87 0.94 0.96 1.00 1.00 1.00 1.00

9 0.00 0.00 0.00 0.00 0.01 0.12 0.32 0.39 0.81 0.94 0.96 1.00 1.00 1.00 1.00

10 0.00 0.00 0.00 0.00 0.00 0.07 0.28 0.35 0.75 0.94 0.96 1.00 1.00 1.00 1.00
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Table 6.21.2.11. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 0.25 times the base case marine 
survival rate and the hatchery turned off. 
 

 
  

Marine 0.25x ‐ FW 0.25x Marine 0.25x ‐ FW 0.5x Marine 0.25x ‐ FW 1x Marine 0.25x ‐ FW 2x Marine 0.25x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 3,298 4,511 6,094 6,603 9,035 12,180 13,262 17,988 24,305 26,459 36,076 48,546 52,800 71,546 97,743

2 0 2 18 0 32 79 53 142 296 256 541 1,119 1,050 2,185 4,334

3 0 0 0 0 0 0 0 0 0 0 0 13 0 60 358

4 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 6.21.2.12. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.5, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 0.5 times the base case marine 
survival rate and the hatchery turned off. 
 

 
  

Marine 0.5x ‐ FW 0.25x Marine 0.5x ‐ FW 0.5x Marine 0.5x ‐ FW 1x Marine 0.5x ‐ FW 2x Marine 0.5x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 3,299 4,526 6,086 6,614 8,993 12,213 13,221 17,879 24,455 26,214 36,045 48,607 52,960 72,315 96,859

2 0 15 40 25 73 149 130 281 567 503 1,078 2,229 2,031 4,141 8,788

3 0 0 0 0 0 0 0 0 7 0 29 185 161 580 1,582

4 0 0 0 0 0 0 0 0 0 0 0 0 0 93 484

5 0 0 0 0 0 0 0 0 0 0 0 0 0 0 151

6 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

7 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

8 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

10 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Table 6.21.2.13. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 1 times the base case marine 
survival rate and the hatchery turned off. 
 

 
  

Marine 1x ‐ FW 0.25x Marine 1x ‐ FW 0.5x Marine 1x ‐ FW 1x Marine 1x ‐ FW 2x Marine 1x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 3,294 4,520 6,092 6,644 9,042 12,216 13,247 18,022 24,282 26,613 35,808 48,702 53,003 72,108 97,210

2 13 34 74 65 137 279 257 537 1,117 1,005 2,123 4,381 3,958 8,233 17,308

3 0 0 0 0 0 3 0 16 88 84 287 776 880 2,257 5,713

4 0 0 0 0 0 0 0 0 0 0 49 238 369 1,206 3,454

5 0 0 0 0 0 0 0 0 0 0 0 67 186 743 2,578

6 0 0 0 0 0 0 0 0 0 0 0 0 62 493 1,912

7 0 0 0 0 0 0 0 0 0 0 0 0 0 312 1,425

8 0 0 0 0 0 0 0 0 0 0 0 0 0 185 1,134

9 0 0 0 0 0 0 0 0 0 0 0 0 0 78 884

10 0 0 0 0 0 0 0 0 0 0 0 0 0 24 631
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Table 6.21.2.14. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 2 times the base case marine 
survival rate and the hatchery turned off. 
 

 
  

Marine 2x ‐ FW 0.25x Marine 2x ‐ FW 0.5x Marine 2x ‐ FW 1x Marine 2x ‐ FW 2x Marine 2x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 3,279 4,527 6,080 6,651 9,048 12,112 13,274 18,043 24,189 26,593 36,035 48,673 53,317 72,007 97,211

2 31 70 140 129 270 551 512 1,050 2,160 1,956 4,098 8,627 8,015 16,259 33,317

3 0 0 2 0 7 45 40 142 379 445 1,139 3,009 3,549 8,701 20,795

4 0 0 0 0 0 0 0 24 116 189 585 1,836 2,751 8,423 20,124

5 0 0 0 0 0 0 0 0 33 86 376 1,358 2,911 9,321 21,666

6 0 0 0 0 0 0 0 0 0 29 243 1,074 3,076 9,514 22,151

7 0 0 0 0 0 0 0 0 0 0 161 796 3,282 10,201 22,212

8 0 0 0 0 0 0 0 0 0 0 95 602 3,355 10,568 23,389

9 0 0 0 0 0 0 0 0 0 0 44 441 3,491 10,604 23,313

10 0 0 0 0 0 0 0 0 0 0 16 350 3,792 11,077 23,768
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Table 6.21.2.15. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 4 times the base case marine 
survival rate and the hatchery turned off. 
 

 
  

Marine 4x ‐ FW 0.25x Marine 4x ‐ FW 0.5x Marine 4x ‐ FW 1x Marine 4x ‐ FW 2x Marine 4x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 3,303 4,492 6,111 6,616 9,002 12,086 13,221 18,093 24,419 26,493 36,019 48,858 52,832 72,225 97,367

2 64 134 281 250 530 1,109 997 2,069 4,331 3,867 8,219 17,834 15,315 30,964 64,133

3 0 4 23 20 74 194 227 562 1,497 1,721 4,446 11,764 12,900 27,798 57,666

4 0 0 0 0 12 62 98 304 908 1,440 4,436 13,459 16,771 32,797 67,097

5 0 0 0 0 0 18 45 197 691 1,577 5,480 15,630 19,434 37,053 76,752

6 0 0 0 0 0 0 16 131 521 1,695 6,473 17,781 21,495 40,511 81,933

7 0 0 0 0 0 0 0 86 404 1,954 7,431 19,478 23,150 42,526 85,842

8 0 0 0 0 0 0 0 48 329 2,191 8,061 20,447 23,424 43,697 88,099

9 0 0 0 0 0 0 0 23 236 2,428 8,818 21,148 23,555 43,590 90,261

10 0 0 0 0 0 0 0 8 191 2,693 9,259 21,401 23,524 43,653 90,084
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Table 6.21.2.16. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 0.25 times the base case marine 
survival rate and the hatchery turned off. 
 

 
  

Marine 0.25x ‐ FW 0.25x Marine 0.25x ‐ FW 0.5x Marine 0.25x ‐ FW 1x Marine 0.25x ‐ FW 2x Marine 0.25x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.00 0.07 0.10 0.00 0.10 0.11 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.09 0.10

4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 6.21.2.17. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 0.5 times the base case marine 
survival rate and the hatchery turned off. 
 

 
  

Marine 0.5x ‐ FW 0.25x Marine 0.5x ‐ FW 0.5x Marine 0.5x ‐ FW 1x Marine 0.5x ‐ FW 2x Marine 0.5x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.00 0.10 0.11 0.10 0.10 0.11 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.09 0.10 0.09 0.10 0.11

4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.10

5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10

6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 6.21.2.18. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 1 times the base case marine 
survival rate and the hatchery turned off. 
 

 
  

Marine 1x ‐ FW 0.25x Marine 1x ‐ FW 0.5x Marine 1x ‐ FW 1x Marine 1x ‐ FW 2x Marine 1x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.09 0.10 0.11 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.00 0.00 0.00 0.00 0.00 0.09 0.00 0.09 0.10 0.09 0.10 0.11 0.10 0.10 0.11

4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.10 0.09 0.10 0.11

5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.09 0.10 0.10

6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.10 0.10

7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.10

8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.10

9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.10

10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.06 0.10
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Table 6.21.2.19. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 2 times the base case marine 
survival rate and the hatchery turned off. 
 

 
  

Marine 2x ‐ FW 0.25x Marine 2x ‐ FW 0.5x Marine 2x ‐ FW 1x Marine 2x ‐ FW 2x Marine 2x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.10 0.11 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.00 0.00 0.08 0.00 0.09 0.10 0.09 0.10 0.11 0.10 0.10 0.11 0.10 0.10 0.11

4 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.10 0.09 0.10 0.11 0.10 0.10 0.11

5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.09 0.10 0.10 0.10 0.10 0.11

6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.10 0.10 0.10 0.10 0.11

7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.10 0.09 0.10 0.11

8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.10 0.09 0.10 0.11

9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.10 0.09 0.10 0.11

10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.10 0.09 0.10 0.11
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Table 6.21.2.20. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival rate with 4 times the base case marine 
survival rate and the hatchery turned off. 
 

 
  

Marine 4x ‐ FW 0.25x Marine 4x ‐ FW 0.5x Marine 4x ‐ FW 1x Marine 4x ‐ FW 2x Marine 4x ‐ FW 4x

Gen 25% median 75% 25% median 75% 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.00 0.09 0.10 0.09 0.10 0.11 0.10 0.10 0.11 0.10 0.10 0.11 0.10 0.10 0.11

4 0.00 0.00 0.00 0.00 0.09 0.10 0.09 0.10 0.11 0.10 0.10 0.11 0.10 0.10 0.11

5 0.00 0.00 0.00 0.00 0.00 0.10 0.09 0.10 0.11 0.10 0.10 0.11 0.10 0.10 0.11

6 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.10 0.10 0.10 0.10 0.11 0.10 0.10 0.11

7 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 0.10 0.10 0.10 0.11 0.10 0.10 0.11

8 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.10 0.09 0.10 0.11 0.10 0.10 0.11

9 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.09 0.10 0.09 0.10 0.11 0.10 0.10 0.11

10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.10 0.09 0.10 0.11 0.10 0.10 0.11
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Table 6.22.1.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for scenarios using median two sea-winter female marine survival rates 
during 1971–1990, 1991–2010, and 1971–2010 (base) under the Base Case scenario. 
 

 
  

Base Case ‐ 1971‐1990 Base Case ‐ 1991‐2010 Base Case ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587

2 204 385 648 29 51 89 51 124 329

3 233 431 730 24 44 76 51 122 323

4 250 459 766 23 44 75 51 119 344

5 253 465 771 23 43 75 52 118 324

6 253 470 793 23 43 76 51 120 329

7 258 479 789 23 44 75 50 119 330

8 259 472 791 24 43 75 52 121 327

9 263 475 790 23 43 75 51 121 329

10 258 481 791 23 43 76 52 119 324
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Table 6.22.1.2. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for scenarios using mean two sea-winter female marine survival rates 
during 1971–1990, 1991–2010, and 1971–2010 (base) under the Base Case scenario. 
 

 
  

Base Case ‐ 1971‐1990 Base Case ‐ 1991‐2010 Base Case ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587

2 247 458 770 34 61 106 58 150 396

3 301 539 877 29 52 90 61 150 411

4 318 576 961 28 50 88 62 152 420

5 337 603 964 27 51 89 62 150 401

6 337 602 982 27 52 90 61 156 397

7 341 604 992 28 52 91 63 155 407

8 343 614 991 28 52 91 63 153 408

9 345 605 992 28 51 91 62 150 415

10 349 605 998 28 52 89 63 155 406
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Table 6.22.1.3. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for scenarios using median two sea-winter 
female marine survival rates during 1971–1990, 1991–2010, and 1971–2010 (base) under the Base Case scenario. 
 

 
  

Base Case ‐ 1971‐1990 Base Case ‐ 1991‐2010 Base Case ‐ base

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.87 0.87 1.00 0.18 0.19 1.00 0.52 0.52 1.00

3 0.86 0.87 1.00 0.13 0.13 1.00 0.49 0.50 1.00

4 0.86 0.87 1.00 0.13 0.14 1.00 0.48 0.49 1.00

5 0.86 0.87 1.00 0.13 0.14 1.00 0.48 0.48 1.00

6 0.86 0.86 1.00 0.13 0.14 1.00 0.48 0.49 1.00

7 0.87 0.87 1.00 0.13 0.14 1.00 0.48 0.49 1.00

8 0.87 0.88 1.00 0.12 0.13 1.00 0.48 0.48 1.00

9 0.87 0.87 1.00 0.13 0.13 1.00 0.48 0.49 1.00

10 0.86 0.87 1.00 0.13 0.14 1.00 0.48 0.49 1.00
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Table 6.22.1.4. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for scenarios using mean two sea-winter 
female marine survival rates during 1971–1990, 1991–2010, and 1971–2010 (base) under the Base Case scenario. 
 

 
  

Base Case ‐ 1971‐1990 Base Case ‐ 1991‐2010 Base Case ‐ base

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 0.90 0.90 1.00 0.24 0.25 1.00 0.57 0.57 1.00

3 0.90 0.90 1.00 0.18 0.19 1.00 0.53 0.54 1.00

4 0.90 0.91 1.00 0.18 0.19 1.00 0.54 0.55 1.00

5 0.91 0.92 1.00 0.19 0.19 1.00 0.53 0.54 1.00

6 0.91 0.91 1.00 0.18 0.19 1.00 0.53 0.54 1.00

7 0.91 0.92 1.00 0.19 0.20 1.00 0.54 0.55 1.00

8 0.91 0.92 1.00 0.18 0.19 1.00 0.54 0.55 1.00

9 0.91 0.92 1.00 0.18 0.18 1.00 0.54 0.54 1.00

10 0.91 0.92 1.00 0.19 0.19 1.00 0.54 0.55 1.00
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Table 6.22.1.5. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for scenarios using median two sea-winter female marine survival rates during 1971–1990, 1991–2010, and 
1971–2010 (base) under the Base Case scenario. 
 

 
  

Base Case ‐ 1971‐1990 Base Case ‐ 1991‐2010 Base Case ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 166,044 179,148 196,470 165,530 178,744 196,478 165,841 178,926 197,361

2 153,433 165,138 181,792 149,541 160,311 175,946 150,923 162,374 178,497

3 153,201 164,831 181,022 149,070 160,074 175,203 150,879 161,515 176,614

4 153,222 164,817 180,499 149,207 159,528 175,338 150,632 162,103 178,765

5 153,086 164,537 182,208 149,222 159,390 174,720 150,815 161,933 177,300

6 152,713 164,517 180,972 148,311 159,130 174,058 150,898 161,633 178,287

7 153,433 165,328 181,830 148,806 159,349 174,947 150,609 161,468 177,244

8 153,877 165,334 181,049 149,290 159,408 175,298 151,036 162,202 178,661

9 153,296 165,042 182,475 149,228 159,626 174,231 150,745 161,823 177,234

10 152,716 164,799 180,946 148,735 159,292 175,382 150,916 161,774 177,611
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Table 6.22.1.6. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for scenarios using mean two sea-winter female marine survival rates during 1971–1990, 1991–2010, and 1971–
2010 (base) under the Base Case scenario. 
 

 
  

Base Case ‐ 1971‐1990 Base Case ‐ 1991‐2010 Base Case ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 165,707 179,003 196,659 166,213 178,805 196,734 165,775 178,837 197,370

2 153,967 165,327 183,067 149,340 159,804 175,401 151,373 162,642 178,173

3 154,131 166,147 182,982 148,847 159,036 174,268 150,999 162,159 178,473

4 154,351 166,166 183,234 148,781 159,514 174,835 151,059 162,404 178,640

5 154,385 166,347 183,192 148,758 159,830 175,736 150,841 162,195 178,108

6 154,178 166,144 183,138 148,851 159,388 175,397 151,127 162,501 178,026

7 154,606 166,460 183,811 149,118 159,575 175,288 151,065 162,305 178,846

8 154,295 166,688 183,102 149,297 159,825 175,229 151,430 162,520 178,050

9 154,521 165,817 182,004 149,188 159,370 174,703 151,244 162,714 178,962

10 154,521 166,490 182,710 149,023 159,614 174,877 151,201 162,261 178,839
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Table 6.22.1.7. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for scenarios using median two sea-winter female marine survival rates during 1971–1990, 1991–2010, and 
1971–2010 (base) under the Base Case scenario. 
 

 
  

Base Case ‐ 1971‐1990 Base Case ‐ 1991‐2010 Base Case ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12



310 
 

Table 6.22.1.8. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for scenarios using mean two sea-winter female marine survival rates during 1971–1990, 1991–2010, and 1971–
2010 (base) under the Base Case scenario. 
 

 
  

Base Case ‐ 1971‐1990 Base Case ‐ 1991‐2010 Base Case ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.22.2.1. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for scenarios using median two sea-winter female marine survival rates 
during 1971–1990, 1991–2010, and 1971–2010 (base) under the Recovery scenario. 
 

 
  

Recovery ‐ 1971‐1990 Recovery ‐ 1991‐2010 Recovery ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587

2 1,537 2,363 3,536 296 520 799 525 1,057 2,091

3 3,801 5,865 8,682 383 659 1,060 909 1,891 3,925

4 5,271 7,577 10,736 454 783 1,241 1,242 2,483 4,813

5 5,611 8,033 11,311 493 862 1,353 1,408 2,730 5,286

6 5,796 8,213 11,674 536 905 1,434 1,496 2,859 5,454

7 5,833 8,267 11,677 557 939 1,468 1,478 2,924 5,508

8 5,811 8,289 11,687 565 948 1,490 1,538 2,894 5,528

9 5,828 8,341 11,663 564 966 1,509 1,518 2,894 5,607

10 5,800 8,281 11,698 560 952 1,525 1,531 2,941 5,660
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Table 6.22.2.2. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of two sea-winter females across all 
Penobscot River production units in generations (Gen) 1–10 for scenarios using mean two sea-winter female marine survival rates 
during 1971–1990, 1991–2010, and 1971–2010 (base) under the Recovery scenario. 
 

 
  

Recovery ‐ 1971‐1990 Recovery ‐ 1991‐2010 Recovery ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 587 587 587 587 587 587 587 587 587

2 1,733 2,708 4,074 361 598 929 607 1,233 2,410

3 4,620 7,062 10,285 488 829 1,309 1,124 2,368 4,699

4 6,216 8,969 12,598 600 1,020 1,589 1,586 3,006 5,751

5 6,661 9,471 13,516 667 1,124 1,785 1,752 3,377 6,403

6 6,706 9,733 13,787 725 1,193 1,848 1,832 3,433 6,544

7 6,864 9,834 13,708 752 1,227 1,879 1,846 3,465 6,601

8 6,898 9,825 13,576 757 1,251 1,909 1,861 3,479 6,606

9 6,810 9,901 13,933 777 1,264 1,957 1,889 3,527 6,733

10 6,853 9,797 13,907 772 1,264 1,940 1,901 3,555 6,706
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Table 6.22.2.3. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for scenarios using median two sea-winter 
female marine survival rates during 1971–1990, 1991–2010, and 1971–2010 (base) under the Recovery scenario. 
 

 
  

Recovery ‐ 1971‐1990 Recovery ‐ 1991‐2010 Recovery ‐ base

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 1.00 1.00 1.00 0.92 0.93 1.00 0.96 0.96 1.00

3 1.00 1.00 1.00 0.92 0.92 1.00 0.98 0.98 1.00

4 1.00 1.00 1.00 0.92 0.93 1.00 0.99 0.99 1.00

5 1.00 1.00 1.00 0.94 0.94 1.00 0.99 0.99 1.00

6 1.00 1.00 1.00 0.94 0.95 1.00 0.99 0.99 1.00

7 1.00 1.00 1.00 0.95 0.95 1.00 0.99 0.99 1.00

8 1.00 1.00 1.00 0.94 0.94 1.00 0.99 0.99 1.00

9 1.00 1.00 1.00 0.94 0.95 1.00 0.99 0.99 1.00

10 1.00 1.00 1.00 0.94 0.95 1.00 0.99 0.99 1.00



314 
 

Table 6.22.2.4. Proportion of iterations when at least one two sea-winter female was present in three areas of the Penobscot River 
watershed: the Upper Penobscot (i.e., above West Enfield Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower 
Penobscot (i.e., below the West Enfield Dam). Values are listed for generations (Gen) 1–10 for scenarios using mean two sea-winter 
female marine survival rates during 1971–1990, 1991–2010, and 1971–2010 (base) under the Recovery scenario. 
 

 
  

Recovery ‐ 1971‐1990 Recovery ‐ 1991‐2010 Recovery ‐ base

Gen Upper Piscataquis Lower Upper Piscataquis Lower Upper Piscataquis Lower

1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

2 1.00 1.00 1.00 0.94 0.95 1.00 0.97 0.97 1.00

3 1.00 1.00 1.00 0.94 0.95 1.00 0.98 0.98 1.00

4 1.00 1.00 1.00 0.95 0.96 1.00 0.99 0.99 1.00

5 1.00 1.00 1.00 0.96 0.96 1.00 1.00 1.00 1.00

6 1.00 1.00 1.00 0.97 0.97 1.00 1.00 1.00 1.00

7 1.00 1.00 1.00 0.97 0.97 1.00 1.00 1.00 1.00

8 1.00 1.00 1.00 0.97 0.97 1.00 1.00 1.00 1.00

9 1.00 1.00 1.00 0.97 0.97 1.00 1.00 1.00 1.00

10 1.00 1.00 1.00 0.97 0.97 1.00 1.00 1.00 1.00
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Table 6.22.2.5. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for scenarios using median two sea-winter female marine survival rates during 1971–1990, 1991–2010, and 
1971–2010 (base) under the Recovery scenario. 
 

 
  

Recovery ‐ 1971‐1990 Recovery ‐ 1991‐2010 Recovery ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 180,954 198,039 221,185 181,033 198,306 219,755 181,207 198,544 219,982

2 186,030 213,947 254,918 158,212 172,343 191,174 166,953 187,430 219,594

3 200,421 236,359 293,067 158,423 172,089 191,549 171,055 192,816 228,268

4 210,418 249,911 317,452 159,476 173,413 191,942 174,162 198,402 236,743

5 213,316 257,526 324,725 159,522 174,192 193,520 175,577 201,414 240,414

6 216,114 262,357 330,804 160,036 173,995 193,695 176,644 200,124 238,869

7 215,514 262,641 332,898 160,550 175,162 194,216 175,734 200,952 242,706

8 217,834 263,772 331,084 159,989 174,523 193,769 176,368 201,284 239,874

9 217,500 263,541 335,082 160,906 175,705 194,808 176,467 202,536 242,691

10 216,375 263,236 335,618 160,445 174,519 193,691 176,594 201,486 243,378
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Table 6.22.2.6. Twenty-fifth percentile, median, and seventy-fifth percentile of the number of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for scenarios using mean two sea-winter female marine survival rates during 1971–1990, 1991–2010, and 1971–
2010 (base) under the Recovery scenario. 
 

 
  

Recovery ‐ 1971‐1990 Recovery ‐ 1991‐2010 Recovery ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 181,065 198,574 220,414 180,718 198,108 219,513 179,894 197,737 219,643

2 189,857 218,000 260,815 160,084 174,543 194,637 169,279 191,666 225,604

3 208,977 250,134 312,374 159,995 174,933 195,311 174,371 198,105 237,956

4 219,168 268,201 340,024 161,615 176,589 198,262 178,237 203,448 245,124

5 226,179 277,709 349,594 162,593 178,191 199,651 180,725 207,275 255,006

6 227,516 280,465 359,707 163,024 177,829 198,152 180,690 208,244 254,667

7 227,709 283,705 364,948 162,858 178,241 199,919 181,286 207,963 255,285

8 228,692 284,675 363,103 162,699 177,854 198,152 179,942 207,203 253,480

9 227,783 285,933 369,843 163,499 178,688 198,959 181,187 207,593 255,073

10 229,927 285,076 363,204 163,899 178,673 199,734 180,747 208,261 255,599
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Table 6.22.2.7. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for scenarios using median two sea-winter female marine survival rates during 1971–1990, 1991–2010, and 
1971–2010 (base) under the Recovery scenario. 
 

 
  

Recovery ‐ 1971‐1990 Recovery ‐ 1991‐2010 Recovery ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.22.2.8. Twenty-fifth percentile, median, and seventy-fifth percentile of the proportion of smolts killed during emigration due to 
direct and indirect cumulative mortality associated with dam passage across the 15 modeled hydroelectric dams. Values are listed for 
generations (Gen) 1–10 for scenarios using mean two sea-winter female marine survival rates during 1971–1990, 1991–2010, and 1971–
2010 (base) under the Recovery scenario. 
 

 
  

Recovery ‐ 1971‐1990 Recovery ‐ 1991‐2010 Recovery ‐ base

Gen 25% median 75% 25% median 75% 25% median 75%

1 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

2 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12

3 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.10 0.12

4 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

5 0.10 0.10 0.12 0.10 0.11 0.12 0.10 0.11 0.12

6 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

7 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

8 0.10 0.10 0.12 0.10 0.10 0.12 0.10 0.10 0.12

9 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12

10 0.10 0.11 0.12 0.10 0.11 0.12 0.10 0.11 0.12
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Table 6.23.1. Percent difference from the base median number of two sea-winter (2SW) females in generation 10 for Base Case and 
Recovery scenarios. Sensitivity analyses are divided into three sections based on how model inputs were varied and can be compared 
among each section. The sensitivity runs in the third section cannot be quantitatively compared. Bold values indicate the model input 
was highly sensitive (i.e., the median number of 2SW females deviated by more than the percent change from the base) in that scenario. 
The raw data were reported when the base value equaled zero (i.e., in the egg to smolt survival (hatchery off) runs). These values are 
denoted by the absence of a percent sign (%). See Table 6.1 for values tested in sensitivity runs. 
 

 

Description

Production potential cap ‐2% 3% 0% 2% 0% ‐51% ‐31% 0% 57% 149%

Eggs per female ‐18% ‐13% 0% 45% 157% ‐60% ‐36% 0% 29% 69%

Egg to smolt survival ‐20% ‐14% 0% 42% 151% ‐52% ‐37% 0% 59% 107%

In‐river mortality 3% 4% 0% 1% ‐12% 2% 0% 0% ‐5% ‐11%

Marine survival ‐86% ‐66% 0% 314% 1471% ‐89% ‐72% 0% 380% 1630%

Initial number of adults 2% 2% 0% 0% 3% 0% 1% 0% 1% ‐1%

Hatchery discount 629% 205% 0% ‐61% ‐82% 119% 44% 0% ‐28% ‐46%

Number of smolts stocked ‐82% ‐61% 0% 208% 631% ‐47% ‐28% 0% 43% 117%

Proportion returning to sea 17% 10% 0% ‐14% ‐46% 5% 2% 0% ‐7% ‐22%

Indirect latent mortality 62% 41% 0% ‐50% ‐100% 29% 20% 0% ‐33% ‐100%

Downstream path choice 1% 2% 0% 3% 5% ‐2% ‐1% 0% 1% 1%

Egg to smolt survival (hatchery on)

Marine survival * 0.25 ‐6% ‐6% 0% 12% 29%

Marine survival * 0.5 ‐12% ‐7% 0% 17% 54%

Marine survival * 1 ‐24% ‐17% 0% 40% 143%

Marine survival * 2 ‐35% ‐25% 0% 69% 173%

Marine survival * 4 ‐53% ‐38% 0% 55% 104%

Egg to smolt survival (hatchery off)

Marine survival * 0.25 0 0 0 0 0

Marine survival * 0.5 0 0 0 0 0

Marine survival * 1 0 0 0 0 3

Marine survival * 2 0 0 0 3 592

Marine survival * 4 ‐100% ‐100% 0% 25375% 63575%

Downstream dam survival ‐31% ‐15% 0% 25% 52% ‐20% ‐11% 0% 11% 27%

Upstream dam survival 8% 3% 0% ‐3% ‐6% ‐6% ‐4% 0% 1% 5%

Hatchery stocking ‐100% ‐100% 2% 0% ‐65% ‐46% ‐4% 0%

Stocking distribution ‐49% ‐61% 0% 17% 304% ‐21% ‐29% 0% ‐3% 37%

Straying 4% 0% 0% 3% 4% ‐16% ‐16% 0% ‐21% ‐7%

Proportion dying 6% 5% 0% 1% 1% ‐1% ‐2% 0% 0% ‐2%

Proportion remaining downstream 2% 1% 0% ‐5% ‐5% 0%

Marine survival

Mean based 290% ‐66% 0% 176% ‐64% 0%

Median based 304% ‐64% 0% 182% ‐68% 0%

Base Case Recovery
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Figure 2.1. Schematic of the processes detailed within the DIA Model. Rounded rectangles 
indicate life cycle stages, ovals indicate additions to the population, and rectangles indicate 
subtractions from the population. Dashed rectangles are neither additions to nor subtractions to 
the population, but represent dynamics incorporated into the model. All model runs simulated ten 
five-year generations (50 years) and consisted of 5,000 iterations. 
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Figure 2.2. The Penobscot River watershed and major tributaries divided into 15 production units. 
Locations of the 15 hydroelectric dams included in the Dam Impact Analysis Model are denoted by 
dashes and the name of each dam. The map inset is the Penobscot River watershed within the 
state of Maine.
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Figure 3.2.1. Simulated distribution of eggs produced per adult female Atlantic salmon generated from mean annual fecundity estimates 
for Penobscot River sea-run female Atlantic salmon spawned at Craig Brook National Fish Hatchery during 1997–2010.  
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Figure 3.3.1. Fry to parr0+ survival estimates from seven studies, the calculated sum of these 
values, and the resulting uniform distribution (denoted Fit). 
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Figure 3.3.2. Parr0+ to parr1+ survival estimates from eight studies, the calculated sum of these 
values, and the resulting uniform distribution (denoted Fit). 
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Figure 3.3.3. Parr1+ to smolt survival estimates from five studies, the calculated sum of these 
values, and the resulting uniform distribution (denoted Fit). 
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Figure 3.3.4. Histogram of 10,000 egg to smolt survival rates calculated by randomly selecting a 
survival value from each of the uniform distributions associated with the four juvenile life stage 
transitions. 
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Figure 3.3.5. Fitted distribution of egg to smolt survival used in all Dam Impact Analysis Model 
simulations. 
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Figure 3.5.1. Cumulative frequency distribution of mortality per km for smolts migrating through 
the Penobscot River generated from 53 estimates over four years of study (2005, 2006, 2009, and 
2010) in the Penobscot River. 
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Figure 3.5.2. Simulated distribution of mortality per km for Penobscot River smolts migrating from 
their rearing habitat to the ocean. Mortality estimates did not include dam-related mortality and were 
generated through a sub-model which used random draws from a cumulative distribution made from 
field data gathered during telemetry studies on the Penobscot River. Estimates from the random 
draws were applied on a production unit- and iteration-specific level to estimate the number of smolts 
that would reach the ocean and to calculate an overall mortality per km estimate. 
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Figure 3.6.1.1. Cumulative flow probability functions for the month of May provided by Alden 
Research Laboratory, Inc. for 15 FERC-regulated hydroelectric facilities on the Penobscot River. 
Note the facility-specific x-axes for all graphs and that the minimum and maximum predicted flow 
is identified by the beginning and ending of the data series. 
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Figure 3.6.1.2. Total project smolt survival by flow for the month of May provided by Alden 
Research Laboratory, Inc. for 15 FERC-regulated hydroelectric facilities on the Penobscot River. 
Survival at low flows is typically variable as operational changes with increasing flows (e.g., 
engaging additional turbines) alter the proportion of flow passing via the turbines versus the 
spillway and downstream bypass and, therefore, alter the proportion of smolts passing via the 
turbine, where mortality and injury rates are often higher than alternative passage routes. Note the 
facility-specific x-axes for all graphs, the y-axes are set from 0.6 to 1.0, and that the minimum and 
maximum predicted flow is identified by the beginning and ending of the data series. 
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Figure 3.6.3.1. Estimates of Stillwater Branch use based on four years of telemetry studies (2005, 
2006, 2009, and 2010) within the Penobscot River and the corresponding triangular distribution 
used to partition downstream migrating smolts according to downstream migrating path. 
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Figure 3.6.3.2. Cumulative frequency distribution of Stillwater Branch use based on 5,000 random 
draws from the triangular distribution developed from four years of telemetry studies within the 
Penobscot River. 
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Figure 3.8.1. Fitted distribution of hatchery discount values. A total of 17 data points were 
obtained from the literature, describing Atlantic salmon smolt to adult survival rates for both 
hatchery- and wild-origin Atlantic salmon. Year- and iteration-specific draws from this distribution 
were made and the hatchery discount values were applied to the hatchery smolts at Verona to 
estimate the number of wild-equivalent smolts. 
  



 

335 

 
 
Figure 3.9.1. Fitted distribution of freshwater survival (stocking to Verona Island) generated from 17 data 
points from five years (2005, 2006, 2009, 2010 and 2011) of telemetry studies on hatchery and wild fish 
released at six sites in the Penobscot River. 
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Figure 3.9.2. Number of Penobscot River two sea-winter (2SW) adults returning in the years 1971–
2010. 
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Figure 3.9.3. Sex composition of Penobscot River two sea-winter adult returns during 1978–2010. 
The 1978–1999 data represented determinations made in the field throughout the migratory 
season, whereas 2000–2010 data were corrected at the hatchery prior to spawning. 
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Figure 3.9.4. Fitted 2SW female marine survival distribution generated by dividing the number of 2SW adult 
returns (1971–2010), adjusted for the proportion female, by the number of stocked smolts (1969–2008) 
contributing to those returns, adjusted for the number of females stocked and freshwater mortality. 
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Figure 3.11.1.1. Cumulative distribution of upstream dam passage (with  ±  minimum and 
maximum values indicated by the dashed lines) for Veazie Dam. 
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Figure 3.11.1.2. Cumulative distribution of upstream dam passage (with  ±  minimum and 
maximum values indicated by the dashed lines) for Great Works Dam. 
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Figure 3.11.1.3. Cumulative distribution of upstream dam passage (with  ±  minimum and 
maximum values indicated by the dashed lines) for Milford Dam. 
  



 

342 

 
 
Figure 4.1. The Penobscot River watershed and major tributaries divided into three areas: the 
Upper Penobscot area includes the portion of the watershed above West Enfield Dam, the 
Piscataquis area includes the Piscataquis River watershed, and the Lower Penobscot area 
includes the portion of the watershed below West Enfield Dam.  
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Figure 4.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for the Base Case and Recovery scenarios. 
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Figure 4.1.2. Proportion of iterations when at least one two sea-winter female was present in three 
areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield Dam), the 
Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below the West 
Enfield Dam). Values are shown for generations 1–10 under the Base Case and Recovery 
scenarios. 
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Figure 4.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for the Base Case and Recovery 
scenarios (top and bottom panels, respectively). 
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Figure 5.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for scenarios with all dams turned on, implementation of the PRRP, all 
dams turned off, mainstem dams turned off and tributary dams turned on, and mainstem dams 
turned on and tributary dams turned off. Hatchery stocking was turned on and freshwater and 
marine survival rates were set at the base case values in all scenarios. 
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Figure 5.1.2. Proportion of iterations when at least one two sea-winter female was present in three 
areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield Dam), the 
Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below the West 
Enfield Dam). Values are shown for generations 1–10 for scenarios with all dams turned on, 
implementation of the PRRP, all dams turned off, mainstem dams turned off and tributary dams 
turned on, and mainstem dams turned on and tributary dams turned off (top to bottom, 
respectively). Hatchery stocking was turned on and freshwater and marine survival rates were set 
at the base case values in all scenarios.  
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Figure 5.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for scenarios with all dams 
turned on, implementation of the PRRP, all dams turned off, mainstem dams turned off and 
tributary dams turned on, and mainstem dams turned on and tributary dams turned off (top to 
bottom, respectively). Hatchery stocking was turned on and freshwater and marine survival rates 
were set at the base case values in all scenarios. 
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Figure 5.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for scenarios with all dams turned on, implementation of the PRRP, all 
dams turned off, mainstem dams turned off and tributary dams turned on, and mainstem dams 
turned on and tributary dams turned off. Hatchery stocking was turned off and freshwater and 
marine survival rates were set at the base case values in all scenarios. 
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Figure 5.2.2. Proportion of iterations when at least one two sea-winter female was present in three 
areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield Dam), the 
Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below the West 
Enfield Dam). Values are shown for generations 1–10 for scenarios with all dams turned on, 
implementation of the PRRP, all dams turned off, mainstem dams turned off and tributary dams 
turned on, and mainstem dams turned on and tributary dams turned off (top to bottom, 
respectively). Hatchery stocking was turned off and freshwater and marine survival rates were set 
at the base case values in all scenarios. 

0.00

0.20

0.40

0.60

0.80

1.00

1 2 3 4 5 6 7 8 9 10

D
is
tr
ib
u
ti
o
n
 o
f 
A
d
u
lt
s

Generation

Part 2 ‐ Dams on

Upper Piscataquis Lower

0.00

0.20

0.40

0.60

0.80

1.00

1 2 3 4 5 6 7 8 9 10

D
is
tr
ib
u
ti
o
n
 o
f 
A
d
u
lt
s

Generation

Part 2 ‐ PRRP

Upper Piscataquis Lower

0.00

0.20

0.40

0.60

0.80

1.00

1 2 3 4 5 6 7 8 9 10

D
is
tr
ib
u
ti
o
n
 o
f 
A
d
u
lt
s

Generation

Part 2 ‐ Dams off

Upper Piscataquis Lower

0.00

0.20

0.40

0.60

0.80

1.00

1 2 3 4 5 6 7 8 9 10

D
is
tr
ib
u
ti
o
n
 o
f 
A
d
u
lt
s

Generation

Part 2 ‐Main off/Trib on

Upper Piscataquis Lower

0.00

0.20

0.40

0.60

0.80

1.00

1 2 3 4 5 6 7 8 9 10

D
is
tr
ib
u
ti
o
n
 o
f 
A
d
u
lt
s

Generation

Part 2 ‐Main on/Trib off

Upper Piscataquis Lower



 

351 

 
 
Figure 5.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for scenarios with all dams 
turned on, implementation of the PRRP, all dams turned off, mainstem dams turned off and 
tributary dams turned on, and mainstem dams turned on and tributary dams turned off (top to 
bottom, respectively). Hatchery stocking was turned off and freshwater and marine survival rates 
were set at the base case values in all scenarios.  
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Figure 5.3.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for scenarios with all dams turned on, implementation of the PRRP, all 
dams turned off, mainstem dams turned off and tributary dams turned on, and mainstem dams 
turned on and tributary dams turned off. Hatchery stocking was turned off, the freshwater survival 
rate was increased by two times the base case value, and the marine survival rate was increased 
by 4 times the base case value in all scenarios. 
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Figure 5.3.2. Proportion of iterations when at least one two sea-winter female was present in three 
areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield Dam), the 
Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below the West 
Enfield Dam). Values are shown for generations 1–10 for scenarios with all dams turned on, 
implementation of the PRRP, all dams turned off, mainstem dams turned off and tributary dams 
turned on, and mainstem dams turned on and tributary dams turned off (top to bottom, 
respectively). Hatchery stocking was turned off, the freshwater survival rate was increased by two 
times the base case value, and the marine survival rate was increased by 4 times the base case 
value in all scenarios. 
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Figure 5.3.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for scenarios with all dams 
turned on, implementation of the PRRP, all dams turned off, mainstem dams turned off and 
tributary dams turned on, and mainstem dams turned on and tributary dams turned off (top to 
bottom, respectively). Hatchery stocking was turned off, the freshwater survival rate was 
increased by two times the base case value, and the marine survival rate was increased by 4 times 
the base case value in all scenarios. 
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Figure 5.3.1.1. Median number of smolts killed during emigration due to direct and indirect 
cumulative mortality associated with dam passage at each one of the 15 modeled hydroelectric 
dams in generations 1–10. Medians (circles) and twenty-fifth to the seventy-fifth percentiles (lines) 
are shown for the scenario with all dams turned on. Hatchery stocking was turned off, the 
freshwater survival rate was increased by two times the base case value, and the marine survival 
rate was increased by 4 times the base case value. 
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Figure 5.3.1.2. Median proportion of smolts killed during emigration due to direct and indirect 
cumulative mortality associated with dam passage at each one of the 15 modeled hydroelectric 
dams in generations 1–10. Medians (circles) and twenty-fifth to the seventy-fifth percentiles (lines) 
are shown for the scenario with all dams turned on. Hatchery stocking was turned off, the 
freshwater survival rate was increased by two times the base case value, and the marine survival 
rate was increased by 4 times the base case value. 
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Figure 5.3.1.3. Median number of smolts killed during emigration due to direct and indirect 
cumulative mortality associated with dam passage at each one of the 15 modeled hydroelectric 
dams in generations 1–10. Medians (circles) and twenty-fifth to the seventy-fifth percentiles (lines) 
are shown for the scenario with implementation of the PRRP. Hatchery stocking was turned off, 
the freshwater survival rate was increased by two times the base case value, and the marine 
survival rate was increased by 4 times the base case value. 
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Figure 5.3.1.4. Median proportion of smolts killed during emigration due to direct and indirect 
cumulative mortality associated with dam passage at each one of the 15 modeled hydroelectric 
dams in generations 1–10. Medians (circles) and twenty-fifth to the seventy-fifth percentiles (lines) 
are shown for the scenario with implementation of the PRRP. Hatchery stocking was turned off, 
the freshwater survival rate was increased by two times the base case value, and the marine 
survival rate was increased by 4 times the base case value. 
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Figure 5.3.1.5. Median number of smolts killed during emigration due to direct and indirect 
cumulative mortality associated with dam passage at each one of the 15 modeled hydroelectric 
dams in generations 1–10. Medians (circles) and twenty-fifth to the seventy-fifth percentiles (lines) 
are shown for the scenario with mainstem dams turned off and tributary dams turned on. Hatchery 
stocking was turned off, the freshwater survival rate was increased by two times the base case 
value, and the marine survival rate was increased by 4 times the base case value. 
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Figure 5.3.1.6. Median proportion of smolts killed during emigration due to direct and indirect 
cumulative mortality associated with dam passage at each one of the 15 modeled hydroelectric 
dams in generations 1–10. Medians (circles) and twenty-fifth to the seventy-fifth percentiles (lines) 
are shown for the scenario with mainstem dams turned off and tributary dams turned on. Hatchery 
stocking was turned off, the freshwater survival rate was increased by two times the base case 
value, and the marine survival rate was increased by 4 times the base case value. 
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Figure 5.3.1.7. Median number of smolts killed during emigration due to direct and indirect 
cumulative mortality associated with dam passage at each one of the 15 modeled hydroelectric 
dams in generations 1–10. Medians (circles) and twenty-fifth to the seventy-fifth percentiles (lines) 
are shown for the scenario with mainstem dams turned on and tributary dams turned off. Hatchery 
stocking was turned off, the freshwater survival rate was increased by two times the base case 
value, and the marine survival rate was increased by 4 times the base case value. 
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Figure 5.3.1.8. Median proportion of smolts killed during emigration due to direct and indirect 
cumulative mortality associated with dam passage at each one of the 15 modeled hydroelectric 
dams in generations 1–10. Medians (circles) and twenty-fifth to the seventy-fifth percentiles (lines) 
are shown for the scenario with mainstem dams turned on and tributary dams turned off. Hatchery 
stocking was turned off, the freshwater survival rate was increased by two times the base case 
value, and the marine survival rate was increased by 4 times the base case value. 
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Figure 6.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 100, 500, 1,000, 5,000, and 10,000 model iterations under the Base 
Case scenario. 
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Figure 6.1.2. Proportion of iterations when at least one two sea-winter female was present in three 
areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield Dam), the 
Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below the West 
Enfield Dam). Values are shown for generations 1–10 for 100, 500, 1,000, 5,000, and 10,000 model 
iterations (top to bottom, respectively) under the Base Case scenario. 
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Figure 6.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 100, 500, 1,000, 5,000, and 
10,000 model iterations (top to bottom, respectively) under the Base Case scenario. 
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Figure 6.1.4. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 100, 500, 1,000, 5,000, and 10,000 model iterations under the 
Recovery scenario. 
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Figure 6.1.5. Proportion of iterations when at least one two sea-winter female was present in three 
areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield Dam), the 
Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below the West 
Enfield Dam). Values are shown for generations 1–10 for 100, 500, 1,000, 5,000, and 10,000 model 
iterations (top to bottom, respectively) under the Recovery scenario. 
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Figure 6.1.6. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 100, 500, 1,000, 5,000, and 
10,000 model iterations (top to bottom, respectively) under the Recovery scenario. 
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Figure 6.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for five model runs with 5,000 iterations under the Base Case scenario. 
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Figure 6.2.2. Proportion of iterations when at least one two sea-winter female was present in three 
areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield Dam), the 
Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below the West 
Enfield Dam). Values are shown for generations 1–10 for five model runs with 5,000 iterations (top 
to bottom, respectively) under the Base Case scenario. 
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Figure 6.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for five model runs with 5,000 
iterations (top to bottom, respectively) under the Base Case scenario. 
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Figure 6.2.4. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for five model runs with 5,000 iterations under the Recovery scenario. 
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Figure 6.2.5. Proportion of iterations when at least one two sea-winter female was present in three 
areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield Dam), the 
Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below the West 
Enfield Dam). Values are shown for generations 1–10 for five model runs with 5,000 iterations (top 
to bottom, respectively) under the Recovery scenario. 
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Figure 6.2.6. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for five model runs with 5,000 
iterations (top to bottom, respectively) under the Recovery scenario. 
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Figure 6.3.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base production potential cap 
(i.e., 2.5, 5, 10, 20, and 40 smolts per 100 m2, respectively) under the Base Case scenario. 
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Figure 6.3.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base production potential cap (i.e., 2.5, 5, 10, 20, and 40 smolts per 100 m2, top to 
bottom, respectively) under the Base Case scenario. 
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Figure 6.3.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base production potential cap (i.e., 2.5, 5, 10, 20, and 40 smolts per 100 m2, top to 
bottom, respectively) under the Base Case scenario. 
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Figure 6.3.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base production potential cap 
(i.e., 2.5, 5, 10, 20, and 40 smolts per 100 m2, respectively) under the Recovery scenario. 
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Figure 6.3.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base production potential cap (i.e., 2.5, 5, 10, 20, and 40 smolts per 100 m2, top to 
bottom, respectively) under the Recovery scenario. 
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Figure 6.3.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base production potential cap (i.e., 2.5, 5, 10, 20, and 40 smolts per 100 m2, top to 
bottom, respectively) under the Recovery scenario. 
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Figure 6.4.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base eggs per female rate under 
the Base Case scenario. 
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Figure 6.4.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base eggs per female rate (top to bottom, respectively) under the Base Case scenario. 
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Figure 6.4.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base eggs per female rate (top to bottom, respectively) under the Base Case scenario. 
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Figure 6.4.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base eggs per female rate under 
the Recovery scenario. 
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Figure 6.4.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base eggs per female rate (top to bottom, respectively) under the Recovery scenario. 
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Figure 6.4.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base eggs per female rate (top to bottom, respectively) under the Recovery scenario. 
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Figure 6.5.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base egg to smolt survival rate 
under the Base Case scenario. 

