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INTRODUCTION 

Delmarva Power and Light (DPL) is currently proposing to build a new 

coal-fired power plant unit adjacent to their existing facility in Vienna~ 

Maryland (Portner 1979). The unit will withdraw cooling water from the 

Nanticoke River In an area of known spawning and nursery habi tat for striped 

bass. In fact, striped bass spawning in the vicinity of Vienna is more 

concentrated than for any other fish species in the river (Portner and 

Kohlenstein 1980). Since the Nanticoke River is a major contributor to the 

total striped bass production in upper Chesapeake Bay (Kohlenstein 1980), 

the reduction in year class strength due to entrainment mortality at the 

Vienna site could have an influence on the ability of the Chesapeake stocks 

of striped bass to recover from their recent decline. 

The purpose of this paper is to estimate the level of entrainment mor

tality imposed by the operation of Vienna Unit No.9 on the striped bass 

population in the Nanticoke River. I also examine the relative change in 

entrainment mortality caused by moving the power plant intake to several 

alternative sites, and determine which time period would be best for re

ducing entrainment mortality by means of a continuous four-week plant out

age. I rely on biological and physical data collected during the 1978 sam

pling season, since this data base provides the best information available 

for estimating the various parameters in the entrainment analysis. 
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METHOD 

My analysis of entrainment impact uses a methodology originally de-

veloped for estimating entrainment mortality in six fish populations in-

habiting the Hudson River estuary (Boreman et al. 1979)~ and subsequently 

used to estimate entrainment impact on the striped bass population in the 

Potomac River caused by the proposed Douglas Point plant (Boreman et al. 

1981). This methodology is termed an Empirical Transport Model (ETM). 

The ETM uses life-stage-specific input data for distribution (temporal 

and spatial), and allows power plant flow rates to vary over time. The 

equation representing the model formulation used in this paper is: 

S J L K 
1 - ~ R IT IT ~ 

s=l s j=O 9.,=1 k=l 

-E . ()kC, () t. 
s+J,x., Jx., J 

D9.,ke 

where mT = the conditional entrainment mortality rate, 

Rs the proportion of total eggs spawned during week s in 

the spawning period, so that 

S 
~ Rs 1, 

s=l 

D 
s+j,9.,k 

the proportion of life stage 9., organisms in region k 

during week s+j ) 

t. the duration of age j (always seven days) ) 
J 

C· 
J 

the fraction of age j organisms in life stage £, and 



where 

3 

the instantaneous entrainment mortality rate of life 

stage 9, organisms in region k during week s+j (per 

unit time), which is defined as 

P . k f . k W . k s+J, s+J,9, s+J,9, 

Vk 

the rate of power plant water withdrawal from region k 

during week s+j (volume per unit time), 

the fraction of life stage 9, individuals entering the 

power plant intake in region k during week s+j that is 

eventually killed by plant passage, 

Ws +j ,9,k = the ratio of the average intake to average regional 

concentration of life stage 9, individuals in region k 

during week s+j, and 

Vk = the water volume of region k. 

A derivation of the equation can be found in Boreman et al. (1978, 1981). 

The equation yields an estimate of the conditional entrainment mortality 

rate (CMR) , which is defined as the fraction of the ini tial population which 

would be killed by entrainment during a specified time period if no other 

causes of mortality operated. The use of a CMR eliminates the need for 

estimating natural mortality rates (see Boreman et al. 1978 for a discus-

sian of this property) and can be directly related to the reduction in year 

class strength, since the CMR is the relative reduction in recruitment to 

the first non-vulnerable- life stage. 
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INPUT DATA 

Parameters of the ETM requiring input data are the fraction of the 

total spawn that occurs each week (recruitment, R in the equation); the 

fraction of each life stage present in each region of the estuary (dis

tribution, D); the ratio of the intake concentration to the average cross

sectional concentration of organisms (W-ratio, W) for each life stage; the 

fraction of organisms entering the intake that are eventually killed (f

factor, f) for each life stage; the duration of each entrainable life 

stage; the rate of power plant water withdrawal (P); and the volume of 

the portion of water body subject to wi thdrawal (V). I relied on the 1978 

data base for all the ETM runs. This data was easiest to handle in my ana

lyses, and 1978 was not an odd year for striped bass production in the 

Nanticoke (unlike 1970 or 1977, Boone 1980). 

