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Introduction 

The Northeast Fisheries Center in Woods Hole, Massachusetts 

has been conducting intensive, fine-scale studies on Georges Bank 

since 1981 in order to investigate the major factors controlling 

larval cod a~d haddock survival. Predation is probably the most 

important direct biological source of larval mortality; food 

quantity and quality may act indirectly by affecting larval 

growth rates and general condition which could ultimately affect 

their vulnerability to predation. It would be valuable to be 

able to predict the size~specific abundances of dominant larval 

fish prey (developmental stages and adult copepods) over the 

spawning season in order to assess the feeding environment of the 

larvae. 

One approach to this problem ;s the use of simulation and 

predictive models (Argentesi et al., 1974; Sonntag and Greve, 

1977; Parslow et al., 1979; Seitz, 1979; Bossicart, 1980; Davis, 

1982; Myers and Runge, 1983). These models often have stringent 

requirements for the input data: population must have a stable

age or stage distribution; data must be collected from a single 

population or cohort; data must represent a long time series of 

samples collected at closely spaced intervals with fine mesh 

nets. I~ is not often practical or possible to meet any of these 

requirements in an open marine ecosystem. 

The major aim of this study was to derive a parameter 

estimation model with less strict assumptions which could 

calculate survival of each copepod life stage and predict the 
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stage structure of the species population over defined spatial 

and temporal scales using standard survey-type data. The 

rationale and usa of a Leslie-type mat~ix model for prediction of 

population structure ;s described by Caswell (1982a and 1982b). 

Several data sets were used to test and evaluate the parameter 

estimation model. One data set was taken from Marshall (1949), 

and the results of these trials were previously described by 

Cohen (1982, MS) and will not be repeated here. The other two 

sets of data were selected from NMFS data files, and required two 

slightly different versions of the basic model. 

Methods 

A. The model 

1. Pump data 

The first data set was derived from plankton pump 

collections on eastern Georges Sank within a dense aggregation of 

larval haddock during May 1981. All 13 developmental stages of 

the copepods were counted in subsamples at 4 different depths. 

The numbers per m3 for all depths were combined at each station, 

and the stages were combi'ned into eggs, nauplii, copepodites and 

adults of each species. No corrections were made for sampling 

errors (avoidance, patchiness, etc.) at this time. 
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a. Life cycle graph 

'4 

I 2 3 1 

Eg-gs G1 .-L7 Nauplii G2 Copepodites 
> 

0 0 0 

Definitions: 

0i = probability of survival of stage i 

Cl; = 1/0; = rate of passage from stage ; to i +1 

0; = durati on of stage i in terms of t 

t = sampling interval (in days here) 

G3 Adults 
./ ) 

0 

P; = 0i(l-ai) = survival probability of animals remaining in 

stage i during time t 

G· = 1 

i = stage 

= surv;valprobabil1ty of animals growing from 

stage; to 1+1 during time t 

ni = number of indi v.i dual sin stage i. 

Assume for all species that 50% of the adults are females, and 

that 50% of the females have clutches at anyone time. 
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F 4 = [(number of eggs/ ~/t) x .5, x t/Dl x n4(t )/2J 

If females retain eggs in sacs, the cr; really represents 

cregg x cr4. 

b. Linear equations 
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c. Matrix equation 

(1_1 /D1 )n
1 
(t) (I/ D1 )n

1
(t) 0 F4 0'1 n1 (t+l)l 

0 

0 

0 

(1_1 /02)n2 (t) (1/o2)n
2
(t) 0 0'2 n2(t+l). 

X = 
0 (1-1/D3)n3(t) (I/D3 )n

3
(t) 0'3 n3(t+l) 

0 0 (1-1/D4)n4(t) 0'4 n
4

(t+1) 

Solve for the 0i 's. 