0

100

200

300

400

500

600

700

1 2 3 4 5 6 7 8 9 10

A
d
u
lt
 A
b
u
n
d
an
ce

Generation

Base Case  ‐ 0.25 Base Case  ‐ 0.5 Base Case  ‐ base

Base Case  ‐ 2 Base Case  ‐ 4



 

388 

 
 
Figure 6.5.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base egg to smolt survival rate (top to bottom, respectively) under the Base Case 
scenario. 

0.00

0.20

0.40

0.60

0.80

1.00

1 2 3 4 5 6 7 8 9 10

D
is
tr
ib
u
ti
o
n
 o
f 
A
d
u
lt
s

Generation

Base Case ‐ 0.25

Upper Piscataquis Lower

0.00

0.20

0.40

0.60

0.80

1.00

1 2 3 4 5 6 7 8 9 10

D
is
tr
ib
u
ti
o
n
 o
f 
A
d
u
lt
s

Generation

Base Case ‐ 0.5

Upper Piscataquis Lower

0.00

0.20

0.40

0.60

0.80

1.00

1 2 3 4 5 6 7 8 9 10

D
is
tr
ib
u
ti
o
n
 o
f 
A
d
u
lt
s

Generation

Base Case ‐ base

Upper Piscataquis Lower

0.00

0.20

0.40

0.60

0.80

1.00

1 2 3 4 5 6 7 8 9 10

D
is
tr
ib
u
ti
o
n
 o
f 
A
d
u
lt
s

Generation

Base Case ‐ 2

Upper Piscataquis Lower

0.00

0.20

0.40

0.60

0.80

1.00

1 2 3 4 5 6 7 8 9 10

D
is
tr
ib
u
ti
o
n
 o
f 
A
d
u
lt
s

Generation

Base Case ‐ 4

Upper Piscataquis Lower



 

389 

 
 
Figure 6.5.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base egg to smolt survival rate (top to bottom, respectively) under the Base Case 
scenario. 
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Figure 6.5.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base egg to smolt survival rate 
under the Recovery scenario. 
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Figure 6.5.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base egg to smolt survival rate (top to bottom, respectively) under the Recovery 
scenario. 
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Figure 6.5.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base egg to smolt survival rate (top to bottom, respectively) under the Recovery 
scenario. 
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Figure 6.6.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base in-river mortality rate 
under the Base Case scenario. 
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Figure 6.6.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base in-river mortality rate (top to bottom, respectively) under the Base Case scenario. 
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Figure 6.6.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base in-river mortality rate (top to bottom, respectively) under the Base Case scenario. 
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Figure 6.6.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base in-river mortality rate 
under the Recovery scenario. 
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Figure 6.6.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base in-river mortality rate (top to bottom, respectively) under the Recovery scenario. 
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Figure 6.6.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base in-river mortality rate (top to bottom, respectively) under the Recovery scenario. 
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Figure 6.7.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base marine survival rate under 
the Base Case scenario. 
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Figure 6.7.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base marine survival rate (top to bottom, respectively) under the Base Case scenario. 
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Figure 6.7.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base marine survival rate (top to bottom, respectively) under the Base Case scenario. 
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Figure 6.7.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base marine survival rate under 
the Recovery scenario. 
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Figure 6.7.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base marine survival rate (top to bottom, respectively) under the Recovery scenario. 
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Figure 6.7.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base marine survival rate (top to bottom, respectively) under the Recovery scenario. 
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Figure 6.8.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base initial adult abundance 
(i.e., 147, 294, 587, 1,174, and 2,348, respectively) under the Base Case scenario. 
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Figure 6.8.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base initial adult abundance (i.e., 147, 294, 587, 1,174, and 2,348, top to bottom, 
respectively) under the Base Case scenario. 
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Figure 6.8.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base initial adult abundance (i.e., 147, 294, 587, 1,174, and 2,348, top to bottom, 
respectively) under the Base Case scenario. 

0.00

0.20

1 2 3 4 5 6 7 8 9 10

P
ro
p
o
rt
io
n
 o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 2348

0.00

0.20

1 2 3 4 5 6 7 8 9 10

P
ro
p
o
rt
io
n
 o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 1174

0.00

0.20

1 2 3 4 5 6 7 8 9 10

P
ro
p
o
rt
io
n
 o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ base(587)

0.00

0.20

1 2 3 4 5 6 7 8 9 10

P
ro
p
o
rt
io
n
 o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 294

0.00

0.20

1 2 3 4 5 6 7 8 9 10

P
ro
p
o
rt
io
n
 o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 147

0

50,000

100,000

150,000

200,000

250,000

300,000

1 2 3 4 5 6 7 8 9 10

N
u
m
b
e
r 
o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 2348

0

50,000

100,000

150,000

200,000

250,000

1 2 3 4 5 6 7 8 9 10

N
u
m
b
e
r 
o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 1174

0

50,000

100,000

150,000

200,000

250,000

1 2 3 4 5 6 7 8 9 10

N
u
m
b
e
r 
o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ base(587)

0

20,000

40,000

60,000

80,000

100,000

120,000

140,000

160,000

180,000

200,000

1 2 3 4 5 6 7 8 9 10

N
u
m
b
e
r 
o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 294

135,000

140,000

145,000

150,000

155,000

160,000

165,000

170,000

175,000

180,000

185,000

1 2 3 4 5 6 7 8 9 10

N
u
m
b
e
r 
o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 147



 

408 

 
 
Figure 6.8.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base initial adult abundance 
(i.e., 147, 294, 587, 1,174, and 2,348, respectively) under the Recovery scenario. 
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Figure 6.8.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base initial adult abundance (i.e., 147, 294, 587, 1,174, and 2,348, top to bottom, 
respectively) under the Recovery scenario. 
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Figure 6.8.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base initial adult abundance (i.e., 147, 294, 587, 1,174, and 2,348, top to bottom, 
respectively) under the Recovery scenario. 
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Figure 6.9.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for the hatchery off, the hatchery on for the first 25 years, the hatchery 
on for the second 25 years, and the hatchery on (base) under the Base Case scenario. 
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Figure 6.9.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for the hatchery off, the hatchery 
on for the first 25 years, the hatchery on for the second 25 years, and the hatchery on (base) (top 
to bottom, respectively) under the Base Case scenario. 
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Figure 6.9.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for the hatchery off, the hatchery 
on for the first 25 years, the hatchery on for the second 25 years, and the hatchery on (base) (top 
to bottom, respectively) under the Base Case scenario. 
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Figure 6.9.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for the hatchery off, the hatchery on for the first 25 years, the hatchery 
on for the second 25 years, and the hatchery on (base) under the Recovery scenario. 

0

500

1,000

1,500

2,000

2,500

3,000

3,500

1 2 3 4 5 6 7 8 9 10

A
d
u
lt
 A
b
u
n
d
an
ce

Generation

Recovery ‐off Recovery ‐on 1st 25 yr

Recovery ‐on 2nd 25 yr Recovery ‐base (on)



 

415 

 
 
Figure 6.9.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for the hatchery off, the hatchery 
on for the first 25 years, the hatchery on for the second 25 years, and the hatchery on (base) (top 
to bottom, respectively) under the Recovery scenario. 
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Figure 6.9.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for the hatchery off, the hatchery 
on for the first 25 years, the hatchery on for the second 25 years, and the hatchery on (base) (top 
to bottom, respectively) under the Recovery scenario. 
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Figure 6.10.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base hatchery discount rate 
under the Base Case scenario. 
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Figure 6.10.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base hatchery discount rate (top to bottom, respectively) under the Base Case scenario. 
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Figure 6.10.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base hatchery discount rate (top to bottom, respectively) under the Base Case scenario. 
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Figure 6.10.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base hatchery discount rate 
under the Recovery scenario. 
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Figure 6.10.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base hatchery discount rate (top to bottom, respectively) under the Recovery scenario. 
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Figure 6.10.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base hatchery discount rate (top to bottom, respectively) under the Recovery scenario. 
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Figure 6.11.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base number of smolts stocked 
under the Base Case scenario. 
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Figure 6.11.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base number of smolts stocked (top to bottom, respectively) under the Base Case 
scenario. 
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Figure 6.11.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base number of smolts stocked (top to bottom, respectively) under the Base Case 
scenario. 
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Figure 6.11.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base number of smolts stocked 
under the Recovery scenario. 
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Figure 6.11.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base number of smolts stocked (top to bottom, respectively) under the Recovery 
scenario. 
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Figure 6.11.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base number of smolts stocked (top to bottom, respectively) under the Recovery 
scenario. 
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Figure 6.12.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for all smolts stocked in the Piscataquis River, all smolts stocked in PU 
2, smolts stocked using the base distribution, smolts stocked equally among PUs, and all smolts 
stocked below Veazie Dam under the Base Case scenario. 
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Figure 6.12.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for all smolts stocked in the 
Piscataquis River, all smolts stocked in PU 2, smolts stocked using the base distribution, smolts 
stocked equally among PUs, and all smolts stocked below Veazie Dam (top to bottom, 
respectively) under the Base Case scenario. 
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Figure 6.12.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for all smolts stocked in the 
Piscataquis River, all smolts stocked in PU 2, smolts stocked using the base distribution, smolts 
stocked equally among PUs, and all smolts stocked below Veazie Dam (top to bottom, 
respectively) under the Base Case scenario. 
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Figure 6.12.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for all smolts stocked in the Piscataquis River, all smolts stocked in PU 
2, smolts stocked using the base distribution, smolts stocked equally among PUs, and all smolts 
stocked below Veazie Dam under the Recovery scenario. 
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Figure 6.12.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for all smolts stocked in the 
Piscataquis River, all smolts stocked in PU 2, smolts stocked using the base distribution, smolts 
stocked equally among PUs, and all smolts stocked below Veazie Dam (top to bottom, 
respectively) under the Recovery scenario. 
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Figure 6.12.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for all smolts stocked in the 
Piscataquis River, all smolts stocked in PU 2, smolts stocked using the base distribution, smolts 
stocked equally among PUs, and all smolts stocked below Veazie Dam (top to bottom, 
respectively) under the Recovery scenario. 
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Figure 6.13.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for the straying scenarios RulesX1, RulesX2, the base, 100% home, and 
=straying under the Base Case scenario. 
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Figure 6.13.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for the straying scenarios RulesX1, 
RulesX2, the base, 100% home, and =straying (top to bottom, respectively) under the Base Case 
scenario. 
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Figure 6.13.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for the straying scenarios 
RulesX1, RulesX2, the base, 100% home, and =straying (top to bottom, respectively) under the 
Base Case scenario. 
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Figure 6.13.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for the straying scenarios RulesX1, RulesX2, the base, 100% home, and 
=straying under the Recovery scenario. 
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Figure 6.13.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for the straying scenarios RulesX1, 
RulesX2, the base, 100% home, and =straying (top to bottom, respectively) under the Recovery 
scenario. 
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Figure 6.13.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for the straying scenarios 
RulesX1, RulesX2, the base, 100% home, and =straying (top to bottom, respectively) under the 
Recovery scenario. 
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Figure 6.14.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for the proportion of adults that die after unsuccessfully passing a dam 
equal to 0, 0.012, the base, 0.024, and 0.048 under the Base Case scenario. 
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Figure 6.14.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for the proportion of adults that die 
after unsuccessfully passing a dam equal to 0, 0.012, the base, 0.024, and 0.048 (top to bottom, 
respectively) under the Base Case scenario. 
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Figure 6.14.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for the proportion of adults that 
die after unsuccessfully passing a dam equal to 0, 0.012, the base, 0.024, and 0.048 (top to bottom, 
respectively) under the Base Case scenario. 
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Figure 6.14.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for the proportion of adults that die after unsuccessfully passing a dam 
equal to 0, 0.012, the base, 0.024, and 0.048 under the Recovery scenario. 
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Figure 6.14.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for the proportion of adults that die 
after unsuccessfully passing a dam equal to 0, 0.012, the base, 0.024, and 0.048 (top to bottom, 
respectively) under the Recovery scenario. 
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Figure 6.14.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for the proportion of adults that 
die after unsuccessfully passing a dam equal to 0, 0.012, the base, 0.024, and 0.048 (top to bottom, 
respectively) under the Recovery scenario. 
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Figure 6.15.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0, 0.5, 1 (base), 2, and 4 times the base proportion of adults that 
return to sea after unsuccessfully passing a dam under the Base Case scenario. 
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Figure 6.15.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0, 0.5, 1 (base), 2, and 4 times 
the base proportion of adults that return to sea after unsuccessfully passing a dam (top to bottom, 
respectively) under the Base Case scenario. 
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Figure 6.15.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0, 0.5, 1 (base), 2, and 4 times 
the base proportion of adults that return to sea after unsuccessfully passing a dam (top to bottom, 
respectively) under the Base Case scenario. 

0.00

0.20

1 2 3 4 5 6 7 8 9 10

P
ro
p
o
rt
io
n
 o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 4

0.00

0.20

1 2 3 4 5 6 7 8 9 10

P
ro
p
o
rt
io
n
 o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 2

0.00

0.20

1 2 3 4 5 6 7 8 9 10

P
ro
p
o
rt
io
n
 o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ base

0.00

0.20

1 2 3 4 5 6 7 8 9 10

P
ro
p
o
rt
io
n
 o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 0.5

0.00

0.20

1 2 3 4 5 6 7 8 9 10

P
ro
p
o
rt
io
n
 o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 0

0

50,000

100,000

150,000

200,000

250,000

1 2 3 4 5 6 7 8 9 10

N
u
m
b
e
r 
o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 4

0

50,000

100,000

150,000

200,000

250,000

1 2 3 4 5 6 7 8 9 10

N
u
m
b
e
r 
o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 2

0

50,000

100,000

150,000

200,000

250,000

1 2 3 4 5 6 7 8 9 10

N
u
m
b
e
r 
o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ base

0

50,000

100,000

150,000

200,000

250,000

1 2 3 4 5 6 7 8 9 10

N
u
m
b
e
r 
o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 0.5

0

50,000

100,000

150,000

200,000

250,000

1 2 3 4 5 6 7 8 9 10

N
u
m
b
e
r 
o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 0



 

450 

 
 
Figure 6.15.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0, 0.5, 1 (base), 2, and 4 times the base proportion of adults that 
return to sea after unsuccessfully passing a dam under the Recovery scenario. 
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Figure 6.15.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0, 0.5, 1 (base), 2, and 4 times 
the base proportion of adults that return to sea after unsuccessfully passing a dam (top to bottom, 
respectively) under the Recovery scenario. 
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Figure 6.15.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0, 0.5, 1 (base), 2, and 4 times 
the base proportion of adults that return to sea after unsuccessfully passing a dam (top to bottom, 
respectively) under the Recovery scenario. 
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Figure 6.16.1.1. Median number of two sea-winter females across all Penobscot River production 
units (PUs) in generations 1–10 for all adults that unsuccessfully attempt to pass an individual 
dam spawning in the PU immediately below the impassable dam, for adults being evenly 
distributed in all PUs below the impassable dam, and the base under the Base Case scenario. 
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Figure 6.16.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for all adults that unsuccessfully 
attempt to pass an individual dam spawning in the production unit (PU) immediately below the 
impassable dam, for adults being evenly distributed in all PUs below the impassable dam, and the 
base (top to bottom, respectively) under the Base Case scenario. 
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Figure 6.16.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for all adults that unsuccessfully 
attempt to pass an individual dam spawning in the production unit (PU) immediately below the 
impassable dam, for adults being evenly distributed in all PUs below the impassable dam, and the 
base (top to bottom, respectively) under the Base Case scenario. 
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Figure 6.16.2.1. Median number of two sea-winter females across all Penobscot River production 
units (PUs) in generations 1–10 for all adults that unsuccessfully attempt to pass an individual 
dam spawning in the PU immediately below the impassable dam, for adults being evenly 
distributed in all PUs below the impassable dam, and the base under the Recovery scenario. 
  

0

500

1,000

1,500

2,000

2,500

3,000

3,500

1 2 3 4 5 6 7 8 9 10

A
d
u
lt
 A
b
u
n
d
an
ce

Generation

Recovery ‐below impassable dam

Recovery ‐ evenly dist below

Recovery ‐base



 

457 

 
 
Figure 6.16.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for all adults that unsuccessfully 
attempt to pass an individual dam spawning in the production unit (PU) immediately below the 
impassable dam, for adults being evenly distributed in all PUs below the impassable dam, and the 
base (top to bottom, respectively) under the Recovery scenario. 
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Figure 6.16.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for all adults that unsuccessfully 
attempt to pass an individual dam spawning in the production unit (PU) immediately below the 
impassable dam, for adults being evenly distributed in all PUs below the impassable dam, and the 
base (top to bottom, respectively) under the Recovery scenario. 
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Figure 6.17.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for downstream dam passage survival rates decreased by 10%, 
decreased by 5%, set at the base, increased by 5%, and increased by 10% (with survival capped at 
one) under the Base Case scenario. 
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Figure 6.17.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for downstream dam passage 
survival rates decreased by 10%, decreased by 5%, set at the base, increased by 5%, and 
increased by 10% (with survival capped at one) (top to bottom, respectively) under the Base Case 
scenario. 
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Figure 6.17.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for downstream dam passage 
survival rates decreased by 10%, decreased by 5%, set at the base, increased by 5%, and 
increased by 10% (with survival capped at one) (top to bottom, respectively) under the Base Case 
scenario. 
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Figure 6.17.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for downstream dam passage survival rates decreased by 10%, 
decreased by 5%, set at the base, increased by 5%, and increased by 10% (with survival capped at 
one) under the Recovery scenario. 
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Figure 6.17.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for downstream dam passage 
survival rates decreased by 10%, decreased by 5%, set at the base, increased by 5%, and 
increased by 10% (with survival capped at one) (top to bottom, respectively) under the Recovery 
scenario. 
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Figure 6.17.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for downstream dam passage 
survival rates decreased by 10%, decreased by 5%, set at the base, increased by 5%, and 
increased by 10% (with survival capped at one) (top to bottom, respectively) under the Recovery 
scenario. 
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Figure 6.18.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for upstream dam passage survival rates decreased by 10%, decreased 
by 5%, set at the base, increased by 5%, and increased by 10% (with survival capped at one) 
under the Base Case scenario. 
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Figure 6.18.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for upstream dam passage survival 
rates decreased by 10%, decreased by 5%, set at the base, increased by 5%, and increased by 
10% (with survival capped at one) (top to bottom, respectively) under the Base Case scenario. 
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Figure 6.18.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for upstream dam passage 
survival rates decreased by 10%, decreased by 5%, set at the base, increased by 5%, and 
increased by 10% (with survival capped at one) (top to bottom, respectively) under the Base Case 
scenario. 
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Figure 6.18.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for upstream dam passage survival rates decreased by 10%, decreased 
by 5%, set at the base, increased by 5%, and increased by 10% (with survival capped at one) 
under the Recovery scenario. 
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Figure 6.18.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for upstream dam passage survival 
rates decreased by 10%, decreased by 5%, set at the base, increased by 5%, and increased by 
10% (with survival capped at one) (top to bottom, respectively) under the Recovery scenario. 
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Figure 6.18.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for upstream dam passage 
survival rates decreased by 10%, decreased by 5%, set at the base, increased by 5%, and 
increased by 10% (with survival capped at one) (top to bottom, respectively) under the Recovery 
scenario. 
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Figure 6.19.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base indirect latent mortality 
rate (i.e., 2.5%, 5%, 10%, 20%, and 40% per dam, respectively) under the Base Case scenario. 
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Figure 6.19.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base indirect latent mortality rate (i.e., 2.5%, 5%, 10%, 20%, and 40% per dam, top to 
bottom, respectively) under the Base Case scenario. 
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Figure 6.19.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base indirect latent mortality rate (i.e., 2.5%, 5%, 10%, 20%, and 40% per dam, top to 
bottom, respectively) under the Base Case scenario. 
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Figure 6.19.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base indirect latent mortality 
rate (i.e., 2.5%, 5%, 10%, 20%, and 40% per dam, respectively) under the Recovery scenario. 
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Figure 6.19.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base indirect latent mortality rate (i.e., 2.5%, 5%, 10%, 20%, and 40% per dam, top to 
bottom, respectively) under the Recovery scenario. 
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Figure 6.19.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base indirect latent mortality rate (i.e., 2.5%, 5%, 10%, 20%, and 40% per dam, top to 
bottom, respectively) under the Recovery scenario. 
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Figure 6.20.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for downstream path choice rates for the Stillwater Branch of 0.25, 0.5, 1 
(base), 2, and 4 times the base (with Stillwater Branch use capped at one) under the Base Case 
scenario. 
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Figure 6.20.1.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for downstream path choice rates 
for the Stillwater Branch of 0.25, 0.5, 1 (base), 2, and 4 times the base (with Stillwater Branch use 
capped at one) (top to bottom, respectively) under the Base Case scenario. 
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Figure 6.20.1.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for downstream path choice 
rates for the Stillwater Branch of 0.25, 0.5, 1 (base), 2, and 4 times the base (with Stillwater Branch 
use capped at one) (top to bottom, respectively) under the Base Case scenario. 
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Figure 6.20.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for downstream path choice rates for the Stillwater Branch of 0.25, 0.5, 1 
(base), 2, and 4 times the base (with Stillwater Branch use capped at one) under the Recovery 
scenario. 
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Figure 6.20.2.2. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for downstream path choice rates 
for the Stillwater Branch of 0.25, 0.5, 1 (base), 2, and 4 times the base (with Stillwater Branch use 
capped at one) (top to bottom, respectively) under the Recovery scenario. 
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Figure 6.20.2.3. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for downstream path choice 
rates for the Stillwater Branch of 0.25, 0.5, 1 (base), 2, and 4 times the base (with Stillwater Branch 
use capped at one) (top to bottom, respectively) under the Recovery scenario. 
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Figure 6.21.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival 
rate with 0.25 times the base case marine survival rate and the hatchery turned on. 
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Figure 6.21.1.2. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival 
rate with 0.5 times the base case marine survival rate and the hatchery turned on. 
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Figure 6.21.1.3. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival 
rate with 1 times the base case marine survival rate and the hatchery turned on. 
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Figure 6.21.1.4. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival 
rate with 2 times the base case marine survival rate and the hatchery turned on. 
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Figure 6.21.1.5. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival 
rate with 4 times the base case marine survival rate and the hatchery turned on. 
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Figure 6.21.1.6. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 0.25 times the base 
case marine survival rate and the hatchery turned on. 
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Figure 6.21.1.7. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 0.5 times the base 
case marine survival rate and the hatchery turned on. 
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Figure 6.21.1.8. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 1 times the base 
case marine survival rate and the hatchery turned on. 
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Figure 6.21.1.9. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 2 times the base 
case marine survival rate and the hatchery turned on. 
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Figure 6.21.1.10. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 4 times the base 
case marine survival rate and the hatchery turned on. 
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Figure 6.21.1.11. Median number (panels on the left) and median proportion (panels on the right) 
of smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 0.25 times the base 
case marine survival rate and the hatchery turned on. 
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Figure 6.21.1.12. Median number (panels on the left) and median proportion (panels on the right) 
of smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 0.5 times the base 
case marine survival rate and the hatchery turned on. 
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Figure 6.21.1.13. Median number (panels on the left) and median proportion (panels on the right) 
of smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 1 times the base 
case marine survival rate and the hatchery turned on. 
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Figure 6.21.1.14. Median number (panels on the left) and median proportion (panels on the right) 
of smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 2 times the base 
case marine survival rate and the hatchery turned on. 
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Figure 6.21.1.15. Median number (panels on the left) and median proportion (panels on the right) 
of smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 4 times the base 
case marine survival rate and the hatchery turned on. 
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Figure 6.21.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival 
rate with 0.25 times the base case marine survival rate and the hatchery turned off. 
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Figure 6.21.2.2. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival 
rate with 0.5 times the base case marine survival rate and the hatchery turned off. 
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Figure 6.21.2.3. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival 
rate with 1 times the base case marine survival rate and the hatchery turned off. 
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Figure 6.21.2.4. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival 
rate with 2 times the base case marine survival rate and the hatchery turned off. 
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Figure 6.21.2.5. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 times the base case freshwater survival 
rate with 4 times the base case marine survival rate and the hatchery turned off. 
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Figure 6.21.2.6. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 0.25 times the base 
case marine survival rate and the hatchery turned off. 
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Figure 6.21.2.7. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 0.5 times the base 
case marine survival rate and the hatchery turned off. 
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Figure 6.21.2.8. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 1 times the base 
case marine survival rate and the hatchery turned off. 
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Figure 6.21.2.9. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 2 times the base 
case marine survival rate and the hatchery turned off. 
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Figure 6.21.2.10. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 4 times the base 
case marine survival rate and the hatchery turned off. 
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Figure 6.21.2.11. Median number (panels on the left) and median proportion (panels on the right) 
of smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 0.25 times the base 
case marine survival rate and the hatchery turned off. 
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Figure 6.21.2.12. Median number (panels on the left) and median proportion (panels on the right) 
of smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 0.5 times the base 
case marine survival rate and the hatchery turned off. 
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Figure 6.21.2.13. Median number (panels on the left) and median proportion (panels on the right) 
of smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 1 times the base 
case marine survival rate and the hatchery turned off. 
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Figure 6.21.2.14. Median number (panels on the left) and median proportion (panels on the right) 
of smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 2 times the base 
case marine survival rate and the hatchery turned off. 
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Figure 6.21.2.15. Median number (panels on the left) and median proportion (panels on the right) 
of smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for 0.25, 0.5, 1 (base), 2, and 4 
times the base case freshwater survival rate (top to bottom, respectively) with 4 times the base 
case marine survival rate and the hatchery turned off. 
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Figure 6.22.1.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for scenarios using median two sea-winter female marine survival rates 
during 1971–1990, 1991–2010, and 1971–2010 (base) under the Base Case scenario. 
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Figure 6.22.1.2. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for scenarios using mean two sea-winter female marine survival rates 
during 1971–1990, 1991–2010, and 1971–2010 (base) under the Base Case scenario. 
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Figure 6.22.1.3. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for scenarios using median two 
sea-winter female marine survival rates during 1971–1990, 1991–2010, and 1971–2010 (base) (top 
to bottom, respectively) under the Base Case scenario. 
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Figure 6.22.1.4. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for scenarios using mean two sea-
winter female marine survival rates during 1971–1990, 1991–2010, and 1971–2010 (base) (top to 
bottom, respectively) under the Base Case scenario. 
 

0.00

0.20

0.40

0.60

0.80

1.00

1 2 3 4 5 6 7 8 9 10

D
is
tr
ib
u
ti
o
n
 o
f 
A
d
u
lt
s

Generation

Base Case ‐ 1971‐1990

Upper Piscataquis Lower

0.00

0.20

0.40

0.60

0.80

1.00

1 2 3 4 5 6 7 8 9 10

D
is
tr
ib
u
ti
o
n
 o
f 
A
d
u
lt
s

Generation

Base Case ‐ 1991‐2010

Upper Piscataquis Lower

0.00

0.20

0.40

0.60

0.80

1.00

1 2 3 4 5 6 7 8 9 10

D
is
tr
ib
u
ti
o
n
 o
f 
A
d
u
lt
s

Generation

Base Case ‐ base

Upper Piscataquis Lower



 

517 

 
 
Figure 6.22.1.5. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for scenarios using median two 
sea-winter female marine survival rates during 1971–1990, 1991–2010, and 1971–2010 (base) (top 
to bottom, respectively) under the Base Case scenario. 
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Figure 6.22.1.6. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for scenarios using mean two 
sea-winter female marine survival rates during 1971–1990, 1991–2010, and 1971–2010 (base) (top 
to bottom, respectively) under the Base Case scenario. 
  

0.00

0.20

1 2 3 4 5 6 7 8 9 10

P
ro
p
o
rt
io
n
 o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 1971‐1990

0.00

0.20

1 2 3 4 5 6 7 8 9 10

P
ro
p
o
rt
io
n
 o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 1991‐2010

0.00

0.20

1 2 3 4 5 6 7 8 9 10

P
ro
p
o
rt
io
n
 o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ base

0

50,000

100,000

150,000

200,000

250,000

1 2 3 4 5 6 7 8 9 10

N
u
m
b
e
r 
o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ base

0

50,000

100,000

150,000

200,000

250,000

1 2 3 4 5 6 7 8 9 10

N
u
m
b
e
r 
o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 1991‐2010

0

50,000

100,000

150,000

200,000

250,000

1 2 3 4 5 6 7 8 9 10

N
u
m
b
e
r 
o
f 
Sm

o
lt
s 
K
ill
e
d

Generation

Base Case ‐ 1971‐1990



 

519 

 
 
Figure 6.22.2.1. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for scenarios using median two sea-winter female marine survival rates 
during 1971–1990, 1991–2010, and 1971–2010 (base) under the Recovery scenario. 
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Figure 6.22.2.2. Median number of two sea-winter females across all Penobscot River production 
units in generations 1–10 for scenarios using mean two sea-winter female marine survival rates 
during 1971–1990, 1991–2010, and 1971–2010 (base) under the Recovery scenario. 
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Figure 6.22.2.3. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for scenarios using median two 
sea-winter female marine survival rates during 1971–1990, 1991–2010, and 1971–2010 (base) 
under the Recovery scenario. 
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Figure 6.22.2.4. Proportion of iterations when at least one two sea-winter female was present in 
three areas of the Penobscot River watershed: the Upper Penobscot (i.e., above West Enfield 
Dam), the Piscataquis (i.e., the Piscataquis River watershed), and the Lower Penobscot (i.e., below 
the West Enfield Dam). Values are shown for generations 1–10 for scenarios using mean two sea-
winter female marine survival rates during 1971–1990, 1991–2010, and 1971–2010 (base) (top to 
bottom, respectively) under the Recovery scenario. 
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Figure 6.22.2.5. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for scenarios using median two 
sea-winter female marine survival rates during 1971–1990, 1991–2010, and 1971–2010 (base) (top 
to bottom, respectively) under the Recovery scenario. 
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Figure 6.22.2.6. Median number (panels on the left) and median proportion (panels on the right) of 
smolts killed during emigration due to direct and indirect cumulative mortality associated with 
dam passage across the 15 modeled hydroelectric dams in generations 1–10. Medians (circles) 
and twenty-fifth to the seventy-fifth percentiles (lines) are shown for scenarios using mean two 
sea-winter female marine survival rates during 1971–1990, 1991–2010, and 1971–2010 (base) (top 
to bottom, respectively) under the Recovery scenario. 
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Abstract All anadromous fishes, including juvenile

salmon, encounter estuarine habitats as they transition

from riverine to marine environments. We compare

the estuarine use between juvenile Atlantic salmon

(Salmo salar) in the Penobscot River estuary and

Pacific salmon (Oncorhynchus spp.) in the Columbia

River estuary. Both estuaries have been degraded by

anthropogenic activities. Atlantic and Pacific salmon

populations in both basins rely heavily on hatchery

inputs for persistence. Pacific salmon, as a group,

represent a continuum of estuarine use, from species

that move through rapidly to those that make extensive

use of estuarine habitats. While Atlantic salmon

estuarine use is predominantly similar to rapidly

moving Pacific salmon, they can exhibit nearly the

entire range of Pacific salmon estuarine use. Both slow

and rapidly migrating Atlantic and Pacific salmon

actively feed in estuarine environments, consuming

insect and invertebrate prey. Interactions between

juvenile salmon and estuarine fish communities are

poorly understood in both estuaries, although they

experience similar avian and marine mammal preda-

tors. Estuaries are clearly important for Atlantic and

Pacific salmon, yet our understanding of this use is

currently insufficient to make informed judgments

about habitat quality or overall estuary health. This

review of salmonid migration through and residency

within estuaries identifies actions that could hasten

restoration of both Atlantic and Pacific salmon

populations.

Keywords Atlantic salmon � Pacific salmon �
Estuaries � Columbia River � Penobscot River

Introduction

Estuaries—the transition zone between river and

ocean environments—are characterized by extreme

fluctuations in environmental conditions (e.g., tem-

perature, salinity, flow, oxygen concentration, turbid-

ity, etc.). They are inherently stressful environments

for fish and generally have low fish species diversity

(Elliot and Quintino 2007). However, they provide

critical habitat for resident fishes that use estuaries as

nursery areas and transient diadromous species (Able

and Fahay 2010). Anadromous Atlantic (Salmo salar)

and Pacific (Oncorhynchus spp.) salmon use estuaries

as emigrating juveniles and again as returning adults.

Estuaries undisturbed by humans are highly produc-

tive (Roman et al. 2000; Magnusson and Hilborn
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2003) and may enhance smolt survival by providing

foraging opportunities, refuge from predation, and a

gradual transition to saline conditions (Power and

Shooner 1966; Simenstad et al. 1982; Cunjak et al.

1990; Thorpe 1994; Bottom et al. 2005).

However, smolts may also experience high mortality

during the transition to saline environments for reasons

that are not well understood (Pearcy 1992; Kocik et al.

2009; Thorstad et al. 2012). Synchronous timing of

smolt emigration with environmental conditions in the

estuary is critical for successful physiological transition

to marine environments. Anthropogenic alterations (e.g.

dams, habitat degradation or destruction, temperature

and chemical pollution) of rivers and estuaries may alter

timing and decrease survival (McCormick et al. 1998;

Lotze and Milewski 2004).

Despite the importance of estuaries, juvenile salmon

use of estuarine habitats has received relatively little

attention compared to their use of marine and espe-

cially freshwater habitats. For example, an online

search using standard fisheries databases1 for peer-

reviewed publications revealed 15 times more articles

containing ‘‘Salmo’’ and ‘‘river’’ (1,447 articles) in the

abstract than ‘‘Salmo’’ and ‘‘estuary’’ (96) and nearly

14 times more articles with ‘‘Oncorhynchus’’ and

‘‘river’’ (3,599) than ‘‘Oncorhynchus’’ and ‘‘estuary’’

(265). Articles with ‘‘marine’’ and either ‘‘Salmo’’

(148) or ‘‘Oncorhynchus’’ (790) were 1.5 and 3 times

more numerous, respectively, than those with the

genera and ‘‘estuary’’. As we emphasize throughout

this review, we know enough to know that estuaries are

important for both Atlantic and Pacific salmon, but

don’t know enough to make informed judgments

relative to habitat quality and overall estuary health.

Here, we compare the estuarine ecology of Atlantic

and Pacific salmon using the Penobscot and Columbia

River estuaries as case studies. The Penobscot River, a

large river on the east coast of the USA, and the

Columbia River, a large river on the west coast of the

USA, support salmon populations that have been

managed for centuries and have ongoing research and

restoration efforts. Our comparison of salmonid usage

of estuarine habitats revealed common challenges and

solutions that may improve conservation and restora-

tion efforts.

Background

Pacific salmon includes five species that are predom-

inantly anadromous: Chinook2 (O. tshawytscha), coho

(O. kisutch), chum (O. keta), sockeye (O. nerka), and

pink (O. gorbuscha) salmon, and steelhead (O.

mykiss), the anadromous form of rainbow trout. Pacific

salmon and steelhead in North America range from

northern Alaska to Puget Sound, with limited southern

distributions for pink, sockeye and chum salmon

(Columbia River or Oregon coast) and more extensive

southern distributions for Chinook, coho, and steel-

head (central or southern California) (Groot and

Margolis 1991; Busby et al. 1996; Quinn 2005).

Although Pacific salmon as a group are united by the

common traits of anadromy, semelparity (reproducing

only once in a lifetime, except some steelhead), and

accurate homing, substantial variation in life history

characteristics exists among these species. For exam-

ple, coho, Chinook, sockeye, and steelhead display a

range of smolts ages with older smolts produced in

northern populations (e.g., northern British Columbia

and Alaska). Smolt age in the Columbia River is

typically 1 year for coho and stream-type Chinook

salmon, 1 or 2 years for sockeye, and 1 year for

hatchery and 2 or 3 years for wild steelhead, while

pink, chum and ocean-type Chinook salmon enter

marine waters as subyearlings (age 0) (Groot and

Margolis 1991; Busby et al. 1996; Quinn 2005). Use of

estuaries by Pacific salmon varies greatly; most

yearling or older smolts (i.e., coho, sockeye, steelhead

and stream-type Chinook salmon populations) move

rapidly through estuaries, while sub-yearling smolts

(i.e., ocean-type Chinook and chum salmon) typically

1 Queried databases using ProQuest LLC search engine were:

Aquatic Sciences and Fisheries Abstracts (1971-current); Bio-

One Abstracts & Indexes (1997-current); COS Conference

Papers Index (1982-current), and Water Resources Abstracts

(1967-current); query conducted 13 Sep 2013 for the terms

Salmo or Oncorhynchus, and river, estuary, or marine, in the

abstracts of peer reviewed papers from any year.

2 Chinook salmon display two major life history types, coined

‘‘ocean-type’’ and ‘‘stream-type’’ (Healey 1983). Among their

many differences, ocean-type Chinook salmon enter the ocean

as subyearling (age 0.) juveniles, while stream-type Chinook

salmon reside in streams for their first year before entering the

ocean as yearling (age 1.) smolts. Populations displaying the

ocean-type life history typically return to freshwater as adults in

the fall (fall-run), stream-type adults return in the spring (spring

run), and those with adults returning in summer can be either

ocean- or stream-type (Healey 1991; Waples et al. 2004).
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make extended use of estuaries; pink salmon sub-

yearling smolts move rapidly through estuaries.

Atlantic salmon (Salmo salar) is one of three native

anadromous salmonid species on the eastern coast of

North America [brook trout (Salvalinus fontinalis) and

Arctic char (S. alpinus), both have anadromous forms];

it historically ranged from Connecticut, USA, to

Labrador, Canada. Atlantic salmon, stream-type Chi-

nook, and steelhead share similar life histories (1 or

2 year-old smolts and short estuarine residency; Hansen

and Quinn 1998). The generally limited use of estuarine

environments and rapid migration of these species

(Hayes and Kocik 2014) provides an opportunity for

ecological comparison (Metcalfe and Thorpe 1990;

Nicieza et al. 1994; Hutchings and Jones 1998).

Atlantic salmon share homing capabilities with

their Pacific counterparts but differ in their reproduc-

tive strategies: unlike Pacific salmon, Atlantic salmon

are iteroparous (reproducing more than once in a

lifetime). Variation in life history traits occurs by

geographical location (Metcalfe and Thorpe 1990;

Nicieza et al. 1994; Hutchings and Jones 1998);

however morphological, physiological, and behav-

ioral changes during smoltification are controlled by

several environmental factors (e.g., photoperiod, and

to a lesser extent, temperature, among others). Atlantic

salmon smolts are typically 1 or 2 years old in the

southern end of their range, due to a longer growing

season, with 3 to 6 year old smolts observed in the

north where growing seasons are shorter (Metcalfe and

Thorpe 1990; Hutchings and Jones 1998). Populations

within a single river system can exhibit numerous life

history strategies—varying the number of years spent

in both freshwater and marine environments (Erkinaro

et al. 1997; Metcalfe 1998; Niemelä et al. 2006).

Atlantic salmon smolts are capable of reverting to parr

if they are unable to enter the marine environment

(Lundqvist and Fridberg 1982). Likewise, all Pacific

salmon can grow to maturity when retained in

freshwater and sockeye and coho salmon and steel-

head (rainbow trout) have naturally-occurring fresh-

water resident populations (Clarke and Hirano 1995).

Case studies: the Columbia and Penobscot Rivers

The Columbia River is the largest river on the West

Coast of North America with a basin of 668,000 km2

that encompasses seven states, one Canadian province,

and two major mountain ranges (Bottom et al. 2005).

Within the estuary, maximum salinity intrusion

extends to River kilometer (Rkm) 55, while tidal

influence extends to Bonneville Dam (Rkm 235)

(Table 1). The Penobscot River is the largest river

system in Maine and second largest in New England

with drainage of approximately 22,200 km2 (Haefner

1967). The Connecticut River is the largest East Coast

River, but its population of native Atlantic salmon is

extirpated (USASAC 2013). The Penobscot’s estuary

is also large, with maximum salinity intrusion to Rkm

30 and tidal influence to Rkm 46 (Mitnik 2002). While

there are clearly large size differences between the

much larger Columbia and smaller Penobscot rivers

and estuaries, maximum tidal range is roughly equal

and relatively large in both estuaries ([370 cm)

(Table 1). Larger water volumes in the Columbia

River result in stronger currents (13 km/h) in the

Columbia estuary than in the Penobscot River estuary

(7 km/h). The Columbia River estuary also has a well-

defined and narrow mouth, while the mouth of the

Penobscot River estuary is much wider and less well

defined as it merges into Penobscot Bay (Figs. 1 and 2).

The Columbia River is the southern-most river

supporting six species of Pacific salmon, including

numerous Evolutionarily Significant Units or Distinct

Population Segments (DPSs) protected under the U.S.

