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ABSTRACT 

\ 

BARNTHOUSE, L. W., W. VAN WINKLE, B. L. KIRK, and 
D. S. VAUGHAN. 1982. The impact of impingement on the  
Hudson R ive r  wh i te  perch populat ion:  F i n a l  r e p o r t .  
ORNLITM-7975 and NUREGICR-2311. Oak Ridge Nat iona l  
Laboratory, Oak Ridge,, Tennessee. 60 pp. 

Th i s  r e p o r t  summarizes a  se r ies  of analyses o f  t h e  magnitude and 
b i o l o g i c a l  s i g n i f i c a n c e  o f  t h e  impingement o f  wh i te  perch a t  t he  Ind ian  
P o i n t  Nuclear Generating S t a t i o n  and o ther  Hudson R ive r  power p lan ts .  
Inc luded i n  these analyses were eva lua t ions  o f  ( a )  two independent 
l i n e s  o f  evidence r e l a t i n g  t o  t h e  magnitud,e of impingement impacts on 
the  Hudson R ive r  wh i te  perch populat ion,  (b )  t he  a d d i t i o n a l  impact 
caused by entrainment o f  wh i te  perch, ( c )  data r e l a t i n g  t o  
density-dependent growth among young-of - the-year wh i te  perch, ( d )  t h e  
f e a s i b i l i t y  o f  per forming popu la t i on - l eve l  analyses of impingement 
impacts on t h e  wh i te  perch popu la t ions  of Chesapeake Bay and the  
Delaware River ,  and ( e )  t he  f e a s i b i l i t y  of us ing  s imple food cha in  and 
food web models t o  eva lua te  community-level e f fec ts  o f  impingement and 
entrainment.  

Est imated reduct ions  i n  t h e  abundances of . the  1974 and 1975 wh i te  
perch year classes, caused by impingement and entrainment, were h igh  
enough t h a t  t he  p o s s i b i l i t y  o f  adverse long-term e f f e c t s  cannot be 
excluded. I t  was not,  however, poss ib le  t o  q u a n t i f y  t he  long-term 
consequences of t h i s  impact on e i t h e r  t h e  wh i te  perch popu la t i on  o r  on 
o ther  components o f  t h e  Hudson R iver  ecosystem. Moreover, t he  
year- to-year  v a r i a b i l i t y  i n  year-c lass abundance i nd i ces  f o r  wh i te  
perch i s  so h igh  t h a t  many a d d i t i o n a l  years o f  data would be requ i red  
t o  de tec t  even very  l a r g e  reduct ions  (g reater  than 50%) i n  average 
year-c lass abundance. Analyses o f  simple food cha in  and food web 
models, performed us ing  a  technique known as loop analys is ,  suggest 
t h a t  if power p l a n t  opera t ion  does r e s u l t  i n  a  s u b s t a n t i a l  dec l i ne  i n  
t h e  abundance o f  wh i te  perch, t h i s  dec l i ne  should be accompanied by an 
increase i n  t h e  abundance of competi tors, t h a t  a re  r e l a t i v e l y  
i .nvulnerable t o  power p lan ts .  Observable changes i n  t he  age and 
size-composit ion o f  t he  wh i te  perch po'pulat ion should a l so  occur. 
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SUMMARY 