2. Bongo data 

These data were derived from samples collected using 

20-cm bongo nets (.165 mm mesh) towed obliquely at stations 

within a larval herring patch on Nantucket Shoals, Cape Cod 

during autumn 1978. This mesh size quantitatively samples 

copepodites and adults of the copepod species considered, but 

does not collect their eggs and nauplii (Davis, 1980). The life 

cycle was therefore reduced to only 2 stages, copepodites and 

adults. The actual census counts for each stage are the mean 

value of 2 stations located in the larval patch center for each 

patch mapping (11/4, 11/6, 11/7, 11/8). The assumption was that 
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the patch center represented the same water mass over time. No 

corrections were made for sampling errors (patchiness, avoidance, 

extrusion, clogging, etc.). 

a. Life cycle graph 

1 2 3 
..",- "- ~ ~ 

/ " I' 
\ Eggs \ G .( Nauplii ) G2 Copepodites G ' Adu·' ts 1 3<;, 
\ J-~\ ) )- 7 

"- .Jt" 
" 

....,."" -.... 

\ Pl j' 
" 

-P2 1"- 0 0 - "---" 

" Same definitions as in part "1", except 

b. Liner equations 

n 4 ( t + 1) = cr 3 (13 ( t) + tJ 4 ( 1 - a 4 ) n 4 ( t ) 4 
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c. Matrix equation 

+ = 

B. Life History Information - assumes isochronal development 

1. Pump samples - temperature approx. 7°e 

a • Pseudocalanus sp. (C o·rk et t and McLaren, -1978) 

°1 = 5 days 
°2 = 20 days 10 eggs/~ /week 
D3 = 20 -days 
°4 40 day s 

b • Oithona sp. (Eaton, 1971) 

Dl = 7 days 
°2 = 30 days 10 eggs /.;. /week 
°3 = 30 days 

°4 60 days 

2 B 1 t t 11 °C • ongo samp es - empera ure approx._ 

a • Centropages tyP;cus (Lawson, _ 1969) 

D1 = 3 days 
°2 = 15 days 
°3 = 15 days 
°4 30 days 

10 eggs/ ~ /week 

b • Pseudocalanus sp. (Corkett and McLaren, 1978) 

°1 = 3 days 
D2 = 15 days 
D3 = 15 days 

°4 30 days 

10 eggs/ ~/week 
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c. Census Counts 
1 •. Pump samples 

a. Pseudocalanus sp. (no./m 3 ) 

Stage 

Eggs 
Nauplii 
Copepodites 
Adults 

5/25/81 

209 
8909 
2277 

79 

5/26/81 

2036 
6422 
5968 

725 

b. Oithona spp. 

Stage 

Eggs 
Nauplii 
Copepodttes 
Adults 

5/25/81 

. 336 
'11409 

2734 
1105 

5/26/81 

1022 
14765 
4452 
2216 

5/25/81 

265 
2785 
1289 

120 

5/25/81 

532 
3907 
1082 

465 

2 • Bon go sam P " e s 
a. Centropages typicus (no./m 3 ) 

Stage 

Cop e pod i t e s 
Adults 

11/4/78 

1518.9 
453.5 

b. Pseudocalanus sp. 

Stage 

Copepodites 
Adults 

11/4/78 

3602.5 
716.8 

11/6/78 

1165.6 
950.6 

11/6/78 

1947.8 
1013.6 

5/26/81 

1100 
5684 
3144 

157 

5/26/81 

490 
1315 
2469 

805 

11/7/78 

2885.7 
.516 .4 

11/7/78 

1697.1 
496.6 

5/25/81 

873 
9665 
2107 

78 

5/25/81 

462 
· 8220 

2450 
1156 

11/8/78 

1654.4 
1090.2 

11/8/78 

2435.3 
1007.8 

5/26/81 

1205 
4282 
1777 

112 

5/26/81 

691 
7107 
2473 

514 
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Results 

The tim e s e r i e san a 1 y zed here we r e ~ s e 1 e c ted tor e f 1 e c t 

population dynamics over small temporal and spatial scales in 

order to reduce some of the variability in the abundance 

estimates. The results of the model runs are presented in Tables 

1 and 2. The combined stage durations and the adult stage 

durations are much longer than the sampling intervals of 1 to 4 

days. It was therefore expected that the values of the 

probability of surviving at the same stage over the sampling 

interval (Pi) would be very close to 1.0 and the values of 

surviving over the sampling interval and growing into the next 

stage (G 1 ) would be close to O. The values of G4 should have all 

been equal to 0 because the adults do not molt. 