Endangered Species Act (ESA; Table 2). Thus, Pacific

salmon in the Columbia River have attracted consid-

erable attention and more is known about estuarine use

by Pacific salmon in the Columbia River estuary than

most west coast estuaries (Bottom et al. 2005; Fresh

et al. 2005). The Penobscot River is home to the largest

remnant Atlantic salmon run in the United States

(USASAC 2012). Most Atlantic salmon in Maine

belong to the Gulf of Maine DPS and are listed as

endangered under the ESA (Fay et al. 2006; 74 Federal

Register 29,344, 19 June 2009). A 2002 study found

the Penobscot and Kennebec systems to be the greatest

potential for Atlantic salmon recovery in the United

States (NRC 2004a), which has resulted in resources

dedicated to evaluating and monitoring Atlantic

salmon populations in the Penobscot. In 2010, the

National Oceanic and Atmospheric Administration’s

(NOAA) National Marine Fisheries Service began an

intensive study of the Penobscot River estuary to

identify causes of smolt mortality and to learn more

about emigration behavior, including interactions with

co-occurring species.
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Table 1 Similarities and differences between Atlantic salmon in the Penobscot River estuary and Pacific salmon in the Columbia

River estuary

Trait Species/estuary

Atlantic salmon/Penobscot Pacific salmon/Columbia

Physical basin attributes

Basin size (1,000 km2) 22.2 668.0

Mean Discharge (m3/s) 370 7500

River latitude 44�260N 46�150N

Salinity intrusion (km) 30? 55

Tidal influence (km) 46 235

Max. tidal range (cm) 442 372

Max. current velocity (km/h) 5.2 13.3

Annual cargo traffic (million metric tons)a 1.7 48.4

Human density (no/km2)b 13.7 82.8

Water quality/contaminantsc Good Good/Fair

Mainstem dams 5 30 (including Snake R)

Salmon attributes

Adult run sizes (no. fish) 760–3,113 1–2 million total; largest runs are Chinook,

coho, and steelhead

ESA salmon listings 1 DPS 13 ESUs/DPSs (Table 2)

Typical estuarine use Limited Limited: coho, steelhead, stream-type

Chinook, sockeye; extensive: chum, ocean-

type Chinook

Peak abundance in estuary May May (mid-summer for ocean-type Chinook)

Alternate life history estuarine use Unknown Varies; highest for ocean-type Chinook

Active migration speeds (km/day) 18–33 70–90

Reproductive strategy Iteroparous Semelparous (except some steelhead)

Estuary biological attributes

Exotic species Few Many

Other diadromous species 12 Few (lamprey, sturgeon, trout)

Status of other species Depressed Varies

Estuarine habitat converted to other uses

(e.g., agriculture, urban)

Extensive Extensive

Salmon research and management

Annual hatchery production (millions) 2.1 140

Hatchery contributions to adult run size (%) 94 % 70–90 %

In river fisheries None Extensive

Tagging methods CWTs, acoustic tags, mass

marking, latex, carlin tags

CWTs, PIT tags, acoustic tags, mass marking

Capture methods Rotary screw traps, beach seines,

fyke nets, pelagic trawling

Bypass systems at dams, beach and purse

seines

a Annual cargo tonnage for 2008 from the American Association of Port Authorities website (http://web.archive.org/web/

20070104055901/http://www.aapa-ports.org/home.cfm). Reported tonnage for the Penobscot estuary from Searsport, ME; for

Columbia estuary from Portland, OR, and Kalama, Vancouver, and Longview, WA
b U.S. Census data by county for 2006; available from http://usgovinfo.about.com. Estimated from the size and 2006 population

abundance for counties bordering each estuary: Penobscot–Penobscot, Waldo, Know and Hancock, ME; Columbia– Clatsop,

Columbia, Multnomah in Oregon, Clark, Cowlitz, Pacific, Skamania, Wahkiakum in Washington
c Estimated from nation-wide water quality and sediment contaminant indicators for 1999–2000 rated as ‘‘good’’, ‘‘fair’’, or ‘‘poor’’;

data from USEPA (2004)
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Current salmon status and hatchery practices

Two centuries of increasing human activity in the

Columbia River basin have caused significant declines

in Pacific salmon abundance; typically current popu-

lations are less than 10 % of historical levels (PFMC

2011). Recent (2006–2010) adult abundance estimates

(hatchery and wild combined) are 754,000 Chinook,

478,000 coho salmon, 168,000 sockeye, and 405,000

steelhead, while pink and chum populations are

extremely small (\10,000 adults annually each) (Ford

2011; PFMC 2011; FPC 2012).

Hatchery production of Pacific salmon in the

Columbia River has been ongoing since the 1870s

(NRC 1996) and most Columbia River Chinook, coho,

and steelhead runs are currently supported by exten-

sive hatchery production. Approximately 140 million

salmon smolts were released annually during

2002–2011, consisting of 71 million ocean-type and

32 million stream-type Chinook salmon, 22 million

coho salmon, and 15 million steelhead (FPC 2012).

These hatchery fish support fisheries in marine waters

from Alaska to California, as well as within the

Columbia River (PFMC 2011). Hatchery fish contrib-

ute 34–50 % of adult fall Chinook salmon, 70 % of

steelhead, and over 80 % of adult spring and summer

Chinook and coho salmon returns (NRC 1996; ISAB

2011; FPC 2012). Hatchery fish contributed over 90 %

of juvenile Chinook and coho salmon and steelhead

caught in migratory corridors of the lower Columbia

River estuary in 2007–2010 (Weitkamp et al. 2012),

and 53–74 % of subyearling and yearling Chinook

salmon in shallow habitats in 2007–2008 (Roegner

et al. 2012).

Although several million adult salmon return to the

Columbia River every year, over half of the salmon

populations that historically existed in the basin are

thought to be extinct (Gustafson et al. 2007). Further-

more, 13 extant wild population groups are protected

under the ESA as threatened or endangered species

(Table 1) (Ford 2011). Consequently, managing

Columbia River salmon requires a delicate balance

between allowing harvest of hatchery fish while

protecting and restoring wild populations (PFMC

2011).

Atlantic salmon in the Penobscot River are main-

tained with hatchery products. In the 1870s, a hatchery

was established (Atkins 1907) and since then various

life stages have been released: (1) fed or unfed fry into

suitable rearing habitats in spring, (2) late-summer or

fall parr (age 0), (3) yearling (age 1) smolts, and (4)

2 year old smolts, and captive reared brood stock.

Fig. 1 The lower Columbia River estuary showing the three

hydrologic zones (euryhaline, estuarine mixing, and tidal

freshwater); the location of maximum salinity intrusion is also

indicated (after Bottom et al. 2005). Inset map shows location of

the Columbia River basin, including the major tributaries the

Willamette and Snake Rivers. Inset—mainstem dams with fish

passage are indicated by small bars (-), mainstem dams that

block upstream fish passage are designated by black squares.

State and provincial abbreviations are: BC British Columbia,

WA Washington, OR Oregon, ID Idaho, MT Montana
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Current efforts are based on river specific sea-run

brood stock or non-sea-run broodstock (Moring et al.

1995). During the past decade (2002–2011) adult

returns have ranged from 763 to 3,113 in the

Penobscot, the majority of which (94 %) were of

hatchery origin (USASAC 2012). Average annual

inputs from restoration hatchery programs during this

period include 1.25 million fry, 0.3 million parr

(fingerlings) and 0.55 million age-1 smolts (USASAC

2012). The last commercial fishery on the Penobscot

occurred in 19400s, the last retention recreational

fishery was in 1995, and the last recreational catch and

release fishery occurred in 2008.

Without hatchery support for both Pacific and

Atlantic salmon, many populations would be smaller

than they presently are—or extinct. There is also an

increasingly clear distinction between Pacific salmon

production hatcheries (which produce fish to support

large-scale commercial and recreational fisheries) and

conservation hatcheries (focused on restoration of

wild populations; Blankenship and Daniels 2004).

While both Atlantic and Pacific salmon hatcheries use

Fig. 2 The Penobscot

River estuary and bay,

showing the three

hydrologic zones (marine,

estuary mixing, tidal

freshwater). Inset map

shows the estuary in relation

to the entire Penobscot

drainage and surrounding

areas. State and provincial

abbreviations are: MA

Massachusetts, NH New

Hampshire, ME Maine, NB

New Brunswick, QB

Quebec
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a variety of rearing and stocking strategies, conserva-

tion hatcheries for both species share a common goal

of increased wild spawners. We believe improving

survival through the estuary is a critical step to

bolstering adult returns.

Methods of study

A variety of methods are used to study juvenile salmon

in estuarine environments. Techniques to catch

salmon are passive (e.g., rotary screw traps, fyke nets

and gill nets) or active (e.g., beach seines, purse seines,

trawls, and electroshocking) (Murphy and Willis

1996). In the Columbia River, mainstem dams with

upstream fish passage have downstream fish bypass

systems, which provide juvenile salmon an alternative

to potentially lethal spillways or turbines (Williams

2008). These bypass systems are used to both

enumerate and sample downstream migrants; daily

and annual fish counts are available at the Fish Passage

Center’s website (www.fpc.org). Beach and purse

seine efforts to sample juveniles in the estuary have

been conducted periodically since the 1960s (McCabe

et al. 1983; Dawley et al. 1986; Roegner et al. 2012;

Weitkamp et al. 2012).

Managers of Columbia River salmon use coded

wire tags (CWTs), passive integrated transponder

(PIT) tags, and adipose fin clipping to identify stocks

(Table 1). Approximately half (23.9 million) of the 50

million juvenile Pacific salmon implanted with CWTs

from Alaska to California each year are Chinook and

coho salmon and steelhead originating from the

Columbia River basin (RMIS1977). The Columbia

River has a unique PIT tag program in which nearly 2

million juvenile salmon are marked each year; indi-

vidual fish are detected moving downstream as

juveniles and upstream as adults at mainstem dams

(Prentice et al. 1990; Marvin 2012). Mass marking of

the hatchery production in the Columbia River allows

mark-selective fisheries3 in both marine and fresh

water (PFMC 2011). Since 2006, 70–90 % of hatchery

Chinook, coho salmon and steelhead were marked

(RMIS 1977). Additionally, most Columbia River

salmon species are genetically differentiated from

conspecifics originating from other river basins, with

sub-basin of origin assignments possible for some

species (Seeb et al. 2007; Van Doornik et al. 2007;

Beacham et al. 2011; Blankenship et al. 2011;

Iwamoto et al. 2012).

In the Penobscot River system several dams have

downstream bypass systems but only Matteseunk Dam

has a downstream capture facility, which is used

infrequently. NOAA operated a series of rotary screw

traps near the head of tide in a number of years to

assess smolt migration. Presently, beach seining, fyke

netting and pelagic trawling are used to sample

juvenile salmon and the co-occurring species complex

in the Penobscot River estuary (Sheehan et al. 2011)

(Table 1).

Excluding a few years, from 1969 to 1996 *
25,000–100,000 age 1 and 2 smolts were fitted with

Carlin tags and released in the Penobscot River

Table 2 Pacific salmon groups (evolutionarily significant

units or distinct population segments) listed under the U.S.

endangered species act within the Columbia River basin;

groups not receiving protection are also included (after Ford

2011)

Species Group name Status

Chinook Upper Columbia River spring Endangered

Lower Columbia River Threatened

Snake River spring/summer Threatened

Snake River fall Threatened

Upper Willamette River Threatened

Middle Columbia River spring Not warranted

Upper Columbia River

summer/fall

Not warranted

Deschutes River summer/fall Not warranted

Coho Lower Columbia River Threatened

Chum Columbia River Threatened

Sockeye Snake River Endangered

Okanogan River Not warranted

Lake Wenatchee Not warranted

Steelhead Upper Columbia River Threatened

Lower Columbia River Threatened

Middle Columbia River Threatened

Snake River Threatened

Upper Willamette River Threatened

3 Mark selective fisheries allow marked fish (those without

adipose fins) to be retained while unmarked (presumably wild)

fish must be released, resulting much lower exploitation rates on

unmarked fish than marked fish encountered in the same fishery

(PFMC 2011). They fisheries typically require barbless hooks to

maximize post-release survival.
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annually. During the mid to late 1980s *100,000–

250,000 smolts were implanted with CWTs annually

and released in the Penobscot River (Miller et al.

2012). Carlin and CWTs were used to identify U.S.

Atlantic salmon originating from the Penobscot River

in mixed-stock commercial harvests in distant water

fisheries (Miller et al. 2012). Recently, visual implant

elastomer (VIE) tags have been used (*250,000–

400,000 age 1 smolts annually) to evaluate the

effectiveness of various management strategies (i.e.,

stocking location and timing) and the implications for

adult returns (Lipsky et al. 2012). Penobscot River

salmon are also genetically distinct from neighboring

river basins and Canadian populations (Spidle et al.

2003) and are presently being genetically character-

ized in conservation hatcheries to allow researchers to

assign parentage for individuals.

Acoustic transmitters have also been used in both

the Columbia and Penobscot Rivers by researchers to

estimate up and downstream travel times, migratory

routes, and survival. In recent telemetry evaluations in

the Penobscot River, acoustic transmitters (69 kHz)

have been used to estimate Atlantic salmon smolt

survival and migratory delays associated with main-

stem dams (Holbrook et al. 2011), as well as evaluate

migration performance and estimate survival through

estuary environments (Renkawitz et al. 2012; USA-

SAC 2012). Because these 69 kHz tags are often too

large to tag small salmon, the 416.7 kHz Juvenile

Salmon Acoustic Telemetry System (JSAT) tag was

specifically developed by the U.S. Army Corps of

Engineers for the Columbia River to monitor the

survival of small (\10 g) juvenile salmon (McMichael

et al. 2010).

Despite the order of magnitude difference in

population sizes, the methods and tools used to

evaluate salmon performance and behavior are similar

for Atlantic and Pacific salmon researchers. One

difference is the extensive juvenile PIT tagging

program in the Columbia River to collect information

from both emigrating smolts and returning adults. PIT

tags in the Penobscot are only implanted in returning

adults and their upstream progress monitored through

PIT tag detector arrays located at each dam passage

structure. The only downstream capture facility on the

Penobscot, at Matteseunk Dam in the upper watershed,

has been used sparingly to acoustically tag a few

hundred smolts in the past decade and has not been

used to PIT tag juveniles.

Migration timing/behavior

Pacific salmon species use estuaries in different ways

(Healey 1982; Simenstad et al. 1982; Bottom et al.

2005). Juvenile chum and subyearling ocean-type

Chinook salmon reside in estuarine habitats up to 1 and

6 months, respectively, before ocean entry (Healey

1980, 1982; Simenstad et al. 1982). In contrast, after a

year or more in freshwater most steelhead, sockeye,

coho, and stream-type Chinook salmon move rapidly

through estuaries. Estuarine residence times for these

species range from several days to several weeks

(Crone and Bond 1976; Healey 1982; Simenstad et al.

1982; Groot and Margolis 1991). Smolt emigration

occurs between February and April in southern estu-

aries and between May and July in northern estuaries

(Shapovalov and Taft 1954; Meehan and Siniff 1962;

Crone and Bond 1976; Healey 1982; Hayes et al.

2011). Peak outmigration of coho, chum, sockeye,

stream-type Chinook and steelhead in the Columbia

River estuary occurs in May, while peak outmigration

of ocean-type Chinook occurs mid-summer (McCabe

et al. 1983; Dawley et al. 1986; Roegner et al. 2012;

Weitkamp et al. 2012). Hatchery-reared fish spend less

time in estuaries than their wild conspecifics (Myers

and Horton 1982; Dawley et al. 1986; Levings et al.

1986; Johnson et al. 2011). The duration of residency

cannot be attributed solely to hatchery origin because

hatchery fish also tend to be larger than wild fish and

larger salmon migrate through estuaries more rapidly

than smaller individuals (Healey 1982; Dawley et al.

1986; MacDonald et al. 1987).

Peak outmigration of Atlantic salmon smolts in the

Penobscot River estuary occurs in mid-May (USA-

SAC 2004) with smolts transiting the estuary within

several days (Fried et al. 1978; USASAC 2010;

Renkawitz et al. 2012). Migration timing from the

head of tide through the estuary into the bay is similar

for both naturally reared and hatchery reared smolts

(USASAC 2012). Atlantic salmon smolt migration is

generally rapid (Fried et al. 1978; Moore et al. 1998;

Lacroix et al. 2005; Kocik et al. 2009) though smolts

may reside within estuaries, fjords or large bays for an

extended period (e.g. Dempson et al. 2011). Smolt

entry into the estuary usually occurs between April

and June for Gulf of Maine populations (Kocik et al.

2009; USASAC 2010) and may be later for northern

populations (Antonsson and Gudjonsson 2002; Da-

vidsen et al. 2009; Jensen et al. 2012).
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The abundance of juvenile salmon in the Columbia

River estuary is surprisingly constant from year to year

(Dawley et al. 1986; Roegner et al. 2012; Weitkamp

et al. 2012). A large part of this consistency is likely

due to widespread hatchery production, which is

consistent among years (FPC 2012). However,

because of the inability to determine whether

unmarked fish are of hatchery or wild origin (mark

rates are not 100 %), interannual variation in wild

production is likely masked by the dominant hatchery

signal (Weitkamp et al. 2012). Juvenile salmon

abundance in the Penobscot River estuary is not

estimated every year, but, like the Columbia River

estuary, is likely to be consistent from year to year due

to the constant annual stocking of hatchery products,

which comprises the bulk of the smolt run (USASAC

2012). Smolt production from naturally reared or fry

stocking accounted for\5 % annually in rotary screw

trap captures (USASAC 2005, 2006).

While there are typical species-specific patterns of

estuarine use, salmonids are phenotypically plastic with

highly variable life-history strategies (Thorpe 1999;

Koski 2009; Waples et al. 2008) resulting in a range of

exceptions. One such exception is extended estuarine

rearing by steelhead, a species that normally moves

rapidly through estuaries. In the productive Kekhta

River, Kamchatka Peninsula, Russia, there are estuarine

and resident (non-anadromous) life history types (and

several subtypes) of steelhead (Pavlov et al. 2008). In

small central California streams, some steelhead make

extended use of seasonal lagoons that form during

summer when sand bars block access to the ocean (Bond

et al. 2008; Hayes et al. 2008). In these systems, age-0

fry rear in the estuary-lagoon for 6–10 months before

either entering the ocean or returning upstream and

emigrating the following spring (Hayes et al. 2008,

2011). Rapid summer growth in these lagoons (1–2 %

body mass/day) allows fish to attain ocean entry sizes

(*150–250 mm FL) at relatively young ages, and

disproportional representation of this strategy in return-

ing adults indicates it’s importance (Bond et al. 2008).

Co-occurring juvenile coho salmon did not make similar

use of the lagoons, likely because of different thermal

preferences (Hayes et al. 2008). However, both coho

and sockeye salmon, which typically move rapidly

through estuaries, also show alternate life history

patterns that include extended estuarine rearing (e.g.,

Heifetz et al. 1989; Koski 2009; Hoem Neher et al.

2013).

Although the most prominent, Atlantic salmon smolts

are not the only juvenile life stage to inhabit estuaries.

Spring and fall migrations of age 0–3 year old parr into

estuary habitats have been documented in several

systems outside the Penobscot (Cunjak et al. 1989,

1990; Pinder et al. 2007) with populations to the north

spending considerably more time in the estuary than their

southern counterparts (when temperatures remain mod-

erate) (Thorpe 1994; Hayes and Kocik 2014). This

estuarine residence allows a foraging advantage com-

pared to riverine habitats, and for the smolt residents that

do not migrate, allows the reproductive benefit of

spawning earlier and on more occasions throughout their

life, since marine mortality is higher than in the river or

the estuary (Robataille et al. 1986).

Estuarine use by Atlantic and Pacific salmon varies

from species or life history types moving rapidly

through estuaries in spring to those residing for

extended periods throughout the summer. Most Atlan-

tic salmon move rapidly through estuaries in spring,

similar to the behavior of steelhead, stream-type

Chinook, and coho salmon. Although for the most

part use of estuaries is a short portion of Atlantic and

Pacific salmon life cycles, these habitats should not be

overlooked for their potential nursery and rearing

value. In addition, the ability to take up residency in an

estuary may be extremely valuable, especially in years

where the freshwater environment is less favorable

than normal (i.e. drought conditions).

Migration speeds

Migration rates of juvenile Atlantic and Pacific salmon

through estuaries have been estimated from tagging

studies. Consistent with variation in estuarine use

described previously, migration rates depend on

whether juvenile salmon primarily use estuaries as

rearing habitat or as migratory corridors. Travel times

may also vary in different reaches of estuaries

(Renkawitz et al. 2012) or geographic location (Lac-

roix 2008; Dempson et al. 2011). Other factors

influencing migration rates include month or season,

while both fish size and river flow rates are positively

related to migration rates (Fried et al. 1978; Dawley

et al. 1986; Kocik et al. 2009; Johnson et al. 2010;

Magie et al. 2010).

Estimates of salmon migration rates in estuaries are

highly variable for Pacific salmon. Steelhead in the
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Alsea River (on the Oregon Coast), had relatively slow

migration rates through the estuary (12–19 km/day),

including some fish that spent up to 20 days transiting

the 23 km-long estuary (Johnson et al. 2010). Acoustic

tag detections indicated that many fish (mainly

hatchery) moved back and forth with the tide, while

others (largely wild) moved directly downstream

(Johnson et al. 2010). In contrast, Columbia River

interior populations (those originating in the upper

Columbia and Snake River basins), which travel

700–1,400 km to reach the ocean, move rapidly

through the estuary. Dawley et al. (1986) estimated

migration rates of 15–28 km/day for stream-type

hatchery Chinook salmon tagged with CWTs between

release location and Jones Beach (Rkm 75); these rates

include an unknown period of time between release

and initiation of active migration. Active migration

rates measured with PIT or acoustic tags have

measured rates of 50–90 km/day for interior popula-

tions of ocean- and stream-type Chinook and steelhead

(Welch et al. 2008; Magie et al. 2010; Harnish et al.

2012). These rates were considerably higher than

those measured in freshwater (20–50 km/day). Dif-

ferences between study results suggest slightly slower

travel speeds (50–70 km/day) in the lower estuary

(Welch et al. 2008; Harnish et al. 2012) than the upper

estuary (60–90 km/day) (Magie et al. 2010). Harnish

et al. (2012) determined that individuals using the

main navigation channel moved faster than those

using secondary channels or off-channel habitats and

suggested these differences might be related to

differences in flow velocities.

Migration of Atlantic salmon through estuaries and

bays can consist of both passive (Fried et al. 1978;

McCleave 1978; Moore et al. 1995) and active

(Lacroix and McCurdy 1996; Hedger et al. 2008;

Martin et al. 2009) movements. Several studies

indicate smolts may initially move passively with

the current or tide cycle—establishing more active

swimming after encountering increased salinities

(Moore et al. 1995; Martin et al. 2009). Kocik et al.

(2009) found naturally reared Atlantic salmon smolts

had a mean migration rate of 25.7 km/day in the small

Narraguagus River estuary, Maine. Lacroix and

McCurdy (1996) found a much faster mean migration

rate of 113.2 km/day in the Chamcook Channel

leading into Passamaquoddy Bay in New Brunswick,

Canada. In Gaspe Bay, Quebec, Canada, smolts had

much slower rates of 7.7 km/day during a 2005 study

(Hedger et al. 2008). In the Penobscot River estuary,

Renkawitz et al. (2012) found mean migration rates

for emigrating smolts to be 26.5 km/day with a range

of 18.5–33 km/day. Naturally reared, parr stocked,

and smolt stocked fish had similar migration rates

ranging from 17.4 to 25 km/day across years (USA-

SAC 2010). Fried et al. (1978) observed migration

rates between 18.9 and 28.6 km/day for hatchery

smolts through the Penobscot River estuary.

Migration rates of both Atlantic and Pacific salmon

in estuaries show considerable variation, with faster

rates in larger river systems and slower rates in smaller

ones. Generally higher migration rates for Pacific

salmon in the Columbia River over Atlantic salmon in

the Penobscot likely reflect that most Columbia River

populations migrate much further than most Atlantic

salmon populations. Additionally, with migrating

smolts likely using currents as a passive transport

method—for at least a portion of their migration—the

greater velocities in the Columbia River may contrib-

ute to the higher rates of migration compared to the

Penobscot River (Table 1).

Habitat use

For Pacific salmon species or life history types that

largely use estuaries as migration corridors (e.g.,

yearling coho, stream-type Chinook, and steelhead)

most fish move through estuaries in deeper channels

during the spring outmigration (Meehan and Siniff

1962; Healey 1982; Myers and Horton 1982; Fisher

and Pearcy 1989). This is particularly true in the

Columbia River estuary where both the larger hatch-

ery and wild individuals are relatively rare in shallow

water habitats but are abundant in deep channels

during April through June (Durkin 1982; McCabe

et al. 1983; Dawley et al. 1986; Johnson et al. 2011;

Roegner et al. 2012; Weitkamp et al. 2012). Dawley

et al. (1986) suggests seasonal variation in this pattern,

with greater use of shallow habitats by stream-type

Chinook and steelhead in early spring, prior to

initiation of downstream movement. By contrast,

ocean-type Chinook salmon exhibit age-, size-, and

stock-specific use of multiple estuarine habitats. In the

Columbia River estuary, this typically translates into

wild, lower river fish (those originating in tributaries

below Bonneville dam) in shallow habitats, and larger,
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interior hatchery fish in deeper water (McCabe et al.

1986; Dawley et al. 1986; Bottom et al. 2005; Roegner

et al. 2010, 2012; Johnson et al. 2011). Although

swimming depth of Pacific salmon in estuarine

habitats is not known, in marine waters they exhibit

species-specific variation, with steelhead closest to the

surface and Chinook the deepest (Quinn 2005).

Whether this pattern holds in freshwater or estuarine

environments is unclear: one study showed juvenile

steelhead had shallower mean depth distributions than

Chinook during daylight hours (Beeman and Maule

2006), while another found most yearling Chinook,

sockeye, and steelhead at mid depth or near bottom

(12 m) in a free-flowing reach of the Columbia River

(Dauble et al. 1989).

Atlantic salmon parr also may take up residence or

overwinter (Pinder et al. 2007) in different portions of

an estuary with populations living further seaward

more mobile (Cunjak 1992). Outer estuary residents

moved predominately along the shoreline while parr

residing closer to the river mouth exhibited high site

fidelity, much like parr inhabiting freshwater systems.

Eventually these parr migrated through the estuary as

smolts or returned upstream to overwinter (Cunjak

1992). The majority of Atlantic salmon smolts trans-

iting an estuary were detected in the upper water

column (Reddin et al. 2006) and specifically in the top

5 m (Renkawitz et al. 2012), although, some smolts

used the entire water column (Døving et al. 1985;

Renkawitz et al. 2012). Both hatchery and wild fish

exhibited small and large-scale vertical movements,

but usually were not found deeper than 30 m (Renka-

witz et al. 2012). It is unclear whether diving behavior

is related to feeding, predator avoidance or environ-

mental preference (i.e., temperature, salinity and light

condition).

Both Atlantic and Pacific salmon include popu-

lations or life history types that use shallow near

shore habitats while others move rapidly in deep

channels. Atlantic salmon largely remain in the

upper portion of the water column; based on marine

depth distributions steelhead likely also has a similar

near-surface orientation, with other Pacific salmon

species deeper in the water column. Ensuring

diverse estuarine habitats—from tidal marshes to

intertidal eelgrass—remain intact is important for

providing adequate cover and feeding opportunities

for the diverse use displayed by both Atlantic and

Pacific salmon.

Food habits

Most juvenile Pacific salmon in estuaries are actively

feeding, as indicated by the presence of fresh or

digested material in their stomachs (Healey 1982;

Simenstad et al. 1982). Dominant prey consumed by

Pacific salmon in estuaries are similar throughout each

species’ range. In tidal freshwater habitats, dominant

prey include dipterans (especially chironomids),

hemipteran and other non-dipteran aquatic and terres-

trial insects, gammarid amphipods, mysids, freshwater

crustaceans (cladocera, copepoda, ostracoda) and

larval and juvenile fishes. In euryhaline portions of

estuaries, dominant prey include larval and juvenile

fishes, amphipods (especially Americorophium4),

insects, cumaceans, euphausiids, and harpacticoid

and calanoid copepods (Healey 1980, 1982; McCabe

et al. 1983; Dawley et al. 1986; Bottom et al. 1984). In

the Columbia River estuary, Chinook and coho salmon

and steelhead all have diets dominated by Americor-

ophium and dipteran insects. Consequently, diet

overlap is high among these species, with ocean-type

Chinook salmon consuming more cladocera and

steelhead consuming less Americorophium and more

insects (McCabe et al. 1983; Dawley et al. 1986;

Bottom et al. 1984).

The percent of empty stomachs in the Columbia

River estuary was typically \10–15 %, even for fish

using estuaries as migratory corridors and moving

rapidly downstream (Durkin 1982; Healey 1982;

Dawley et al. 1986). The amount of food in juvenile

salmon stomachs was generally\1 % of body weight

(BW): fullness estimates ranged from 0.23 to 0.60 %

for the various species (Dawley et al. 1986). One

exception were steelhead, which have both high rates

of empty stomachs (25–60 %) and low stomach

fullness (0.1 % BW) especially for hatchery individ-

uals (Dawley et al. 1986; Daly et al. in press). Stomach

fullness values reported for the Columbia River

estuary are generally lower than those reported for

other estuaries (e.g., Healey 1979; Miller and Simens-

tad 1997). Feeding success is influenced by many

factors including habitat type and time of day. In the

extreme case, feeding by juvenile salmon in the

Columbia River estuary effectively stopped during

4 The genus Americorophium was formerly named Corophium

(Bousfield and Hoover 1997).
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high turbidity events associated with the eruption of

Mt. St. Helens (Emmett 1982; Dawley et al. 1986).

Juvenile Atlantic salmon are selective predators

(Andreassen et al. 2001; Hvidsten et al. 2009; Larsson

et al. 2011) increasing prey size selectivity with

increasing body size (Keeley and Grant 1997). Their

diet and feeding intensity may be highly variable

according to geographic location and spatial distribu-

tion within a system (Andreassen et al. 2001; Rikard-

sen et al. 2004). Various studies report terrestrial

invertebrates, especially dipteran, trichopteran, plec-

opteran and epheremopteran insects, as being the most

prevalent dietary items in freshwater ranges (Johnson

et al. 1996; Andreassen et al. 2001) while in more

seaward zones, euphausiids, calanoid copepods and

decapods larvae become more important (Andreassen

et al. 2001). In Penobscot Bay, Renkawitz and

Sheehan (2011) found post smolt (the period begin-

ning upon ocean entry) diets were more diverse with

proximity to the Gulf of Maine. Prey consumed

differed by rearing pattern: the longer a salmon had

spent in the river, the greater the proportion of fish in

its diet in the marine environment (Renkawitz and

Sheehan 2011). Conversely, Lacroix and Knox (2005)

found post smolts in the Bay of Fundy and Gulf of

Maine had consumed more amphipods and euphausi-

ids although larval and age 0 fish (especially sand

lance) were common in many diets during 1 year.

Variations in the diets were believed to reflect prey

abundances within geographical locations.

Atlantic salmon smolts actively feed throughout

migration from freshwater to the marine environ-

ment, but differences in feeding intensity and

stomach fullness have been identified between

location, age group, and rearing origin (Larsson

et al. 2011; Renkawitz and Sheehan 2011). Power

and Shooner (1966) observed a greater volume of

prey in parr stomachs residing in an estuary in

Quebec compared to parr living in the river, and

Cunjak (1992) observed mean stomach fullness (as a

percent of total volume) of 50–75 % in Newfound-

land estuarine parr. Larsson et al. (2011) found

24 % of smolt stocked Atlantic salmon entering an

estuary to have empty stomachs while \5 % of

naturally reared or parr stocked groups had empty

stomachs. Similarly, Renkawitz and Sheehan (2011)

found that of 252 post smolt stomach samples taken

in Penobscot Bay, only ten (4 %) were empty, all of

which were from smolt stocked fish.

Juvenile Atlantic and Pacific salmon actively feed

in estuaries, as indicated by estuarine prey in their

stomachs and a low percentage of empty stomachs.

Both salmon groups consume a diversity of prey,

consisting largely of insects, crustaceans, and larval

and juvenile fishes, depending on their location in the

estuary and prey availability. Limited comparisons

indicate that wild Atlantic and Pacific juveniles tend to

have greater feeding success in estuaries than their

hatchery equivalents. Successful estuarine feeding

fuels rapid growth and likely benefits salmon survival,

but how habitat quality or estuary condition translates

into prey quality or quantity is poorly understood on

both coasts.

Estuarine fish communities

In west coast estuaries (including the Columbia),

juvenile salmon may be either major or minor

members of the fish community depending on the

habitat type. In pelagic and intertidal areas of the

euryhaline portion of the Columbia River estuary,

salmon are minor members of the estuarine fish

assemblage, which is dominated by forage fishes

including Pacific herring (Clupea pallasii), northern

anchovy (Engraulis mordax), surf (Hypomesus preti-

osus) and longfin (Spirinchus thaleichthys) smelt, non-

native American shad (Alosa sapidissima), shiner

perch (Cymatogaster aggregata), Pacific staghorn

sculpin (Leptocottus armatus), and threespine stickle-

back (Gasterosteus aculeatus) (McCabe et al. 1983;

Bottom et al. 1984, 1990; Roegner et al. 2012;

Weitkamp et al. 2012). In the upper portions of the

euryhaline zone, juvenile chum and ocean-type Chi-

nook salmon occur at high densities and may be

important members of intertidal fish assemblages

(McCabe et al. 1983; Bottom et al. 1984; Roegner

et al. 2010). Like other Pacific Coast estuaries,

threespine sticklebacks may be extremely abundant

in the Columbia River estuary ([10 ind/m2), often

dwarfing the abundances of co-occurring juvenile

salmon (Wolf et al. 1983; Spilseth and Simenstad

2010; Roegner et al. 2010, 2012; Johnson et al. 2011).

Other abundant fishes at Columbia River tidal fresh-

water sites include American shad, peamouth (My-

locheilus caurinus), and banded killifish (Fundulus

diaphanous; an exotic species) (Dawley et al. 1986;

Spilseth and Simenstad 2010; Johnson et al. 2011).
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The Penobscot River estuary is a migration corridor

and nursery for 12 diadromous fish species, most of

which are at historically low levels across the North

Atlantic (Limburg and Waldman 2009). Atlantic

salmon are in low relative abundance in the estuary

as a whole, but hatchery stocked smolts may make up a

significant proportion of the pelagic fish community in

some areas of the lower estuary for a short period,

particularly in early May (Sheehan et al. 2011).

Diadromous species use the estuary at different times

depending on their life history and life stage; the

spring period between April and July is particularly

important for Atlantic salmon, alosines [alewife

(Alosa pseudoharengus), blueback herring (Alosa

aestevalis), and American shad], rainbow smelt (Os-

merus mordax) and striped bass (Morone saxatilis).

Atlantic herring use estuaries as a nursery area during

juvenile life stages (Sinclair and Tremblay 1984;

Townsend et al. 1989) and may be the dominant

species during spring and summer months in estuaries

and bays of the Gulf of Maine (Roman et al. 2000).

Resident species found in the Penobscot estuary

include Atlantic tomcod (Microgadus tomcod), white

perch (Morone Americana) and mummichog (Fundu-

lus heteroclitus). Other marine species that are known

to inhabit the Penobscot estuary particularly during

their juvenile stages include Atlantic silverside (Men-

idia menidia), Atlantic mackerel (Scomber scombrus),

butterfish (Peprilus triacanthus), and bluefish (Po-

matomus saltatrix). Non-indigenous fish species found

in the tidal freshwater zone of the Penobscot River

include non-native black bass [smallmouth (Micropte-

rus dolomien) and largemouth (M. salmoides)] and

black crappie (Pomoxis nigromaculatus), as well as

historically transplanted native chain pickerel (Esox

niger), and yellow perch (Perca flavescens) (Halliwell

2005). Clearly, aside from the presence of American

shad in both systems (which is non-native in the

Columbia River), the estuarine fish assemblages in the

Columbia and Penobscot estuaries are very different.

Interactions between other fishes and juvenile

salmon

Non-salmonid fishes may interact with juvenile

salmon indirectly (as alternate prey for predators) or

directly (through competition or as predators or prey)

in estuaries. The role of alternate prey for avian

salmon predators in the Columbia River estuary

received considerable attention because predation by

Caspian Terns (Sterna caspia) was thought to be

contributing to declines of listed salmon populations

(Roby et al. 2002). Breeding colonies of Caspian

Terns have existed on two islands in the estuary: one in

the freshwater tidal zone at Rice Island (Rkm 36) and

the other in the marine zone at East Sand Island (Rkm

8). Compared to the colony at the freshwater site, diets

of Caspian Terns in the marine zone contained about

half as many juvenile salmonids ([77 vs.\50 %) and

correspondingly greater contributions of marine for-

age fishes, indicating the importance of alternate prey

(Roby et al. 2002).

Numerous species serving as alternate prey for

juvenile Atlantic salmon predators in the Penobscot

River estuary include rainbow smelt, alewife, shrimp

and sculpin. Blackwell et al. (1997) analyzed two sets

of data from Double-crested Cormorant (Phalacroc-

orax auritus) stomachs from the late 1980s and early

1990s to evaluate temporal and spatial differences in

diet. For samples collected in early and late May,

Atlantic salmon smolts had a frequency of occurrence

of 46 and 27 % respectively. The samples collected in

late April were dominated by other diadromous

species (rainbow smelt and alewife) with early June

samples dominated by non-fish species (unidentified

shrimp). Atlantic salmon smolts were absent from the

April samples and had a 5.3 % occurrence rate in the

early June sample. The high level of temporal

variation is indicative of the opportunistic feeding

habits of the Double-crested Cormorant. An increase

in alternate prey species in the Penobscot River

estuary during outmigration for Atlantic salmon

smolts may help alleviate avian predation on the

smolt population.

The degree to which other fishes compete with

juvenile Atlantic or Pacific salmon for prey resources

depends on both diet overlap and whether prey are

limiting. Healey (1979) believed that chum salmon

feeding and growth in the Nanaimo River estuary,

British Columbia, were limited by production of their

main prey, harpacticoid copepods. In the Columbia

River estuary, juvenile salmon (Chinook, coho, and

steelhead) in pelagic habitats have high diet overlap

with American shad, threespine stickleback, Pacific

herring, shiner perch, and longfin smelt, due to high

consumption of Americorophium (Bottom et al. 1984;

McCabe et al. 1986), while ocean-type Chinook
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salmon had relatively high diet overlap with starry

flounder (Platichthys stellatus) in intertidal habitats

and with threespine sticklebacks in tidal marshes

(Bottom et al. 1984; McCabe et al. 1986; Spilseth and

Simenstad 2010). Despite the overlap, however, prey

resources were generally thought to be sufficiently

abundant to support both salmon and non-salmonid

predators (Bottom et al. 1984; Spilseth and Simenstad

2010; Johnson et al. 2011). In contrast, little is known

about ecological impacts of invasive American shad in

the Columbia River (Hasselman et al. 2012b); its

population greatly increased during the 1990s and

2000, is currently the single largest anadromous fish

population in the basin (Hasselman et al. 2012a), and

is abundant in the Columbia River estuary (Weitkamp

et al. 2012).

Atlantic salmon estuarine prey is generally thought

to be sufficiently abundant that they don’t limit growth

or production. Larsson et al. (2011) dismissed the idea

of low prey abundance contributing to the amount of

empty stomachs in migrating Atlantic salmon smolts

and Lacroix and Knox (2005) found no evidence of

limited prey abundance for post smolts migrating from

coastal shores through the Bay of Fundy to the Gulf of

Maine. In contrast, Cunjak (1992) emphasized the

importance of freshwater drift into the estuary for

resident parr with freshwater species becoming less

prevalent as the season progressed.

Predation on juvenile Pacific salmon by native

northern pikeminnow (Ptychocheilus oregonensis),

and non-native smallmouth bass and walleye (Stizos-

tedion vitreum) has been identified as a significant

source of mortality in tidal freshwater regions of the

Columbia River estuary (Ward et al. 1995; Beames-

derfer et al. 1996; Zimmerman 1999). However, these

freshwater species are absent or uncommon in the

euryhaline region of the lower estuary (Haertel and

Osterberg 1967; McCabe et al. 1983; Bottom and

Jones 1990; Weitkamp et al. 2012). One potential

piscine predator on juvenile salmon are returning adult

spring Chinook salmon and summer steelhead, which

are highly piscivorous in marine waters (Healey 1991;

Quinn 2005) and are caught in estuarine waters with

juvenile salmon in the spring (Dawley et al. 1986;

Weitkamp et al. 2012). Although adult salmon are

believed to cease feeding once they enter freshwater,

they have ample opportunity to prey on juvenile

salmon in estuarine waters (Weitkamp et al. 2012).

Beamish et al. (1992) found that spiny dogfish

(Squalus acanthus) congregated just outside the Big

Qualicum estuary (British Columbia) where they fed

heavily on hatchery Chinook and coho salmon leaving

the estuary. Spiny dogfish are often caught in marine

waters off the mouth of the Columbia River (Emmett

et al. 2006, Litz et al. 2013), although the extent to

which they prey upon juvenile salmon has not been

assessed.

Piscine predators have not been evaluated in the

Penobscot estuary. Striped bass have been shown to

eat Atlantic salmon smolts in the nearby Narraguagus

(Beland et al. 2001) but numbers of striped bass in the

Penobscot in recent years are thought to be low and the

impact on smolts has not been quantified. Through

recent acoustic telemetry investigations, 10–15 % of

tagged smolts were suspected to have been consumed

by piscine predators as evidenced by transmitter

movement patterns and swim speeds (NOAA unpub-

lished data). Other fish predators ([30 cm), including

groundfish species are also currently in low abundance

in the estuary (NOAA unpublished data). Potential

non-native predators—smallmouth and largemouth

bass and historically native but regionally transplanted

chain pickerel—inhabit the freshwater tidal region of

the Penobscot but their rate of predation on migrating

smolts is unknown.

Juvenile salmon losses to piscine predators in

estuaries may be substantial for both Pacific and

Atlantic populations but their interactions with other

co-existing fish species are not fully understood.

Introduced or invasive species may pose negative

effects to juvenile salmon that are not easily discerned

yet affect both salmon and their food webs (Naiman

et al. 2011).

Predation by avian and marine mammal predators

There are many known avian predators of juvenile

Atlantic and Pacific salmon in estuarine habitats,

including cormorants (Phalacrocorax spp.), terns

(Sterna spp.), Brown Pelicans (Pelecanus occidental-

is), Common Murre (Uria aalge), mergansers (Mergus

spp.), gulls (Larus spp.), Belted Kingfisher (Megacer-

yle alcyon), grebes (Family Podicipedidae), loons

(Gavia spp.), herons (Family Ardeidae), Osprey

(Pandion haliaetus), and Bald Eagles (Haliaeetus

leucocephalus) (Emmett 1997). Although juvenile

salmon are typically a minor component of bird diets,
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predation on juvenile salmon may be locally intense

(e.g., Wood 1987).

In the Columbia River estuary, predation on

juvenile salmon by two avian predators, Caspian

Terns and Double-crested Cormorants, has received

considerable attention because the colonies are large

(thousands of pairs), and recovery of PIT tags on

colonies of both species of birds allows estimates of

the number, species, and origins of tagged juvenile

salmon consumed. Predation by these two species is a

significant cause of mortality for some Columbia

River salmon populations. While previous work

indicates they favor hatchery steelhead over other

juvenile salmon (Collis et al. 2001; Ryan et al. 2003;

Roby et al. 2003), new evidence indicates equally high

predation on subyearling Chinook salmon life history

types that reside in the estuary (Sebring et al. 2013).

Avian predators may be preferentially preying upon

juvenile salmon that are either sick or in low

osmoregulatory condition (Schreck et al. 2006; Ken-

nedy et al. 2007).

In the Penobscot estuary, Double-crested Cormo-

rants are believed to be the primary avian predator on

migrating Atlantic salmon smolts although mergan-

sers, Bald Eagles, Osprey, terns, and seagulls are also

abundant (NOAA unpublished, Orono, ME). Double-

crested Cormorant activity increases around dams in

the Penobscot River early in the smolt run and smolts

were among the most frequent prey items found in

stomach samples (Blackwell and Krohn 1997). Black-

well et al. (1995) found that the contribution of salmon

smolts to the diet of nestling cormorants was negli-

gible in estuaries and nearshore environments indi-

cating predation by breeding cormorants occurs earlier

in the breeding cycle. However, annual searches for

acoustic transmitters implanted in smolts have iden-

tified a high incidence of motionless transmitters

located near both roosting sites and a rookery in the

Penobscot estuary (NOAA unpublished data).