Th i s  r e p o r t  summarizes'a s e r i e s  of analyses, o f  t h e  magnitude and 
b i o l o g i c a l  s i g n i f i c a n c e  of t h e  impingement of w h i t e  perch, a t  Hudson 
R i v e r  power p l an t s ,  performed by  s t a f f  of t h e  Envi ronmenta l  Sciences 
D i v i s i o n  of Oak Ridge Na t i ona l  ~ a b o r a t o r y .  T h i s  research  was performed 
f o r  t h e  U  .S. Nuc lear  Regu la to ry  Commission (USNRC) i n  connec t ion  w i t h  
t h e  l i c e n s i n g  of t h e  I n d i a n  P o i n t  Nuclear  Generat ing S t a t i o n ,  u n i t s  2  
and 3. Many of t h e  r e s u l t s  were a l s o  submi t ted as t es t imony  f o r  t h e  
U.S. Environmental  P r o t e c t i o n  Agency, Region I 1  i n  conso l i da ted  NPDES 
p e r m i t  hear ings  f o r  t h e  I n d i a n  Po in t ,  Bowline, and Roseton gene ra t i ng  
s t a t i o n s .  Inc luded  i n  these  analyses were (.a) e v a l u a t i o n s  of two 
independent l i n e s  of evidence r e l a t i n g  t o  t h e  magnitude o f  impingement 
impacts  on t h e  Hudson R i v e r  w h i t e  perch popu la t ion ,  ( b )  t h e  a d d i t i o n a l  
impact causeci b y  ent ra inment  o f  w h i t e  perch, ( c )  da ta  r e l a t i n g .  t o  
densi ty-dependent growth among young-of- the-year w h i t e  perch, ( d )  t h e  
f e a s i b i l i t y  o f  per forming p o p u l a t i o n - l e v e l  analyses o f  impingement 
impacts on t h e  w h i t e  perch popu la t i ons  o f  Chesapeake Bay and t h e  
Delaware R iver ,  and ( e )  th.e f e a s i b . i l i t y  o f  u s i n g  s imp le  food cha in  and 
f o o d  web models t o  eval..uate community- level  e f f ec t s  of impingement and 
ent ra inment .  

The impingement r a t e  p rov ides  one possib1.e index of yea r - c l ass  
abundance. Impingement da ta  c o l l e c t e d  a t  s i x  Hudson R i v e r  power p l a n t s  
d u r i n g  t h e  p e r i o d  1972-77 were examined t o  determine whether t h e r e  was 
a  d e c l i n e  i n  w h i t e  perch abundance d u r i n g  t h i s  p e r i o d . .  No 
s t a t i s t i c a l l y  s i g n i f i c a n t  t r e n d  was found. However, f u r t h e r  a n a l y s i s  
showed t h a t ,  because o f  t h e  h i g h  year - to -year  v a r i a b i l i t y  i n  yea r - c l ass  
abundance ind ices ,  many a d d i t i o n a l  years  o f  da ta  would be r e q u i r e d  t o  
d e t e c t  even v e r y  l a r g e  r e d u c t i o n s  ( g r e a t e r  than  50%). i n  average 
yea r - c l ass  abundance. Moreover, i t  was found t h a t  abundance i n d i c e s  
computed f r om impingement da ta  were n o t  c o r r e l a t e d  w i t h  comparable 
i n d i c e s  d e r i v e d  f rom beach-seine d.ata. I t  i s  n o t  c l e a r  whether, e i t h e r  
da ta  s e t   provide^ a  v a l i d  index o f  year -c lass  abundance i n  w h i t e  perch. 

Impingement da ta  were combined w i t h  da ta  on t h e  abundance and 
m o r t a l i t y  of j u v e n i l e  w h i t e  perch i n  t h e  Hudson R i v e r  t o  o b t a i n  
es t ima tes  of c o n d i t i o n a l  impingement m o r t a l i t y  r a t e s  f o r  t h e  1974 and 
1975 w h i t e  perch c lasses.  These r a t e s  a re  es t imates  o f  t h e  f r a c t i o n a l  
r e d u c t i o n  i n  abundance o f  these  two yea r  c lasses  caused b y  
impingement. These es t imates  . i n d i c a t e  t h a t  t h e  abundance o f  t h e  1974 
yea r  c l a s s  was reduced by  a t  l e a s t  lo%, and p robab l y  by 20% o r  more, 
because of impingement alone. The abundance o f  t h e  1975 yea r  c l a s s  was 
reduced b y  a t  l e a s t  8%, and p robab l y  b y  15% o r  more, because of 
impingement alone. Most o f  t h e  impact t o  bo th  year  c l asses  was. caused 
b y  impingement a t  I n d i a n  P o i n t  d u r i n g  t h e  w i n t e r  and e a r l y  sp r i ng .  

Cond i t i ona l  ent ra inment  m o r t a l i t y  r a t e s  were computed f o r  bo th  
y e a r  c lasses.  These r a t e s  i n d i c a t e  t h a t  r e d u c t i o n s  i n  abundance i n  
excess of lo%, over and above .impacts due t o  impingement, were imposed 
on t h e  1974 and 1975 w h i t e  perch  yea r  c lasses  b y  en t ra inment  a t  Hudson 
R i v e r  power p l a n t s .  