Recruitment 

Table 1 on page 11-5 of Portner and Kohlenstein (1980) provides 

striped bass egg densities (average surface plus bottom) for the 1978 

sampling effort by the Chesapeake Bay Institute (CBI). I converted the 

densities to standing crops by multiplying the densities by the respec

ti ve region volume for each station (Tab Ie 8, page 19, Ibid.). I then 

summed the standing crops across stations for each day and averaged the 

totals for all days in a given week. The resultant average weekly total 

standing crops were then normalized to unity. The fraction of eggs re

cruited each week in 1978 is presented in Table 1. 
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Distribution 

The average sample densities of eggs and larvae collected in the 1978 

sampling season (Tables 1 and 2, Appendix II, Portner and Kohlenstein 1980) 

were converted to standing crops by multiplying by the respective volume 

representing the region surrounding each station. Standing crops were then 

summed across all days for each station for each life stage J and the totals 

were normalized to unity for each life stage. The region volumes and pro

portional distributions are listed in Table 2. 

I am assuming that all larvae (3-60 days of age) have the same distri

bution due to a lack of more definitive data. This is unrealistic since 

distributions tend to reflect the younger, more numerous individuals in a 

given life stage. The older larvae (30-60 days) are proba~ly distributed 

further downstream than the above distribution pattern shows. After 60 

days, striped bass are no longer vulnerable to entrainment (page 10, ibid.). 

W-Ratio: 

An analysis of the data presented on pages II-II through II-54 of 

Portner and Kohlenstein (1980) showed that, in the Vienna vicinity, eggs 

were relatively uniform in their vertical distribution (an approximately 

equal average density in the surface and bottom tows). Larvae, on the 

other hand, were more concentrated near the bottom (ratios of surface to 

bottom densities averaged 1:2). Since the W-ratio is the average intake 

density divided by the average cross-section density, a W-ratio of 1.0 was 

chosen for eggs and W-ratios of 0.67 and 1.33 were chosen for larvae. A 

range of W-ratios was used for larvae due to the uncertainty of the intake 
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location with respect to the larval concentration. If the intake will 

withdraw from only the upper half of the water column then 0.67 is appro-

priate; whereas, withdrawal from only the lower half will yield a W-ratio 

of 1.33. A mid-range of 1.0 was also used in some analyses for easier in-

terpretation of the results. The W-ratios are held constant for all weeks 

of the entrainment period. 

The W-ratios in this analysis do not account for recirculation of dis-

charge water, which could reduce the W-ratio by as much as 10%. 

f-Factor 

Model runs were made assuming no screens (all f1s = 1.0), and assuming 

the reduction in entrainment mortality due to screens is represented by the 

function presented in Figure 4 (page 6) of Portner and Kohlenstein (1980): 

100% effective for eggs (days 1-3), 0% effective for larvae 4-18 days of 

age; linearly increasing to 100% effective by age 30 days; and continuing 

at that level until age 60 days (end of entrainment period). To represent 

this by f-factors, I arbitrarily divided the 60-day period into four life 

stages 

Life Stage Duration f-Factor 

1 (egg) 3 days 0 
2 (yolksac larvae) 15 days 1.0 
3 12 days 0.5 
4 30 days 0 

Remember that the f-factor is the fraction of organisms entering the 

intake (in this case susceptible to the intake) that is killed by entrain-

mente As with the W-ratios, f-factors are held constant for all weeks of 

the entrainment period. 
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Plant Withdrawal Rate' 

The power plant withdrawal flow used in the model was 43.06 x 10 3m3 

per day (Table 7, ibid.). The rate is assluned to remain constant through

out the entrainment period, except in cases reflecting shut-downs when the 

rate for a given week was set equal to zero. 

Volumes 

The volumes of the seven regions used in the model are presented in 

Table 2. Since the average tidal excursion is approximately 6.5 nautical 

miles (Table 3, Page 9, ibid.), water susceptible to withdrawal may origin

ate in Region 6, 8 (Vienna), or 10. I, therefore, arbitrarily assumed 

that 30% of the plant's daily water withdrawal originates from region 6, 

40% from region 8, ~nd 30% from region 10 to reflect tidal movements in 

front of the intake. 