Marine mammal predators of both juvenile and

adult Pacific salmon in estuarine waters include harbor

seals (Phoca vitulina) and California (Zalophus cal-

ifornianus) and Stellar (Eumetopias jubatus) sea lions

(Lowry et al. 1990; Browne et al. 2002; NMFS 1997).

All three species are opportunistic feeders, preying on

a wide variety of fish and cephalopods. These marine

mammals consume many common estuarine fishes

(e.g., northern anchovy, smelt, clupeids, sculpin, and

shiner perch), although juvenile salmon are usually

minor prey (Lowry et al. 1990; Yurk and Trites 2000;

Browne et al. 2002; Riemer et al. 2011). Predation

rates on juvenile Pacific salmon by seals and sea lions

in estuaries have not been quantified, but local

consumption of adult salmon can be considerable

(e.g., Wright et al. 2007, Stansell et al. 2010). Since the

passage of the U.S. Marine Mammal Protection Act in

1972 (which prohibited killing or harassing marine

mammals), populations of Pacific harbor seals and

California sea lions have experienced dramatic

increases along the west coast, and may be at their

highest levels in at least a century (Jeffries et al. 2003;

Brown et al. 2005; Carretta et al. 2011).

Harbor seals are also widely distributed in New

England, and Penobscot Bay is an important breeding

area where they can be found year-round (Waring

et al. 2006). Harbor seal predation on salmon smolts is

suspected in the Penobscot from work with acoustic

transmitters, with observed elevated migration rates

and significant direction reversals of tagged smolts,

indicating movements by a predated smolt within a

piscine or mammalian predator (NOAA unpublished,

Orono, ME). These findings are supported by the

proximity of two haul-out sites in the lower estuary in

an area of high smolt mortality. Grey seals (Halic-

hoerus grypus) are also found in the Penobscot estuary

in low numbers (NOAA unpublished, Orono, ME).

Additionally, there are frequent harbor porpoise

(Phocoena phocoena) sightings in Penobscot River

estuary and bay but actual numbers and impacts on

salmon are unknown.

Double-crested Cormorants, among other avian and

mammalian predators, appear to be a major source of

mortality for juvenile salmonids in both the Columbia

and Penobscot River estuaries. The majority of known

or suspected Atlantic and Pacific salmon predators in the

estuarine environment are protected under Federal law

and thus controlled removal programs are generally not

an option. While non-lethal harassment or translocation

of predators can reduce predation on juvenile salmon

(e.g., Roby et al. 2002; Hawkes et al. 2013), such

programs are costly and often controversial.

Anthropogenic effects and restoration activities

Anthropogenic activities over the last 150 ? years

have greatly reduced wild salmon populations in both

the Columbia and Penobscot Rivers (NRC 1996,
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2004a, b; Fay et al. 2006) (Table 1). These activities

include habitat degradation or destruction, chemical

contaminants, water withdrawals, flow manipulation,

over harvest, hatchery practices, introduction of exotic

species, and dams with and without fish passage. Dams

on the Columbia and Penobscot Rivers cause both

direct and indirect mortality of juvenile salmon. Direct

mortality occurs as fish navigate dams (i.e., pass over

spillways, swim through fish bypass systems or

turbines). Even after major structural and operational

changes to the Columbia River hydropower system,

estimated survival of juvenile salmon through the

system was 30–65 % in the 1990s and early 2000s

(Williams et al. 2001; Williams 2008). Holbrook et al.

(2011) also estimated higher rates of mortality for

migrating smolts through reaches containing dams on

the Penobscot River. Indirectly, dams delay juvenile

salmon downstream movement, increase predation in

head ponds or tailraces, alter water temperatures,

increase dissolved gas levels (which causes potentially

lethal gas bubble disease), and injuries can potentially

lead to infection and delayed mortality (Gadomski

et al. 1994; Whitney et al. 2006; Zydlewski et al.

2010).

Dam removals allow for increased downstream

survival of juveniles and upstream passage of adults.

Several dam removal projects have occurred or are

presently underway in both Atlantic and Pacific

salmon rivers. Opening additional habitat has allowed

Atlantic salmon and numerous other species including

river herring, striped bass, and Atlantic (Acipenser

oxyrinchus oxyrinchus) and shortnose (A. breviro-

strum) sturgeon to gain better access to historical

reaches (Natural Resources Council of Maine http://

www.nrcm.org/). In 1999 Edwards Dam, the most

seaward dam on the Kennebec River, was removed

allowing unimpeded upstream passage to an addi-

tional 17 km of river for the first time in 160 years.

Also within the Kennebec system, Fort Halifax Dam

was removed in 2008 allowing access to the Sebasti-

cook River for 1.2 million alewife in 2009 (previously

a fish pump at the Fort Halifax Dam had passed a

maximum of approximately 436,000 alewife into the

Sebasticook River in a single year (MDMR-BSRFH

2009). In 2012 the Penobscot River Restoration Trust

(http://www.penobscotriver.org/) removed Great

Works Dam, the second lowest dam on the Penobscot

River, while the lower most dam, Veazie Dam, was

breached in June of 2013 and is presently being

removed. It is expected that reconnecting estuaries to

their freshwater habitats will increase populations of

anadromous species that co-evolved with Atlantic

salmon and may benefit Atlantic salmon (Saunders

et al. 2006).

On the West Coast, numerous dams are either

planned to be, or have been removed, to restore

anadromous fish access. The largest such project

involves the removal of two large dams on the Elwha

River (Olympic Peninsula, Washington), which

restores fish access to 146 km of habitat within the

otherwise pristine Olympic National Park (Wunder-

lich et al. 1994). In the Columbia River, impassible

dams have been removed on the Walla Walla, Sandy,

and White Salmon Rivers (WRCA 2013).

Because most West Coast estuaries have been

heavily modified through diking and filling tidal lands,

opportunities to restore tidal inundation to these areas

are abundant. Within the Columbia River estuary,

84,000 acres of floodplain have been converted to

agriculture, urban or other uses (LCEP 2011). The

Lower Columbia Estuary Partnership (LCEP) has a

goal of restoring 19,000 acres of wetland habitat by

2014, with nearly 40 restoration projects completed or

in progress in euryhaline portions of estuary alone

(Lower Columbia Estuary Partnership (LCEP) 2011).

In most cases, these projects consist of reconnecting

historic floodplain to tidal influence. The expected

results are increased shallow tidal habitat, increased

ecosystem connectivity and reduced habitat fragmen-

tation. Habitat restoration is also expected to increase

expression of life history types that rely on those

habitat types (Bottom et al. 2009). Because unmarked

(i.e. wild) Chinook salmon make greater use of

shallow habitats than do hatchery salmon (Roegner

et al. 2010, 2012; Johnson et al. 2011), restoration of

these habitats will likely directly benefit wild

populations.

Critical uncertainties

We know enough about juvenile Atlantic and Pacific

salmon in estuaries to understand that they are critical

habitats for both groups, however many of the details

of estuarine use or function are poorly understood.

This lack of knowledge has prevented rigorous

assessment of estuarine habitat quality or overall

health for salmon, thereby limiting our ability to
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identify actions that may increase the quality of

estuarine habitats for salmon other than by rather

crude measures (e.g., restoring tidal inundation).

While habitat use by species or life history types that

rear for extended periods in estuaries has received the

most attention, there is currently considerable debate

regarding the importance of habitat restoration for

populations that move rapidly move through estuaries.

Interactions between hatchery and wild Atlantic

and Pacific salmon that are spatially segregated in

fresh water are also poorly understood in estuarine

environments (Naish et al. 2008; Rand et al. 2012).

Levings et al. (1986) found that co-occurring wild

and hatchery ocean-type Chinook salmon partitioned

habitat at fine spatial scales and that growth of wild

Chinook was unchanged by the presence of hatchery

fish. Renkawitz et al. (2012) found that the diets of

Atlantic salmon post smolts from different rearing

strategies differed significantly, with naturally reared

smolts consuming more high quality prey. However,

whether these results apply to other estuaries

including those with higher relative abundances of

hatchery fish or lower habitat productivity has yet to

be determined.

A question facing both Atlantic and Pacific

salmon populations is how salmon estuarine use

will change as the climate changes. Both freshwater

(e.g., river flow, temperature) and marine (e.g., sea

level rise, temperature, salinity intrusion, ocean

productivity, acidity, etc.) conditions are likely to

change in a warming future, influencing estuarine

physical (e.g., salinity intrusion) and biological

habitat (e.g., vegetation types, insect production)

variables that structure fish communities (Scavia

et al. 2002). Climate change will also affect linkages

between estuarine and marine environments (Wain-

wright and Weitkamp 2013). Timing of ocean entry

influences survival for both Atlantic and Pacific

salmon (Friedland et al. 2000, 2005; Hvidsten et al.

2009; Scheuerell et al. 2009) yet future estuarine

conditions may cause salmon to enter the ocean

during sub-optimal times. Atlantic salmon smolts

are migrating earlier across their range in the North

Atlantic, which is thought to contribute to low

marine survival (Kennedy and Crozier 2010; Russell

et al. 2012). While the general direction of climate

change on estuary conditions can be predicted, the

specific consequences for salmon are difficult to

forecast (Wainwright and Weitkamp 2013).

Summary and conclusions

Managers of Atlantic and Pacific salmon use many of

the same tools and methods to mark, catch, and tag fish

(Table 1). Recovery efforts for ESA-listed east and

west coast salmon populations have led to similar

research and restoration efforts. Atlantic and Pacific

salmon populations in the Penobscot and Columbia

Rivers, respectively, rely heavily on hatchery inputs

for persistence; although in neither basin has it

increased abundances to historic levels. While con-

servation hatcheries have not restored salmon popu-

lations, they have greatly contributed to preventing

extinction or extirpation from some basins.

Pacific salmon as a group represent a continuum of

estuarine use, from species that move through rapidly

to those that make extensive use of estuarine habitats.

Atlantic salmon estuarine use is similar to rapidly

moving Pacific salmon, with common migration

timing in May for Penobscot and Columbia popula-

tions. However, alternate life history forms of Atlantic

salmon display nearly the entire range of estuarine use

displayed by Pacific salmon, although such alternate

forms have not been documented in the Penobscot

River estuary. Both slow and rapidly migrating

Atlantic and Pacific salmon actively feed in estuarine

environments, consuming insect, invertebrate, and

larval fish prey. Smolt migration rates (70–90 km/day)

in the Columbia River estuary are greater than the

Penobscot (18–33 km/day) River estuary. However,

this may partially reflect higher flow velocities and the

much greater distance that many Columbia River

populations migrate to reach the ocean (up to

1,400 km), since steelhead migration rates in a small

Oregon coast basin were quite similar to those in the

Penobscot.

Estuarine fish communities in the Columbia and

Penobscot Rivers are diverse, although in both

systems the interactions between juvenile salmon

and other fishes and their consequences are poorly

understood. Non-salmonids in both basins, however,

play an important role as alternate prey for juvenile

salmon predators. While fish community composition

is quite different between east and west coast estuar-

ies, salmon experience a similar suite of avian and

marine mammal predators that can inflict high rates of

mortality. Management activities such as predator

harassment, removal, or translocation have been

shown to successfully increase survival of smolt
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migration through estuaries. Such practices should be

evaluated more closely to determine if they could be

executed to provide significant population protection

at a reasonable cost. Physical, hydrological and

geographical properties of a particular estuary may

create mortality bottlenecks through predator congre-

gations or anthropogenic activities. Removing struc-

tures with no contemporary function (e.g. out dated

cribworks, old piers) but that attract predators may

make it more difficult for predation to occur in

portions of an estuary.

Restoration efforts (i.e. dam removals, dike breach-

ing) being taken on both sides of the country are

providing a measure of optimism that re-connecting

estuaries with freshwater habitats and improving these

environments will partially reduce declines in abun-

dance. Returning systems closer to free flowing,

tidally inundated states in conjunction with other

projects (i.e. riparian, tidal marsh and eel grass

restoration) should improve estuarine habitat and

benefit salmon by providing cover for predator

avoidance, high quality prey, and reducing delays in

migration. Increases of natural estuarine habitats

should also help salmon maintain their variable life

history strategies and be able to adapt to environmen-

tal stochasticity.
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Feeding ecology of early marine phase Atlantic salmon
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Dietary analyses of Atlantic salmon Salmo salar post-smolt stomachs collected from 2001 to
2005 in Penobscot Bay, Maine, U.S.A., have yielded insights into the feeding ecology of early
marine phase post-smolts from different rearing origins. Most stomachs contained only one or
two prey types, suggesting active prey selection. Post-smolts that lived in the river longer (i.e.
from naturally reared and parr-stocked origins) were smaller and consumed more fishes than
invertebrates compared to larger post-smolts that emigrated immediately post-stocking (i.e. from
smolt-stocked origins). Naturally reared S. salar consumed c. 84% fishes and 16% crustaceans
and parr-stocked S. salar consumed 64% fishes and 34% crustaceans. Stocked smolts consumed
48% fishes and 40% crustaceans. Differences in the type and quantity of consumed prey may
be indicative of behavioural differences among rearing origins that influence post-smolt
survival. Journal of Fish Biology © 2011 The Fisheries Society of the British Isles
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INTRODUCTION

Many anadromous Atlantic salmon Salmo salar L. 1758 populations have expe-
rienced significant declines in abundance (ICES, 2009). Historical U.S. spawning
populations ranged from 300 000 to 500 000 adults per year (Stolte, 1981; Beland,
1984), but the past 10 years average has numbered fewer than 1500 individuals
(USASAC, 2008). These declines are the cumulative result of numerous natural and
anthropogenic factors (Fay et al., 2006). As a result, all remnant U.S. S. salar pop-
ulations were listed as endangered under the Endangered Species Act (74 Federal
Register 29344, 19 June 2009; www.access.gpo.gov/fr).

Large-scale mortality is hypothesized in the nearshore environment during the
post-smolt phase (Ritter, 1989; Dieperink et al., 2002; Potter et al., 2003) due to
physiological and behavioural deficiencies in adapting to new environmental condi-
tions, predation threats and forage species (Levings, 1994; McCormick et al., 1998;
Stefansson et al., 2003). Since growth influences S. salar survival in the marine envi-
ronment (Peyronnet et al., 2007) and survival to spawning is positively correlated
with marine growth conditions (Friedland et al., 1993), rapid growth should improve
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survival. This requires a consistent supply of high-quality food (Mommsen, 1998).
Given that food items differ in nutritional and energetic value (Bowen et al., 1995;
Horn, 1997), post-smolts that preferentially forage on high-energy prey may maxi-
mize their growth thereby improving survival.

No studies have detailed the diet of U.S. origin S. salar post-smolts. In Canada,
post-smolts generally feed on a low diversity of prey items suggesting strong prey
selectivity (Dutil & Coutu, 1987; Lacroix & Knox, 2005). Dietary differences vary
spatially and temporally and between wild and hatchery-origin post-smolts, but were
not related to size (Lacroix & Knox, 2005). Small post-smolts have also been shown
to consume predominantly surface fauna while larger post-smolts selectively con-
sumed fishes (Salminen et al., 1994, 2001). In Norwegian fjords post-smolt diets
were dominated by adult insects, larval fishes, amphipods and copepods (Levings,
1994; Hansen & Quinn, 1998) and prey selectivity increased with seaward progres-
sion (Andreassen et al., 2001; Rikardsen et al., 2004).

In this study, the stomachs of emigrating S. salar post-smolts were sampled in
Penobscot Bay, Maine, from 2001 to 2005 (Sheehan et al., 2011). The goals were
(1) to determine the feeding characteristics of post-smolts nearshore and (2) to com-
pare the diet of fish from natural and hatchery origins. Post-smolt feeding ecology
is described and implications of differential foraging behaviours among fish from
different rearing origins are discussed.

MATERIALS AND METHODS

S T U DY A R E A

The Penobscot River drainage in Maine encompasses 22 196 km2 in aerial extent (Haefner,
1967). It has a large S. salar restoration project and from 1996 to 2005 this river system
accounted for c. 73% of the annual U.S. adult returns (USASAC, 2006). Penobscot Bay
(Fig. 1) is a large (80 km2) embayment on the east coast of the U.S.A. and environmen-
tal conditions during the post-smolt emigration are strongly influenced by tide, wind, river
discharge and the Maine Coastal Current which flows in a south-west direction across the
mouth of the bay (Xue et al., 2000; Pettigrew et al., 2005). For the purpose of sampling and
data analysis, Penobscot Bay was characterized into six areas: Inner Bay, Western Middle
Bay, Eastern Middle Bay, Eastern Penobscot Bay, Outer Bay and Offshore Area, based on
oceanographic characteristics (Fig. 1).

H AT C H E RY P RO G R A M M E

A multiple life-stage hatchery programme supplements natural production in the Penobscot
River watershed. Sea-run adult returns are used for broodstock and since 1990 c. 1 000 000
fry, 290 000 age 0 year parr and 570 000 age 1 year smolts have been stocked into the river
annually (USASAC, 2006). Fish are reared in tanks with lake water on feed pellets at the
U.S. Fish and Wildlife Service’s Green Lake National Fish Hatchery in Ellsworth, Maine.
These hatchery strategies produce annual smolt cohorts with different river residence times.
Naturally reared fish (wild spawned or fry stocked) spend c. 24 months in the river before
emigrating in the spring. Stocked parr can be in the river for either 8 or 20 months depending
on when they smoltify while the river residence time for stocked smolts is generally <1 month.

M A R K I N G

An extensive mark-recapture study was conducted on the Penobscot River from 2001 to
2005 (USASAC, 2006). Approximately 40% of the hatchery smolt population received visual
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Fig. 1. Station locations ( ) and bay area delineations in Penobscot Bay, Maine, where Salmo salar stom-
achs were collected during the spring emigration in 2001–2005. Bay area designations are based on
environmental and oceanographic data and are described in Sheehan et al. (2011).

implant elastomer (VIE) marks. Various mark locations and colours were used, each specific
to location and time of release. Some of the stocked parr also received year-specific fin clips
before release (USASAC, 2006).
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P O S T- S M O LT T R AW L S U RV E Y 2 0 0 1 – 2 0 0 5

A post-smolt trawl survey (PST) was conducted to characterize and sample the emigrating
Penobscot Bay post-smolt population from May to June in 2001–2005. Pair trawling was used
to tow a modified pelagic trawl net from Cape Jellison in the north to the offshore waters
south of Matinicus Island (Fig. 1). An aluminium aquarium codend adapted from Holst &
McDonald (2000) was used to capture and release post-smolts alive after sampling. Trawling
activity occurred between c. 0630 and 1830 hours Eastern Standard Time. Captured S. salar
were anaesthetized, measured (fork length, LF), weighed (grams, Mps), examined for VIE
marks or fin clips and additional biological samples collected. Post-sampling fish were placed
in a recovery tank and released after 1 h. Stomachs were extracted from all fish that died
due to physical damage or stress from sampling. For detailed description of the survey and
sampling methods see Sheehan et al. (2011).

S TO M AC H P R E S E RVAT I O N A N D P RO C E S S I N G

Aboard the survey vessel, the oesophagus and stomach were isolated from the rest of the
gut, cut open and placed into a 50 ml glass jar containing 95% ethanol for preservation.
At the laboratory, contents were placed into a clean sieve (500 μm mesh), and the inside
surface of the stomach was rinsed to remove remaining items. Contents were separated and
identified to the lowest possible taxonomic level, and the digestion state of each was ranked
on a scale from 0 to 2 (i.e. fresh to well digested). The length [LF for Atlantic Herring Clupea
harengus L. 1758, standard length (LS) for other fish species] and mass of all fish prey were
recorded (to the nearest 1·0 mm and 0·01 g, respectively). All invertebrates were counted
and the total mass was recorded. When possible, invertebrate prey items were also measured.
External and internal characteristics of all stomachs were examined for indication of content
regurgitation.

O R I G I N D E T E R M I NAT I O N

All sampled post-smolts were assigned one of the four rearing origins: smolt-stocked,
8 month parr-stocked, 20 month parr-stocked or naturally reared. Several methods of origin
determination were used. VIE marks and year-specific fin clips were used to determine post-
smolts from smolt and parr-stocking programmes, respectively. For the remaining unmarked
fish, scale pattern analysis (SPA) was used to distinguish between naturally reared and
hatchery-origin post-smolts (Friedland et al., 1994; Stokesbury & Lacroix, 1997) based on
the scale characteristics of known-origin post-smolts, e.g. number of annuli, number of circuli
and circulus spacing (ICES, 1992).

DATA A NA LY S I S

The general linear model routine (GLM) was used for most analyses. ANOVA was used to
detect differences in the condition factor [(K), calculated from K = 100 M LF

−3, where M
is the mass of the fish] between the total sampled population and the sub-sample. One-way
ANOVA was conducted to evaluate if post-smolt LF influenced the size of the prey consumed.
ANOVA was conducted to determine whether stomach content masses differed by year, bay
area and time of day. Differences in the stomach composition (based on the major prey
categories) among bay areas, rearing origins and between lower (120–160 mm) and upper
modes (161–220 mm) were tested using χ2 analysis. The ‘Pisces remains’ category was
proportionally distributed between the C. harengus and miscellaneous Pisces categories. The
Polychaeta, miscellaneous Crustacea and ‘other’ categories were combined to avoid having
cells with low numbers.

Stomach content mass was scaled to individual post-smolt body mass (Hyslop 1980).
Relative content mass (MRC) was calculated as: MRC = MSC MPS

−1, where MSC is the
total mass (g) of the stomach contents and MPS is the post-smolt body mass (g). Energy
equivalents (kJ g−1 wet mass) of the stomach contents were obtained from values in the
literature (Thayer et al., 1973; Steimle & Terranova, 1985; Hislop et al., 1991). The values
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Table I. Mean energy equivalent estimates adopted from the literature (Thayer et al., 1973;
Steimle & Terranova, 1985; Hislop et al., 1991) for prey items identified in Salmo salar
post-smolts captured during post-smolt trawl surveys. The individual and average values were
applied to the masses of the various items identified in the post-smolt stomachs to determine
the relative energy content of each stomach at the time of sampling. When prey items were
not identifiable to lower taxonomic levels or did not have energetic values from the literature,

the mean value was used for that taxonomic grouping

Prey type kJ g−1 (wet mass)

Teleostei
Clupea harengus 10·6

Miscellaneous Pisces
Ammodytes americanus 6·8
Myoxocephalus spp. 5·4
Hemitripterus americanus 2·5
Mean 4·9

Crustacea
Euphausiids (Meganyctiphanes norvegica) 3·4

Miscellaneous Crustacea
Amphipods (Gammaridae, Hyperiidae) 2·5
Barnacles (Balanus spp.) 1·8
Decapods (decapoda) 4·2
Gastropods 4·1
Mean 3·2

Polychaeta
Polychaetes (Nereis spp.) 3·7

for individual prey taxa (Table I) were then applied to estimate ETotal (i.e. the total energy
content in a stomach scaled to post-smolt body mass in kJ g−1) at the time of sampling:
ETotal = ∑n

i=m(ETi ·MTi ) MPS
−1, where n is the number of prey taxa in a stomach, ET and

MT are the energy (kJ g−1) and mass (g) of the ith prey taxon, respectively, and MPS is the
mass of the post-smolt (g).

ANOVA and post hoc pair-wise comparisons were conducted using Scheffe’s S procedure
to identify differences in the standardized stomach content mass and standardized energy con-
tent values between post-smolts from the four different rearing origins. Scheffe’s S procedure
was used because it is a conservative method that enables comparisons between groups with
unequal sample sizes (Sokal & Rohlf, 1995). Regression analysis was conducted to deter-
mine the relationship between relative stomach content mass and post-smolt LF. One-way
ANOVAs were also conducted to determine whether differences in relative stomach content
mass and energy content differed between post-smolts from smolt stocking in the lower mode
and upper mode. Results were evaluated by verifying all model assumptions, and significance
was evaluated at the level of α = 0·05 for each analysis. All statistical analyses were per-
formed using MINITAB 13.1 (Minitab; www.minitab.com) with the exception of the Scheffe’s
S procedure and its associated ANOVA, which were performed with StatView 5 (SAS;
www.sas.com).

RESULTS

Samples were collected from 252 of the 4103 (6·1%) post-smolts captured repre-
senting four rearing origins (Table II); c. 3% from naturally reared post-smolts, 4%
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Table II. Salmo salar post-smolt stomachs collected by origin, year and bay area in Penob-
scot Bay, Maine, from 2001 to 2005. Stomachs were collected opportunistically from post-
smolts that did not survive trawling or sampling. Of the 4103 total post-smolts captured,
93·3% were released alive post-sampling. Stomachs from 10 smolt-stocked S. salar did not

contain food items

Year
Bay
area

Naturally
reared

20 month
parr

8 month
parr Smolt-stocked

Total
stomachs (%)

Total
released

2001 IB 3 57a 99 (39·3%) 1339
WMB 1 2 9
EMB 4 6
OB 1 2 11
OA 1 1 1

2002 IB 1 5a 28 (11·1%) 694
WMB 1 1 7
EMB 1 8
OB 1 1
OA 1 1

2003 IB 2 18a 53 (21·0%) 432
WMB 2 13
EMB 2
OB 1 9
OA 1 5

2004 IB 3 2 41 (16·3%) 655
WMB 2 4
EMB 2 3
OB 1 19
OA 1 2 2

2005 IB 2 8b 31 (12·3%) 708
WMB 1 4 4
EMB 1 5
OB 1 2
OA 3

Total 7 9 32 204 252 (100·0%) 3828

IB, Inner Bay; WMB, Western Middle Bay; EMB, Eastern Middle Bay; OB, Outer Bay; OA, Offshore
Area.
aIncludes one empty stomach.
bIncludes seven empty stomachs.

from the 20 month parr group, 13% from the 8 month parr group and 81% from the
smolt-stocked group. The number of stomach samples collected decreased over time,
the result of improvements in trawl methods and sampling and handling processes.
Ten stomachs were empty, all from smolt-stocked S. salar. There was no evidence
of partial or complete regurgitation of any stomach.

Sampled fish had a bimodal LF distribution (Fig. 2) similar to the distribution
of post-smolts caught during the 2001–2005 surveys (Sheehan et al., 2011). The
distribution of post-smolts from the four rearing origins was also similar to the overall
PST catch; naturally reared fish were in the lower portion of the upper mode, most of
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Fig. 2. Fork length (LF) frequency distribution of stomach sampled post-smolts of Salmo salar caught in
Penobscot Bay, Maine, from 2001 to 2005. The bimodal nature of the distribution reflects the overall
catch distribution of the post-smolt trawl survey (see Sheehan et al., 2011) for the same period; however,
stomachs from post-smolts in the lower mode were sampled with a slightly greater frequency. The lower
mode ranged from c. 120 to 160 mm LF and the upper mode ranged from 165 to 220 mm. Post-smolts
from naturally reared origins ( , n = 7) tended to be distributed in the lower tail of the upper mode.
Twenty month parr ( , n = 9) and 8 month parr ( , n = 32) origin post-smolts were primarily distributed
in the lower mode. Post-smolts from smolt stocking ( , n = 204) dominated the upper mode.

the 20 and 8 month parr were in the lower mode and stocked smolts were generally in
the upper mode with a smaller lower mode component. Differences were not detected
in K of sampled fish and those released alive (ANOVA, F1,3176 = 0·89, P > 0·05).

Most post-smolts foraged on one or two different items [Fig. 3(a)]. Approximately
28% of the stomach samples from the offshore area, however, contained either three
or five different prey items. The number of different prey items in stomachs from the
four rearing origins was the same [Fig. 3(b)]. The digestive state of stomach contents
ranged from well digested to fresh in each bay area indicating that post-smolts were
actively feeding throughout the bay.

Overall, 54% of the post-smolt diet mass was fishes [Fig. 4(a)], of which c. 24%
was C. harengus. Miscellaneous fishes consumed included radiated shanny Ulvaria
subbifurcata (Storer 1839), rock gunnel Pholis gunnellus (L. 1758), sandlance
Ammodytes americanus Dekay 1842, sea raven Hemitripterus americanus (Gmelin
1789), sculpin species (Myoxocephalus spp.) and wrymouth Cryptacanthodes mac-
ulatus Storer 1839 (Table III). Pisces remains (unidentifiable due to the advanced
state of digestion) probably represented a similar ratio of quantified C. harengus
and miscellaneous fish species. About 30% of the overall diet composition was
euphausiid krill (Meganyctiphanes norvegica or Thysanoessa inermis), while mis-
cellaneous crustaceans (copepods such as Calanus spp., decapods, mysids (Neomysis
americana), isopods (Idotea phosphorea) and amphipods (Ericthonius rubricornis,
Calliopius laeviusculus, Corophium spp., Gammarus spp. and Hyperiidae) accounted
for c. 7%. Polychaetes (Nereis spp.) represented c. 6% of the overall diet and single
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Fig. 3. (a) The percent of post-smolt stomachs of Salmo salar sampled in Penobscot Bay, Maine, from 2001
to 2005 that contained various numbers of prey items by bay area: Inner Bay ( , n = 97), Western
Middle Bay ( , n = 53), Eastern Middle Bay ( , n = 34), Outer Bay ( , n = 49) and Offshore Area
( , n = 19) and (b) the percent of stomachs that contained various numbers of prey items by origin:
naturally reared ( , n = 7), 20 month parr ( , n = 9), 8 month parr ( , n = 32) and smolt-stocked ( ,
n = 204).

occurrences of a barnacle (Balanus spp.) and a gastropod were also documented.
Miscellaneous items such as plant debris and insects (predominantly wings) were
also found in the stomachs, but with low frequency in the Inner Bay. The taxo-
nomic composition (by mass) of the prey consumed was similar among the bay
areas [χ2 = 54·32, d.f. = 16, n = 244, P < 0·001; Fig 4(b)]. Fish consistently rep-
resented between 50 and 60% of the diet in all bay areas and crustaceans consistently
constituted c. 35–40%. With seaward progression, post-smolts relied more heavily
on euphausiids, A. americanus and C. maculatus than C. harengus.

The mean ± s.d. prey length (mm) of measurable prey items (fishes, polychaetes,
euphausiids and amphipods) was 38·9 ± 10·2 mm. Post-smolts were capable of con-
suming prey about one-third of their own body length; a 141 mm LF post-smolt
consumed a 48 mm LF C. harengus (34·0% of the post-smolt length) and a 184 mm
LF post-smolt consumed a 60 mm LF C. harengus (32·6% of the post-smolt length).
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Fig. 4. Proportional dietary composition by wet mass (g) of post-smolts of Salmo salar sampled in Penobscot
Bay, Maine from 2001 to 2005. Items in the stomachs were categorized into seven groups: Clupea
harengus ( ), Pisces remains ( ), miscellaneous Pisces ( ), Euphausiidae ( ), miscellaneous Crustacea
( ), Polychaeta ( ) and other ( ). (a) The stomach composition of the four rearing origin groupings:
naturally reared (n = 7), 20 month parr (n = 9), 8 month parr (n = 32) and smolt stocking (n = 194).
Hatchery smolts were also split into lower mode (n = 22) and upper mode (n = 172). (b) The overall
composition and the five bay areas: Inner Bay (n = 91), Western Middle Bay (n = 51), Eastern Middle
Bay (n = 32), Outer Bay (n = 49) and Offshore Area (n = 19).

No relationship between post-smolt LF and prey length was detected (one-way
ANOVA, F42,71 = 1·22, P > 0·05).

Stomach content composition was statistically different among rearing origins
[χ2 = 94·58, d.f. = 9, n = 244, P < 0·001; Fig. 4(a)]. The diet of naturally reared
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Table III. Per cent composition by wet mass (g) of Salmo salar post-smolts stomachs sam-
pled in Penobscot Bay, Maine, from 2001 to 2005. All stomach contents were identified to

the lowest taxonomic level possible

Stomach contents
2001
(%)

2002
(%)

2003
(%)

2004
(%)

2005
(%)

Overall
(%)

Unidentifiable animal
remains

0·52 3·22 0·08 0·13 0·85

Animal total (%) 0·52 3·22 0·08 0·13 0·85
Unidentifiable Pisces remains 18·50 16·62 45·03 26·08 8·07 23·80

Clupea harengus 14·83 50·52 11·56 19·12 47·67 25·28
Ulvaria subbifurcata 2·22 0·46
Pholis gunnellus 0·52 0·11
Ammodytes americanus 4·63 1·42
Myoxocephalus spp. 2·39 0·15 0·74
Hemitripterus americanus 2·52 0·31
Cryptacanthodes

maculatus
6·37 5·38 2·97

Teleostei total (%) 46·72 67·14 59·48 50·58 58·26 55·09
Unidentifiable Crustacea

remains
0·60 0·30 0·04 0·20 0·28

Amphipod (Gammaridae,
Hyperiidae)

16·80 0·15 1·65 0·44 5·54

Balanus spp. 0·07 0·02
Calanoida 0·17 0·05
Decapoda 1·72 0·52 0·40
Euphausiidae

(Meganyctiphanes
norvegica and
Thysanoessa inermis)

28·40 23·11 25·69 42·35 29·00 29·62

Isopoda 0·10 0·03
Neomysis americana 0·05 1·29 0·24

Crustacea total (%) 46·12 28·40 25·95 44·72 29·44 36·53
Gastropoda 1·98 0·35

Nereis spp. 3·51 4·42 7·34 4·50 12·11 5·69
Polychaeta total (%) 3·51 4·42 7·34 4·50 12·11 5·69
Insecta 1·69 0·04 3·97 0·12 0·06 1·40
Insecta total (%) 1·69 0·04 3·97 0·12 0·06 1·40
Plant 1·44 0·04 0·44
Plant total (%) 1·44 0·04 0·44

post-smolts consisted of 84% fishes (primarily C. harengus) and 16% crustaceans.
Similarly, the diet of 20 month parr was 84% fishes (48% of which was C. harengus).
Almost 16% of the diet was crustaceans, and polychaetes represented <1%. The diet
of 8 month parr consisted of 55% fishes, while crustaceans (notably euphausiids) and
polychaetes increased in importance. In the diet of post-smolts from smolt stocking,
fishes constituted <50% of the stomach contents, crustaceans represented 40%, while
polychaetes, insects and plant debris accounted for the remaining percentage.
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ANOVA results indicated that stomach content masses did not differ significantly
among years (F1,222 = 0·09, P => 0·05), bay areas (F4,222 = 0·69, P > 0·05) or at
different times of the day (F1,222 = 0·04, P > 0·05) and were generally <1·0 g [mean
± s.d. = 0·27 ± 0·24 g, maximum = 2·12 g, minimum = 0·05 g; Fig. 5(a)]. When
stomach content mass was scaled to post-smolt body mass, a negative relationship
with post-smolt LF was detected [relative stomach content mass = 3·17 − 0·015 LF,
r2 = 0·25, P < 0·001; Fig. 5(b)]. Most naturally reared and parr-stocked post-smolts
consumed >1% of their body mass, while most smolt-stocked origin post-smolts
consumed <1%. Differences in relative stomach content masses were significant
among rearing origins (ANOVA, F3,238 = 28·98, P < 0·001). Difference in mean
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Fig. 5. (a) Stomach content mass and (b) relative stomach content mass of post-smolts of Salmo salar sampled
from Penobscot Bay, Maine, from 2001 to 2005 by fork length (LF) and four rearing origins: naturally
reared ( , n = 7), 20 month parr ( , n = 9), 8 month parr ( , n = 32) and hatchery smolts ( , n = 194).
Empty stomachs (i.e. 10 smolt-stocked post-smolts) were not included.
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Table IV. Mean ± s.d. relative stomach content mass and mean energy content of Salmo
salar post-smolts caught by rearing origin in Penobscot Bay from 2001 to 2005. Empty
stomachs from smolt-stocked post-smolts (n = 10) were not included. Mean values with the
same lower case letter were not significantly different based on post hoc pair-wise comparisons

using Scheffe’s S procedure

Origin
Mean ± s.d. relative

stomach content mass (%)
Mean ± s.d. energy

content (kJ g−1)

Naturally reared (n = 7) 1·82 ± 0·52 a 0·16 ± 0·15 b
20 month parr (n = 9) 1·44 ± 0·90 a 0·11 ± 0·10 b,c
8 month parr (n = 32) 1·15 ± 0·13 a 0·07 ± 0·07 c
Smolt-stocked (n = 194) 0·43 ± 0·04 0·03 ± 0·03

relative stomach content mass between post-smolts from natural rearing and the two
parr-stocking groups was not detected with pair-wise comparisons using Scheffe’s
S procedure, but all three origin groups were significantly greater than post-smolts
from smolt stocking (Table IV).

Differences in the estimated energy content of post-smolt stomachs were detected
among the origin groups (ANOVA, F3,238 = 25·96, P < 0·001). Naturally reared
post-smolts had the highest estimated mean energy content, followed by post-smolts
from parr stocking and smolt stocking (Fig. 6). Pair-wise comparisons using Scheffe’s
S procedure indicated that mean energy content did not differ between naturally
reared and 20 month parr, or between 20 month parr and 8 month parr (Table IV).
All other pair-wise comparisons were significantly different.

The stomach composition of post-smolts from smolt stocking was different when
examined by upper and lower mode LF categories [χ2 = 16·46, d.f. = 3, n = 194,
P < 0·01; Fig. 4(a)]. Similar to post-smolts from parr stocking, post-smolts from
the lower mode (n = 22) consumed more fishes than crustaceans compared to post-
smolts in the upper mode (n = 172). Additionally the stomach content masses
(one-way ANOVA, F1,192 = 55·18, P < 0·001) and energy content estimates
(one-way ANOVA, F1,192 = 46·48, P < 0·001) were greater in fish from the lower
mode than those in the upper mode.

DISCUSSION

Salmo salar populations in the U.S.A. are in danger of extinction (USASAC,
2008). An opportunistic sampling design was adopted to minimize impacts to the
Penobscot River population, which generated smaller than ideal sample sizes from
different origins. Given the similar sizes, the K values and the rearing origin pro-
portions of the sampled fish to the unsampled S. salar that were released alive
(Sheehan et al., 2011) the sampled fish were considered to reflect the overall emi-
grating population.

The low diversity of different prey items in post-smolt stomachs from Penobscot
Bay suggests selective foraging behaviour during the early marine phase consistent
with the findings of Andreassen et al. (2001) and Lacroix & Knox (2005). Due to
the lack of concurrent prey distribution and abundance data, opportunistic foraging
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Fig. 6. Box and whisker plot of the standardized energy content of post-smolt stomachs of Salmo salar col-
lected from 2001 to 2005 in Penobscot Bay, Maine, by rearing origin. The individual energy contents
were scaled to individual post-smolt mass (kJ g−1). The x-axis represents origin: naturally reared (n = 7),
20 month parr (n = 9), 8 month parr (n = 32) and smolt- stocked (n = 194). Empty stomachs (i.e. 10
smolt-stocked stomachs) were not included. , individual values. The box and whisker represents the
median, the upper and lower quartiles and 5th and 95th percentiles. , mean energy contents for each
grouping.

cannot be ruled out. The annual variation in post-smolt prey composition detected
in this study is consistent with known variation of the icthyofaunal assemblage in
Penobscot Bay (Lazzari, 2001). Similar to Salminen et al. (2001) in the Bothnian
Sea, C. harengus juveniles were an important prey item for post-smolts in Penob-
scot Bay. Given that salmonids generally require up to 40–55% dietary protein to
achieve optimal growth (Millikin, 1982), C. harengus juveniles, which have high
protein and energy content (Lawson et al., 1998), are probably selected for when
available. Foraging studies at seabird colonies in Penobscot Bay also show a high
degree of annual variation in the forage base and the proportion of C. harengus
in seabird diets has been correlated with fledging success of juvenile birds (Hall
et al., 2000) and C. harengus fishery recruitment in the Bay of Fundy (Diamond &
Devlin, 2003). Consequently, natural variability in the distribution and abundance of
important prey such as C. harengus in Penobscot Bay and the Gulf of Maine may
influence annual growth and survival of post-smolts during emigration.

Post-smolts from different rearing origins exhibited differential foraging regimens
during emigration consistent with Johnson et al. (1996) and Lacroix & Knox (2005).
Post-smolts with more experience in the wild consumed more high-energy food (i.e.
C. harengus) than those with less experience and appeared better suited to maximize
their foraging upon marine entry, given the available prey resources. This presum-
ably resulted in faster growth and potentially an eventual survival advantage. These
differences were probably related to river residence time and the development of
learned behaviours through selective processes (Suboski & Templeton, 1989). Nat-
urally reared post-smolts spend c. 24 months in the river competing for territories,
developing predator avoidance strategies, developing search images and foraging on
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live prey. Selective forces result in only the more fit individuals surviving to emigra-
tion. Parr-stocked S. salar presumably encounter similar selective pressures, albeit
for different durations. The short residence time of stocked smolts may preclude
the development of foraging (Reiriz et al., 1998) and antipredator behaviours that
enhance survival (Jarvi & Uglem, 1993) or for selective processes to remove less fit
individuals from the emigrating population until later in the migration.

Survival may also be influenced by sudden increases in energy demands associated
with salt transition to the ocean environment (Farmer et al., 1978). Larger S. salar
juveniles have higher metabolic demands when scaled for body size than smaller
juveniles (Maxime et al., 1989; Cutts et al., 2002) and require more food for growth
as a result (Kadri et al., 1997). Larger S. salar also have the potential for higher
growth performance (Brett & Groves, 1979; Goolish, 1991; Millidine et al., 2009).
Since stomach volume increases with body size, larger juveniles should consume
more food (or energy) than smaller conspecifics to satisfy the higher energy demands
and take advantage of their growth potential.

Unexpectedly, smaller post-smolts (i.e. naturally reared or from parr stocking) had
greater quantities of food and more energy in their stomachs annually than larger
post-smolts (i.e. those from smolt stocking). Larger hatchery-reared post-smolts in
this population also have greater energy reserves in the form of adipose tissue than
smaller individuals from natural and semi-natural rearing. This adiposity has a neg-
ative influence on growth rate in the post-smolt phase (Jobling et al., 2002) and
smaller, leaner fish may grow faster upon marine entry thereby improving survival
despite an initial size disadvantage. This size effect suggests that smaller post-smolts
were more efficient foragers than larger individuals. This may result from a size
mismatch between S. salar and their preferred marine prey (Rikardsen & Dempson,
2011). Despite the abundance of C. harengus juveniles (i.e. <80 mm) in Penobscot
Bay (Sheehan et al., 2011) larger fish foraged on euphausiids. This was probably
related to rearing origin. Smaller post-smolts (i.e. those from natural rearing and
parr production) in Penobscot Bay appear better suited than larger fish (from smolt
production) to maximize their foraging and presumably growth and survival. Jons-
son & Jonsson (2007) noted a negative relationship between size at the time of river
release and annual at-sea growth increments; smaller S. salar grew faster than larger
salmon once in the ocean. The high growth-low mortality (i.e. ‘bigger is better’)
hypothesis posits that faster growth is a selective advantage that improves survival
(Hare & Cowen, 1997; Sogard, 1997), and smaller fish that grow more rapidly once
at sea may have a survival advantage over larger fish that grow slowly.

Jokikokko et al. (2006) found that similarly sized wild and semi-wild S. salar (i.e.
from parr stocking) had equivalent rates of survival during emigration, which were
two to three times higher than hatchery-reared S. salar (i.e. smolt-stocked). Wild
S. salar also have greater return rates as spawning adults than hatchery-reared fish,
implying differential survival during the marine phase (Crozier & Kennedy, 1993;
Jonsson et al., 2003; Jutila et al., 2003). Consistent with Saloniemi et al. (2004), nat-
urally reared and parr-stocked post-smolts are smaller than stocked smolts. They also
found that despite differences in size during emigration, survival to spawning was
greater for wild fish. While survival in hatcheries is greater than in the wild, hatch-
ery fish are raised under artificial conditions and may lack the necessary experience
responding to threats of predation and foraging on live prey (Johnsson et al., 2001).
Seemingly, S. salar with more experience under natural conditions have a greater
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advantage over larger inexperienced fish because beneficial antipredator responses
and foraging behaviours have developed (Maynard et al., 1995; Brown et al., 2003).