Compensatory mechanisms such as densi ty-dependent growth can, i n  
p r i n c i p l e ,  o f f s e t  much o f  t h e  m o r t a l i t y  caused by  impingement and 
en t ra i nmen t .  Consu l tan ts  f o r  t h e  u t i l i t i e s  have searched f o r  e m p i r i c a l  
ev idence  f o r  t h e  o p e r a t i o n  of densi ty-dependent growth i n  t h e  Hudson 
R i v e r  w h i t e  perch p o p u l a t i o n  and have c la imed t o  have found such 
evidence. Our independent e v a l u a t i o n  i n d i c a t e s  t h a t  t h e  a v a i l a b l e  d a t a  
a r e  i n s u f f i c i e n t  f o r  demons t ra t ing  t h e  ex i s tence  o r  nonexis tence o f  
dens i ty-dependent  growth i n  t h i s  popu la t i on .  Our e v a l u a t i o n  f u r t h e r  
i n d i c a t e s  t h a t  i t  p robab l y  w i l l  n o t  be p o s s i b l e  t o  q u a n t i f y  t h e  
compensatory e f f e c t s  of densi ty-dependent growth even i f  i t  can be 
shown t o  e x i s t .  

Impingement da ta  c o l l e c t e d  a t  t h e  C a l v e r t  C l i f f s ,  Surry,  and Salem 
p l a n t s  were examined t o  determine t h e  f e a s i b i l i t y  o f  pe r f o rm ing  
ana lyses  comparable t o  those  performed f o r  t h e  Hudson R i v e r  power 
p l a n t s .  It appears t h a t  no such analyses a r e  f e a s i b l e  a t  p resen t .  Our 
examina t ion  o f  these  d a t a  i n d i c a t e d  t h a t  t o o  few w h i t e  perch a re  
impinged a t  C a l v e r t  C l i f f s  f o r  any a n a l y s i s  t o ' b e  wor thwh i le .  The 
numbers o f  w h i t e  perch  impinged annua l l y  a t  Su r r y  and Salem appear t o  
be s i m i l a r  t o  t h e  numbers impinged a t  I n d i a n  Po in t ,  b u t  a t  n e i t h e r  
p l a n t  was t h e  a v a i l a b l e  t i m e  s e r i e s  of impingement r a t e s  l ong  enough 
f o r  mean ing fu l  r e g r e s s i o n  analyses t o  be performed. Moreover, t h e  
a v a i l a b l e  d a t a  on ( a )  t h e  w h i t e  perch popu la t i ons  of Chesapeake Bay and 
t h e  Delaware R i ve r ,  and ( b )  impingement c o l l e c t i o n  e f f i c i e n c y ,  
impingement s u r v i v a l ,  and t h e  age compos i t ion  o f  impingement 
c o l l e c t i o n s  a t  S u r r y  and Salem were i n s u f f i c i e n t  f o r  c a l c u l a t i n g  
c o n d i t i o n a l  impingement m o r t a l i t y  r a t e s .  