RESULTS AND DISCUSSION 

Results of ETM runs with VI-ratios for larvae equal to 0.67, 1.0, and 

1.33, and the intake located at Station 6, Station 8 (Vienna), and Station 

10 are presented in Table 3. The computer program used for the runs is 

listed in Appendix I. The results for Vienna are similar to the 

results presented by Portner and Kohlenstein (1980) (2.3% with screens and 

5.0% without screens, pages 20-21). The results at Vienna that I obtained 

are much higher than those obtained by the utility (0.8%, page A(II) 2.7b-8 in 

DPL 1979), who used a one-dimensional hydrodynamic transport model. How-

ever the utility used a different screen survival function which shortened 
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the period of vulnerability. 

Moving the intake to Station 6, which is approximately six nautical 

miles downriver, will result in an increase in impact of about 1.2X. This 

is due to the greater concentration of the more vulnerable life stage 

(yolksac larvae) at the lower station (Table 2). Moving the intake to 

station 10 (4 miles upriver) will reduce entrainment impact about 70-75%. 

The upriver station had a much lower relative abundance of both eggs and 

larvae (Table 2). 

Shut-Down Schedule 

Resul ts of the ETIv1 runs assuming a four-week shut-down during the en

trainment season and W = 1. 0 for larvae are presented in Table 4. From 

this analysis, a four-week shut-down from mid-April to mid-May would reduce 

the entrainment mortality by approximately 80%. A four-week shut-down any 

time during April or May will reduce entrainment mortality by approximately 

45-80%. 

One must keep in mind that these analyses are based on the 1978 data 

base and, therefore, reflect what might happen if the future conditions in 

the Nanticoke River are similar to the conditions that existed in 1978. A 

more definitive analysis would include an average of several years of data 

(the more the better). Furthermore, the spatial and temporal occurrence 

of eggs, yolksac larvae, post yolksac larvae, and entrainable juveniles in 

the Nanticoke population of striped bass needs better definition. As men

tioned earlier, the distributions and depth characteristics used in this 

analysis are probably not truly reflective of the older individuals (age 
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30-60 days). The mortality estimate is also extremely sensitive to the 

function used to characterize the reduction i,n entrainment mortality caused 

by the presence of the fine mesh screens. This function, therefore, needs 

to have a high level of precision and accuracy. 
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Table 1. Fraction of striped bass eggs sampled each week, the Nanticoke 
River, Maryland, during 1978. 

Average Standing Cropl 
Week ex 10;.;7) Fraction 

4/3 - 4/9 3.69 0.02 
4/10 - 4/16 44.40 0.26 
4/17 - 4/23 62.50 0.37 
4/24 - 4/30 31.37 0.18 
5/1 - 5/7 25.95 0.15 
5/8 - 5/14 2.80 0.02 
5/15 - 5/21 0.23 0.00 
5/22 - 5/28 0.17 0.00 

lBased on Table 1, Appendix II in Portner and Kohlenstein (1980). 

,Table 2. Proportional distributions, expressed as percentages, of striped 
bass eggs and larvae in the Nanticoke River, Maryland, during 
1978. 

Volume 1 Eggs Larvae 
CBI Station (1000 m3) (%) (%) 

2 26000 0 0 
4 22800 4 12 
6 16800 42 72 
8 11600 52 14 

10 7000 1 1 
11 6000 1 1 
12 7600 0 0 

lFrom Table 8 in Portner and Kohlenstein (1980). 
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Table 3. Estimated conditional entrainment mortality rates of striped 
bass, expressed as percentages, for various intake locations 
of the proposed Vienna Unit No. 9 on the Nanticoke River, 
Maryland. 

W-Ratio for Larvae 
Intake Location Type of Intake 0.67 1.0 1.33 

eBI Station 6 No screens 3.9 5.6 7.3 
(Athaloo Lodge) Screens 1.3 2.0 2.7 

eBI Station 8 No screens 3.3 4.7 6.1 
(Vienna) Screens 1.1 1.6 2.2 

eBI Station 10 No screens 1.0 1.3 1.7 
(Maryshope Creek) Screens 0.3 0.4 0.6 

Table 4. Estimated conditional entrainment mortality rates of striped bass 
expressed as percentages, based on a continuous four-week shut-down 
of the proposed Vienna Uni t No. 9 and the 1978 data base. 