Marine phase S. salar post-smolts face many threats during emigration and sur-
vival of post-smolts in the marine phase is considered size dependent (Dieperink
et al., 2002; Montevecchi et al., 2002; Middlemas et al., 2003). Results from this
study show that experience under natural conditions influences foraging during
emigration which may influence growth and survival at sea. If survival is greater
for natural and semi-natural S. salar than for completely hatchery-raised S. salar
(Jokikokko et al., 2006), production and stocking efforts could be modified to develop
strategies that optimize resources and promote the return of spawning adults with
the greatest fitness (Salminen et al., 2007). Efforts are ongoing to evaluate the effec-
tiveness of current management strategies and to better understand the complexities
of marine phase S. salar.

Thanks to the captains and crew of the F.V.s Nobska, Morue, Harmony and Teresa Marie
III for conducting the trawl. Staff at Marine Research, Inc. in Falmouth, Massachusetts
processed stomach samples. NOAA Fisheries Service (NEFSC) staff members C. M. Legault
helped with results interpretation, R. E. Haas-Castro helped with scale pattern analysis and
C. M. Keith provided Fig. 1. R. W. Brown initiated the post-smolt trawl survey and collected
the samples for the first 2 years of the survey.
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Pelagic ecosystem surveys were conducted in the Labrador Sea during 2008 and 2009 as part of SALSEA North America. In total, 107
Atlantic salmon (Salmo salar) were captured using a pelagic surface trawl and multipanel surface gillnets. Surface trawling provided a
broad spatial sampling of the fish and macroinvertebrate communities in the upper 10 m of the water column, but caught few salmon
(23). Gillnetting was more effective at capturing post-smolt (60) and adult (24) salmon. Multiple smolt cohorts were captured, indi-
cating that post-smolts and returning adults from different rivers in North America have similar autumnal habitat requirements. Post-
smolts were caught at night and in water temperatures exceeding 108C, both novel results. Post-smolts and adults consumed similar
and diverse prey species, although Themisto compressa was the most important prey item. Intestinal macroparasite loads were sub-
stantial and could be a significant source of mortality. Concurrent planktonic assemblage and oceanographic conditions were also
quantified. A full exploration of these data, historical datasets, and parallel data collected during SALSEA Greenland and SALSEA-
Merge will further understanding of the ecology of marine-phase Atlantic salmon and inform investigations into stock-specific differ-
ences in marine productivity.

Keywords: gillnet, ichthyofauna, Labrador Sea, macroparasite, Salmo salar, surface trawl.

Introduction
Declines in Atlantic salmon (Salmo salar) abundance during the
late 1980s and 1990s were unprecedented in magnitude (ICES,
2011). Population dynamics are initially set by events in freshwater
(recruits), but survival through the marine phase establishes the
initial state (spawners) for the next generation (Hansen and
Quinn, 1998). Despite decades of research, the mechanisms
driving the marine survival of Atlantic salmon remain elusive.
Our current understanding of Atlantic salmon ocean ecology
stems from sampling the distant-water fisheries and a limited
number of dedicated research surveys. However, these efforts are
limited in time and space by fishery dynamics and logistical con-
straints on research surveys.

Atlantic salmon marine mortality is high and variable within
and among stocks (ICES, 2011), and is attributable to
man-made (Fairchild et al., 1999) and natural factors (Ritter,
1989; Reddin and Friedland, 1993; Jonsson and Jonsson, 2004).

Detailed information on stock-specific migration routes and dis-
tributions is lacking, although various life stages and stocks
overlap (Ritter, 1989). North American post-smolts are found
north and east of Newfoundland (Figure 1) during summer
(Montevecchi et al., 2002) and in much of the Labrador Sea
during autumn (Reddin and Short, 1991), probably overwintering
in the southern Labrador Sea and Grand Banks (Reddin, 1985,
1988; Ritter, 1989). In spring, salmon have been documented
from the southern edge of the Grand Banks to slightly south of
Greenland in surface waters ranging from 3 to 88C (Reddin and
Shearer, 1987; Reddin, 1988). Non-maturing one-sea-winter
(1SW) salmon are assumed to have overwintered in the
Labrador Sea (Idler et al., 1981) and are found along the coast
of Greenland in the following summer and autumn (ICES,
2011). This information allows definition of the areas occupied
by salmon at sea and elaboration of general migration routes
(Reddin, 1988; Dadswell et al., 2010).
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The Salmon at Sea programme (SALSEA) has facilitated the
sharing of resources among countries, to conduct a compre-

hensive marine research survey for salmon focusing on areas

with many cohabiting stocks. A component of this programme,

SALSEA North America, was designed as a comprehensive

research initiative involving marine surveys, tracking studies,

index-river monitoring, and analysis of historical datasets

to address questions related to the marine-phase dynamics

and ecology of North American salmon populations. Pelagic

ecosystem surveys were conducted in the Labrador Sea during

August 2008 and September 2009, to provide information on

the position of salmon within the pelagic ecosystem by charac-

terizing their relative abundance and distribution in relation to

the co-occurring fish species’ complex and oceanographic

conditions.

Methods
Single-vessel trawling was conducted to sample the upper 10 m of
the water column. The trawl was 123 m long with a circumference
of 237 m at the mouth. It had extra-long wings (59 m along the
headrope) and was fished with Thyboron Type 8 (3 m2) pelagic
doors to maximize net spread. The headrope was fitted with
100 m of 70-mm polyrope to provide extra floatation and ensure
contact with the surface. An aluminium aquarium codend was
intermittently used in 2009. A full description of the trawl gear
is provided by Lacroix and Knox (2005).

Each station was trawled for 1 h in 2008 and for 2 h in 2009. A
rudder setting of 5–108 port or starboard kept the trawl away from
the propeller wash. The objective was to obtain a ground speed of
3.5–4.0 knots for all tows. Adjustments to boat speed, warp
deployed (generally 285 m), and bearing were made to keep the

Figure 1. SALSEA North America station locations and the 200 m isobath. Map symbols represent surface trawl stations (2008, circles; 2009,
stars), gillnet sets (diamonds), and stations where Atlantic salmon were caught (filled symbols) and not caught (open symbols).
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pelagic doors below the surface and to maintain headrope visibility
at the surface. During 2009, gillnet sets of 750 (1372 m), 1050
(1920 m), and 1200 (2195 m) fathoms in length (1, 4, and 2
sets, respectively) were fished at the surface. Six mesh sizes were
deployed in each set (64, 76, 89, 102, 114, and 127 mm). The
nets were 3 m deep and constructed of monofilament. Gillnets
were fished for 2.5–33.5 h, depending on weather conditions.
Mechanical issues prevented gillnetting in 2008.

All Atlantic salmon caught were thoroughly examined, weighed
(g), measured (mm), and a variety of samples collected: stomachs
for dietary analysis, scales when possible for age determination
(Shearer, 1992), and other tissue samples for genetic stock identi-
fication, disease, stable isotope, parasite, and lipid analyses. In add-
ition to standard dietary analysis (identification and quantification
of all prey items), an index of relative importance (IRI) for each
prey item (Pinkas et al., 1971) was also calculated according to
the following expression:

IRIi = Fi(Ni + Mi) (1)

where F represents the frequency of occurrence (%), N the numer-
ical percentage, and M the gravimetric percentage for each prey
item (i) across all samples for each year and life stage. The IRI is
expressed as a percentage and provides an ecologically appropriate
measure of prey importance by more equitably scaling the pres-
ence of many small prey items to few large prey items across the
sample of stomachs. All non-salmonids captured were identified
to species, counted, measured, weighed, and released.

Catch per unit effort (cpue) was calculated for all gear sets.
Gillnet cpue was expressed as the number of salmon caught per
nautical mile–hour of gear fished. Mile–hour is the product of
the total length of the nets fished and hours fished. Surface-trawl
cpue is expressed as the number of salmon caught per hour
trawled. These two cpue measures, although not directly compar-
able because of different fishing gear and methods, provide a rela-
tive measure of abundance.

Oceanographic data were collected at selected stations using
Sea-Bird 19 SEACAT (2008) and SEACAT 25 (2009) conductivity,
temperature, and depth profilers (CTDs). CTDs were deployed
either to the bottom or to a maximum depth of 300 m. Vertical
plankton samples were collected from 100 m to the surface using
a net of 200-mm mesh retrieved at a rate of 1 m s – 1. Samples
were preserved in formalin and processed in the laboratory.
Vemco# 8-bit minilog dataloggers were attached to the trawl foo-
trope and gillnet leadline to record temperature and depth.

Results
Surveys were conducted from 8 to 21 August 2008 (CCGS “Wilfred
Templeman”) and from 11 to 26 September 2009 (CCGS “Alfred
Needler”). Mechanical issues prevented sampling from 11 to 14
August 2008, and severe weather and operational logistics severely
hindered operations throughout the 2009 survey. In all, 46 and 14
surface trawls were conducted in 2008 and 2009, respectively, and
7 gillnet sets were made in 2009. Sampling took place from just
south of 498N to 568N and from 498W to 558W in 2008, and
from 528N to 588N and from 488W to 598W in 2009 (Figure 1).
Bottom depths ranged from 100 m to 3700+ m, and water tem-
peratures (�10 m depth) ranged from 1.9 to 14.48C. The mean
depth of the trawl footrope was 9.0 m (6.4–10.9 m) in 2008 and
14.3 m (8.8–19.9 m) in 2009.

In total, 107 salmon were captured (15 in 2008 and 92 in 2009).
In 2008, all salmon caught were post-smolts, all salmon catches
were made during daylight, and all but one salmon was caught
north of 528N (Figure 1). In 2009, eight post-smolts were caught
with the surface trawl (all with the aquarium attached), five of
which were captured during two night tows. Compared with
2008, salmon in 2009 were caught at locations with cooler
water temperatures at footrope depth (5.0–7.58C in 2009 vs.
9.5–13.48C in 2008) and at greater depth (1000–3700+ m in
2009 vs. 187–3000+ m in 2008). In total, 84 salmon were cap-
tured with gillnets: 60 post-smolts and 24 adults. Six post-smolts
and one adult dropped out of the net during retrieval and so
yielded no biological data. Two surface trawls and one gillnet set
were conducted in the colder water of the Labrador Current,
but no salmon were caught. In all, 100 salmon were sampled for
biological, morphometric, and biochemical data.

No salmon were caught in 76% of the sets (83 and 79% of the
surface trawls in 2008 and 2009, respectively, and 29% of the
gillnet sets). Salmon catches were made at surface water tempera-
tures ranging from 5.0 to 13.48C (Figure 2). The overall mean
surface temperature, weighted by the number of salmon caught,
was 6.78C (+2.9). The mean surface temperature for trawls that
caught salmon was 10.98C (+1.3) in 2008 and 7.08C (+0.2) in
2009, and 5.98C (+2.6) for the gillnets.

The relative abundance of Atlantic salmon was low in both
trawl and gillnet catches. In 2008, the mean trawl cpue for post-
smolts was 0.36 (+0.89), slightly greater than the 2009 trawl
mean (0.30+ 0.60). No adult salmon were captured with the
surface trawl in 2008 or 2009. Gillnet cpue (adult and post-smolt)
was 0.51 (+0.65). Mesh sizes of 64, 76, and 89 mm caught 98% of
the post-smolts, and 88% of the adult catches came from mesh
sizes of 102, 114, and 127 mm.

Trawl-caught post-smolts ranged in length from 232 to
369 mm, and those from gillnets from 260 to 363 mm
(Figure 3). The mean post-smolt fork lengths and whole weights
were 267.6 mm (+23.7 s.d.) and 231.6 g (+59.7) in 2008, and
335.8 mm (+19.6, gillnet), 435.5 g (+74.2, gillnet), 348.3 mm
(+10.2, trawl), and 478.0 g (+37.4, trawl) in 2009. For adults,
the mean fork lengths and whole weights were 628.7 mm
(+35.3) and 1006.1 g (+444.9), respectively. Surface trawl-
caught post-smolts were �50% female, gillnet-caught post-smolts
were 64% female, and adults were 70% female. Salmon with a wide
range of river ages were caught (1–5 years, n ¼ 83), but 84% of the
fish had spent 2–4 years in freshwater. Two adults were previous
spawners and 21 were 1SW fish. Scale samples were not available
in 2008 because of net-induced descaling in the absence of the
aquarium codend.

A single attached sea louse (Caligidae) was recorded in 2008,
and 5.3% of the salmon captured in 2009 had an average of 2.3
sea lice. In both years, �60% of the post-smolts and adults were
infested with intestinal macroparasites (Table 1). Intestinal macro-
parasite prevalence was generally higher in 2009 and highest in the
adult samples. Overall, 16% of the salmon had more than one type
of parasite, and 19% were heavily infested. “Heavily infested” was a
subjective determination made during sample processing based on
an assessment of the parasite load relative to the size of the intes-
tine. Generally speaking, it amounted to either .0.1 g of the para-
site (Acanthocephala or Cestoda) or 0.2 individual parasites
(Nematoda) per centimetre length of the fish. The high 2009 post-
smolt Acanthocephala mean intensity measure was influenced by a
few individuals with high parasite loads.
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Figure 2. Atlantic salmon cpue for the 2008 surface trawl (filled grey circles), 2009 surface trawl (filled grey squares), and 2009 gillnet sets
(open squares), by surface temperature. For two gillnet sets (cpue 0.0 and 1.194), the temperature was not recorded.

Figure 3. Atlantic salmon adult and post-smolt length–weight data, with symbols representing 2008 trawl-captured post-smolts (black
circles), 2009 gillnet-captured post-smolts (grey circles), 2009 trawl-captured post-smolts (open circles), and 2009 gillnet-caught adults (grey
squares).
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Prey consumption by weight varied annually (Table 2). In 2008,
post-smolts had consumed primarily Themisto compressa (67.8%),
fish (44.8%, Leptoclinus maculatus, Helicolenus dactylopterus, mis-
cellaneous remains, and Leptagonus decagonus), and Cephalopoda
(4.7%, Gonatus fabricii). In 2009, although the diversity of prey in
the post-smolt diet increased, T. compressa (37.0%) remained the
primary prey, with fish (11.6%, Ammodytes americanus, miscellan-
eous remains, and Myctophidae sp.), Cephalopoda (19.3%, G. fab-
ricii, Teuthida and Octopoda), and Meganyctiphanes norvegica
(4.3%) also consumed. Adults consumed similar items to the post-

smolts, with the addition of Arctozenus risso (12.9%) and Mollusca
(2.4%). The diversity of prey consumed is of note. However,
the IRI values of 93.2, 94.0, and 97.2%, respectively, highlight
the importance of T. compressa to Atlantic salmon diets in the
Labrador Sea.

Gillnets were highly selective, catching only Atlantic salmon,
with some seabird and marine mammal bycatch. The surface
trawl, although specifically designed to catch Atlantic salmon,
was effective at sampling other species present in the upper part
of the pelagic ecosystem (Table 3). In both years, lumpfish
(Cyclopterus lumpus) was the most common species captured, at
63 and 86% of the stations sampled in 2008 and 2009, respectively.
Atlantic saury (Scomberesox saurus) was abundant in the 2008
survey (59%), but not in 2009 (7%). A number of species that
were captured in 2008 were not captured in 2009, and barracudina
(Paralepididae sp.) was the only new species captured in 2009.
Juvenile Atlantic wolfish (Anarhichas lupus), a species of Special
Concern in Canada (Species at Risk Act, SC 2002, c. 29), was cap-
tured at 17% of the stations sampled in 2008. Other commercially
important juvenile species, Greenland halibut (Reinhardtius hippo-
glossoides) and redfish (Sebastidae), were also captured. Potential
Atlantic salmon prey were captured, Atlantic sandlance (A. amer-
icanus), capelin (Mallotus villosus), Arthropoda, and Cephalopoda
spp., as well as other species of interest (Figure 4). Lanternfish
(Myctophidae) were predictably captured at night and in water
depths of 500+ m.

Equipment failure in both years reduced the ability to collect
temperature and salinity data. Only eight CTD casts were con-
ducted in 2008 (during the first half of the survey), and the 2009
data were unreliable because of a cracked unit housing. Available
data show a distinct thermohalocline between 10 and 20 m
depth characterized by a significant decrease in temperature and
a slight increase in salinity. At some stations, salinity measure-
ments actually decreased with depth, likely as a result of local cur-
rents. Across all stations sampled, temperatures ranged from 198C
at the surface to –1.38C at a depth of 300 m, within a range of sali-
nities (27.5–34.9). Salinity differences within individual profiles
averaged 3.2 between minimum and maximum values.

Table 1. Macroparasites identified from Atlantic salmon intestines
collected during the 2008 and 2009 surveys, giving detailed
information on the sample size, number of samples containing 0–3
different parasite types, prevalence, mean intensity (I )+standard
deviation, and intensity range for each parasite type across all
samples for each life stage in each year.

Parameter 2008 post-smolts 2009 post-smolts 2009 adults

Sample size 15 63 19
Number of parasite types

0 10 28 1
1 3 26 13
2 2 8 5
3 0 1 0

Acanthocephala
Prevalence 33.3% 20.6% 21.1%
I (g) 0.03+ 0.02 8.03+ 13.12 1.50+ 0.58
Range 0.01–0.05 1.0–41.0 1.0 –2.0

Cestoda
Prevalence 6.7% 9.5% 15.8%
I (g) 0.06a 0.02+ 0.02 2.56+ 3.58
Range a 0.01–0.06 0.36– 6.69

Nematoda
Prevalence 6.7% 41.3% 84.2%
I (number) 1.0a 1.9+ 1.26 15.8+ 18.38
Range a 1.0–5.0 1.0 –61.0

aIdentified in one sample only.

Table 2. Prey items identified from Atlantic salmon stomachs collected during the 2008 and 2009 surveys (in all, 15 post-smolt stomachs
were collected in 2008 and 19 post-smolt and 55 adult stomachs in 2009), giving detailed information on each prey item’s percent
occurrence, mass, and IRI across all samples for each life stage for each year.

Prey item

2008 post-smolts 2009 post-smolts 2009 adults

Occurrence (%) Mass (%) IRI (%) Occurrence (%) Mass (%) IRI (%) Occurrence (%) Mass (%) IRI (%)

Animal remains – – – 28.1 25.3 – 33.3 13.1 –
Pisces 14.3 10.3 – 3.1 4.2 – 11.9 19.6 –
Mollusca – – – – – – 2.4 0.6 ,0.1
Decapoda 3.6 6.0 0.2 1.6 1.1 ,0.1 – – –
Octopoda – – – 0.8 0.3 ,0.1 2.4 1.7 0.2
Teuthida – – – 1.6 1.2 ,0.1 2.4 1.1 ,0.1
Cancer spp. 10.7 24.5 3.2 – – – – – –
Ammodytes americanus – – – 3.1 4.3 0.3 4.8 4.7 0.8
Arctozenus risso – – – – – – 2.4 12.9 1.0
Helicolenus dactylopterus 3.6 12.8 0.5 – – – – – –
Leptoclinus maculatus 10.7 17.8 2.5 – – – – – –
Leptagonus decagonus 3.6 3.9 0.2 – – – – – –
Myctophidae – – – 2.3 3.1 0.2 – – –
Meganyctiphanes norvegica – – – 5.5 4.3 0.5 2.4 12.9 ,0.1
Gonatus fabricii 3.6 4.7 0.2 11.7 19.0 4.9 4.8 2.8 0.6
Themisto compressa 50.0 67.8 93.2 42.2 37.0 94.0 33.3 30.6 97.2
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In total, 11 and 6 plankton samples were collected in 2008 and
2009, respectively (Table 4). Overall, samples were dominated by
individuals from the Phylum Arthropoda (�93% of all individuals
in the samples). In 2008, the warmer southern waters were domi-
nated by small-bodied Oithona nana (63.2%) and much larger
Calanidae spp. (28.8%), probably Calanus finmarchicus. The
cooler northern waters sampled in 2009 were dominated by the
same two copepod species, but at different levels (17.9 and
67.2%, respectively). The 2008 samples also contained
Gastropoda (3.3%) and tunicates (Oikipleura sp., 2.9%).
Chaetognatha (Sagitta sp.), Polychaeta, and anthropods
(Hyperiidae, Ostracoda, Mysida, Cladocera, and Malacostraca)
made up 1.3% of the community. The 2009 samples contained
ostracods (Proceroecia vitjazi, 3.4%) and tunicates (Oikopleura
sp., 2.7%) and arthropods [i.e. Hyperiidae (1.2%), Mysiidae
(2.7%)]. Chaetognatha (Sagitta sp.), Polychaeta (Tomopteris sp.),
and gastropods collectively made up 3.2% of the community.
Ctenophores accounted for 0.1 and 0.7% of all individuals in
the samples in 2008 and 2009, respectively. Larval fish and eggs
were documented at three stations in 2008 (13 Tautogolabrus
adspersus and 1 Argyropelecus sp. Larvae, and 5 Glyptocephalus
cynoglossus, 1 Hippoglossoides platessoides, and 1 Enchelyopus cim-
brius eggs). No larval fish or eggs were documented in 2009.

Discussion
The objective of the SALSEA North America marine surveys was to
sample Atlantic salmon in the nearshore and offshore areas of the
Northwest Atlantic and to determine their role within the pelagic
ecosystem. Despite a number of problems related to weather, sam-
pling gear, and logistical issues, a considerable amount of new in-
formation was collected that, when combined with historical

Table 3. Percentage occurrence at the surface trawl stations, mean weight (kg) caught, and the mean number of each species caught for
all non-salmon species taken during the 2008 and 2009 surveys (mean number captured has been estimated for some groups).

Species

2008 2009

Occurrence (%)
Mean weight
captured (kg)

Mean number
captured Occurrence (%)

Mean weight
captured (kg)

Mean number
captured

Ammodytes americanus 17.4 0.03 5.3 14.3 0.01 1.5
Anarhichas lupus 17.4 0.02 10.9 – – –
Arthropoda spp.a 41.3 0.38 57.6 50.0 0.06 235.7
Cephalopoda spp.b 67.4 0.18 30.5 50.0 0.16 16.7
Clupea harengus 6.5 0.17 1.0 – – –
Cnidaria spp.c 45.7 0.89 16.5 64.3 6.33 328.4
Cottoidea sp. 17.4 0.00 5.9 – – –
Cyclopterus lumpus 63.0 11.12 13.3 85.7 21.82 17.1
Gadus morhua 8.7 0.01 14.8 – – –
Gaidropsarus argentatus 23.9 0.02 6.6 14.3 0.01 1.0
Gasterosteus aculeatus 8.7 0.00 1.0 7.1 0.01 4.0
Leptoclinus maculatus 8.7 0.02 37.3 – – –
Mallotus villosus 13.0 0.02 2.5 – – –
Myctophidae sp. 19.6 8.14 1 364.9 28.6 22.47 2 442.5
Paralepididae sp. – – – 7.1 4.20 78.0
Reinhardtius hippoglossoides 21.7 0.01 7.0 14.3 0.02 5.0
Scomberesox saurus 58.7 47.31 567.8 7.1 14.95 255.0
Sebastidae sp. 30.4 0.06 20.1 42.9 0.06 33.5
Ulcina olrikii 6.5 0.00 2.3 – – –
Unidentified fish 32.6 0.00 3.3 – – –

A single Porbeagle shark (Lamna nasus) and a sea snail (Gastropoda) were captured in 2008.
aArthropoda spp. represents euphausiids, amphipods (Themisto sp.), and various shrimp species.
bCephalopoda spp. represents Illex illecebrosus and G. fabricii, determined via stomach content analysis of captured Atlantic salmon.
cCnidaria spp. represents Clionoideas (sea angles), Ctenophores (comb jellies), and Scyphozoans (true jellies).

Figure 4. Catches of (a) Scomberesox saurus and (b) cephalopod
species by station depth and surface temperature for 2008 and 2009
combined. Filled grey circles represent scaled catch weight per
station, and open and black circles represent stations where Atlantic
salmon were caught and not caught, respectively. Salmon symbols
are not scaled to the weight of the salmon catch.
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datasets and data collected from the other SALSEA initiatives, will
contribute significantly to improved understanding of the marine-
phase ecology of Atlantic salmon. Salmon were caught near previ-
ously surveyed offshore areas (Reddin and Short, 1991) and in pre-
viously unsurveyed inshore areas. Because the marine phase of
Atlantic salmon is very dynamic and characterized by fast
growth across variable environments (Jonsson and Jonsson,
2004), spatial and temporal differences between surveys renders
year-to-year comparisons speculative. Sampling farther north, 1
month later, with a different vessel and gear in 2009 resulted in
a vastly different composition and biological characteristics of
the catch.

Gillnet cpue was comparable with previous estimates (Reddin
and Short, 1991), and surface-trawl cpue was similar between
years. Surface trawling allows sampling of a larger area and a
broader species assemblage than gillnetting. Surface trawling
proved successful at catching post-smolts, although typically in
lower numbers than gillnets. The surface trawl appeared to be size-
selective, capturing the upper end of the post-smolt size range
(Figure 3). This was contrary to expectations that the trawl would
be more efficient at capturing smaller-bodied fish with slower
swimming speeds than larger conspecifics. It is unlikely that
smaller post-smolts escaped through the 20-mm mesh in front of
the aquarium codend. However, smaller post-smolts may have
escaped through the larger 800 mm upper section behind the head-
rope. Installing a smaller mesh liner along this section may help
prevent this phenomenon (Lacroix and Knox, 2005).

Salmon have previously been caught at temperatures between 5
and 108C with gillnets (Reddin and Shearer, 1987; Reddin and
Short, 1991), but the highest trawl cpue estimates in this study
were at temperatures .108C (Figure 2). However, spatial and

temporal differences between the 2008 and 2009 surveys may
have contributed to this discrepancy, because the 2008 catches oc-
curred at a time and in an area not well represented in the histor-
ical databases. Post-smolts were also captured at night, contrary to
previous findings (Shelton et al., 1997). Trawl catchability could be
improved by using a vessel with increased horsepower or by pair-
trawling (Sheehan et al., 2011). However, the efficacy for capturing
adults is unknown (Skilbrei and Jørgensen, 2010). These results
will enable researchers to evaluate the utility of different gear
types to meet future research objectives.

The age distribution of the catches suggests that salmon of dif-
ferent life stages from across their North American range (ICES,
2011) were present in the Labrador Sea in August and
September. This overlap suggests similar habitat requirements.
Post-smolts captured in their first year at sea are expected to over-
winter in the southern Labrador Sea (Reddin, 1985, 1988; Ritter,
1989) and return to their natal rivers to spawn as grilse (1SW
salmon) or continue to feeding grounds at Greenland, returning
home to spawn the following year as multi-sea-winter (MSW)
salmon (Parrish and Horsted, 1980). Given the large proportion
of male grilse in North American rivers (Chaput et al., 2006), it
was not unexpected to have an approximately equal male to
female post-smolt sex ratio with a skewed adult female proportion
among the MSW salmon.

Marine parasitic infestations can reduce survival in salmonid
populations directly and indirectly (Bakke and Harris, 1998).
Small numbers of sea lice were expected, given that the gear
deployed probably removed attached sea lice during sampling.
Preliminary results suggest that internal macroparasite loads can
be substantial for some salmon in the Labrador Sea and could
result in increased mortality via heart disease (Rahkonen et al.,
1996), intestinal rupture, or starvation. Even minor infestations
can influence adult returns (Bakke and Harris, 1998), and the
effects could be more severe at low temperatures (Hurst, 2007).

As growth may influence survival (Friedland et al., 1993;
Peyronnet et al., 2007), information on post-smolt foraging condi-
tions is critical when evaluating marine conditions experienced
before the first winter at sea. Themisto sp. was the most abundant
food item consumed by Atlantic salmon in both years, but differ-
ent fish species were consumed between years. The observed
annual variation in prey consumption and diversity may have
been the result of spatial or temporal differences in catch locations
between surveys (Lacroix and Knox, 2005). Information on
the feeding ecology of post-smolts can be used to evaluate the
quality of foraging conditions experienced by post-smolts in
the marine phase, given that prey items vary in nutritional and
energetic content (Renkawitz and Sheehan, 2011).

The two SALSEA North America surveys provide new informa-
tion on the ichthyofaunal and planktonic assemblages associated
with salmon in the Labrador Sea. Atlantic salmon and Atlantic
saury (Table 3 and Figure 4) were two of the few longer-bodied
pelagic fish present in considerable numbers in the upper
portion of the water column. The biomass of Atlantic saury was
more than an order of magnitude greater than that of Atlantic
salmon, and the size distribution of the two species overlapped
significantly. Atlantic saury could be a competitor with
post-smolts for prey resources or could serve as a predation
buffer (Hall and Rudstam, 1999).

The capture of Cephalopoda, Paralepididae, and Myctophidae
spp. (Table 3 and Figure 4) in trawls and Arthropoda spp. in
plankton samples provides some information on prey availability.

Table 4. Plankton sample results by lowest taxonomic level
identified for the 2008 and 2009 surveys, with percentages
representing counts of individuals, not mass.

Phylum Group (species)
2008
(%)

2009
(%)

Annelida Polychaeta (Tomopteris sp.) 0.03 0.14
Arthropoda – 0.07

Calanidae (Calanus
finmarchicus)

– 67.24

Calanidae 28.85 –
Cladocera (Pseudevadne

tergestina)
0.38 –

Cladocera (Pleopis
polyphaemoides)

0.00 –

Hyperiidea 0.22 1.21
Malacostraca 0.01 0.95
Mysida 0.13 2.72
Oithonidae (Oithona nana) 63.18 17.88
Ostracoda 0.16 –
Ostracoda (Proceroecia vitjazi) – 3.37

Chaetognatha (Sagitta sp.) 0.41 1.82
Chordata Tunicata (Oikopleura sp.) 2.90 2.72
Ctenophora 0.14 0.56

(Aglantha sp.) – 0.10
(Bolinopsis infundibulum) – 0.03

Foraminifera 0.23 –
Mollusca Gastropoda 3.35% 1.21

The 2008 Calanidae samples probably represent C. finmarchicus, although
the samples were not identified to species.
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However, considering the stomach composition of the salmon
caught, the two capture methods employed during these surveys
(i.e. plankton net and surface trawl) provided a size-biased view
of the available forage base. More effective methods designed spe-
cifically for sampling smaller pelagic fish and invertebrates will
provide a more accurate description of foraging conditions
(Brodeur et al., 2008) and greatly add to our knowledge of
Atlantic salmon marine ecology. These data are also important
when evaluating potential effects of trophic changes on salmon
(Mills, 2001; Peyronnet et al., 2008), especially in the light of
future climate scenarios (Beaugrand and Reid, 2003).

The SALSEA North America marine surveys met the objectives
of sampling the surface layer ecosystem in the Labrador Sea.
Although comparatively few Atlantic salmon were captured,
those sampled were studied intensively, and the information
gained on the surface layer ecosystem is valuable. The surveys pro-
vided insights into the marine ecology of salmon at multiple life
stages. The additional samples collected for genetic stock identifi-
cation, disease, stable isotope, and lipid analyses will reveal the
status of the Labrador Sea salmon stock as surveyed in 2008 and
2009. A full exploration of these data, historical datasets, and the
parallel data collected during SALSEA Greenland and
SALSEA-Merge will allow the investigation of stock-specific differ-
ences in marine productivity.

Management implications
The experience gained in surface trawling should aid the
development of future monitoring programmes. Many national
jurisdictions engage in fishery-independent annual sampling
programmes to gather data on economically and ecologically
important species and the oceanographic and planktonic condi-
tions that influence the health and status of these marine
resources. Fish and macroinvertebrate communities in the upper
water column are rarely targeted during these surveys, and
Atlantic salmon are rarely captured, given the gear types used
and the limited abundance of salmon in the ocean (ICES, 2011).
However, coupling surface trawling with these existing monitoring
programmes/platforms could provide an opportunity to obtain
additional data at relatively low cost. As an example, incorporating
surface trawling into the Fisheries and Oceans Canada Atlantic
Zone Monitoring Programme (Therriault et al., 1998) could
provide pelagic ecosystem data from the 11 transects surveyed
from southern Nova Scotia through southern Labrador.
Demonstration of the quick deployment and retrieval of the
surface trawl could help justify the incorporation of this sampling
into this existing monitoring programme.
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Provision of catch advice taking account of non-stationarity
in productivity of Atlantic salmon (Salmo salar L.) in the
Northwest Atlantic
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catch advice taking account of non-stationarity in productivity of Atlantic salmon (Salmo
salar L.) in the Northwest Atlantic. e ICES Journal of Marine Science, 62: 131e143.

The paper presents the data, the models, and the approach for the provision of management
advice for a high seas mixed stock fishery on Atlantic salmon (Salmo salar L.). The
approach incorporates observation errors, model uncertainty, and considers a possible shift
in the productivity of Atlantic salmon. The risk analysis framework further incorporates
uncertainty in the fishery harvest characteristics and presents the catch advice as
probabilities of meeting or exceeding the conservation objectives relative to catch options.
There is very strong evidence from the analyses that there has been a phase shift in
productivity of Atlantic salmon of North American origin in the Northwest Atlantic. The
change in productivity likely resulted from a change in marine survival which occurred in
the early 1990s and has persisted to date. When the uncertainties in the input data are
considered, the most parsimonious models suggest that there has been a shift in absolute
abundance independent of variations in the spawner index contributing to the recruitment.
There continues to be a large amount of uncertainty in the measures of abundance and
population dynamics of Atlantic salmon. Uncertainty in the understanding of population
dynamics does not necessarily equate to uncertainty in management advice. If model results
suggest that spawning objectives are unattainable even when harvest rates are zero, then any
harvest level will either accelerate the rate of decline if the model prediction is correct or
diminish the probability of recovery if the model prediction is wrong.
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Introduction

Prior to the 1950s, little was known about the migrations

and distribution of Atlantic salmon (Salmo salar L.) in the

ocean. Atlantic salmon were fished by the local population

in Greenland for decades prior to the development of the

offshore driftnet fishery in the 1960s (Dunbar and Thomson,

1979; Horsted, 1988). The offshore driftnet fishery de-

veloped quickly with a peak catch in 1971 of just under

2700 t (Horsted, 1988). The capture in the Greenland

fishery in 1956 of a tagged salmon originating from a river
1054-3139/$30.00
in Scotland followed by the recapture of salmon originating

from the Miramichi River (Canada) in 1961 and sub-

sequently recaptures of tagged fish from numerous rivers

provided the direct evidence that substantial numbers of

salmon from both continents undertook feeding migrations

to the Northwest Atlantic and were being harvested in the

fishery at Greenland (Paloheimo and Elson, 1974; Horsted,

1988). This mixed stock high seas fishery was of sufficient

concern that an international body (the North Atlantic

Salmon Conservation Organization (NASCO)) was formed

in 1982 and a treaty subsequently signed by participating
Crown Copyright � 2004 Published by Elsevier Ltd on behalf of
International Council for the Exploration of the Sea. All rights reserved.
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countries to manage the marine fisheries on Atlantic salmon

(Windsor and Hutchinson, 1994). The annual stock status

reports developed by the Working Group North Atlantic

Salmon (WGNAS) and the subsequent advice provided by

the International Council for the Exploration of the Sea

(ICES) have formed the basis for the negotiations and

subsequent management of these fisheries.

The robustness of a management system based on

a forecast of abundance depends in large part on the

relative stability of the system being controlled or an

understanding and preferably control of the mechanisms

which cause the system to drift from its average state.

Stability does not infer a lack of variability but rather

variability around an average state over time. There is no

reason to expect Atlantic salmon abundance and pro-

ductivity to have been on average constant over time.

Dunbar and Thomson (1979) describe variations in the

rudimentary reports of salmon abundance in the Northwest

Atlantic going back almost five centuries and the variations

in the climate and oceanographic regime to which salmon

would have been exposed. The concept of regime shift has

been discussed relative to trends in Pacific salmon

production (Beamish et al., 1999). A regime shift refers

to a large and sudden change in abundance which in the

case of managing fisheries, may be unrelated to fishing

effects (Beamish et al., 1999). The occurrence of rapid or

even slower but persistent directional changes has also been

referred to as the problem of non-stationarity in which past

observations may not be a good predictor of current

outcomes (Walters and Korman, 2001). For the manage-

ment of Atlantic salmon, the issue is how we manage for

the current state and account for the uncertainties.

As in homewater Atlantic salmon fisheries of North

America, NASCO has adopted a fixed escapement

management strategy (Potter, 2001). In doing so, NASCO

and ICES recognize the importance of spawning stock on

recruitment. Consequently, the spawner requirements for

those rivers contributing salmon to the Greenland fishery

must be defined. Management advice, in a currency of

harvest tonnage, is then predicated on a forecast of salmon

abundance prior to the fishery at Greenland and the

management of the harvests with the objective of achieving

the spawner requirements for the contributing stocks

(Potter, 2001). The challenge to the members of the

WGNAS was the definition of the spawning objectives, the

development of a measure of abundance prior to the fishery

(pre-fishery abundance e PFA), a measure of spawning

stock contributing to the PFA, a model to forecast the PFA,

and the development of a risk analysis framework.

The paper presents the data, the model, and a new

approach (for Atlantic salmon) for the provision of

management advice which incorporates observation errors,

model uncertainty, and considers a possible shift in the

productivity of Atlantic salmon. We summarize and add to

the methods developed over the last decade by the WGNAS

for the provision of catch advice in a risk analysis framework.
Material and methods

The advice for the management of the Greenland Atlantic

salmon fishery is presented in a risk analysis framework

consisting of five components (Figure 1): (i) estimation of

the abundance of salmon prior to the fishery at Greenland,

pre-fishery abundance (PFA), (ii) estimation of the spawn-

ing stock which would have contributed to the PFA, (iii) the

definition of the spawning requirements for the stocks of

eastern North America, (iv) the development of a model to

forecast abundance of PFA in the year of interest, and (v)

consequences to spawning escapement objectives of catch

options at Greenland.

Estimation of pre-fishery abundance (PFA)

The Atlantic salmon fishery at West Greenland harvests fish

originating from eastern North America and Europe

(Reddin, 1986; Reddin and Friedland, 1999; ICES, 2003).

The proportions of the fishery harvests of North American

origin have varied between 0.40 and 0.90 from 1978 to
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2002 (ICES, 2003). The majority (O95%) of the salmon in

the catches are one-sea-winter (1SW) non-maturing salmon,

fish which are on a feeding migration and would be destined

to return primarily as two-sea-winter (2SW) salmon to the

rivers of eastern North America and Europe. The remaining

fish represent 2SW and older non-maturing salmon and

previous spawners (ICES, 2003). It is because the fishery

harvests primarily 1SW non-maturing salmon that the

WGNAS developed a model to estimate the abundance of

this age group prior to the fishery at Greenland.

The run-reconstruction model developed by Rago et al.

(1993) has been used to estimate the PFA of non-maturing

1SW salmon of North American origin (PFA) for the 1971

to 2001 PFA years (year of abundance of fish at Green-

land):

PFAyearðiÞZ
�
NR2yearðiC1Þ!eM!1CNC2yearðiC1Þ

�

!eM!10CNC1yearðiÞCNG1yearðiÞ ð1Þ

where NR2year(iC1) is the sum of 2SW returns to six regions

of North America in year iC 1, NC2year(iC1) is the catch of

2SW salmon in Newfoundland and Labrador commercial

fisheries in year iC 1, NC1year(i) is the catch of 1SW

non-maturing salmon in Newfoundland and Labrador

commercial fisheries in year i, NG1year(i) is the catch of

1SW non-maturing salmon of North American origin in the

Greenland fishery in year i, and M is the monthly

instantaneous natural mortality of 0.03.

The reconstruction begins with the estimation of returns

of 2SW salmon in year iC 1 to six regions in eastern North

America: Labrador, Newfoundland, Québec, Gulf, Scotia-

Fundy, and USA (Figure 2). For the four southern regions,

the regional returns include the harvest in the coastal

commercial fisheries but this is not the case for Newfound-

land and Labrador. For Labrador, the returns to rivers are

estimated from the commercial harvest factored by an

exploitation rate. The harvest of 2SW salmon in the

Newfoundland and Labrador mixed stock fisheries in year

iC 1 is added to the sum of the returns to the six regions

(prorated backward for one month of natural mortality e
equates to 1 June of year iC 1) to produce the returns to

North America. Finally, the harvests of North American

origin salmon in the Greenland fisheries in year i and the

harvest of non-maturing 1SW salmon in the Newfoundland

and Labrador commercial fisheries in year i are added to the

prorated returns to North America (10 months between

abundance at Greenland on 1 August year i and North

America on 1 June year iC 1) to produce the pre-fishery

abundance of non-maturing 1SW salmon of North Amer-

ican origin (Figure 3). An instantaneous natural mortality

rate of 0.03 per month is assumed for salmon in the second

year at sea for all years (ICES, 2002). Adjustments to the

input data resulting from reductions and subsequent

closures of commercial fisheries in North America are

summarized by Friedland et al. (2003).
The returns to each region are estimates with the

uncertainty defined by a range of minimum and maximum

values based on the best information available for each

region (ICES, 2003).

Estimation of spawners

Estimates of the spawning escapement to North America

are obtained for the same six regions used in the

development of the PFA estimates. The escapements are

defined in terms of only the 2SW salmon to each region

because the PFA recruitment age group of interest is the

2SW maiden component. This makes the broad assumption

that the recruitment of 2SW salmon is conditioned

primarily by the 2SW salmon escapement. The uncertainty

in the spawning escapement is characterized by an annual

range of minimum and maximum estimates for each region.

The spawning stock of 2SW salmon contributing to the

PFA recruitment of the year of interest is calculated by

lagging forward the spawners (lagged spawners) based on

the smolt age distributions in each region (Rago, 2001)

(Figures 3 and 4; Table 1). The lag consists of the smolt age

plus two years (one for the year of egg deposition plus one

for the first year at sea). The annual spawning escapement

is lagged forward in proportion to the smolt age

distribution, the latter was assumed constant for each

region for the entire time-series.
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Figure 2. Geographic areas of North America used to structure the

run reconstruction of Atlantic salmon abundance.
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Spawning requirement for North America

O’Connell et al. (1997) document the methods and the

values used to derive egg and spawner conservation limits

for Atlantic Canada. The conservation limits were generally

derived using freshwater production dynamics translated to

adult returns to estimate the spawning stock for maximum

sustainable yield. Data were available on a limited number

of stocks and the values were transported to the remaining

rivers where only habitat area and spawner demographics

were available. The conservation limits for USA rivers

were determined using a similar procedure as those of

Atlantic Canada (ICES, 1995). Adult to adult stock-

recruitment relationships for six rivers were used to define

the conservation limits for rivers in the Québec region

(Caron et al., 1999). The total 2SW salmon requirement for

North America, calculated from the adult age structure

within the regions, equals 152 548 fish (Table 1) (ICES,

2003).

Model for forecasting PFA abundance

Ideally, the lagged spawner variable would be the sum of

the lagged spawners in all regions of North America. In
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Figure 3. Midpoint and corresponding minimum and maximum

range of the annual estimates of pre-fishery abundance (PFA) of

1SW non-maturing salmon (upper panel) and estimates of 2SW

Atlantic salmon spawners (annual spawners in grey symbol; lagged

spawner index to North America in black symbol) (lower panel) for

the year of the PFA estimate.
terms of assessing population dynamics or relative recruits

per spawner, a relative (time) index of spawners is

sufficient. After the closure of the Labrador commercial

salmon fishery in 1999, the spawner estimate for Labrador

could not be derived because the returns and spawner

estimates for Labrador were derived from the commercial

harvest of Labrador origin fish adjusted for an exploitation

rate in this fishery (ICES, 2003). The lagged spawner index

without Labrador is highly correlated with the sum of

lagged spawners for all of North America (rZ 0.86) in the

years when these data were available. The variation in

Labrador spawners has been much greater than the

variation of the sum of the other regions (Figure 4). The

lagged spawners in the other regions declined from 1978 to

1988 and rose rapidly in 1989, directly as a response to the

management plan of 1984 which imposed the closure of the

commercial fishery and the mandatory release of large

salmon in the Maritimes e the stepped increase in 1989

was driven by the Gulf stock (Figures 3 and 4). Subsequent

to 1989, lagged spawners have declined almost continually

and most rapidly into 1992.