All the values of G1 , except 2t were in the range of 0 to 

1.0, and 32 out of 40 were less than 0.20 as expected. 

Unfortunately, 22 out of 40 values of Pi were greater than 1.0, 

and one half of thsse values were greater than 2.0. All the G4 

values were greater than 0, but only 1 exceeded 1.0. 
-

There are many possible sources of error which could account 

for these discrepencies: 

1. Sample collection errors (net clogging, extrusion, 

avoidance, patchiness, etc). (See UNESCO manual on 

Zooplankton Sampling, 1968) •. 

2. Sample counting errors due to subsampling errors (for 

example see Frolander, 1968 and McEwen et al., 1954-55). 
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3. Physical processes disrupting the integrity of the water 

mass sampled and its populations of organisms 

(diffusion, advection, vertica; and horizontal shear, 

currents, etc.). 

4. Biological processes not accounted for in the model 

(immigration, emigration, predation, vertical migration, 

aggregation). 

5. Incorrect estimates of growth and fecundity. 
\ 

6. Non-isochronal development by some copepod species. 

7. Too much compression' of stages (13 into 2). 

8. Basic problem in the model formulation. 

Perhaps the model could be upgraded to include variable 

functions for stage durations dependent ~n temperature (McLaren, 

1978), and for fecundity dependent on body size (McLaren, 

1965). ·Confidence limits for the abundance estimates might also 

be; nco r p 0 rat ed • 

The assumptions and requirements of this parameter 

estimation model are not yet fully defined. The overall survival 

of a stage during a specified time interval (ai) probably really 

represents aR index of the sum total of all the biological and 

physical processes acting on the sampled population, plus the 

sampling error involved in calculating the stage abundances under 

a given set of conditions and temporal and spatial scales. Over 

very small temporal and spatial scales, ai may be a measure of 

sampling variability alone. It might therefore be useful to run 

the model with different data sets reflecting various levels of 
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biological and physical complexity and temporal and spatial 

scales in order to quantify the components of 0;. Some suggested 

data sets are time series collected from: 

1. Laboratory-reared single species populations of 

copepods whose life history information is known under 

controlled conditions. 

2. Enclosure and large tank studies (CEPEX and MERL). 

3. Warm- and cold-core rings. 

4. Plankton patches. 

5. Meso-, coarse, and fine-scale survey data. Various 

combinations of stations, geographic areas, and temporal 

scales could be considered. 

Once 01 is defined and the model assumptions clarified, the 

results might be used in the Leslie-type population projection 

matrix models described by Caswell (1982a and 1982b). Several 

different matrices might be required to· represent the population 

changes of a species over a yearly cycle. Eventually it might be 

possible to calculate and predict secondary production in this 

manner. 
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Table 1. Results of model runs using pump samples. 

Species and Stage t a· 1 
p. , G· 1 

Pseudocalanus s p • 1 day 

Eggs 9.79 7.83 1.96 
Nauplii 0.64 0.61 0.03 
Copepodites 2.26 2.15 0.11 
Adults 9.42 9.18 0.24 

1 day 
Eggs 4.30 3.44 0.86 
Nauplii 2 .. 02 1.92 0.10 
Copepodites 2.50 2.38 0.13 
Adults 1.34 1.31 0.03 

1 day 
E gg5 1.54 1.23 0.31 
Naupli; 0.42 0.40 0.02 
Copepodites 0.81 0.77 0.04 
Adults 1.47 1.43 0.04 

Oithona sp. 1 day 

Eggs 0.S9 0.51 ·0.08 
Naupl ; i 1.28 1.24 0.04 
Copepodites 1.62 1.57 0.05 
Adults 2.0S 2.01 0.04 

1 day 
Eggs 0.40 0.34 0.06 
Nauplii 0.28 0.27 0.08 
Copepodites 2.30 2.23 0.07 
Adults 1.77 1.73 0.04 

1 day 
·Eggs 1.14 0.98 Oe16 
Naupli; 0.86 0.83 0.03 
Copepodites 1.02 0.99 0.03 
Adults 0.65 0.64 0.01 
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Table 2. Results of model runs using bongo samples. 