Shut-Down Dates 

4/3 - 4/30 
4/10 - 5/7 
4/17 - 5/14 
4/24 - 5/21 
5/1 - 5/28 
5/8 - 6/4 
5/15 - 6/11 
5/22 - 6/18 
5/29 - 6/25 
6/5 - 7/2 
6/12 - 7/9 
6/19 - 7/16 

Mortality 

0.9 
0.5 
0.3 
0.4 
0.8 
1.1 
1.4 
1.5 
1.6 
1.6 
1.6 
1.6 



APPENDIX I. Computer Program, written in BASIC language, used to estimate the 
conditional entrainment mortality rate of striped bass at Vienna 
Unit No.9, Nanticoke River, Maryland. 

1 00 RESTm~E 

101 F<H1 19;r.;Nt.J11f.fEJ~ OF HEEI(S IN HIE ENTRAUnlENT PEJUOD 
102 REM J9=TOTAL NUMBER OF AhES 
103 REM K9=TOTAL NUMBER OF REGIONS 
.1.04 f~EH P9~;:TClTAL NUl-mEn OF PLANTS 
105 REM L9=TOTAL NUMBEF< OF LIFE STAGES 
106 REM T=NUMBER OF DAYS IN TIME STEP 
107 REM F9=F-FACTOR FOR EACH LIFE STAGE 
1.0B REM W9=W-RATIO FOR EACH LIFE STAGE 
1.09 REM D=DISTRIDUTION BY LIFE STAGE 
110 REM P8=POWER PLANT WITHDRAWAL RATE BY WEEK 
111 REM X=LIFE STAGE TO AGE CONVERSION MATRIX 
112 REH F~;;;:EOG REcnu J TMENT PROPORT IONS 
113 REM V=REGION VOLUMES (rCM) 
114 REM E=INSTANTANEOUS ENTRAINMENT MORTALITY RATE 
115 REM W9=PROPORTION OF PP FLOW WITHDRAWN FROM EACH REGION 
116 REM F=F-FACTOR TIMES W-RATIO 
117 REM O=TOTAL NUMBER OF EGGS SPAWNED 
200 I 9;::; g5 
300 ..J9::::.1.() 
'100 K9::::7 
~~oo P9:::: 1. 
fl()O 1...9::::::-i 
70() T::::7 
BOO 0:::'1E+0 
80.1. REM INITIALIZE 
900 DIM F(.1.,5)~P8(15,1),D(7v5),X(10r5)rF9(1,5) 
1000 DIM R(15)yV(7)vW(1,7),C(10),E(7,5),W9(1,5) 
100.1. MAT F = ZER 
1002 MAT PO = ZER 
1003 MAT D = ZER 
.1.004 MAT X = ZfR 
1005 MAT F9 = ZER 
1006 MAT R = Zfk 
1007 HAT V = ZER 
1008 MAT W = ZER 
iOO? MAT W9 = ZER 
1101 REM READ IN F-FACTORS 
1200 FOR P=l TO P9 
.1.300 FOR L=l TO L9 
1400 READ F9(P,L) 
:I ~:i()() NEXT L 
1,-SO() NEXT P 
170() DATA 0,lrO.5~O,0 

...... 
<.N 



APPENDIX I (cont.) 

1701 REM READ IN W-RATIOS 
1800 FOR P=l TO P9 
;L900 FOH L""l TO L9 
2000 READ W9(P~L) 
2100 F(P,L)=W9(P,L)*F9(PvL) 
:!2()() NEXT L 
2300 NEXT P 
2400 
2401 
2500 
2600 
2700 
2800 
2900 
3000 
3100 
3102 
3200 
3300 
3400 
3500 
3600 
3700 
3800 
3900 
4000 
4100 
4200 
4300 
4301 
4400 
4500 
4600 
4700 
4800 

DATA 1,1,1,1,1 
REM READ IN PLANT FLOW RATES 

FOR 1=1 TO 19 
FOH P=1 TO P9 
READ P8(I,P) 
NEXT P 
NEXT I 
DATA 43.06,43.06,43.06,43.06,43.06,43.06,43.06,43.()6 
DATA 43.06,43.06,43.06,43.06,43.06,43.06,43.06 