A preliminary plot of the annual midpoint estimates

(range/2) of PFA relative to the lagged spawner (LS) index

suggested two periods of productivity: a high productivity

period during 1977 to 1988 and a low productivity period

during 1990 to 2001 with intermediate productivity in 1978

and 1989 (Figures 5 and 6). Initial analyses of the lagged

spawner index with a phase shift variable and a previously

used habitat index variable (Friedland and Reddin, 1993)

resulted in the habitat index variable being of minimal

explanatory power (PO 0.10) and it was excluded from all

further analyses.

Subsequently, we fitted a series of models relating PFA

to LS and to assess the presence of two phases of

productivity. The general model was of the form:

PFAZeðaCb!PhÞLSðgCd!PhÞex

where PFA is the pre-fishery abundance estimate of 1SW

non-maturing salmon of North American origin, LS is the

lagged spawner index of 2SW salmon excluding Labrador

(1977e2001), Ph is the phase indicator variable represent-

ing two time periods, a, b, g, d are the coefficients of the

slope and intercept variables, and ex is the lognormal

residual error.

The PFA and LS variables were natural log transformed

before analysis and the linearized form of the model was:

LnðPFAÞZaCb!PhCðgCd!PhÞ!LnðLSÞCx

Six nested models (parametersZ P) were evaluated.

(0) Null model (PZ 2) Ln(PFA)Z aC x
(1) No phase shift (PZ 3) Ln(PFA)Z aC g!

Ln(LS)C x
(2) Only phase shift (PZ 3) Ln(PFA)ZaC b! PhC x
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Figure 4. Midpoint of estimated 2SW spawners (open symbols) for 1971 to 2002 and lagged spawners (solid symbols) for 1977 to 2001 in

the six regions of eastern North America. The solid horizontal line represents the 2SW spawner requirement for each region. Regions are:

A e Labrador, B e Newfoundland, C e Québec, D e Gulf, E e Scotia-Fundy, F e USA (see Figure 2).
(3) Shifted intercept (PZ 4) Ln(PFA)Z aC b! Ph

C g! Ln(LS)C x
(4) Shifted slope (PZ 4) Ln(PFA)Z aC (gC d!

Ph)! Ln(LS)C x
(5) Full model (PZ 5) Ln(PFA)Z aC b! PhC (g

C d! Ph)! Ln(LS)C x

Phase shift years were explored starting with 1985 (i.e.

1977e1985; 1986e2001) sequentially through time to

1993 (i.e. 1977e1993; 1994e2001). All models were

adjusted to the data sets of sliding breakpoints and the

parsimonious model and breakpoint year was determined

using the Akaike information criterion (AIC) (Hilborn and

Mangel, 1997):

AICZLðYjmÞC2p

where L(Yjm) is the negative log likelihood of the data

given the model ðn2loge2pCn
2loges

2C 1
2s2

P
ðYobs�YpredÞ2Þ

and P is the number of parameters in model m.
The effect of uncertainty in PFA and LS on the selection

of the most parsimonious model and the detection of

a phase shift was examined by Monte Carlo simulation.

PFA was estimated by non-correlated random draws from

a uniform distribution within the minimum and maximum

range of the source data (from Equation (1)). The

uncertainty in LS was characterized by non-correlated

random draws from a uniform distribution within the

minimum and maximum range of the regional estimates

prior to summation. In all, 10 000 data sets of annual values

(1977e2001) of PFA and LS were generated. The model

and phase shift period combination resulting in the

minimum AIC criterion was retained for each simulation.

Predicting PFA for the year of the
Greenland fishery

The potential presence of a phase shift in marine pro-

ductivity presents the additional uncertainty of knowing

which phase of marine productivity best describes the year

of interest. When sequential observations are autocorrelated,
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Table 1. Smolt age distribution (proportion by region) and 2SW salmon spawning requirements (number of fish) for six regions of North

America (ICES, 2003).

Region

Smolt age 2SW

spawning

requirement1 2 3 4 5 6

Labrador 0.0 0.0 0.077 0.542 0.341 0.040 34 746

Newfoundland 0.0 0.041 0.598 0.324 0.038 0.0 4 022

Québec 0.0 0.058 0.464 0.378 0.089 0.010 30 430

Gulf 0.0 0.398 0.573 0.029 0.0 0.0 29 446

Scotia-Fundy 0.0 0.600 0.394 0.006 0.0 0.0 24 705

USA 0.377 0.520 0.103 0.0 0.0 0.0 29 199

North America 152 548
previous states may provide a reasonable forecast of the

immediate future. To forecast a PFA for 2003 in this

example, a quantification of the probability of being in either

phase is required. The approach taken to estimate this

probability was to examine the historical changes in PFA

from year t to year tC 2 which provides an indication of the

likelihood of observing a change from the previously

estimated PFA level sufficient to move the stock to an

alternate state (Figure 6). The two-year lag is used because

the previous year PFA estimate depends upon 2SW return

estimates in the year of the high seas fishery on non-maturing

1SW salmon at West Greenland. There was no significant

linear temporal trend (pO 0.20) in the relative change ratio

but the ratio was more frequently less than unity since 1985

(Figure 6).

Application of these observed rates of change to the PFA

two years before results in a distribution of potential PFA

values for the forecast year. These values are not used for

catch advice, but rather to determine the probability of

being in each phase for each of the model and breakpoint

combinations (note that model 1 and the null model are not

relevant in this case because there is no phase shift
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Figure 5. PFA and LS index relationship of Atlantic salmon

abundance for North America. Numbers in parenthesis correspond

to functional relationships of PFA and LS corresponding to the

competing models examined.
component in its parameterization). The mean square error

for a single predicted observation from the model fits is

used to calculate the probability density of the PFA values

for the parsimonious model and break year combination.

Summing and standardizing these probabilities over all the

potential PFA values for the model and break year

combination produces the probability of being in either

phase. These weights were used to subsequently assign

2003 to a phase based on a random draw from a uniform

distribution.
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For each simulated data series, a prediction for PFA in

2003 is obtained from the most parsimonious model/break

year and an attributed productivity phase for the year 2003.

Risk analysis and catch advice

The risk analysis of catch options for Atlantic salmon from

North America incorporates the following input parameter

uncertainties: (i) the uncertainty in attaining the conserva-

tion requirements simultaneously in different regions, (ii)

the uncertainty of the pre-fishery abundance forecast, and

(iii) the uncertainty in the biological parameters used to

translate catches (weight) into numbers of North American

origin salmon.

The risk analysis proceeds as illustrated in the flowchart

of Figure 1. The four inputs are the PFA forecast for the

year of the fishery, the harvest level being considered

(weight of salmon), the spawner requirements in the rivers

of North America, and the post-fishery returns to each

region. The uncertainty in the PFA is accounted for using

the forecast approach described previously.

The number of fish of North American and European

origin in a given catch (t) is conditioned by the continent of

origin of the fish, by the average weight of the fish in the

fishery, and a correction factor by weight for the other age

groups in the fishery. These parameters define how many

fish originating from North America and Europe are

expected in the fishery harvests. For a level of fishery

under consideration, the weight of the catch is converted to

number of fish of each continent’s origin using the

following equation:

C1SWCZ
t!propC

ACF!ðpropNA!Wt1SWNACpropE!Wt1SWEÞ

where C1SWC is the catch (number of fish) of 1SW salmon

originating from continent C (either North America or

Europe), t is the fishery harvest at West Greenland in kg,

propC is the proportion of the 1SW salmon harvest which

originates from continent C, Wt1SWNA and Wt1SWE are

the average weight (kg) in the fishery of a 1SW salmon of

North American and European origin, respectively, and

ACF is the age correction factor by weight for salmon in

the fishery which are not at age 1SW.

Since these parameters for the year of interest are not

known, they are borrowed from previous year values. The

uncertainty in the parameters for 2003 is characterized by

random draws from a uniform distribution described by the

minimum and maximum range of values observed in the

previous five years (Table 2).

The catch of 1SW salmon of North American origin is

further discounted by the fixed sharing fraction (Fna)

historically used in the negotiations of the West Greenland

fishery, 40%:60% West Greenland:North America split.

The total potential catch of 1SW salmon of North American

origin in all the fisheries (t at West Greenland/0.4) is

subtracted from one of the simulated forecast values of
PFA. The fish which escape the fishery and return to home

waters are discounted for natural mortality from the time

they leave West Greenland to the time they return to rivers,

a total of 11 months at a rate of MZ 0.03 (equates to

28.1% mortality). The fish that survive to home waters are

then distributed among the regions based on the regional

proportions of lagged spawners for the PFA years 1998 to

2002, the last five years when estimates of spawners were

available for all six regions (Table 3). The uncertainty in

the regional proportions was characterized by drawing at

random from a uniform distribution defined by the

minimum and maximum regional ranges from the five

years and calculating the average proportion for each of the

six regions in North America.

Estimated returns to each region are compared with the

conservation objectives of Labrador, Newfoundland, Qué-

bec, and Gulf and to an alternate objective for the southern

regions of achieving at least a 10% increase or a 25%

increase relative to the average returns to the regions during

a specified time period (for example 1998 to 2002) (Table

4). The advice to fisheries managers is presented as

a probability plot (or table) of meeting or exceeding the

objectives relative to increasing harvest levels at West

Greenland.

Results

The estimated abundance of 2SW maiden salmon at the

pre-fishery time period (1 August of the second year at sea)

for eastern North America oscillated between 300 000 and

900 000 during 1971 to 1986 before declining continually

to the lowest estimated level of record in 2001 at 83 000

fish (Figure 3). Estimates of overall 2SW spawners in North

America have been less variable, ranging between 40 000

and 127 000 fish (Figure 3). The lagged spawner index (LS)

peaked for the 1990 PFA year at about 96 000 fish and has

declined continually to the lowest estimated level in 2003

Table 2. Risk analysis input parameters for calculating the number

of 1SW salmon of North American origin per t of harvest at West

Greenland.

Characteristic

Range of input values

Minimum Maximum

Proportion North

American origin (propNA)

0.65 0.91

Proportion European origin

(propE)(calculated as 1� propNA)

0.09 0.35

Average weight (kg) of 1SW

salmon of North American

origin (Wt1SWNA)

2.47 3.02

Average weight (kg) of 1SW

salmon of European origin (Wt1SWE)

2.81 3.03

Age correction factor (ACF) 1.041 1.130
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of less than 45 000 fish (Figure 3). The 2SW spawner

requirement is the smallest for Newfoundland and of

similar magnitude in the other five regions ranging from

24 000 for Scotia-Fundy to 34 000 for Labrador (Table 1;

Figure 4). Only Newfoundland, Québec, and Gulf regions

frequently achieved their spawner requirements but only

Newfoundland region had 2SW spawners above the

requirement in the last five years (Figure 4). Labrador

and Newfoundland spawning escapement improved since

the commercial fishery moratoria of 1992 and 1998.

When the midpoints (range/2) of the LS and PFA

estimates are plotted, two productivity states become

evident with a slide from the high state to the low state

occurring during 1989 to 1991 (Figure 5). The ratio of the

midpoints of PFA to LS ranged between 4.1 and 10.7

during 1977 to 1989 but decreased to between 1.2 and 3.7

during 1990 to 2001. When the midpoints of the

recruitment and spawner index are fitted to the six

competing models over the range 1985 to 1993 as the

breakpoint year between two states, the most parsimonious

Table 3. Minimum and maximum 2SW lagged spawner estimates

(thousands of fish) for the six regions of North America, for the

years 1998 to 2002, used to partition 2SW salmon returning to

North America among the six regions. Data from ICES (2003).

Region Range

Year

1998 1999 2000 2001 2002

Labrador Min 1.6 3.1 5.1 9.2 9.8

Max 11.0 16.8 23.1 35.1 35.2

Newfoundland Min 2.0 1.8 3.0 4.0 4.0

Max 6.8 6.2 10.2 13.0 10.4

Québec Min 17.6 16.5 19.1 19.8 17.4

Max 25.0 22.5 25.0 26.0 23.2

Gulf Min 23.1 21.2 20.4 16.5 10.6

Max 50.2 56.8 51.5 37.3 25.7

Scotia-Fundy Min 4.5 4.3 5.8 4.4 2.7

Max 7.7 7.2 9.9 7.7 5.6

USA 1.6 2.0 2.0 1.7 1.4

Table 4. Minimum and maximum 2SW salmon return estimates

(thousands of fish) to the two southern regions of North America

used to define the alternative objective for evaluating harvest levels

of the West Greenland fishery. Data from ICES (2003).

Year

Scotia-Fundy

USAMin Max

1998 2.7 6.0 1.5

1999 3.5 7.1 1.2

2000 2.0 5.1 0.5

2001 3.1 6.9 0.8

2002 1.4 2.1 0.5

Mean 2.5 5.4 0.9
model is the full model with a change in intercept and

productivity rate (model 5) and breakpoint years 1988 or

1989 (i.e. those years in the high productivity state) (Table

5). This initial analysis indicated that the lagged spawner

index had explanatory power when combined with a pro-

ductivity phase variable.

When the uncertainty in the LS and PFA are considered,

the importance of the spawning stock variable in explaining

variation in PFA was diminished. In 68% of the cases,

a simple average change model between two phases (model

2) was the most parsimonious model with the break year

being 1991 (the last year of the high productivity state)

(Table 6; Figures 5 and 6). In 32% of the data sets, the

lagged spawner index was an important explanatory

variable when included with a phase shift variable, the

most commonly relevant models being models 3 and 5

which had the phase shift variable as an intercept change in

absolute PFA abundance (Table 6). The model which

excluded any consideration for a phase shift (model 1) was

never selected. The importance of spawning stock in

explaining variations in PFA corresponded to break years

1988 and 1989 (Table 6).

To provide a forecast of the PFA for 2003, the

probability of 2003 being in either the low or high

production phases needed to be quantified. The 2001 PFA

estimate was 83 000 fish, ranging between 55 000 and

111 000 fish (Figure 3). The change in PFA in a given year

relative to its level two years hence is relatively small,

ranging from a halving to a doubling of PFA over two years

(Figure 7). Simplistically, it seemed highly unlikely that the

PFA abundance in 2003 would be greater than 200 000 fish.

When the uncertainties in PFA are considered, there was

a very small chance (3%) that the 2003 PFA would be in

the high production state (Table 6).

The shape of the posterior predicted probability distri-

bution of PFA for 2003 corresponds to the uncertainty in

the dynamic and year of the phase shift (Figure 7). The

Table 5. AIC values for the six models and nine break year

combinations based on the midpoint values of PFA and LS. Models

are described in text. PZ number of parameters in the model.

Break

year

Model

0 1 2 3 4 5

PZ 2 PZ 3 PZ 3 PZ 4 PZ 4 PZ 5

1985 30.0 32.0 24.6 26.6 26.5 28.2

1986 30.0 32.0 22.3 23.8 23.8 25.8

1987 30.0 32.0 19.6 19.2 19.3 20.9

1988 30.0 32.0 17.4 12.2 12.6 8.9

1989 30.0 32.0 16.1 12.6 12.9 8.8

1990 30.0 32.0 15.6 15.9 16.2 12.0

1991 30.0 32.0 12.9 14.7 14.9 12.8

1992 30.0 32.0 14.9 16.9 17.1 16.3

1993 30.0 32.0 18.0 20.1 20.2 20.1
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most likely range of PFA in 2003 is between 130 000 and

140 000 fish, driven by the average shift model but values as

low as 50 000 would not be unexpected arising from the

spawning stock and phase shift dependent models (Figure 7).

The characteristics of the 1SW salmon in the West

Greenland fishery have been variable over the recent five

years (Table 2). A harvest of 50 t of salmon at West

Greenland was estimated to represent about 12 900 1SW

salmon of North American origin (90% C.I. 10 700 to

15 500). The 1SW salmon which escape the fishery were

estimated to return to the individual regions of North

America relative to the regional lagged spawner propor-

tions of the past five years (1998e2002). The largest

proportions of fish are expected to return to the Gulf region

(38%) and Québec (26%) with proportionally fewer fish

than expected (based on the 2SW spawner requirements of

Table 6. The frequency, out of 10 000 Monte Carlo simulations, in

which the model and break year combinations produced the most

parsimonious model (minimum AIC) and the probability of 2003

PFA being in either the high production or low production phases

when uncertainty in PFA and LS index were considered. Models

are described in text.

Break

year

Model

Overall

Percentage

in low

phase0 1 2 3 4 5

1985 0

1986 0

1987 0

1988 782 4 543 1 329 90.4

1989 2 885 5 765 1 657 92.9

1990 11 29 40 92.5

1991 6 530 70 1 112 6 713 99.8

1992 259 2 261 100.0

1993 0

Overall 0 0 6 791 1 750 10 1 449 10 000

Percentage

in low phase

99.8 89.8 80.0 95.1 97.4
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Figure 7. Posterior distribution of predicted PFA (thousands of

fish) in 2003.
those regions within North America) returning to Labrador

(18% vs. 23% expected), Scotia-Fundy (7% vs. 16%), and

USA (2% vs. 19%) (Figure 8). Returns to Gulf, Québec,

and Newfoundland regions are anticipated to be propor-

tionally greater than expected based on the relative 2SW

spawner requirements within North America (Figure 8).

The combination of the PFA for 2003, expected harvest

of 1SW salmon of North American origin for catch options,

expected returns to each region and the analysis of the

probability of meeting the spawner and return objectives

are summarized in Table 7. Even in the absence of any

fisheries at West Greenland in 2003 and no subsequent

exploitation in North America in 2004, there is a near zero

chance that the PFA abundance of salmon in 2003 will be

sufficient to meet the spawner objectives for the four

northern areas of North America (Table 7). The probability

of simultaneous achievement of the spawning requirement

is determined by the region most at risk of failing to meet

conservation, i.e. Labrador (Table 7). The probability of

seeing an increase in returns to USA and Scotia-Fundy

regions declines to less than 75% at a harvest at West

Greenland (and subsequent sharing fraction in North

America) greater than 15 t (Table 7). The greater risk of

failing to achieve the management objectives is for the

northern region and subsequently the advice would be that

there should not be any marine fisheries on the 2003

Atlantic salmon marine cohort.

Discussion

All the commercial fisheries for Atlantic salmon in eastern

North America are now closed. The closure of the

commercial fisheries follows on declines in stock status

observed throughout eastern North America. The only

remaining mixed stock marine fishery is at West Greenland
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Table 7. Risk analysis results of fishery options at West Greenland for the 2003 fishery relative to the objective of meeting or exceeding the

spawner requirements in the four northern regions (Labrador, Newfoundland, Québec, Gulf, and simultaneously) and of achieving

a simultaneous increase of 25% or greater in returns of 2SW salmon to the two southern regions (Scotia-Fundy and USA) relative to

a predefined period (1998 to 2002).

Harvest at

West

Greenland (t)

Probability (%) of meeting or exceeding spawning requirement

Probability (%) of

achieving a 25% or greater increase

Labrador Newfoundland Québec Gulf

Simultaneously to four

northern areas Scotia-Fundy

Simultaneously to two

southern areas

0 1.2 77.1 3.1 70.0 1.2 77.3 77.2

10 1.1 75.0 2.5 69.0 1.1 75.1 75.1

20 1.0 73.1 2.3 65.9 1.0 73.4 73.4

30 0.9 71.8 2.2 59.5 0.9 72.1 72.1

40 0.8 70.6 2.1 48.0 0.8 71.1 71.1

50 0.7 68.7 2.0 32.0 0.7 69.5 69.5

60 0.7 66.0 1.9 17.8 0.7 66.4 66.4

70 0.6 60.9 1.9 8.6 0.6 60.5 60.5

80 0.5 52.8 1.7 4.5 0.5 51.1 51.0

90 0.5 41.3 1.6 2.9 0.5 39.2 39.2

100 0.5 29.8 1.5 2.4 0.5 27.1 27.0
and the level of fishing activity has generally been reduced

to less than 20 t per year and for local consumption (ICES,

2003). Since 1993, the fishery at West Greenland has been

managed by quota with the levels negotiated relative to the

fixed escapement objective for North America and a pre-

fishery forecast model. In the initial years, the pre-fishery

abundance model considered only an environmental vari-

able as conditioning PFA and this variable was able to

describe an important component of PFA variation (77%;

ICES, 1998). In more recent years, a spawning stock

variable was added to the model to improve the description

of PFA variation as the explanatory power of the

environmental variable by itself was declining (ICES,

1998). As well, the WGNAS introduced a risk analysis

framework for incorporating uncertainty in the input data,

uncertainty in the fishery harvest characteristics, and

presented the catch advice as probability plots of meeting

or exceeding the conservation objectives (ICES, 1997).

In this paper, we presented a further refinement to the

modelling reported by ICES (2003) which considers the

possibility of a shift in productivity and incorporates that

feature and its associated uncertainties in the selection of

the most parsimonious model for providing catch advice.

Of the models examined, it could be argued that the choice

is essentially between two competing hypotheses: that there

was a phase shift in productivity (models 2 to 5) vs. there

has not been a phase shift in productivity (model 1)

(Hilborn and Mangel, 1997). There is overwhelming

evidence from the analyses presented that there has been

a phase shift in productivity. In the model formulation

chosen, the phase shift was assumed to have occurred

abruptly. An alternative which was not considered was that

the shift was more gradual, extending over several years, in
the late 1980s and early 1990s. The catch advice resulting

from this alternative formulation would not have been

different for 2003.

The measure of 2SW Atlantic salmon abundance at the

PFA stage was derived using a run-reconstruction model.

This is essentially a catch based model which is effective

when a large proportion of the fish are accounted for in

fisheries. When the commercial fisheries closed in 1984 for

the Gulf and Scotia-Fundy regions, in 1992 for Newfound-

land, and finally in 1998e2000 for Labrador and Québec,

the estimated abundance of 2SW salmon became based

predominantly on estimated returns to rivers, raised to

production areas, and adjusted for assumed natural

mortality. The proportion of the PFA estimate which

consisted of direct observations (fisheries landings, counts,

experimentally designed assessments) has declined since

the reduction and closures of marine fisheries (ICES, 2000).

Closures of fisheries would not necessarily result in biased

estimates of abundance if the natural mortality rates were

known. It was assumed that the mortality rate has been

constant through the time-series such that reduced returns

to rivers in the 1990s are the direct result of reduced PFA

abundance almost one year hence. Return rates and

measured survival rates to rivers in North America have

varied and generally declined into the 1990s such that the

assumption of constant mortality over the time-series is

questionable (ICES, 2003). The decline in abundance of

2SW salmon to rivers of North America is real, however,

the large decline in PFA may be exaggerated.

When uncertainties in the input data are ignored, the

association between PFA and the spawner index is best

characterized by a model describing a shift in absolute

abundance and a shift in relative productivity after 1990.
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When the uncertainties in the input data are considered, the

most parsimonious model suggests that there has been

a shift in absolute abundance independent of variations in

the spawner index. The basis for the management of

Atlantic salmon is predicated on the maintenance of

spawning stock (Potter, 2001). That there should be a weak

association between spawners and recruitment should not

lead us to discount the value of spawning stock to

recruitment (Walters and Korman, 2001; Brodziak et al.,

2002). In this case, there are a number of reasons why there

may be a lack of compelling evidence of an association

between spawners and recruitment. Both variables, partic-

ularly the spawner index, have large measurement errors

and this may mask any association. The spawner index may

also be inappropriate. It was assumed that only 2SW

spawners contribute to the PFA. In most rivers of mainland

North America that produce 2SW salmon, that is a reason-

able assumption since the 1SW salmon spawners are

predominantly male however it ignores the contributions of

3SW salmon and repeat spawning fish which in a number of

rivers may represent a large portion of the spawning stock

(O’Connell et al., 1997). The parental contribution to age at

maturity has been shown to be important both experimen-

tally and from long-term stock characteristics (Porter et al.,

1986; Ritter et al., 1986). The index excludes a large area of

production from North America (Labrador) and in so doing

makes the implicit assumption that the trend in spawners

from Labrador is identical to the other five regions

combined. The smolt age proportions by region are

assumed to be constant through time. It also assumes that

the relative productivity (recruits per spawner) in all

regions of North America is similar and additive regardless

of regional spawner abundance. In recent years, three

regions contribute spawners to the index disproportionately

to their expected contributions. Although the relationship

between spawners and recruitment for North America is

modelled using a compensatory function, the individual

regional relationships are modelled as direct proportions.

This could result in model misspecification and the

subsequent conclusion that spawning stock is not a relevant

factor.

Survival in the marine environment will also be

conditioned by factors unrelated to spawning stock. The

association between recruitment and spawners is likely to

have changed over time such that the relative survivals of

the past are not representative of the present. This is the

problem of non-stationarity described extensively in the

literature (Walters and Korman, 2001). Failure to account

for such a phenomenon in the modelling of stock and

recruitment associations can lead to rejection of the value

of maintaining spawning stock. The evidence for Atlantic

salmon points to a change in marine survival in the first and

possibly second years at sea which occurred in the 1990s

and has persisted to date. The identification of a phase shift

is suggestive that marine survival has changed, and quite

dramatically, in the last three decades.
Sudden changes in productivity or survival rates have

been documented in Pacific salmon and this phenomenon

has been referred to as a regime shift (Beamish and

Bouillon, 1993; Beamish et al., 1999). A regime shift refers

to a change of state (Beamish et al., 1998). In the case of

Atlantic salmon, the estimated PFA abundance initially

showed oscillations during the period 1971e1991, but post

1991, abundance has declined continually but slowly. It is

only when the PFA is plotted relative to the index of

spawning escapement that the change in productivity

becomes evident and consistent with a regime shift.

Measured marine survival rates of wild Atlantic salmon

to several Newfoundland rivers remained low or declined

after 1990 (Dempson et al., 2003). Return rates in wild

multi-sea-winter salmon stocks of mainland Canada also

declined in the 1990s, which is consistent with the low

productivity phase described by the PFA time-series (Caron

et al., 2002). In the LaHave River (Nova Scotia, Canada),

an index of recruits to spawners fell and has remained

below the replacement level post 1985 year class,

equivalent to post 1990 PFA (DFO, 2003). The marine

environment in the Northwest Atlantic in the first half of

the 1990s was characterized by colder water temperatures,

an extension in the southern distribution of Arctic species,

delayed spawning of capelin, and increases in cold-water

invertebrates such as snow crab (DFO, 1998). Although

these changes in the Northwest Atlantic have not been

referred to as regime shifts, they are coincident with the

reduced abundance of Atlantic salmon.

There continues to be an important component of

uncertainty in the abundance and population dynamic of

Atlantic salmon. Despite this uncertainty, there is a critical

need to provide management advice for Atlantic salmon

fisheries (Potter, 2001). It must be recognized that the

advice which can be realistically provided for the West

Greenland fishery example is not at the resolution desired

by managers. For Atlantic salmon at West Greenland, the

advice can be provided on the scale of hundreds of tonnes,

rather than tens of tonnes which is the current level of

exploitation. In the example we used, there are no harvest

levels in the mixed stock marine fisheries which would

provide a high probability of achieving the conservation

objectives and a range of harvests between 0 and 100 t may

not be detectable as changes in returns to those regions. The

inability to resolve the influence of mixed stock fisheries on

the attainment of spawning objectives does not deny the

reality that harvested salmon have no opportunity to spawn.

Uncertainty in the understanding of population dynamics

does not necessarily equate to uncertainty in management

advice. Despite uncertainty about the survival of these

salmon between the fishery and spawning, the one

controllable element is harvest level. If model results

suggest that spawning objectives are unattainable even

when harvest rates are zero, then any harvest level will

either accelerate the rate of decline if the model prediction

is correct or diminish the probability of recovery if the
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model prediction is wrong. It is the role of the science

advisors to characterize the uncertainties as completely as

possible and management needs to be made aware of the

uncertainty.
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Abstract

North American Atlantic salmon (Salmo salar) populations experienced substantial declines in the early 1990s, and

many populations have persisted at low abundances in recent years. Abundance and productivity declined in a

coherent manner across major regions of North America, and this coherence points toward a potential shift in marine

survivorship, rather than local, river-specific factors. The major declines in Atlantic salmon populations occurred

against a backdrop of physical and biological shifts in Northwest Atlantic ecosystems. Analyses of changes in climate,

physical, and lower trophic level biological factors provide substantial evidence that climate conditions directly and

indirectly influence the abundance and productivity of North American Atlantic salmon populations. A major decline

in salmon abundance after 1990 was preceded by a series of changes across multiple levels of the ecosystem, and a

subsequent population change in 1997, primarily related to salmon productivity, followed an unusually low NAO

event. Pairwise correlations further demonstrate that climate and physical conditions are associated with changes in

plankton communities and prey availability, which are ultimately linked to Atlantic salmon populations. Results

suggest that poor trophic conditions, likely due to climate-driven environmental factors, and warmer ocean tempera-

tures throughout their marine habitat area are constraining the productivity and recovery of North American Atlantic

salmon populations.

Keywords: capelin, chronological cluster analysis, climate change, dynamic factor analysis, Northwest Atlantic, phytoplankton,

regime shift, sea surface temperature, zooplankton
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Introduction

A large and continually growing body of evidence

shows that marine ecosystems are affected by changing

climate conditions (e.g. Hoegh-Guldberg & Bruno,

2010; Doney et al., 2012), and that climate-related eco-

system changes can directly and indirectly impact mar-

ine fish species and communities (e.g. Rose, 2005; Nye

et al., 2009; Lucey & Nye, 2010). Many past studies of

fish-climate interactions have focused on species that

complete their entire life cycle in the ocean with rela-

tively limited migrations. Less attention has been

devoted to understanding how climate conditions may

affect anadromous fish that move between freshwater

and marine environments or species that undertake

extensive migrations. Pacific salmon represent an

exception, and for these species, clear linkages between

climate indices, physical conditions, and population

parameters have been documented (Mantua et al., 1997;

Beamish et al., 1999; Hare et al., 1999; Hilborn et al.,

2003). In addition, Beaugrand & Reid (2003, 2012) have

described how climate-related ecosystem changes have

affected European populations of Atlantic salmon.

However, the relationship between ecosystem condi-

tions and North American Atlantic salmon populations

has not been characterized, despite widespread

declines in return rates (Chaput et al., 2005) concurrent

with an ecosystem reorganization that has been attrib-

uted to climate-driven, basin-scale oceanographic

changes (e.g. MERCINA Working Group, 2012) and

possibly top-down changes due to overfishing (e.g.

Frank et al., 2005).

Atlantic salmon have a broad geographic range

throughout northern portions of the Atlantic Ocean and

a complex life history that includes a freshwater juve-

nile phase, an extensive oceanic migration, and a return

migration to freshwater for spawning (Thorstad et al.,

2011). While freshwater life stages are influenced by

local conditions, large-scale changes in the marine envi-

ronment can affect Atlantic salmon while they are at

sea. North American Atlantic salmon are known to feed

off west Greenland in the summer and overwinter in

the Labrador Sea (Reddin, 1988; Thorstad et al., 2011),
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and considerable mixing of stocks occurs in these areas

(Reddin, 1988; Reddin & Friedland, 1999; Gauthier-

Ouellet et al., 2009; Sheehan et al., 2012), which suggests

that salmon from widely distributed rivers are subject

to the same marine ecosystem influences.

Declines in Atlantic salmon populations have been

observed throughout North America and Europe in

recent decades, reaching critically low levels at the

southern extent of their range (Parrish et al., 1998). In

North America, native populations in the southernmost

areas have been extirpated since the 1800s, and many

extant populations, including those in the Gulf of

Maine, Bay of Fundy, and Scotian Shelf, are considered

endangered (Kocik & Sheehan, 2006; COSEWIC, 2010).

Declines have been more severe among fish that spend

two winters at sea (termed two sea-winter fish, or 2SW)

than those at sea for one winter (1SW) (Potter et al.,

2004; ICES, 2012). For North American populations, the

1SW cohort has shown strong oscillations and a decline

since the late 1980s, but abundance of the 2SW cohort

dropped precipitously (Fig. 1; ICES, 2012).

These widespread declines of Atlantic salmon have

been attributed to a reduction in growth, production,

and survival during the marine life stages (Jonsson &

Jonsson, 2004). Chaput et al. (2005) demonstrated that a

phase shift in productivity of North American Atlantic

salmon occurred in the 1990s, likely the result of

reduced marine survival. Despite substantial efforts to

reduce fishing pressure and protect freshwater habitats,

population abundance and productivity have remained

at low levels. Many previous studies have focused on

the importance of temperature in shaping North Amer-

ican Atlantic salmon population characteristics (e.g.

Scarnecchia, 1983; Martin & Mitchell, 1985; Friedland

et al., 1993, 2003; Friedland, 1998; Reddin et al., 2000;

Miller et al., 2012), but the implications of changes

across multiple levels of the ecosystem have not been

evaluated. An integrated understanding of how climate

patterns and marine ecosystem conditions may have

contributed to past Atlantic salmon population declines

is critical for anticipating future population changes

and for identifying conditions under which recovery of

endangered populations may be feasible.

In this article, we adopt a broad geographic scope

and multilevel ecosystem perspective to describe how

North American Atlantic salmon populations have

changed over time and to characterize associations with

ecosystem conditions. We approach this effort by first

assessing whether changes in salmon abundance and

productivity occur coherently among regions spanning

the North American range. We assume that popula-

tions behaving in a coherent manner are likely respond-

ing to common factors and, therefore, that consistent

patterns across geographically disparate regions sug-

gest a marine influence. To better understand how mar-

ine conditions may affect Atlantic salmon populations,

we investigate associations between population trends

and a suite of climate, physical, and biological factors

in the Northwest Atlantic ecosystem. Results elucidate

how climate shifts can directly affect Atlantic salmon,

as well as how these effects propagate through the mar-

ine ecosystem. The findings provide insights into how

Atlantic salmon and the marine ecosystems with which

they interact may be affected by climate change in

future decades.

Materials and methods

Atlantic salmon population data

The North American range of Atlantic salmon historically

extended from Ungava Bay, Canada, to Long Island Sound,

United States. This geographic span is divided into six regions

for assessment purposes – Labrador, Newfoundland, Quebec,

Gulf of St. Lawrence, Scotia-Fundy, and United States (Fig. 2;

ICES, 2012). Atlantic salmon stock complexes in these regions

vary in abundance levels and life history characteristics

(Chaput et al., 2006). Historically, salmon abundance has

been highest in Newfoundland, Quebec, and the Gulf of St.

Lawrence, while abundance in the United States has been at

least an order of magnitude lower. The United States and

Quebec population complexes are predominantly composed

of 2SW salmon (long-term 1SW : 2SW ratio of 1 : 5 and 1 : 2,
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Fig. 1 Time series of prefishery abundance of North American

Atlantic salmon for 1SW maturing and 1SW nonmaturing popu-

lation cohorts. The maturing portion of the complex will return

to spawn as 1SW adults while the nonmaturing fish will spawn

as 2SW adults.
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respectively) (ICES, 2012). In contrast, complexes in New-

foundland (11 : 1), Labrador (6 : 1), Gulf of St. Lawrence

(1.7 : 1) and Scotia-Fundy (2.5 : 1) are dominated by 1SW

returnees (ICES, 2012).

The abundance and productivity of Atlantic salmon stocks

are estimated by ICES each year using a modified virtual pop-

ulation analysis that reconstructs salmon populations based

on observed catches and returns to natal rivers (Rago et al.,

1993; Potter et al., 2004; Chaput et al., 2005; ICES, 2012). Popu-

lations in the six regions are considered in generating an over-

all assessment of the entire North American stock. Abundance

values represent the estimated median number of nonmaturing

1SW fish before they encounter the fishery off West Greenland

(termed the prefishery abundance (PFA); ICES, 2012). These

fish are destined to become 2SW or multi-SW spawners in

their natal rivers in subsequent years. Productivity is tracked

by scaling the PFA in each year by the number of contributing

2SW spawners (e.g. productivity index = ln (PFA/lagged

spawners). Lagged spawners are computed by lagging for-

ward the number of 2SW spawners based on region-specific

smolt age distributions (Rago, 2001; ICES, 2007) to index the

parental stock contributing to each subsequent PFA cohort

(Chaput et al., 2005). The productivity index represents

survival from freshwater life stages to PFA. In this analysis,

we use regional estimates of Atlantic salmon abundance and

productivity from the 2012 assessment model (ICES, 2012);

abundance values span 1978–2010, while the productivity time

series extends through 2008 so that the model results are

grounded in observations, instead of relying on forward pro-

jections.

Ecosystem variables

Three types of variables were used to represent ecosystem

conditions that may affect Atlantic salmon populations: (i)

large-scale climate indices characterized by the North Atlantic

Oscillation (NAO) and Atlantic Multidecadal Oscillation

(AMO); (ii) physical conditions (i.e. temperature and salinity);

and (iii) biological conditions (i.e. phytoplankton, zooplank-

ton, and prey fish).

Climate indices. Two climate indices that represent large-

scale forcing over the Northwest Atlantic and Labrador Sea

were considered in our analyses. The Atlantic Multidecadal

Oscillation (AMO) characterizes variability in sea surface tem-

perature (SST) in the North Atlantic, which is thought to be

driven by variation in the strength of global thermohaline cir-

culation (Delworth & Mann, 2000). The AMO influences

weather patterns across the entire Atlantic basin, with particu-

larly strong SST anomalies near Newfoundland and Green-

land (Sutton & Hodson, 2005). The AMO data series was

constructed using the Kaplan SST dataset (5° 9 5° lati-

tude 9 longitude grid) from 0° to 70°N after detrending to

remove the influence of anthropogenic climate change

(National Oceanic and Atmospheric Administration, 2012).

The North Atlantic Oscillation (NAO) is the dominant

mode of interannual variability in atmospheric circulation

over the North Atlantic (Hurrell, 1995), and the mouth of the

Labrador Sea is one action center where the NAO index is

highly correlated with SST (Visbeck et al., 2003). The NAO

affects physical conditions such as air and ocean temperatures,

ocean currents and sea ice extent, and it has been linked to

changes at higher levels of the North Atlantic marine ecosys-

tem (Drinkwater et al., 2003; Hurrell et al., 2003). The NAO is

most strongly associated with atmospheric and oceanic condi-

tions during the winter, so the mean winter NAO index – the

difference in normalized sea level pressure between the sub-

trophic high (Azores) and the subpolar low (Reykjavik, Ice-

land) from December to March – was used for analyses

(National Center for Atmospheric Research, 2012).

Physical conditions. Physical conditions were represented by

time series of SST and sea surface salinity anomalies. Varia-

tions in temperature and salinity can directly impact salmon;

however, they are also important indicators of oceanographic

conditions, such as the volume transport in the Labrador Cur-

rent and the strength of vertical stratification. Time series of SST

were derived from the Extended Reconstructed SST (ERSST),

version 3b (National Climatic Data Center, 2012). Data are

resolved to a 2° latitude 9 2° longitude grid, and spatial

interpolation procedures are applied to reconstruct SST in
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Fig. 2 Map of North American range of Atlantic salmon show-

ing the location of six regions represented by salmon abundance

and productivity estimates (US, United States; SF, Scotia-Fundy;

NF, Newfoundland; GF, Gulf of St. Lawrence; QC, Quebec; LB,

Labrador); salmon overwintering (shaded diagonals off of New-

foundland) and summer feeding (shaded diagonals off of

Greenland) grounds; boundaries of areas from which sea sur-

face temperature (SST), Gulf of Maine (GOM) and North Atlan-

tic (NA) plankton, and capelin (NAFO areas 3K and 3L) data

were retrieved; and the location at which surface salinity data

were obtained (Station 27).
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regions with sparse observations (Smith et al., 2008). We used

data for grids that spanned the North American range of

Atlantic salmon (Fig. 2) and computed mean annual SST

anomalies with respect to a 1971–2000 monthly climatology

(Xue et al., 2003).

Surface salinity anomalies were constructed from observa-

tions at Station 27, a hydrographic monitoring station located

8 km off St. John’s, Newfoundland. Anomalies were com-

puted as deviations from a harmonic regression model of the

long-term seasonal salinity cycle, using 1946–1993 as the base-

line (Akenhead, 1987; Myers et al., 1990).

Biological conditions. Biological conditions in the Northwest

Atlantic were represented across multiple trophic levels using

indices of phytoplankton abundance, zooplankton community

composition, and capelin spawning size. Plankton data were

collected by continuous plankton recorder (CPR) surveys that

have been conducted in the Northwest Atlantic by the Sir Alis-

ter Hardy Foundation for Ocean Science (SAHFOS; Reid et al.,

2003) and across the Gulf of Maine by the US National Marine

Fisheries Service (Jossi et al., 2003) (Fig. 2). Plankton patterns

in the Gulf of Maine are strongly correlated with those along

the Scotian Shelf (Pershing et al., 2010), so the Gulf of Maine

provides a proxy for the broader southern region.

Phytoplankton and zooplankton on the CPR filtering silk

are identified and enumerated using microscopic subsampling

procedures (Warner & Hays, 1994). We constructed abun-

dance anomalies for each taxon by fitting periodic splines to

the log-transformed data to compute seasonal climatological

cycles and then subtracting the expected abundance value

from the measured value for each day to create seasonal

anomalies; these were averaged to produce an annual anom-

aly (Pershing et al., 2005). Diatoms and dinoflagellates were

combined into a mean phytoplankton abundance anomaly.

For zooplankton, we focused on five taxa in the Gulf of Maine

(i.e. Calanus finmarchicus C5-6, Calanus spp. C1-4, Metridia lucens

C5-6, Oithona spp. C4-6, Pseudocalanus species C6) and eight

taxa in the North Atlantic (i.e. Calanus spp. C1-4, Paracalanus

and Pseudocalanus spp. C6, Oithona spp. C4-6, Calanus glacialis

C5-6, Calanus finmarchicus C5-6, Calanus hyperboreus C3-6, and

Metridia lucens C6, and euphausiids). To represent changes in

the zooplankton community, we applied a principal compo-

nents analysis (PCA) to species abundance time series span-

ning 1978–2009 in the Gulf of Maine and 1978–2010 in the

North Atlantic.

Capelin (Mallotus villosus) are found across the North Atlan-

tic subpolar gyre, where they are important prey for fish,

birds, and whales. However, their abundance, mean spawning

size, and mean spawning age declined precipitously after

1990 (Department of Fisheries and Oceans Canada, 2011). We

represent these capelin population changes with the length of

spawning fish captured in Newfoundland’s commercial

inshore fisheries, the longest consistently sampled capelin

indicator from this region. The mean spawning size, pooled

over males and females, was computed as an annual index

from 1980 to 2009 based on observations in NAFO Divisions

3K and 3L (B. Nakashima, personal communication).

Data analysis

Atlantic salmon population trends. We conducted a dynamic

factor analysis (DFA) to identify common trends among the

six regional time series of Atlantic salmon abundance and pro-

ductivity. As a dimension reduction technique, DFA is similar

to traditional factor analysis or principal components analysis,

but the axes are restricted by the temporal structure of the

data, and DFA can be applied to nonstationary and relatively

short time series. Time series are modeled as linear combina-

tions of common trends, a level parameter, and noise, with

models formulated as:

yit ¼ zi1a1t þ zi2a2t þ . . .þ zimamt þ lþ eit

where yit is the value of the ith time series at time t, amt is the

mth common trend at time t, zim is the factor loading for the

ith time series and the mth common trend, l is a constant level

parameter, and eit is noise. The noise component, eit, is typi-

cally represented as normally distributed with mean 0 and

covariance matrix, R (Zuur et al., 2003). Explanatory variables

can be included in dynamic factor models, but our analysis

structure did not incorporate them.

The DFA was implemented using the MARSS package for

Multivariate Autoregressive State Space Modeling (Holmes

et al., 2011) in R (R Development Core Team, 2013). Time ser-

ies were first standardized by removing the mean and scaling

by the standard deviation. We evaluated DFA models for

Atlantic salmon abundance and productivity by varying the

number of common trends from one to five and considering

two structures for the error covariance matrix, R: (i) diagonal

and equal; and (ii) diagonal and unequal (i.e. 10 models for

each population parameter). The former covariance structure

implies that the same process variance is affecting all of the

time series, while the latter incorporates unique variance val-

ues for each time series. Both of these structures assume there

is no covariance among the series. Akaike’s information crite-

ria corrected for small sample sizes, AICc, was used to guide

model selection (Hurvich & Tsai, 1989).