Species and Stage 

*CentroEaEes tXEi cus 

<12 = 30% 
Copepodites 
Adults 

<12 = 50% 
Copepodites 
Adults 

0'2 = 70% 
Copepodites 
Adults 

"2 = 30% 
Copepodites 
Adults 

0'2 = 50% 
Copepodites 
Adults 

0'2 = 70% 
Copepodites 
Adults 

t 

1 day 

2 days 

". , 

0.45 
2.18 

0.44 
2.18 

0.44 

2.18 

0.52 
2.25 

0.50 
2.25 

0.49 

2.25 

p . , 

0.42 
2.11 

0.41 
2.11 

0.41 
2.11 

0.45 
2.09 

0.44 
2.09 

0.43 
2.09 

G· , 

0.03 
0.07 

0.03 
0.07 

0.03 
0.07 

0.07 
0.16 

0.07 
0.16 

0.06 
O. 16 



Table 2. Continued 

Species and Stage t 

3 

°2 = 30% 
Copepodites 

Adults 

0'2 = 50% 

Copepodites 
Adults 

0'2 = 70% 
Copepodites 

Adults 

4 

0'2 = 30% 

Copepodites 
Adults 

°2 = 50% 

Copepodites 
Adults 

0'2 = 70% 
Copepodites 
Adults 

-17-

days 

days 

cr· -1 

2.02 

1.27 

1.99 

1.27 

1.84 

1.27 

0&41 

2.76 

0.37 

2.76 

0.33 

2.76 

1.62 

1.14 

1.59 

1.14 

1.47 

1.14 

Oe30 
2.40 

0.27 

2.40 

0.24 

2.40 

G· , 

0.40 

0.13 

0.40 

0.13 

0.37 

0.13 

0011 
0.36 

0.10 
0.36 

0.09 

0.36 
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Table 2. Continued 

Species and Stage t 

1 day 
Pseudocalanus SPa 

0'2 = 30% 
C op e pod i t e s 

Adults 

(j2 = 50% 
Copepodites 
Adults 

°2 = 70% 
Copepodites 
Adults 

2 days 

°2 = 30% 
Copepodites 

Adults 

0'2 = 50% 
Copepodites 

Adul ts 

0'2 = 70% 
Copepodites 
Adults 

(j. ' 
1 

1.37 
2.09 

1.37 
2.09 

1.36 

2.09 

0.38 
1.52 

0.37 

1.52 

0.35 
1.52 

P . , 

1.27 
2.03 

1.27 
2.03 

1.26 
2.03 . 

0.33 
0.11 

0.32 

0.11 

0.30 
0.11 

0.10 
0.06 

0.10 
0.06 

0.10 
0.06 

0.05 
1.41 

0.05 

1.41 

0.05 

1.41 
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Table 2. Continued 

Species and Stage t 

3 days 

°2 = 30% 
Copepodites 0.37 

Adults 0.77 

°2 = 50% 
Copepodites 0.35 
Adults 0.77 

0'2 = 70% 
Copepodites 0.33 

Adults 0.77 

4 days 

°2 = 30% 
Copepodites 0.29 
Adults 1.62 

0'2 = 50% 
Copepodites 0.26 
Adults 1.62 

0'2 = 70% 
Copepodi toes 0.23 
Adults 1.62 

*Assume 0'1 = 90%; 0'2 tested at 30%, 50% and 70%. 

p . , 

0.30 

0.69 

0.28 
0.69 

0.26 

0.69 

0.21 
1.41 

0.19 

1.41 

0.17 

1.41 

G; 

0.07 
0.08 

Oe07 

0.08 

0.07 
0.08 

0.08 
0.21 

0.07 

0.21 

0.06 

0 .. 21 