REM READ IN LIFE STAGE DISTHIBUTIONS 
FOR K=l TO K9 
FOH L=l TO L9 
READ D(K,L) 
NEXT L 
NEXT K 
DATA 0,0,0,0,1 
DATA 0.04,0.12,0.12,0.12,0 
DATA 0.42,0.72,0.72,0.72,0 
DATA 0.52,0.14,0.14,0.14,0 
DATA O.Ol,O.Ol,O.OlrO.Ol,O 
DATA O.01,0.01,0.01,0.Oi,0 
DATA 0,0,0,0,0 

REM READ IN LIFE STAGE TO AGE CONVERSION MATRIX 
FOR J=1 TO J9 
FOR L=1 TO L9 
READ X(J,L) 
NEXT L 
NEXT J 

4900 DATA 0.4286,0.5714,0,0,0 
5000 DATA O,I,OvO,O 
5100 DATA 0,0.5714,0.4286,0,0 
5200 DATA 0,0,1,0,0 
5300 DATA 0,0,0.2857,0.7143,0 
5400 DATA 0,0,0,1,0 
5500 DATA 0,0,0.1,0 
5600 DATA 0,0,0,1,0 
5700 DATA 0,0,0,0.5714,0.4286 
5800 DATA 0,0,0,0,1 

f---! 
~ 



APPENDIX I (cont.) 

5801 REM READ IN EGG RECRUITMENT PROPORTIONS 
5900 FOR 1=1 TO 19 
6000 READ R(I) 
61()() NEXT I 
6200 DATA 0.02,0.26,0.37,0.18,0.15,0.02,0,0,0,0,0,0,0,0,0 
6201 REM READ IN REGION VOLUMES 
6300 FOR K=1 TO 1<9 
6400 READ V(K) 
I.)~)()O ~!EXT I< 
6600 DATA 26000,22BOO,16800,11600,7000,6000,7600 
1.)601 HEM HEAD IN PfWPOf(fJOt·ML.. WIlHJ)RA~JAL FRACTHItIS 
6700 FOR P=1 TO P9 
6800 FOR 1<=1 TO 1<9 
6900 READ W(P,K) 
7000 NEXT K 
'7100 NEXT P 
'7200 DATA 0,0,0.3¥0.4,O.3vO,0 
'7300 MAT C = lER 
7301 REM BEGIN TIME STEPS 
7400 FOR 1=1 TO 19 
'7500 e(l) = OtR(I} 
'J600 GO!:lUB 9<lO() 
76~:iO HDi CAI...CULiHE TilE r~EDUClION DUE HI ENTf<AINt1DH 
7100 FOR J=l TO J9-1 
7750 FOR L..=1 TO 1...9 
7000 !:I::::() 
7900 FOR K=1 TO K9 
[) 1 () () s::" s+ C ( J ) * V ( 1< v L ) * ( 1-" E XP ( - ( E ( K v I... ) * T * X ( .J , l.. ) ) ) ) 
EI;;'~O() NEXT K 
8400 C(J)=C(J)-S 
B'I~:j() tlEXT I... 
S::.'J()() NEXT J 
8600 C(J9)~C(J9)tC(J9-1) 

8601 HEM ADVANCE AGE VECTOR 
U'700 FDr~ ..)::::J9·· .. 1 TO ~.~ !;iTEP ,-,1 
8800 (;(J)=(;(")-I) 
D9()() NEXT J 
9000 NEXT I 
9 1 () 0 M:;:: :f. .-c ( ..J 9 ) I () 
920() pr-<INT "TOTAL. EN'lT,AINHENT t1OFnAL.IlY IS • ~M 
9300 GO TO 10500 

~ 
U1 



APPENDIX I (cont.) 

9301 
9400 
9500 
9600 
9700 
9800 
9900 
10000 
10100 
10200 
10300 
10400 
10500 

REM CALCULATE INSTANTANEOUS ENTRAINMENT MORTALITY RATE 
MAT E = ZER 
FOR P=i TO P9 
W1=PB(I,P) 
FOR L=l TO L9 
Fl=F(P,L) 
FOR K=l TO K9 
E(K,L)=E(K,L)tFl*W1*W(P,K)/V(K) 
NEXT K 
NEXT L 
NEXT P 
RETURN 
END 

f-' 
(J\ 