The fit and representativeness of the DFA model were

assessed in two ways. First, the ability of the model to fit each

time series was evaluated based on the variance values of the

error covariance matrix, R. These values indicate the amount

of variance that cannot be explained by the model, with low

values signifying a good fit. Secondly, canonical correlations

were computed to evaluate how well each regional time series

was represented by each common trend.

Salmon-ecosystem relationships. Relationships between

Atlantic salmon population characteristics and marine ecosys-

tem conditions were explored first by using chronological

clustering to detect distinct temporal periods in the multivari-

ate salmon and ecosystem data sets. Like all clustering

approaches, this analysis partitions multivariate data into

groups, but chronological clustering is constrained to preserve

the sequence of years as groups are determined (Legendre

et al., 1985). The chronological clustering procedure was

implemented using the CONISS method (Grimm, 1987) within

the ‘chclust’ function in the R package ‘rioja’ (Juggins, 2012).
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The number of clusters that were interpreted was defined

from a broken stick model, wherein the proportion of variance

accounted for by a given number of clusters should exceed the

proportion expected based on a random distribution (Bennett,

1996). Three symmetric Euclidean distance matrices were used

as inputs. These matrices represented the following: (i) com-

mon Atlantic salmon population trends identified from the

DFA models; (ii) ecosystem conditions that exhibited low fre-

quency variability (i.e. AMO, temperature, phytoplankton,

zooplankton, and capelin); and (iii) ecosystem conditions that

exhibited high frequency variability (i.e. NAO, salinity).

Furthermore, univariate correlations between variables rep-

resenting different levels of the ecosystem were investigated.

Specifically, we assessed correlations between low frequency

and high frequency climate-physical conditions and biological

indices, as well as between lower trophic level variables and

Atlantic salmon population trends. Most correlations were

conducted on the standardized time series, but biological vari-

ables were differenced before computing correlations to high

frequency climate-physical variables. A cross-correlation anal-

ysis was first used to identify lags that maximized the correla-

tion between two variables, allowing for lags of up to 2 years

between changes in lower level variables and responses in

higher level factors. The Pearson product moment correlation

was computed, and its significance was evaluated after adjust-

ing the effective degrees of freedom to account for autocorrela-

tion (Pyper & Peterman, 1998).

Results

Trends in Atlantic salmon populations

Standardized time series of Atlantic salmon abundance

and productivity show similar patterns of decline

across six widespread regions of North America

(Fig. 3). Abundance in most regions declined between

the late 1980s and early 1990s, after which it remained

stable at low levels (Fig. 3a). An exception to this pat-

tern is seen in the Newfoundland population, in which

abundance was more variable throughout the observa-

tion period. Productivity declined steadily from 1980

through 2000 in most regions except in Newfoundland

and Labrador, where declines did not begin until the

mid-1990s (Fig. 3b).

This pattern of population coherence was confirmed

by dynamic factor analyses, which revealed common

trends in abundance and productivity across North

American population complexes. Of the dynamic factor

models we tested, the most parsimonious model of

abundance patterns included two trends and an unequal

diagonal error covariance matrix (AICc = 276.79). The

first common trend (Fig. 4a) exhibited variable but

declining abundance between 1978 and 1990, after

which it stabilized at low values. The second common

trend (Fig. 4b) revealed high abundance values until

1990, after which it abruptly declined to much

lower levels (Fig. 4b). All regions loaded in the same

(positive) direction on these two trends, indicating that

the abundance changes were geographically coherent

(Fig. 4c and d). However, the strength of the loadings

varied by region. Labrador and Newfoundland loaded

strongly on the first common trend; the United States,

Scotia-Fundy, and Quebec loaded moderately, and the

Gulf of St. Lawrence loaded weakly on this trend

(Fig. 4c). In contrast, Quebec, Gulf of St. Lawrence,

Scotia-Fundy, and the United States loaded most strongly

and at similar magnitudes on the second common

trend, whereas Labrador and Newfoundland both

loaded weakly (Fig. 4d).

The model fit the variability in each time series well

for most regions, as represented by the variance in the

error covariance matrix, R (Table 1). Abundance pat-

terns in Labrador and Quebec were extremely well fit,

and the DFA model captured over 80% of the variabil-

ity in the Gulf of St. Lawrence, Scotia-Fundy, and Uni-

ted States complexes. However, the model fit was

relatively poor for Newfoundland, with nearly half of

the variance in salmon abundance not explained by the

model (Table 1; Fig. 5). All of the regional Atlantic sal-

mon abundance time series were strongly correlated
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Fig. 3 Standardized abundance (a) and productivity (b) of

Atlantic salmon population complexes in six regions of North

America: United States (US), Scotia-Fundy (SF), Gulf of St. Law-

rence (GF), Quebec (QC), Newfoundland (NF), and Labrador

(LB).
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with the first common trend; each region except

Newfoundland was also significantly correlated with

the second common trend, although these relationships

were weaker than observed for the first trend (Table 1).

An appropriate dynamic factor model for Atlantic

salmon productivity was more difficult to identify. The

two models ranked as most parsimonious included

four (AICc = 249.2) and five (AICc = 256.3) common

trends. However, at least one trend in each of these

models represented only very weak loadings for all

regions, indicating that too many trends were being

used (Zuur et al., 2007). Of the remaining models, a two

trend model with an unequal diagonal variance struc-

ture offered the most parsimonious option (AICc =
284.2), and we report and use its results.

The first common trend showed cyclical but gradu-

ally declining productivity until 1996, after which a pre-

cipitous decline occurred through 2001, followed by a

moderate recovery (Fig. 6a). The second common trend

was stable until 1987, after which it declined steadily

through 1997; more recently, productivity values

increased to approximately half of their pre-1987 levels

(Fig. 6b). All regions loaded positively on the two com-

mon productivity trends, suggesting a coherent direc-

tional response across North American populations

(Fig. 6c and d). However, the loadings indicate regional

alignment with individual trends. Labrador and New-

foundland loaded strongly on the first productivity

trend, with relatively weak loadings from the other four
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Fig. 4 Common trends (a and b) for the Atlantic salmon abundance time series obtained by the dynamic factor model containing two

common trends and an unequal diagonal error covariance matrix. Factor loadings (c and d) for each of the six North American regions

on the common abundance trends: United States (US), Scotia-Fundy (SF), Gulf of St. Lawrence (GF), Quebec (QC), Newfoundland

(NF), and Labrador (LB). The common trends and factor loadings are unitless.

Table 1 Regional fits (R) to the dynamic factor models and

canonical correlations (CC) between regional time series and

each common trend

Region

Abundance model Productivity model

R CC1 CC2 R CC1 CC2

US 0.18 0.87 0.73 0.24 0.70 0.77

SF 0.14 0.90 0.74 0.14 0.66 0.87

GF 0.18 0.82 0.81 0.24 0.54 0.87

QC 0 0.96 0.81 0.05 0.82 0.80

NF 0.46 0.74 0.31 0.20 0.90 0.22

LB 0.02 0.99 0.57 0 1.00 0.36

Values of R indicate the portion of variance in the regional

time series that is unexplained by the dynamic factor model,

such that low values indicate a good model fit. Canonical cor-

relation values indicate the strength of the association between

the regional series and common trends, with high absolute

values representing strong correlations. Correlation coeffi-

cients in bold type are statistically significant after adjusting

for temporal autocorrelation.
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regions (Fig. 6c). The opposite loading pattern was

observed for the second trend, on which Quebec, Gulf

of St. Lawrence, Scotia-Fundy, and the United States

loaded more strongly (Fig. 6d).

The two-trend model fit productivity patterns well

across the six individual North American regions

(Fig. 7), as indicated by the values of the diagonal of

the R matrix (Table 1). The United States, Gulf of St.

Lawrence, and Newfoundland had poorer fits than the

other regions, but <25% of the variance in productivity

for these regions remained unaccounted for by the

model. Productivity patterns for all regions were signif-

icantly correlated with the first common trend, whereas

Labrador and Newfoundland were not significantly

correlated with the second trend (Table 1).

Changes in ecosystem conditions

To identify ecosystem conditions that may have

affected Atlantic salmon populations, we evaluated

long-term changes in climate, physical, and biological

factors in the Northwest Atlantic between 1978 and the

present. Due to its multidecadal periodicity, the AMO

trended upwards over the entire time period (Fig. 8a).

The NAO showed considerable interannual variability;

its values were generally lower during most of the

1980s than during the 1990s, but extremely low anoma-

lies occurred in 1996 and 2010 (Fig. 8a).

Sea surface temperature varied without a distinct

trend from 1978 to 1992, but a strong increasing trend

occurred after 1992, with 2010 being an exceptionally

warm year (Fig. 8b). Surface salinity showed high inter-

annual variability, although the average salinity was

generally lower in the 1990s than during the 1980s; in

the 2000s, salinity returned to levels similar to those

observed in the 1980s (Fig. 8b).

Phytoplankton in the Gulf of Maine showed strong

interdecadal variability, with the abundance of diatoms

and dinoflagellates at low levels during the 1980s, high

levels during the 1990s, and declining again to low lev-

els in the early 2000s (Fig. 8c). An interdecadal pattern

was not as apparent in the North Atlantic. Phytoplank-

ton abundance appeared to be relatively high during

the early 1980s, but it declined by the middle of that

decade. A gap in the sampling record precludes our

understanding of phytoplankton in this region during

the late 1980s and early 1990s, but abundance trended

upwards after sampling resumed in the 1990s through
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2010, exceeding levels observed in the early 1980s

(Fig. 8c).

Changes in the Gulf of Maine zooplankton community

over the last 30 years were strongly size-based. The first

PC, which accounted for 61% of the variance in commu-

nity structure, contrasted the late juvenile and adult

stages of the large copepod Calanus finmarchicus with

smaller copepod species and early Calanus life stages

(Fig. 9a). C. finmarchicus is the dominant mesozooplank-

ton species in the North Atlantic (Marshall & Orr, 1955)

and an important food source for many small pelagic

fish, including capelin (Gerasimova, 1994). Since the first

PC captured most of the community variance, we focus

on it for further analyses (Fig. 8d), but the second PC

(23% of variance) separated all life stages of Calanus from

other zooplankton species (Fig. 9a). Values on the first

PC, which track the abundance of C. finmarchicus, were

high during the 1980s, low throughout the 1990s, and

subsequently increased and remained steady for the

2000s (Fig. 8d); this interdecadal pattern is inverse to

phytoplankton abundance in the region (Fig. 8c).

In the North Atlantic, the first two principal compo-

nents were similar in the amount of variance they

explained. On the first PC, which captured 31% of the

variance, the smaller species (e.g. Oithona, Metridia

lucens, and Paracalanus and Pseudocalanus spp.) loaded

strongly, although Calanus glacialis was also repre-

sented (Fig. 9b). Most of the larger species, including

other Calanus spp. and euphausiids, loaded negatively

on the second PC (24% of variance) (Fig. 9b). Scores on

the first PC indicate that abundance of the small-bodied

species trended upwards since the early 1990s, while

the second PC shows that many large-bodied species

declined (Fig. 8e). The relationship between phyto-

plankton and zooplankton abundance in the North

Atlantic is consistent with that observed in the Gulf of

Maine: as phytoplankton increased, small-bodied spe-

cies became dominant in the zooplankton community

(Fig. 8c and e).

The size of capelin spawning in coastal areas of New-

foundland declined sharply between 1990 and 1992

(Fig. 8f). The average spawning capelin prior to 1990

was 17.7 mm longer than the average fish after 1992.

This decline in size reflects a shift toward spawning at

younger ages; spawners were predominantly 3–4 years

old prior to 1992, but subsequently, 2–3 year olds have

dominated the spawning population (Department of

Fisheries and Oceans Canada, 2011). The loss of older

spawning fish is not thought to be attributable to

changes in fishing practices, but it instead reflects a
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Fig. 6 Common trends (a and b) for the Atlantic salmon productivity time series obtained by the dynamic factor model containing two

common trends and an unequal diagonal error covariance matrix. Factor loadings (c and d) for each of the six North American regions

on the common productivity trends: United States (US), Scotia-Fundy (SF), Gulf of St. Lawrence (GF), Quebec (QC), Newfoundland

(NF), and Labrador (LB). The common trends and factor loadings are unitless.
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broader ecosystem regime shift and coincides with

movement of the capelin population from coastal New-

foundland to more southerly and offshore areas (Frank

et al., 1996; Carscadden et al., 2001).

Relationships between Atlantic salmon and ecosystem
conditions

Chronological cluster analyses revealed three distinct

periods of Atlantic salmon abundance and productiv-

ity. A primary change in salmon population character-

istics occurred between 1990 and 1991, and a secondary

shift occurred between 1997 and 1998 (Fig. 10a). The

temporal breaks that define changes in salmon popula-

tions appear to be influenced by a combination of

changes in ecosystem conditions that vary at both low

and high frequencies. Among the ecosystem conditions

that varied at low frequencies (i.e. AMO, phytoplank-

ton, zooplankton, capelin), four distinct periods were

characterized by breaks that occurred after 1981, 1989,

and 2001 (Fig. 10b). Higher frequency ecosystem vari-

ables (i.e. NAO, salinity) aligned with five distinct peri-

ods, with major breaks after 1988, 1995, 1996, and 2009

(Fig. 10c). The primary shift in salmon population char-

acteristics between 1990 and 1991 sequentially followed

shifts in high and low frequency ecosystem variables in

1988 and 1989, respectively. The secondary shift in sal-

mon populations after 1997 follows major changes in

high frequency ecosystem variables that distinguished

1996 as an exceptional year.

These aggregate patterns indicate that salmon abun-

dance and productivity are influenced by a suite of eco-

system conditions, but further insights can be gained

by investigating associations between individual fac-

tors. The first set of analyses evaluated correlations

between low frequency climate and physical conditions

(i.e. AMO, SST) and biological responses (Table 2). The

AMO was directly associated with North Atlantic

phytoplankton and zooplankton, while it was inversely

associated with capelin length, both Atlantic salmon

abundance trends, and the first salmon productivity

trend. Correlations between SST and the biological vari-

ables produced similar results, except that SST was not

correlated with the first salmon abundance trend. Cor-

relations between SST and the two salmon population

trends were among the strongest detected from the

pairwise analyses (Table 2).

A second set of correlations paired climate and phys-

ical factors that varied at high frequencies (i.e. NAO

and salinity) with differenced biological time series
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(Table 2). The NAO index was significantly correlated

with changes in zooplankton communities, capelin

length, the second salmon abundance trend, and the

second salmon productivity trend. Salinity was nega-

tively correlated with changes in both Atlantic salmon

abundance trends and the second salmon productivity

trend, but not with changes in phytoplankton,

zooplankton, or capelin.

A final set of correlations investigated direct associa-

tions between lower trophic level biological variables

and Atlantic salmon population trends. These results

showed significant correlations between phytoplankton

and zooplankton and the salmon population trends

(Table 2). However, capelin size was most strongly and

consistently associated with Atlantic salmon abundance

and productivity; capelin length was significantly cor-

related with all salmon population trends, and for most

trends, the correlation strength was the highest

observed (Table 2).

Discussion

Changes in the abundance and productivity of 2SW

Atlantic salmon appear to have been largely coherent

across the species’ North American geographic range.

Over this broad area, two common trends in salmon

abundance declined to low levels after 1990, and pro-

ductivity trends showed declines between 1987 and

1996. While the coherence of these declines is strong,

regional distinctions do appear. Loadings on each of

the common trends for Newfoundland and Labrador

contrasted those for Quebec, the Gulf of St. Lawrence,

Scotia-Fundy, and United States. Salmon populations

within the distinct regional groups differ in their

age structure, with 1SW fish representing a large

portion of returning salmon in Newfoundland and

Labrador, while the remaining regions are either domi-

nated by 2SW salmon or have a closer balance between

1SW and 2SW fish. In addition, Newfoundland and

Labrador are both considerably closer to the overwin-

tering and summer feeding areas in the Labrador Sea

and Greenland, respectively; therefore, salmon from

these regions have shorter migration distances that

require less energy.

The general coherence of declines in abundance and

productivity that have occurred across the North Amer-

ican range points toward marine conditions as critically

influencing survival and population dynamics. Shifts in

the marine environment affect large areas of the North-

west Atlantic and may impact Atlantic salmon from

across North America when they are concentrated on

overwintering and feeding grounds in the Labrador

Sea. In contrast, river-specific changes in habitat quality

are unlikely to be a major factor in salmon declines;
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however, large-scale, atmospherically forced changes in

river conditions over broad regions may merit further

attention. The fact that declines in 2SW cohorts of

Atlantic salmon populations have been much more

severe than in 1SW cohorts suggests that climate and

ecosystem conditions may either (i) negatively affect

Atlantic salmon during their entire marine stage, with

greater cumulative effects on 2SW fish as their marine

residence time is twice as long or (ii) exert the strongest

influence following the first winter at sea.

Climate patterns shape the marine ecosystem that

Atlantic salmon encounter, and we find both direct and

indirect associations between climate and Atlantic

salmon population declines. The AMO is inversely

correlated with Atlantic salmon abundance throughout

North America and with productivity in the New-

foundland and Labrador regions. The strong relationship

between the AMO and salmon populations has been

recognized in other studies (Condron et al., 2005; Beau-

grand & Reid, 2012; Friedland et al., 2013), which

hypothesized that its influence operates through thermal

stress and ecosystem changes that affect trophic interac-

tions, consistent with our results. The NAO is inversely

correlated with interannual variability in abundance and

productivity in Quebec, the Gulf of St. Lawrence, Scotia-

Fundy, and the United States. However, the correlation

between salmon populations and the NAO was weaker

than for many other variables, as has also been docu-

mented in other studies (Beaugrand & Reid, 2003, 2012).

In addition to these direct linkages, the AMO and NAO

influence SST and salinity, which are strongly associated

with Atlantic salmon population trends. The Labrador

Sea is warming faster than any other area of the North

Atlantic (Taboada & Anad�on, 2012). Elevated tempera-

tures could directly impact salmon, and recent warming

has restricted the area of preferred thermal habitat to

record low levels (Friedland et al., 2013). However, our

study suggests that ecosystem responses to warming,

including changes to phytoplankton, zooplankton and

forage fish, reinforce and may be more important than

the direct influence of temperature.

Capelin size is consistently highly correlated with

salmon abundance and productivity trends. The

strength of this relationship is not surprising as capelin

are key prey for Atlantic salmon (Jacobsen & Hansen,

2000; Rikardsen & Dempson, 2011). Although we use a

size-based index to track capelin status, a number of

other changes align with the decline in body size that

generally make capelin less available and less valuable

as prey for salmon (Carscadden et al., 2001). Around

1990, capelin shifted their distribution from Newfound-

land to the Scotian Shelf and Flemish Cap (Frank et al.,

1996; Carscadden et al., 2001) and stopped undertaking

diurnal migrations that would bring them into the sur-

face waters occupied by Atlantic salmon (Mowbray,

2002; Department of Fisheries and Oceans Canada,

2011). The onset of these changes aligned with an extre-

mely cold period, but they did not return to pre-1990s

conditions when water temperatures returned to nor-

mal; other factors, such as prey availability, may be

playing a role in maintaining these patterns (Mowbray,

2002). As capelin size declined, so did the condition

and energy content of each fish (Nakashima, 1996;

Carscadden & Frank, 2002), which reduced their nutri-

tional value as prey (Davoren & Montevecchi, 2003).

Much of what we know about capelin in the Labrador

Sea is derived from the Newfoundland population, but

similar changes may be occurring in the West Green-

land population. Some evidence suggests that the size

distribution of capelin off West Greenland has declined

compared to historical periods (Hedeholm et al., 2010).

Capelin growth is correlated with zooplankton abun-

dance (Gjøsæter et al., 2002; Hedeholm et al., 2010), and
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we show a decline in large zooplankton in the Labrador

Sea, which may restrict capelin growth.

Characteristics of the marine ecosystem that Atlantic

salmon experience are markedly different now than

they were prior to recent salmon population declines.

Investigating the timing of changes affords further

insights into how Atlantic salmon populations may

have been affected by this ecosystem regime shift and

how it may constrain their productivity. We delineate

three distinct periods in North American Atlantic sal-

mon population trends: 1978–1990 (start of abundance

and productivity declines), 1991–1997 (low abundance

and continued productivity declines), and 1998–2010
(continued low abundance but increasing productivity).

The 1990/1991 shift in Atlantic salmon populations

appears to have been triggered by sequential changes

through the ecosystem, beginning with a shift in the

NAO and salinity after 1988 that subsequently affected

lower trophic level biological characteristics. Our

results parallel the MERCINA Working Group’s (2012)

description of an Arctic-origin atmospheric shift that

increased freshwater export from the Arctic Ocean and

induced a regime shift across multiple trophic levels in

the Northwest Atlantic. We can trace these same rela-

tionships through our analyses; specifically, the

increased freshwater export following a high NAO

index in 1989 reduced upper-layer salinities in the

coastal current system. The lower salinities enhanced

stratification and increased phytoplankton production,

which favored faster growing, smaller bodied

zooplankton from the Labrador Sea to the Gulf of Maine

(Pershing et al., 2010). We also show that these changes

can be linked to shifts at even higher trophic levels,

including capelin and, ultimately, Atlantic salmon.

The results of our analyses for North American

Atlantic salmon populations reinforce findings of

recent studies focused on European populations. Beau-

grand & Reid (2003) associated major declines in

European Atlantic salmon abundance with rising

Northern hemisphere temperature and Northeast

Atlantic SST. Following pronounced temperature

increases in the late 1970s, sequential shifts occurred in

biological components of the ecosystem, from phyto-

plankton through zooplankton to Atlantic salmon
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(Beaugrand & Reid, 2003). These changes jointly con-

tributed to a shift in aggregate ecosystem conditions

between 1986 and 1987 and again between 1996 and

1997 (Beaugrand & Reid, 2003, 2012). Our findings par-

allel those of Beaugrand & Reid (2003, 2012) in demon-

strating the effects of climate-driven changes on

Atlantic salmon populations in the Northwest Atlantic.

On both sides of the Atlantic basin, rising SST is

strongly associated with salmon declines, both directly

and through ecosystem changes that affect productivity

and trophic interactions. In addition, the timing of

shifts in ecosystem characteristics is generally aligned,

with major shifts occurring in the late 1980s/early

1990s and in the mid-1990s. These results demon-

strate that climate change is directly and indirectly

structuring pelagic ecosystems throughout the northern

Atlantic basin.

While declines in North American Atlantic salmon

populations can be related to a series of climate-

driven ecosystem changes throughout the Northwest

Atlantic, their productivity and recovery may be con-

strained by persistent physical and ecological trends,

particularly in the Labrador Sea. Many factors that

showed major shifts between the 1980s and 1990s

reverted back to 1980s-like conditions in the 2000s,

including the NAO, salinity, and phytoplankton and

zooplankton in the Gulf of Maine. However, SST has

continued to rise through the end of the period we

examined. In the Labrador Sea, higher phytoplankton

abundance has persisted over time, but this productiv-

ity supports a small-bodied zooplankton community

in which lipid-rich species, such as Calanus spp. and

euphausiids, have continued to decline. In addition,

capelin populations have not rebounded, and capelin

that are present remain small (Department of Fisheries

and Oceans Canada, 2011). Not only do capelin popu-

lation trends indicate reduced availability for Atlantic

salmon but their smaller size would require salmon to

catch a larger number of capelin, and thus expend

more energy, to acquire the same number of calories.

The factors that appear to be constraining North

American Atlantic salmon populations can be linked to

global climate change. Rising ocean temperatures are

consistent with projections from climate change scenar-

ios (Meehl et al., 2007). In addition, climate change is

expected to enhance stratification, which may increase

primary production in high latitudes (Sarmiento et al.,

2004; Behrenfeld et al., 2006), and we observe corre-

sponding upward trends in phytoplankton abundance

in the Labrador Sea. At higher trophic levels though,

the influence of climate change is more complex. It is

anticipated that zooplankton will increase in conjunc-

tion with phytoplankton, but it is unclear which

zooplankton may benefit; geographic ranges, thermalT
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niches, and species interactions must all be considered

in evaluating how zooplankton communities may

respond to climate change (Pershing et al., 2005;

Reygondeau & Beaugrand, 2011; Record et al., 2013).

Similarly, the effects on both capelin and Atlantic sal-

mon are likely to be characterized by interactions

between direct climate effects, climate-driven ecosys-

tem changes, and species-specific physiological toler-

ances.

Given that recent conditions in the Labrador Sea

appear to be unfavorable for Atlantic salmon, and these

conditions are expected to become more pronounced

with climate change, the forecast for recovery of North

American Atlantic salmon populations is not optimis-

tic. However, the 1990s regime shift that led to the

decline of Atlantic salmon populations occurred rap-

idly, and natural variability may again shift conditions

toward more favorable states. While climate and mar-

ine ecosystem dynamics cannot be directly controlled,

the adaptability of Atlantic salmon populations can be

enhanced at other life stages through efforts such as

protecting genetic diversity and reducing freshwater

and estuarine mortality. Managing Atlantic salmon

populations for resilience is critical for buffering

future effects of climate change. A better understanding

of how climate and marine ecosystem factors influ-

ence Atlantic salmon can help anticipate population

trajectories, identify recovery opportunities, and support

evaluation of management actions.
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Probabilistic-based genetic assignment model: assignments
to subcontinent of origin of the West Greenland Atlantic
salmon harvest
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Sheehan, T. F., Legault, C. M., King, T. L., and Spidle, A. P. 2010. Probabilistic-based genetic assignment model: assignments to subcontinent of
origin of the West Greenland Atlantic salmon harvest. – ICES Journal of Marine Science, 67: 537–550.

A multistock Atlantic salmon (Salmo salar) fishery operates off the coast of West Greenland and harvests fish of North American and
European origin. Annual landings peaked in 1971 at 2700 t, but declined to 22 t in 2003. Biological data are collected to characterize
the catch and its stock composition. Multilocus genotypes, generated via microsatellite DNA analysis, are used to derive statistics on
continent of origin and less accurate finer-scale assignments. We developed a probabilistic-based genetic assignment (PGA) model to
estimate the contribution of salmon from individual North American rivers in the 2000 –2003 West Greenland catch. Uncertainty
associated with finer-scale assignments is addressed by incorporating estimated misclassification rates and by reporting results as dis-
tributions generated via Monte Carlo resampling. US-origin fish represented �1% (by number) of the salmon harvested at West
Greenland during the years 2000–2003. The resulting loss of spawners to this stock complex was approximately half the estimated
adult returns in 2001, but was below 4% in the other 3 years. This is the first attempt to partition the US component of the
West Greenland mixed-stock fishery to its finer parts. The approach can be used to identify the effects of fishing on individual
stocks within any multistock complex where genetic samples of known origin are available.
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Introduction
Responsible management of mixed-stock fisheries requires the
identification of the origin and the composition of the exploited
resource (Crozier et al., 2004; Kalinowski, 2004; Koljonen et al.,
2007). ICES has described an Atlantic salmon (Salmo salar) popu-
lation as a group of sexually out-breeding individuals which
possess a common gene pool and further described Atlantic
salmon stocks as units of size (encompassing one or more popu-
lations) which provides a practical basis for the fishery manager
(ICES, 1996). These definitions may be considered antiquated
(Waldman, 2005) compared with more traditional definitions
(Ricker, 1972; Booke, 1981; Ihssen et al., 1981), so to avoid con-
fusion when grouping a larger number of river stocks there has
been a tendency to refer to them as stock complexes. This stock
(stock complex) definition is independent of geographic scale
and depends simply on the information available and the manage-
ment question at hand. This distinction is significant for mixed-
stock fisheries because a disconnect often exists between the
spatial level at which the composition of the catch is delineated
and the spatial level at which managers wish to manage the
fishery. This is of concern because exploitation impacts on
smaller or less productive stocks can be substantial when a mixed-
stock fishery is managed according to an aggregated conservation

objective (Chaput, 2004) or when threatened or endangered
species require targeted conservation measures to achieve rebuild-
ing goals (Banks, 2005).

Atlantic salmon were first documented off the coast of
Greenland in 1780 and were targeted by a small local inshore
gillnet fishery (Jensen, 1990). However, during the early-1960s,
an international presence developed in the fishery; in 1965,
vessels from Norway, Denmark, Sweden, and the Faroes arrived
and introduced an offshore drift-gillnet fishery (Jensen, 1990).
Reported salmon landings increased from 60 t in 1960 to 2689 t
in 1971. In 1976, the fishery was restricted to Greenlandic
vessels, and reported landings subsequently declined and have
remained at ,100 t since 1995 (Figure 1; ICES, 2005).

In 2000, the fishery was regulated by a prior multiyear agreement
which restricted the use of landings for internal subsistence consump-
tion only (ICES, 2001). The internal subsistence fishery harvest has
traditionally been estimated at 20 t, the catch intended solely for con-
sumption within Greenland (i.e. no commercial export). In 2001, a
commercial fishery allowing the sale of landings to commercial pro-
cessing plants for export was also permitted and regulated by an
ad hoc fishery management plan with a maximum quota of 114 t
(ICES, 2002). In 2002 and 2003, the fishery was again restricted to
internal subsistence consumption only (ICES, 2003, 2004).
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As well as reported landings (commercial plus internal con-
sumption), there is a significant and consistent unreported catch
associated with the fishery. This unreported catch has been esti-
mated to be 10 t annually since 2000 by the Home Rule
Government of Greenland (ICES, 2005), and it is for home con-
sumption only. Fishers conducting that fishery do not participate
in the reporting process, and their landings are assumed to be har-
vested in the same spatial proportions as the reported landings.

The fishery primarily exploits non-mature one sea winter
(1SW) Atlantic salmon (i.e. fish that migrated from their natal
rivers in the spring prior and spent one winter at sea) in late
summer and early autumn in the nearshore waters of Greenland
(ICES, 2005). Most of the fish harvested in this fishery would
have otherwise returned to their natal river to spawn as two sea-
winter (2SW) fish (fish that have spent two winters at sea) the
year following the fishery (Jensen, 1990; Chaput, 2004).

Studies have determined that fish from nearly all Atlantic
salmon-producing countries in the North Atlantic contribute in
some part to the fishery (Jensen, 1990), thereby forming a true
international mixed-stock fishery. Given the involvement of
salmon stocks of both North American and European origin,
attention has been given to estimating the proportion that each
continent contributes to the salmon harvest (Reddin and
Friedland, 1999). Assignments of continent of origin (COO)
were first made using scale-pattern analysis starting in 1969
(Reddin and Friedland, 1999), but were replaced by genetic analy-
sis using 11 microsatellite loci in 2003 (King et al., 2001a; ICES,
2004). Additional studies of the genetic structure of North
American Atlantic salmon populations indicate that populations
of US origin are genetically distinct and can be statistically differ-
entiated from Canadian (CAN) populations (King et al., 2001a;
National Research Council, 2002). These data may be used to par-
tition the West Greenland harvest of fish of North American origin
to its finer sub-COO components.

Since 1982, the proportion of fish of North American origin
contributing to the harvest has ranged from 40 to 90%
(Figure 2), averaging �60% (ICES, 2005). This information is
used in a run reconstruction model developed for the ICES
Working Group on North Atlantic Salmon by Rago et al. (1993)
and modified by Chaput et al. (2005) to estimate the non-
maturing pre-fishery abundance of Atlantic salmon of North
American origin available to the fishery at Greenland. The

pre-fishery abundance estimates for Atlantic salmon of both
North American and European origins are combined in a
risk-analysis framework to estimate the probability of meeting
conservation limits for contributing populations based on differ-
ing levels of harvest (ICES, 2005). A precautionary approach is
taken for formulating catch advice because there must be a 75%
probability of meeting set conservation requirements at the
selected harvest level (ICES, 2005).

Harvest advice is based on the North American stock complex
meeting aggregated conservation limits (spawner requirements)
for four of its northern stock complexes (Labrador,
Newfoundland, Quebec, and the Gulf of St Lawrence) and a pre-
dicted 10% increase in Scotia Fundy and US spawners compared
with the mean 1992–1996 spawners (ICES, 2005). The alternative
Scotia Fundy/US criterion was developed because those regions
have zero chance of meeting their conservation requirements
based on current population abundance. It was estimated that in
the absence of a fishery, the 2005 pre-fishery abundance of
Atlantic salmon of North American origin would need to increase
by a factor of 15 for the United States to meet its conservation
limits, whereas only one-third of that increase would be needed
to achieve the Scotia Fundy spawner requirements (ICES, 2005).
The US stock complex is clearly the lowest common denominator
within this mixed-stock complex.

A strongly significant relationship exists between genetic and
geographic distances for Atlantic salmon (King et al., 2001a).
Consequently, contemporary estimates of COO are considered
absolute, whereas subcontinent contributions (i.e. country,
region, or individual river) are not as certain. Traditionally,
fine-scale population estimates could only be gained through
large-scale, resource-intensive tagging operations. During the
1980s, the ICES Working Group on North Atlantic Salmon
attempted to estimate the contribution of fish originating from
the United States to this fishery using methods based on (i) the
presence of external tags, (ii) the presence of internal coded wire
tags, and (iii) the portion of 1-year-old hatchery smolts in the
catch that were likely a product of US hatchery stocking (Jensen,
1990). Data for these three methods were available as a result of
the US hatchery smolt-stocking programme, large-scale US

Figure 2. Proportion of West Greenland Atlantic salmon harvest
determined to have originated from North American and European
origin (1982–2004). Estimates were unavailable in 1993 and 1994
owing to suspension of the fishery.

Figure 1. Historically reported harvest and quota for Atlantic
salmon in Greenlandic home waters (1960–2004).
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tagging (both external and internal) programmes, and a biological
sampling programme that monitored the West Greenland fishery
(Jensen, 1990). Given the decreasing abundance of US stocks
and the halting of large-scale tagging programmes by the United
States, these efforts subsided.

Genetic techniques for Atlantic salmon have advanced such
that fine-scale assignments to subcontinent groupings can now
be conducted with varying degrees of accuracy (King et al.,
2001a; Spidle et al., 2003). We developed a probabilistic-based
genetic assignment (PGA) model to partition a multistock
resource into its contributing components and applied it to the
landings data from the 2000–2003 West Greenland Atlantic
salmon fisheries. The assignments of COO are considered 100%
accurate (ICES, 2005), and the North American component of
the catch is partitioned to its country of origin (US or CAN).
The uncertainty associated with finer-scale assignments is
accounted for by incorporating estimated misclassification rates
into the PGA. The US proportion of the catch is further parti-
tioned to even finer scales of assignment based on adult return
data. The uncertainty associated with these assignments is charac-
terized by reporting the results as distributions generated via
Monte Carlo resampling. This represents a first attempt at estimat-
ing the CAN contribution to the West Greenland salmon fishery
while partitioning the entire US contribution to the fishery into
its finer parts. We estimated the contribution of the endangered
US populations (65 Federal Register 69469, 17 November
2000) to the fishery and compared the estimated spawner losses
with escapement estimates for the same cohorts to evaluate
the fishery impact on the populations. This approach can be gen-
eralized to partition the catch of any multistock fishery where
genetic samples from known contributors can be (or have been)
collected.

Methods
2000–2003 sampling programmes
A West Greenland Sampling Agreement is drafted annually, and
member countries agree to provide support to obtain biological
samples and data from the Atlantic salmon fishery in West
Greenland (North Atlantic Salmon Conservation Organization,
2005). These data are used in the stock assessments conducted
by the ICES Working Group on North Atlantic Salmon. As it
would be extremely expensive to obtain 100% spatial and temporal
sampling coverage of the West Greenland fishery, attempts are
made to place samplers in communities where large proportions
of the fish are predicted to be landed to obtain biological
samples from landed fish. Samplers were stationed in Northwest
Atlantic Fisheries Organization (NAFO) Divisions D and F
during the years 2000–2003 and also in NAFO Division C from
2001 to 2003 (Figure 3).

The total number of salmon harvested in the West Greenland
fishery was calculated based on the mean weight of fish sampled
and the total weight of the catch in each NAFO Division. Mean
weights for unsampled divisions were estimated in two ways.
When an unsampled division was next to just one sampled div-
ision, the mean weight for the unsampled division was assumed
to be equal to that of the sampled division. When an unsampled
division was next to two sampled divisions, the mean weight for
the unsampled division was calculated as the weighted average of
the two sampled divisions. If the unsampled division was not
next to any sampled divisions, the mean weight was assumed to

be equal to the adjacent unsampled division. This same approach
of treating samples from differing locations separately (Fabrizio,
2005) was used to construct the statistics on continent and
sub-COO for the unsampled divisions.

Genetic processing
King et al. (2001a) provide a detailed description of tissue proces-
sing methodology, DNA extraction, PCR methodology, and stat-
istical analysis for the likelihood-based assignment process. Each
tissue sample (a small piece of flesh from the adipose fin) was sub-
merged in 95% EToH post-collection. Genomic DNA was isolated
from the tissue using PureGene#, a commercially available DNA
extraction kit (Gentra Systems, Minneapolis, MN, USA; note
that the use of a brand name does not indicate product endo-
rsement by NOAA Fisheries Service). In all, 11 microsatellite loci
were screened in all samples [Ssa14, Ssa289 (McConnell et al.,
1995), SSOSL25, SSOSL85, SSOSL311, SSOSL438 (Slettan et al.,
1995, 1996), Ssa85, Ssa171, Ssa197, Ssa202 (O’Reilly et al.,
1996), and SSLEEN82 (GenBank accession number U86706)].
Microsatellite analysis was performed via capillary electrophoresis
on an Applied Biosystems PRISM 3100 Genetic Analyser.
Fluorescent DNA fragments were analysed and genotype data gen-
erated using GENESCAN software (Applied Biosystems).
GENOTYPER v. 2.0 (Applied Biosystems) DNA fragment analysis
software was used to score, bin, and output allelic (and genotypic)
designations for each individual.

Using the program GeneClass, version 1.0.02 (16.II.1999) avail-
able at http://www.ensam.inra.fr/URLB, a tiered two-group hier-
archical classification process was performed. A Bayesian approach
to likelihood-based assignment was used to assign individual fish

Figure 3. Map of southwest Greenland showing the communities to
which salmon have historically been landed. NAFO Divisions are also
shown.
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to the continent in which the individual’s genotype was most likely
to be found (Cornuet et al., 1999). This method assumes an equal
prior probability density to the allelic frequencies of each locus for
both continents of origin. Each individual in the North American
group was then assigned the probability of the observed multilocus
genotype fitting into each of the country distributions (US and
CAN) of multilocus genotypes in the North American baseline
dataset (Cornuet et al., 1999). The probability of an individual
fitting into the baseline dataset provides a measure of confidence
that it truly belongs to a given population. The probability of
belonging to a baseline dataset is related to the proportion of
the distribution with criterion values worse than the unknown
individual. An individual with a criterion value well outside the
distribution of the baseline dataset will have a low probability of
belonging to that population. However, the probabilities for
belonging to each population (US or CAN) are not considered
together (Cornuet et al., 1999), so they do not sum to 1.
Standardized probabilities [P(US)/(P(US)þP(CAN)) and
P(CAN)/(P(US)þP(CAN))] were calculated for each individual
for use in the PGA.

A three-group (Europe, CAN, and US) non-tiered classification
process was also evaluated. Because of the high degree of genetic
differentiation (0.22; King et al., 2001a) between the eastern and
western Atlantic populations of Atlantic salmon, the resulting
classification accuracies for the European, CAN, and US groups
were similar to those obtained from the tiered two-group
process for North American fish. The tiered two-group hierarchi-
cal approach was utilized in all subsequent analyses.

A baseline dataset of 4942 anadromous Atlantic salmon of
North American and European origin was used as the known
dataset. Of these, 4368 fish originated from North America,
including 3647 from the United States. The composition of the
baseline dataset is described by King et al. (2007 in his Table 5.2
on p. 145), except that the US Maine resident populations (i.e.
landlocked salmon populations from Sebago and Grand Lakes)
were not included for the current effort.

US adult returns
Annual adult return data were compiled to estimate the total
number of Atlantic salmon returning to US rivers (US Atlantic
Salmon Assessment Committee, 2004). Not all US Atlantic
salmon rivers were monitored (e.g. with traps, weirs, or redd
surveys), but all rivers of consequence were. Only 2SW fish from
the traps and weirs were tabulated because .95% of the salmon
harvested in West Greenland are 1SW fish destined to return to
their natal rivers to spawn as 2SW (ICES, 2005). A redd-to-adult
linear regression was calculated, and Monte Carlo resampling
was performed to generate a distribution of estimated adult
returns (US Atlantic Salmon Assessment Committee, 2004) for
the Gulf of Maine Distinct Population Segment (GOM DPS), a
grouping of salmon originating from eight rivers that are protected
as an endangered species (65 Federal Register 69469, 17 November
2000). Post-submission of this manuscript for publication, the
range for the GOM DPS was redefined and a new GOM DPS
was listed as an endangered species (74 Federal Register 29344,
19 June 2009). Reference to the GOM DPS within this manuscript
refers to the range defined in 2000 (i.e. 65 Federal Register 69469,
17 November 2000).

The estimated 2SW spawners were divided into five different
US-origin population groups: Penobscot River, Connecticut
River, Merrimack River, GOM DPS, and all other monitored US

rivers (Androscoggin, Cocheco, Lamprey, Pawcatuck, Saco,
St Croix, and Union) combined (Figure 4). Adult returns from
all rivers except the GOM DPS represent documented returns.
For the GOM DPS estimate, a Pert distribution was generated
from the scaled redd-to-adult linear regression using the mean esti-
mate, 90% confidence intervals, and a truncation of the minimum
value (at 0). For each model simulation, a random draw was made
from this distribution and the resulting GOM DPS estimate was
used in concert with the other adult return totals to estimate the
proportion of spawning 2SW adults in each group.

Model process
Execution of the PGA model consisted of seven generalized steps.
An Excel# add-on program, @RISK#, was used to conduct
Monte Carlo resampling for 10 000 iterations to generate
summary output statistics. Iterations were conducted as listed
below.

Step 1. Assignment of COO for sampled catch—All sampled
individuals were allocated according to the COO genetic
assignments at the division-specific level, as described above.

Step 2. Binomial COO assignment for the unsampled catch—
Division-specific COO proportions were used to binomially
assign the non-genetically sampled portion of the catch to
COO.

Step 3. Binomial assignment to country of origin (North
American origin only)—All sampled North American origin
fish were binomially assigned to sub-COO (sub-COO, i.e.
country) according to their genetic standardized probabilities,
as described above.

Step 4. Sub-COO misclassification adjustment—The sub-COO
assignments (US and CAN) for North American origin individ-
uals only were adjusted by solving the following equations for
UStrue and CANtrue:

USobs ¼ UStrue � PðUSjUSÞ þ CANtrue � PðUSjCANÞ;

CANobs ¼ CANtrue � PðCANjCANÞ þ UStrue � PðCANjUSÞ;

where USobs is the number of US-assigned individuals, CANobs

the number of CAN-assigned individuals, UStrue the number of
true US-origin individuals, CANtrue the number of true
CAN-origin individuals, P(USjUS) the probability of correctly
assigning a US individual to the US, P(CANjCAN) the prob-
ability of correctly assigning a CAN individual to CAN,
P(USjCAN) the probability of misclassifying a US fish to
CAN [1 2 P(USjUS)], and P(CANjUS) the probability of mis-
classifying a CAN fish to US [1 2 P(CANjCAN)].

The probabilities of correctly assigning a US-origin individual
(0.8957) and a CAN individual (0.8821) were generated via the
jackknife cross-validation procedures for the reference baseline
dataset, as described in King et al. (2001a).

Step 5. Binomial sub-COO assignment for unsampled catch—
The corrected division-specific binomial sub-COO proportions
were used to assign binomially the non-genetically sampled
North American individuals to sub-COO.

Step 6. Multinomial assignment via adult returns—US-origin
fish were assigned to subcountry groupings based on the pro-
portions generated from the 2SW adult return data.
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Step 7. Adjustment for natural mortality—The US assignments
were pro-rated according to the estimates of natural mortality
for the migration from West Greenland back to their natal
rivers in the absence of a fishery. The natural mortality was esti-
mated to be 0.03 per month (ICES, 2004), and the travel time
from West Greenland to the US natal rivers as 10 months. The
survival rate for this period was estimated at 74% (e20.03�10).

Sensitivity analyses
Sensitivity analyses were conducted to evaluate the PGA model
performance and the dependence of results on the model assump-
tions. All sensitivity analyses were run with 2001 input data, and

model performance was evaluated by comparing the harvest esti-
mates at the levels of COO or sub-COO.

The first sensitivity analysis evaluated the stability of the model.
The base 2001 model was run five times with identical input data.
Deviations in the estimated US harvest would indicate that our
model was unstable and that estimated catches should be viewed
with caution.

The second analysis evaluated the effect of different approaches
for estimating the mean weight in unsampled divisions. The base
model assumed that mean weights in the unsampled divisions
were related to the mean weights in the sampled division.
Results from this scenario were compared with a scenario where
the overall mean weight (all samples combined) was used for all

Figure 4. Contemporary range of US Atlantic salmon populations represented by river mainstems only. PGA-estimated US-origin harvest
contributions were partitioned according to different population level groupings: Penobscot River, Connecticut River, Merrimack River, the
GOM DPS, and all other US rivers combined.
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unsampled divisions. This comparison evaluated whether the base
model’s approach for estimating the mean weights in unsampled
divisions improperly influenced the estimated US harvest.

The third analysis evaluated the effect of different methods for
estimating the COO proportions for unsampled divisions. The
base model assumed that COO proportions in the unsampled div-
isions were related to the COO proportions in the sampled div-
isions. Results from this scenario were compared with three
other scenarios. First, the overall COO proportion (all samples
combined) was used for all unsampled divisions; second, all fish
landed in unsampled divisions were assigned to be 100% North
American; and third, all individuals from unsampled divisions
were assigned to be 100% European. This comparison evaluated
whether the base model’s approach for estimating the COO pro-
portions in the unsampled divisions improperly influenced the
estimated US harvest.

The fourth analysis evaluated the effects of different methodology
for allocating the unreported catch among divisions. The base model
assumes that unreported catch was distributed in the same pro-
portions as the reported catch. Results from this scenario were com-
pared with a scenario in which the unreported catch was allocated
according to the population distribution of Greenland. Population
data were obtained from Statistics Greenland, an independent
institution financed by the Greenland Home Rule Government
to collect, process, and publicize statistical material concerning
social issues in Greenland (The Population of Greenland as per 1
January 2002, available from http://www.stat.gl). The population
distribution for 2001 according to NAFO Divisions was 26.2, 20.6,
7.0, 27.1, 4.1, and 15.0% for Divisions 1A–1F, respectively
(Figure 3).

Results
2000–2003 fishery and sampling programme
There were three components to the 2000–2003 West Greenland
Atlantic salmon landings: (i) reported landings, (ii) adjusted land-
ings, and (iii) unreported landings. Reported landings were pro-
vided by individual fishers and compiled by the Home Rule
Government of Greenland (ICES, 2005). In situations where the
sampling teams sampled more salmon than were officially
reported, the reported landings were adjusted to the total weight
of the sampled fish to generate the adjusted landings (ICES,
2003, 2004; Table 1). In addition, the annual 10 t unreported
catch was assumed to be harvested in the same proportions
across divisions as the adjusted landings and was added to the
adjusted landings to calculate the total landings by division per
year. The total landings of Atlantic salmon during the 2000–
2003 West Greenland fisheries ranged from 20 to 53 t (Table 2).
Most landings were made in Divisions 1D, 1E, and 1F (Figure 3).

Sampling of the Greenland catch was adequate, both tem-
porally and spatially, in all years (ICES, 2001, 2002, 2003, 2004).
In 2000, all samples were obtained from a private company,
which received permission to purchase harvested fish to sell for
local consumption. Lengths and weights were obtained from 491
fish. In all, 489 tissue samples were genotyped, representing
6.2% (by number) of the adjusted landings (8.8% for Division
D, 5.1% for Division F). In 2001, samples came from commercial
processing plants that purchased fish for export. Lengths and
weights were obtained from 2896 fish landed in Divisions 1C,
1D, and 1F. Of these, 578 tissue samples were genotyped (4.3%
of the adjusted landings), representing 2.8, 9.0, and 4.3%,

respectively, of the adjusted catch for each of the three divisions.
In 2002 and 2003, the non-commercial nature of the fishery
resulted in fish being available for sale at local markets, restaurants,
and hospitals, so fish were no longer funnelled through a centra-
lized commercial processing plant and sampling was opportunis-
tic. Totals of 496 (1326 length and weight samples) and 1779 (1823
length and weight samples) tissue samples were genotyped (14.7
and 43.9% of the total adjusted catch for 2002 and 2003, respect-
ively). These samples represented 20.2, 14.8, and 19.4% of the
adjusted landings for Divisions 1C, 1D, and 1F in 2002, and
47.5, 82.1, and 39.1% for the same three divisions in 2003
(Tables 2 and 3).

Model estimates
The PGA model was applied to the 2000–2003 West Greenland
harvest to estimate the number of Atlantic salmon from each con-
tinent contributing to the total catch. The estimated North
American contribution ranged from a low of 4714 (64.2% in
2003) to a high of 10 766 (64.6% in 2001), and the estimated
European contributions from 2054 (30.0% in 2002) to 5893
(35.4% in 2001). The 90% confidence intervals for these estimates
of COO were relatively narrow because the COO genetic assign-
ment procedures are considered to be 100% accurate (Table 4).

The North American component of the total harvest was
further assigned to a subcontinent level. The estimated CAN con-
tribution ranged from a low of 4652 (98.7% in 2003) to a high of
10 402 (96.6% in 2001), and the US contribution from a low of 45
(0.9% in 2002) to a high of 364 (3.4% in 2001). The 90% confi-
dence intervals for these estimates were wider than the intervals
for COO and were reflective of stochastic error associated with
the ,100% classification accuracy at the sub-COO level (Table 4).

The US contributions to the catch were assessed at finer scales
(i.e. either river groupings or individual rivers). The Penobscot
River accounted for the overwhelming majority of the US
catches (68.8–79.0%). No other US grouping contributed more
than 12% in any year. In both 2000 and 2002, the lower bound
of the 90% confidence interval for all US river groupings was
zero, indicating the possibility that no US-origin fish were har-
vested during those years. In contrast, it appeared likely that in
2001, US-origin fish from each grouping were harvested (Table 5).

Table 1. Reported and adjusted landings by NAFO Division for the
2002 and 2003 West Greenland Atlantic salmon fisheries.

NAFO Division

2002 landings (kg) 2003 landings (kg)

Reported Adjusted Reported Adjusted

1A 14 14 619 619
1B 78 78 17 17
1C 2 100 2 100 1 621 1 782
1D 3 752 3 752 648 2 709
1E 1 417 1 417 1 274 1 274
1F 1 661 2 408 4 516 5 912
Total 9 022 9 769 8 694 12 312

Reported landings were provided by the Home Rule Government of
Greenland. When sampling teams observed more fish landed than were
reported, the landings were adjusted. Where this discrepancy occurred
(emboldened), reported landings were adjusted to the total weight of the
sampled fish. The adjusted landings were used for the PGA modelling and
by the ICES Working Group on North Atlantic Salmon for assessment
purposes. Reported landing discrepancies were not identified in 2000 or
2001.
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These fine-scale US estimates were adjusted for natural mor-
tality to account for the return migration from West Greenland
to natal rivers, assuming the lack of any fishery in West
Greenland. These estimates demonstrated the population level
effect that the 2000–2003 West Greenland fisheries had on the
US salmon populations. As an example, the GOM DPS estimated
contribution to the 2000–2003 West Greenland fisheries,
adjusted for natural mortality experienced during the return
migration, ranged from 3.0 to 46.7% of the subsequent adult
returns of 2SW spawners in the year following the fishery
(Table 6, Figure 5).

Sensitivity analyses
The performance of the PGA model was very stable over five
model runs. The mean (+s.d.) estimated US contribution to the
2001 fishery for the five runs was 364.1+ 0.53. Similarly, the
90% confidence bounds were consistently estimated, with means
of 92.4 and 709.2 and values of s.d. of 3.29 and 5.81, respectively.
The 10 000 interactions used in the Monte Carlo resampling were
sufficient to produce consistent results in the PGA model.

The PGA model assumed that information from unsampled
divisions was related to information collected from adjacent

Table 2. West Greenland Atlantic salmon fishery adjusted and unreported landings (rounded to the whole kg) for 2000–2003, and the
statistics used for partitioning into continent and sub-COO, presented by NAFO Division.

Division
Mean weight

(kg)

Adjusted landings Unreported landings

Mean weight
(kg)

Adjusted landings Unreported landings

Weight
(kg) Number

Weight
(kg) Number

Weight
(kg) Number

Weight
(kg) Number

2000 2001
1A 2.42 14 6 7 3 2.98 256 86 60 20
1B 2.42 3 1 2 1 2.98 1 440 483 339 114
1C 2.42 782 323 381 158 2.98 4 205 1 411 989 332
1D 2.42 6 873 2 840 3 352 1 385 2.90 5 149 1 776 1 211 418
1E 2.61 127 49 62 24 3.18 3 217 1 011 757 238
1F 2.73 12 705 4 654 6 196 2 270 3.24 28 247 8 718 6 644 22 051
Total 2.60 20 504 7 873 10 000 3 841 3.15 42 514 13 485 10 000 3 173

2002 2003
1A 2.97 14 5 15 5 2.89 619 214 503 174
1B 2.97 78 26 79 27 2.89 17 6 14 5
1C 2.97 2 100 707 2 150 724 2.89 1 782 617 1 447 501
1D 2.73 3 752 1 374 3 841 1 407 2.98 2 708 909 2 200 738
1E 2.87 1 417 494 1 450 505 3.07 1 274 414 1 034 336
1F 3.12 2 408 772 2 465 790 3.12 5 912 1 895 4 802 1 539
Total 2.89 9 769 3 378 10 000 3 458 3.04 12 312 4 055 10 000 3 293

Mean weights were calculated directly from data obtained by the international sampling teams. Regular text entries were calculated from sample data.
Emboldened values are mean weights for unsampled divisions that were assumed to be equal to the mean weights from the adjacent divisions. Emboldened,
italicized entries (Division 1E only) represent mean weights from unsampled divisions that were calculated via a weighted average of the two adjacent
sampled divisions. The numbers of fish harvested were calculated via the mean weights and landings data.

Table 3. Assignments of COO for sampled Atlantic salmon during the 2000–2003 West Greenland fisheries.

Division Sample size North Atlantic origin (%) European origin (%) Sample size North Atlantic origin (%) European origin (%)

2000 2001
1A 0 89.2 10.8 0 95.0 5.0
1B 0 89.2 10.8 0 95.0 5.0
1C 0 89.2 10.8 40 95.0 5.0
1D 250 89.2 10.8 160 91.3 8.8
1E 0 35.0 65.0 0 59.4 40.6
1F 239 50.2 49.8 378 52.9 47.1
Total 489 70.1 29.9 578 66.4 33.6

2002 2003
1A 0 69.9 30.1 0 79.9 20.1
1B 0 69.9 30.1 0 79.9 20.1
1C 143 69.9 30.1 293 79.9 20.1
1D 203 88.7 11.3 746 81.9 18.1
1E 0 70.0 30.0 0 60.1 39.9
1F 150 36.7 63.3 740 49.6 50.4
Total 496 67.5 32.5 1 779 68.1 31.9

Assignment to COO was assumed to be 100% correct. Regular text entries were derived directly from the sample data. Emboldened entries represent
percentages for unsampled divisions that were assumed to be equal to the adjacent divisions. Emboldened, italicized entries (Division 1E only) represent
percentages from unsampled divisions that were calculated via a weighted average of the two adjacent sampled divisions.
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sampled divisions (either directly or via a weighted average). Using
an overall average weight to calculate the number of fish landed for
the unsampled division did not appreciably alter the PGA harvest

estimates of US fish. This alternative approach yielded an esti-
mated 2001 catch of 368 US fish (90% confidence interval 90–
722 fish). The results were similar using the overall proportions
for COO for the unsampled divisions, which yielded an estimate
of 344 US-origin fish (76–710). Assuming that all the fish
landed in the non-sampled divisions were of either North
American or European origin yielded slightly different results. If

Table 4. PGA results of the 2000–2003 West Greenland Atlantic salmon fisheries.

Year and continent/
country of origin Estimate Percentage

90% confidence interval

Previously reportedLower Upper

2000
North American total 7 731 66.0 7 657 7 808 70.0
European total 3 983 34.0 3 906 4 057 30.0
CAN total 7 685 99.4 7 527 7 793
US total 46 0.6 0 192

2001
North American total 10 766 64.6 10 673 10 859 69.0
European total 5 893 35.4 5 798 5 985 31.0
CAN total 10 402 96.6 10 046 10 691
US total 364 3.4 89 710

2002
North American total 4 782 70.0 4 728 4 837 68.0
European total 2 054 30.0 1 999 2 107 32.0
CAN total 4 737 99.1 4 631 4 817
US total 45 0.9 0 141

2003
North American total 4 714 64.2 4 657 4 771 68.0
European total 2 634 35.8 2 577 2 691 32.0
CAN total 4 652 98.7 4 561 4 732
US total 62 1.3 5 132

Total catches were partitioned by COO. All fish of North American origin were also partitioned by country (subcontinent) of origin. Previously reported
percentages by COO are also presented for comparative purposes (Table 5.9.3.2 of ICES, 2005).

Table 5. PGA results of the 2000–2003 West Greenland Atlantic
salmon fisheries.

Year and fishery Estimate Percentage

90% confidence
interval

Lower Upper

2000
Penobscot total 31.8 68.8 0 132
Connecticut total 1.9 4.2 0 9
Merrimack total 4.2 9.2 0 19
GOM DPS total 4.6 9.9 0 20
Other total 3.7 7.9 0 16

2001
Penobscot total 265.3 73.0 64 519
Connecticut total 28.2 7.8 6 57
Merrimack total 15.8 4.3 3 33
GOM DPS total 18.4 5.1 4 39
Other total 35.8 9.8 8 72

2002
Penobscot total 34.4 75.7 0 107
Connecticut total 1.6 3.6 0 6
Merrimack total 5.0 11.1 0 17
GOM DPS total 2.2 4.9 0 8
Other total 2.1 4.7 0 8

2003
Penobscot total 49.1 79.0 4 105
Connecticut total 3.1 5.0 0 8
Merrimack total 5.2 8.4 0 13
GOM DPS total 3.3 5.3 0 8
Other total 1.5 2.3 0 4

Total catches assigned to US origin were further partitioned to subcountry
of origin groupings (Penobscot River, Connecticut River, Merrimack River,
GOM DPS, and all other US rivers combined). The estimates represent the
mean value from the Monte Carlo resampling iterations.

Table 6. PGA results of the 2000–2003 West Greenland Atlantic
salmon fisheries.

Year and parameter Estimate

90% confidence
interval

Lower Upper

2000
Spawner loss 3.4 0 15
Estimated 2001 2SW returns 82.9 73 97
Percentage of realized returns 3.6

2001
Spawner loss 13.7 2 29
Estimated 2002 2SW returns 29.8 23 39
Percentage of realized returns 46.7

2002
Spawner loss 1.7 0 6
Estimated 2003 2SW returns 61.4 50 77
Percentage of realized returns 3.3

2003
Spawner loss 2.5 0 7
Estimated 2004 2SW returns 66.4 48 91
Percentage of realized returns 3.0

The annual spawner loss from the GOM DPS was derived by adjusting its
assigned estimated harvest by the natural mortality (M ¼ 0.3 month21)
that would have occurred during the return migration in the absence of a
fishery. The estimates of spawner loss were compared with their estimated
cohort 2SW adult returns in the year following the fishery. The spawner loss
and 2SW return estimates represented the mean value from the Monte
Carlo resampling iterations.
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all fish were assumed to be of North American origin, the estimate
increased to 385 US fish (103–748), whereas assuming all fish were
of European origin, the estimate dropped to 312 US fish (81–609),
as expected. These relatively slight differences in harvest estimates
of US fish demonstrated that the sampling scheme was sufficient to
produce reliable estimates of the catch.

If it was assumed that the 2001 unreported harvest was distrib-
uted according to population density rather than reported catch,
then the estimated harvest of Atlantic salmon of North
American origin would increase by 7.8% (838 fish) and that of
fish of European origin would decrease by 11.5% (680 fish).
Harvest estimates for both CAN- and US-origin salmon increased
proportionally according to their contributions under the base
model. Overall, the CAN estimate increased by 7.6% (786 fish)
and the US estimate by 14.1% (51 fish, Figure 6). The estimated
US subcontinent harvest increased proportionally across all
groups, as expected. These results demonstrate the effect that the
two assumptions on the distribution of the unreported catch can
have on the partitioned harvest estimates.

Discussion
The management of any mixed-stock fishery requires information
on the composition and status of the contributing stocks. Marine
fisheries for Atlantic salmon, such as the West Greenland fishery,
present unique challenges for managers. The stock complexes
exposed to these fisheries comprise a collection of genetic popu-
lations that are the basic units responsible for the local character

and abundance of Atlantic salmon. These are the units that need
to be the focus of management because the various management
challenges often vary among populations and population assem-
blages (King et al., 2007). The PGA provides a new approach for
evaluating the composition of a mixed-stock fishery where a
genetic baseline exists for the contributing populations. A
Bayesian approach to likelihood-based assignment is used to par-
tition the harvest to its COO and sub-COO (for North American
fish only). Once at the level of sub-COO, the harvest can be parti-
tioned among US rivers via the adult return data because of the
lack of a robust baseline database and the limited natural genetic
differentiation at this level. The results from the PGA provide
US managers with a tool that allows them to evaluate the benefits
provided by the harvest of salmon at West Greenland against the
risk of this same harvest to US Atlantic salmon populations at
the spatial level at which they desire to manage (Banks, 2005).

A common approach for identifying source populations in
mixed-stock fisheries has been through tagging and recapture pro-
grammes. However, genetic methods for identifying the origin of
individuals holds several advantages over traditional tagging
methods because all individuals are marked for life, and there
are no associated tagging costs or catchability biases (Koljonen
et al., 2005; Hansen et al., 2007). The information present in mul-
tilocus genotype distributions can provide robust estimates of the
proportional contribution of different populations to a mixed-
stock fishery (Pella and Masuda, 2001) and help to assign individ-
uals to their population (Paetkau et al., 1995), stock, or region of

Figure 5. Estimated GOM DPS spawner loss resulting from the 2000–2003 West Greenland Atlantic salmon fisheries contrasted with their
subsequent cohort returns the year following the fishery. The box defines the 25th, 50th, and 75th percentiles, and the whiskers represent the
5th and 95th percentiles. Box shadings are provided to highlight the year-specific groupings, for visualization purposes.
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origin (King et al., 2001a, b). The general methodology consists of
the development of a genotyped baseline of known-origin samples
collected from the populations that could contribute to a mixed-
stock fishery with which unknown-origin fish are compared.
Two general approaches to identifying the constituent com-
ponents of mixed-stock fisheries using multilocus genotypes are
mixed-stock analysis (MSA) and individual assignment (IA).

MSA is used to estimate the proportion of each baseline
population in a mixed sample of fish of unknown origin and
to determine the probability of each individual belonging to
each of the baseline stocks. It takes into account the genotypes
of individual fish across multiple loci, the multilocus genotype
distributions of the baseline samples, and the multilocus geno-
type distribution in the mixture sample. Mixture proportions
in the fishery are then estimated using conditional maximum
likelihood, unconditional maximum likelihood, or Bayesian
methods that relate the genotypes in the mixture to the expected
genotype frequencies in the baseline populations (Anderson
et al., 2008). MSA has been widely applied to a number of
Pacific salmon management issues, including the regulation of
many coastal Pacific salmon fisheries based on real-time MSA
(Hansen et al., 2007; Koljonen et al., 2007). To a lesser extent,
MSA has also been used in support of Atlantic salmon manage-
ment (Koljonen et al., 2005).

IA is based on the estimates of the probability of encountering
the multilocus genotype of an individual of unknown origin in
many potential source populations (baseline populations),
whose genotype composition has been determined by sampling.
The individual is then assigned by likelihood either to the popu-
lation in which its genotype is most frequent (e.g. the frequency
method; Paetkau et al., 1995) or through the Bayesian approach
used by Rannala and Mountain (1997) to detect the presence of
immigrants by using multilocus genotypes. IA has a history of
use for Atlantic salmon issues involving mixed-stock fisheries
management (King et al., 2001a; Potvin and Bernatchez, 2001;
ICES, 2005), hatchery and commercial aquaculture broodstock
management (Koljonen et al., 2007), and fine-scale population
structuring and management (Nielsen et al., 1997; Vasemägi
et al., 2001; Spidle et al., 2003).

When estimating the contribution of various stocks to a
mixed-stock fishery, the MSA approach has the advantage of
directly estimating the mixing proportions rather than rounding
the estimated probabilities to whole numbers, as with the IA
approach (Prager and Shertzer, 2005). Additionally, MSA also
has the advantage of being able to incorporate ancillary data
into the assignment process to improve composition estimates
(Reddin et al., 1990; Koljonen and McKinnell, 1996; Koljonen
and Pella, 1997). With both IA and MSA methods, the baseline
sampling (sample size and number of loci surveyed; Kalinowski,
2004) is the most crucial step; however, the ability to discrimi-
nate is ultimately determined by the levels of genetic differen-
tiation (e.g. FST) among the groups of interest (Hansen et al.,
2007; Anderson et al., 2008). Given that there is no direct
method of assessing the performance of either MSA or IA, com-
puter simulations need to be performed. However, the simu-
lation methods currently in use are flawed in a manner that
leads them to overestimate the expected accuracy consistently
(Anderson et al., 2008).

IA has been the method of choice for managers of Atlantic
salmon owing to the need to identify the origin of individual
fish sampled in the West Greenland fishery, for two reasons.
Initially, researchers used the diagnostic nature of the high level
of differentiation between North American and European
salmon multilocus genotypes as a known assignment to validate
their ability to determine the COO of fish based on scale
morphology. Additionally, managers needed to utilize scale
morphology to determine the number of years each North
American salmon had spent at sea (e.g. 1SW or 2SW) for
assessment purposes, given that clinical variation exists in this
life-history trait (ICES, 2005).

The PGA we present here can be classified as a modified IA
approach. IAs to the level of COO are made with 100% accuracy,
and assignments to sub-COO are determined via the probability of
each North American fish belonging to either the CAN or US base-
line groups, via a Bayesian approach (Rannala and Mountain,
1997; Cornuet et al., 1999). Additionally, the ancillary adult
return data are incorporated into the model in a probabilistic
fashion outside the assignment process to avoid additional error
associated with a second misclassification correction. Regardless,
a comparison of MSA and PGA is warranted to evaluate the per-
formance of the PGA approach against the more traditional
mixed-stock fishery analysis processes. Simulations with actual
baseline datasets and test samplings are necessary to assess the
expected reliability of the estimates generated (Koljonen et al.,
2007).

Figure 6. Estimated number of fish harvested from the 2001 West
Greenland Atlantic fishery according to continent and sub-COO.
The Catch Method estimates assumed that the unreported catch
was distributed across NAFO Divisions in the same proportion as the
reported catch. The Population Method estimates assumed that the
unreported catch was distributed across NAFO Divisions in the same
proportion as the population distribution in Greenland. The box
defines the 25th, 50th, and 75th percentiles, and the whiskers
represent the 5th and 95th percentiles.
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The PGA-generated estimates of COO for the 2000–2003 West
Greenland fisheries were comparable with those reported pre-
viously (Table 4). The contemporary North American contri-
bution to the West Greenland fishery has also been provided to
the level of country of origin (Table 4). As previously assumed
(Reddin and Friedland, 1999; ICES, 2001), CAN-origin salmon
dominated the North American contribution. This was expected
considering the relative sizes of the CAN and US salmon popu-
lations. Since 1971, US 2SW spawners have constituted �3% of
the total North American 2SW spawners annually (ICES, 2005),
a level of contribution that does not eliminate the concerns
related to exploitation of the smaller or weaker-performing
stocks (Chaput, 2004, Brodziak, 2005). Although US fish rep-
resented a minor component of the North American stock
complex, the status of the US stocks is one of the primary
driving mechanisms for regulating the West Greenland harvest.
In recent years, even zero levels of harvest have resulted in a low
chance (0% in 2005) of realizing a 10% increase in returns for
United States and Scotia Fundy salmon populations (ICES,
2003, 2004, 2005).

Jensen (1990) presented estimates of the US contribution to the
West Greenland Atlantic salmon fishery based on three different
methods used by the ICES Working Group on North Atlantic
Salmon: external tags (1980–1987), internal tags (1987), and
smolt age (1987). The three methods produced different estimates,
with the external-tag-based method estimating 1.96 US-origin fish
per tonne of harvest. Jensen (1990) noted the biases caused by
overestimating rates of tag reporting and suggested that the esti-
mates derived from internal tags and smolt age may be more
robust. In addition, the external tag method only estimates the
contribution of salmon from Maine rivers to the harvest, which
is only a proportion of the US total, though a high one (US
Atlantic Salmon Assessment Committee, 2004). The PGA esti-
mates were of similar magnitude to the estimates provided by
Jensen (1990), and the confidence intervals encapsulated all the

prior estimates (mean 3.37 t– 1; Figure 7). Given the presence of
the genetic baseline for these populations, the fact that all fish
are genetically marked for life with no associated tagging costs
(Hansen et al., 2007) and that large-scale tagging operations are
resource-intensive and may have inherent biases related to the
assumptions of the rate of tag reporting, the PGA method seems
to be the most appropriate for estimating a US contribution to
the Greenland harvest.

US-origin salmon averaged 1% (0.4–2.2% by number) of the
total Greenland harvest during the years 2000–2003.
Considering that interannual variability may cause variations in
stock composition, the US contribution appears to have remained
relatively constant over the course of the fishery. This is somewhat
surprising given that Atlantic salmon populations across the North
Atlantic have experienced similar declines in abundance, though at
differing rates (ICES, 2005; Webb et al., 2007). However, given the
low contribution of US-origin fish to the West Greenland stock
complex, the ranges of confidence intervals for the US harvest esti-
mates, the biases inherent in the external tags estimates, the higher
internal tag and smolt age estimates (Figure 7), and the lack of
detailed knowledge of migration patterns and contributions of
the various stock complexes to the fishery, the PGA estimates
are plausible in the light of these changes in stock abundance
over time.

The PGA model assumed that within each division, the total
catch was of similar composition to that of the sampled catch.
Except 2001, the Greenlandic salmon fishery was for internal sub-
sistence consumption only and was focused within isolated com-
munities along thousands of kilometres of coast over the span of
2þ months. As such, it was difficult for the sampling programme
to obtain complete spatial and temporal coverage, although the
sampling was targeted at those communities that harvested the
greatest quantities of salmon at the times when the harvest was
anticipated. By increasing the proportion of fish sampled, more
reliance on the assumption that the total catch was similar in com-
position to the sampled catch could be made. Sampling a large
proportion of the fish also allowed for the additional benefit of
identifying non-reported landings (Table 1). Accurate harvest
data are an essential component of the estimation of pre-fishery
abundance and management of the resource.

Evidence of non-random sampling was not detected and the
sampled catch was believed to be representative of the harvest.
Decreasing catches and the concentration of landings in larger
communities have allowed the sampling programme to sample
an increasing percentage of the harvest in the past few years, so
placing less reliance on the assumption that the total catch was
of similar composition to the sampled catch within a division
(Koljonen et al., 2007).

A second assumption was that the biological and genetic
characteristics determined from sampled divisions were similar
to the unsampled divisions. This assumption appeared appropri-
ate given the apparent spatial trends identified with mean weight
data and the increase in European contributions to the catch in
a north-to-south direction (Tables 2 and 3). This may be reflective
of the continent-specific migration dynamics for the two stock
complexes as well as the temporal trends in the fishery. By deploy-
ing sampling teams to the divisions at times when most of the
landings were made, the effect of this potential bias was mini-
mized. The sensitivity analyses indicated that the harvest estimates
varied little according to the different schemes tested, so using data
from adjacent divisions was appropriate.

Figure 7. Estimated number of US-origin fish contributing to each
tonne of Atlantic salmon harvested in the Greenland fishery. Earlier
estimates were reported by Jensen (1990), and estimates from 2000
to 2003 were PGA-derived and displayed with their corresponding
90% confidence intervals. The Carlin tag method (external tag)
estimated the Maine contribution only, whereas the CWT (internal
tag), proportional harvest (smolt age), and PGA methods estimated
the total US contribution.
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To evaluate more accurately the impact of the West Greenland
fishery on the North Atlantic stock complex, the PGA incorpor-
ated estimates of unreported landings provided by the Home
Rule Government of Greenland. These landings, some 10 t
annually (ICES, 2005), represent 19–50% of the total harvest
(2000–2003). A third major assumption within the PGA was
that the unreported catch was distributed across divisions in the
same proportions as the adjusted landings. However, an alternative
approach which assumed that the 2001 unreported landings were
distributed according to the population distribution resulted in
significantly different estimates of harvest (Figure 6). In 2001,
most of the harvest was reported in Division 1F (Table 2,
Figure 3), whereas .45% of the population lived in the two north-
ernmost divisions (1A and 1B). Related to this issue is the spatial
trend of the 2001 harvest, with North American fish dominating in
the north, a more equal split in terms of COO in the south, and on
average a decrease in mean individual weight with northward pro-
gression (Tables 2 and 3).

When allocating the unreported harvest according to popu-
lation distribution in Greenland, the estimated contribution of
fish of North American origin increased by 2.6 t, whereas the esti-
mated contribution of salmon of European origin decreased by
2.1 t (Figure 6). This was caused by a shift in unreported landings
from the south to the north, where the proportion of salmon of
North American origin was higher and the average weight of fish
lower. Harvest estimates for both CAN- and US-origin fish
increased substantially. Estimates of COO in the Greenland
harvest are primary inputs into international stock assessments
(Chaput et al., 2005), and estimates at the sub-COO provide
national managers with vital information needed to evaluate the
impact of this fishery on their national stock complexes, especially
for endangered populations (Banks, 2005). Clarification on the
level and distribution of unreported catches is needed to permit
more accurate estimation of different stock complex contributions
to this fishery and their effect on the stock dynamics (ICES, 2005).

Temporal trends were not considered within the PGA. The
model could easily be modified to accommodate a time com-
ponent, but this was not feasible with the data for 2000–2003.
The low level of harvest coupled with modest sample sizes pre-
cluded investigating time trends in the catch. If stock abundance
and harvests increase in future, exploration of the temporal
nature of the harvest dynamics of continent and sub-COO
might be possible and informative for these stock complexes.

Earlier tagging studies have indicated that all US-origin 2SW
stocks migrate to Greenland (Meister, 1984; Baum, 1997).
Assuming that the US contribution to the harvest was pro-
portional to adult returns allowed the PGA model to estimate
the US contribution at the level of individual river or grouping
of rivers. Given the positive correlation between geographic
scale and genetic distance for populations of Atlantic salmon
(King et al., 2001a), and the experimental demonstration of
genetic differences in phenotype expression (Obedzinski and
Letcher, 2004; Sheehan et al., 2005), the preferred method for esti-
mating river-specific contributions would be through a third
genetic assignment process. However, the Narraguagus and
Machias River Atlantic salmon populations were used as the
Penobscot River broodstock source for a large-scale stocking pro-
gramme in the late 1960s (Baum, 1997; US Atlantic Salmon
Assessment Committee, 2004). Present-day Penobscot River
Atlantic salmon are genetically similar to Narraguagus and
Machias populations as a result, although a fair degree of

genetic differentiation is still apparent (King et al., 2001a; Spidle
et al., 2003). The third genetic assignment step would require a
secondary correction for misclassification, but river-specific classi-
fication accuracies would be lower than at the level of sub-COO
and would require a larger correction factor. Improvements to
the baseline dataset would improve the classification accuracies
at both the subcontinent and river-specific levels of origin and
hence minimize the correction required. Misclassification of
Narraguagus-, Machias-, and Penobscot-origin salmon owing to
their shared ancestry would still be expected, however. Given
the issues related to misclassification and the assumption that
all US-origin 2SW Atlantic salmon migrated to Greenland, the
PGA approach for partitioning the US contribution to its sub-
components is appropriate.

The Greenland fishery exerted varying impacts on US stocks.
For 3 of the 4 years studied, the lower range of the 90% confidence
interval for spawner loss was zero, with a mean spawner loss esti-
mated at 3.3% of the realized 2SW returns for the GOM DPS.
However, in 2001, the estimated loss represented 46.7% of 2SW
spawners (Table 6). This resulted from a coupling of increased
landings and a slight increase in the proportion of US-origin
salmon in the fishery (Table 4).

By identifying the contribution of US-origin stocks to the West
Greenland fishery, the impact the fishery is having on the resultant
US spawner populations can be evaluated. The US stock complex is
the weakest in this mixed-stock fishery, and estimates of the catch
of US-origin fish provide managers with another tool to evaluate
fishery impacts independent of the aggregated spawner conservation
limits. Managers can then evaluate more accurately the risks of the
fishery to individual river spawning stocks (Hansen et al., 2007).

We have demonstrated that the PGA can be used to evaluate the
impacts of any mixed-stock fishery on its constituent populations
when fishery statistics and genetic data that accurately characterize
the harvest of the contributing populations are available. The
modelling approach is flexible enough to be applied in any
MSA, given adequate input data. The PGA uses fishery statistics,
biological characteristics data, genetic assignment data, and adult
return statistics to estimate the number of fish contributing to
the West Greenland Atlantic salmon mixed-stock fishery at
varying spatial scales. Fishing effort, harvest level, and interannual
differences in population substructuring of the catch are all factors
that affect the impact of the mixed-stock fishery on local popu-
lations. Considering the decline in Atlantic salmon populations
worldwide, management at finer scales is essential to help
protect more depauperate populations. Genetics-based
approaches have the potential to fill this need. Therefore, it is
our opinion that future effort should be directed towards improv-
ing genetic baseline datasets.
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Maoiléidigh, N., and MacLean, J. C. 2004. Managing Atlantic
salmon (Salmo salar L.) in the mixed stock environment: chal-
lenges and considerations. ICES Journal of Marine Science, 61:
1344–1358.

Fabrizio, M. C. 2005. Experimental design and sampling strategies for
mixed-stock analysis. In Stock Identification Methodology, pp.
467–498. Ed. by S. X. Cadrin, K. D. Friedland, and J. Waldman.
Elsevier Academic Press, Amsterdam. 719 pp.

Hansen, M. M., Villanueva, B., Nielsen, E. E., and Bekkevold, D. 2007.
Investigating the genetics of populations. In The Atlantic Salmon:
Genetics, Conservation and Management, pp. 86–113. Ed. by
E. Verspoor, L. Stradmeyer, and J. L. Nielsen. Blackwell
Publishing, Oxford. 500 pp.

ICES. 1996. Report of the North Atlantic Salmon Working Group.
ICES Document CM 1996/ACFM: 11. 228 pp.

ICES. 2001. Report of the North Atlantic Salmon Working Group.
ICES Document CM 2001/ACFM: 15. 337 pp.

ICES. 2002. Report of the North Atlantic Salmon Working Group.
ICES Document CM 2002/ACFM: 14. 305 pp.

ICES. 2003. Report of the North Atlantic Salmon Working Group.
ICES Document CM 2003/ACFM: 19. 310 pp.

ICES. 2004. Report of the North Atlantic Salmon Working Group.
ICES Document CM 2004/ACFM: 20. 292 pp.

ICES. 2005. Report of the North Atlantic Salmon Working Group.
ICES Document CM 2005/ACFM: 17. 297 pp.

Ihssen, P. E., Booke, H. E., Casselman, J. M., McGlade, J. M., Payne,
N. R., and Utter, F. M. 1981. Stock identification: materials and
methods. Canadian Journal of Fisheries and Aquatic Sciences, 38:
1838–1855.

Jensen, J. M. 1990. Atlantic salmon at Greenland. Fisheries Research,
10: 29–52.

Kalinowski, S. T. 2004. Genetic polymorphism and mixed-stock
fisheries analysis. Canadian Journal of Fisheries and Aquatic
Sciences, 61: 1075–1082.

King, T. L., Kalinowski, S. T., Schill, W. B., Spidle, A. P., and Lubinski,
B. A. 2001a. Population structure of Atlantic salmon (Salmo salar
L.): a range-wide perspective from microsatellite DNA variation.
Molecular Ecology, 10: 807–821.

King, T. L., Lubinski, B. A., and Spidle, A. P. 2001b. Microsatellite
DNA variation in Atlantic sturgeon (Acipenser oxyrinchus oxy-
rinchus) and cross-species amplification in the Acipenseridae.
Conservation Genetics, 2: 103–119.

King, T. L., Verspoor, E., Spidle, A. P., Gross, R., Phillips, R. B.,
Kolijonen, M-L., Sanchez, J. A., et al. 2007. Biodiversity and popu-
lation structure. In The Atlantic Salmon: Genetics, Conservation
and Management, pp. 117–166. Ed. by E. Verspoor, L.
Stradmeyer, and J. L. Nielsen. Blackwell Publishing, Oxford.
500 pp.

Koljonen, M-L., King, T. L., and Nielsen, E. E. 2007. Genetic identifi-
cation of individuals and populations. In The Atlantic Salmon:
Genetics, Conservation and Management, pp. 270–298. Ed. by E.
Verspoor, L. Stradmeyer, and J. L. Nielsen. Blackwell Publishing,
Oxford. 500 pp.

Koljonen, M-L., and McKinnell, S. 1996. Assessing seasonal changes in
stock composition of Atlantic salmon catches in the Baltic Sea with
genetic stock identification. Journal of Fish Biology, 49: 998–1018.

Koljonen, M-L., and Pella, J. J. 1997. The advantage of using smolt age
with allozymes for assessing wild stock contributions to Atlantic
salmon catches in the Baltic Sea. ICES Journal of Marine Science,
54: 1015–1030.

Koljonen, M-L., Pella, J. J., and Masuda, M. 2005. Classical individual
assignments versus mixture modeling to estimate stock pro-
portions in Atlantic salmon (Salmo salar) catches from DNA
microsatellite data. Canadian Journal of Fisheries and Aquatic
Sciences, 62: 2143–2158.

McConnell, S. K., O’Reilly, P., Hamilton, L., Wright, J. M., and
Bentzen, P. 1995. Polymorphic microsatellite loci from Atlantic
salmon (Salmo salar): genetic differentiation of North American
and European populations. Canadian Journal of Fisheries and
Aquatic Sciences, 52: 1863–1872.

Meister, A. L. 1984. The marine migrations of tagged Atlantic salmon
(Salmo salar L.) of USA origin. ICES Document CM 1984/M: 27.
27 pp.

NASCO (North Atlantic Salmon Conservation Organization). 2005.
Report of the 22nd Annual Meeting of the Commissions of
NASCO. NASCO, Vichy, France. 180 pp.

Nielsen, E. E., Hansen, M. M., and Loeschcke, V. 1997. Analysis of
microsatellite DNA from old scale samples of Atlantic salmon: a
comparison of genetic composition over sixty years. Molecular
Ecology, 6: 487–492.

NRC (National Research Council). 2002. Genetic status of Atlantic
salmon in Maine. Interim Report from the Committee on
Atlantic Salmon in Maine. National Academy Press, Washington,
DC. 62 pp.

Obedzinski, M., and Letcher, B. 2004. Variation in freshwater growth
and development among five New England Atlantic salmon (Salmo
salar) populations reared in a common environment. Canadian
Journal of Fisheries and Aquatic Sciences, 61: 2314–2328.

O’Reilly, P. T., Hamilton, L. C., McConnell, S. K., and Wright, J. M.
1996. Rapid detection of genetic variation in Atlantic salmon
(Salmo salar) by PCR multiplexing of dinucleotide and tetranu-
cleotide microsatellites. Canadian Journal of Fisheries and
Aquatic Sciences, 53: 2292–2298.

Paetkau, D., Calvert, W., Stirling, I., and Strobeck, C. 1995.
Microsatellite analysis of population structure in Canadian polar
bears. Molecular Ecology, 3: 347–354.

Assignments to subcontinent of origin of West Greenland Atlantic salmon 549

 at N
O

A
A

 N
M

FS N
E

 Fisheries Sci C
tr on M

arch 31, 2015
http://icesjm

s.oxfordjournals.org/
D

ow
nloaded from

 

http://icesjms.oxfordjournals.org/


Pella, J., and Masuda, M. 2001. Bayesian methods for analysis of stock
mixtures from genetic characters. Fishery Bulletin US, 99:
151–167.

Potvin, C., and Bernatchez, L. 2001. Lacustrine spatial distribution of
landlocked Atlantic salmon populations assessed across gener-
ations by multilocus individual assignment and mixed-stock ana-
lyses. Molecular Ecology, 10: 2375–2388.

Prager, M. H., and Shertzer, K. W. 2005. An introduction to statistical
algorithms useful in stock composition analysis. In Stock
Identification Methodology, pp. 499–516. Ed. by S. X. Cadrin,
K. D. Friedland, and J. Waldman. Elsevier Academic Press,
Amsterdam. 719 pp.

Rago, P. J., Reddin, D. G., Porter, T. R., Meerburg, D. J., Friedland,
K. D., and Potter, E. C. E. 1993. A continental run reconstruction
model for the non-maturing component of North American
Atlantic salmon: analysis of fisheries in Greenland and
Newfoundland–Labrador, 1974–1991. ICES Document CM
1993/M: 25. 33 pp.

Rannala, B., and Mountain, J. L. 1997. Detecting immigration by using
multilocus genotypes. Proceedings of the National Academy of
Science of the United States of America, 94: 9197–9201.

Reddin, D. G., and Friedland, K. D. 1999. A history of identification to
continent of origin of Atlantic salmon (Salmo salar L.) at West
Greenland, 1969–1997. Fisheries Research, 43: 221–235.

Reddin, D. G., Verspoor, E., and Downton, P. R. 1990. An integrated
phenotypic and genotypic approach to discriminating Atlantic
salmon. ICES Journal of Marine Science, 47: 83–88.

Ricker, W. E. 1972. Heredity and environmental factors affecting
certain salmonid populations. In The Stock Concept in Pacific
Salmon, pp. 19–160. University of British Columbia, Vancouver,
BC, Canada.

Sheehan, T. F., Kocik, J. F., Cadrin, S. X., Legault, C. M., Atkinson, E.,
and Bengtson, D. 2005. Marine growth and morphometrics for

three populations of Atlantic salmon from eastern Maine, USA.
Transactions of the American Fisheries Society, 134: 775–788.

Slettan, A., Olsaker, I., and Lie, O. 1995. Atlantic salmon, Salmo salar,
microsatellites at the SSOSL25, SSOSL85, SSOSL311, SSOSL417
loci. Animal Genetics, 26: 281–282.

Slettan, A., Olsaker, I., and Lie, O. 1996. Polimorphic Atlantic salmon,
Salmo salar L., microsatellites at the SSOSL438, SSOSL429 and
SSOSL444 loci. Animal Genetics, 27: 57–58.

Spidle, A. P., Kalinowski, S. T., Lubinski, B. A., Perkins, D. L., Beland,
K. F., Kocik, J. F., and King, T. L. 2003. Population structure of
Atlantic salmon in Maine with references to populations from
Atlantic Canada. Transactions of the American Fisheries Society,
132: 196–209.

US Atlantic Salmon Assessment Committee. 2004. Annual Report of
the US Atlantic Salmon Assessment Committee, 16. 2003
Activities. US Atlantic Salmon Committee, Woods Hole, MA.
133 pp.
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