Simple food  c h a i n  and f ood  web models, t oge the r  w i t h  i n f o r m a t i o n  
on t h e  l i t e  h i s t o r i e s  and v u l n e r a b i l i t i e s  t o  power p l a n t s  o f  f i s h  and 
mac ro inve r teb ra te  popu la t i ons  i n  t h  Hudson R i ve r ,  were used t o  assess 
( a )  e f f e c t s  o f  i n t e r a c t i o n s  w i t h  o t h e r  popu la t i ons  on t h e  response o f  
t h e  w h i t e  perch p o p u l a t i o n  t o  power p l a n t  m o r t a l i t y ,  and ( b )  i n d i r e c t  
e f f e c t s  on o t h e r  p o p u l a t i o n s  o f  m o r t a l i t y  imposed on w h i t e  perch. A 
t echn ique  known as l oop  a n a l y s i s  was used t o  d e r i v e  p r e d i c t i o n s  f r om 
t h e  models about q u a l i t a t i v e  p a t t e r n s  o f  change ( i .e. ,  which 
p o p u l a t i o n s  should increase,  which should decrease, and which should 
rema in  unchanged) among t h e  model popu la t ions ,  and t o  i d e n t i f y  t h e  
parameters t h a t  de te rmine  those  p a t t e r n s .  I n f o r m a t i o n  on t h e  l i f e  
h i s t o r i e s  and v u l n e r a b i l i t i e s  t o  power p l a n t s  o f  Hudson R i v e r  f i s h  and 
i n v e r t e b r a t e  popu la t ions ,  when i n t e r p r e t e d  i n  t h e  l i g h t  o f  t h e  
t h e o r e t i c a l  r e s u l t s ,  suggested t h a t  t h e  l e v e l s  o f  power p l a n t  m o r t a l i t y  
imposed on p reda to rs ,  compet i to rs ,  and p rey  of w h i t e  perch  a r e  p robab l y  
i n s u f f i c i e n t  t o  o f f s e t  t h e  e f f e c t s  o f  m o r t a l i t y  imposed on w h i t e  
perch.  No p i s c i v o r o u s  f i s h  have been i d e n t i f i e d  t h a t  p r e y  
p r e f e r e n t i a l l y  on w h i t e  perch, and, there fo re ,  i t  does n o t  appear t h a t  
p r e d a t o r  popu la t i ons  w i l l  be adverse ly  a f f e c t e d  by  t h i s  m o r t a l i t y .  I f  
t h e  o p e r a t i o n  o f  Hudson R i v e r  power p l a n t s  does cause a  s u b s t a n t i a l  
d e c l i n e  i n  t h e  abundance o f  w h i t e  perch, t h i s  d e c l i n e  should be 
accompanied by an i nc rease  i n  t h e  abundance o f  one o r  more competing 
f i s h  popu la t i ons .  Observable changes i n  t h e  age and s i z e  s t r u c t u r e  of  
t h e  w h i t e  perch p o p u l a t i o n  shou ld  a l s o  occur.  

v i i i  



Although it was not possible to predict the long-term consequences 
of the impingement and entrainment of white perch at Indian Point and 
other Hudson River power plants, the estimated impacts of impingement 
and entrainment on individual white perch year classes are high enough 
that the possibility of adverse long-term effects cannot be excluded. 
In recognition of the anomalously high impact .of the Indian Point 
Nuclear Generating, Stat ion, as demonstrated by the results obtained 
from this project, mitigating measures intended to reduce impingement 
of white perch' at Indian Poi'nt were included in the December 1980 
settlement agreement that terminated the EPA hearings and led to the 
May 1981 deletion 'of the .requirement for closed-cycle cooling from the 
operating licenses for Indian Point units 2 and 3. 
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INTRODUCTION 

Large numbers o f  wh i te  perch, rang ing  i n  age from- :< .L 

young-of-the-year through adu l t ,  a re  impinged each year  a t  .the Ind ian  
P o i n t  Nuclear Generati.ng S t a t i o n  and o the r  Hudson R ive r  .power 'p lants  
(F ig .  1 )  Concern about t h e  magnitude o f  t h i s  impingement2and i t s  
p o t e n t i a l  e f fec ts  on t h e  Hudson R ive r  wh i te  perch populat io.n:were . 
expressed i n  t h e  U.S. Nuclear Regu la to ry  Commission's (USNRC:):.Final 
Environmental Statement f o r  I n d i a n  P o i n t  u n i t  no. 3 (USNRC 1.975). I n  
response t o  t h i s  concern, t h e  USNRC's O f f i c e  o f  Nuclear Regulatory 
Research funded research a t  Oak Ridge Nat iona l  Labora tory  (ORNL) w i t h  
t h e  goal  o f  eva lua t i ng  t h e  b i o l o g i c a l  s i gn i f i cance  of impingement 
losses o f  w h i t e  perch a t  Hudson R ive r  power p lan ts .  

The p r o j e c t ,  which began i n  May o f  1978, consi-sted o f  f i v e  
subtasks: . . 

1. S t a t i s . t i c a 1  ana l ys i s  of w h i t e  perch impingement da ta  c o l l e c t e d  
a t  Hudson R iver  power p lan ts ,  

2. Es t imat ion  of c o n d i t i o n a l  imp'ingement m o r t a l i t y  ra ' tes f o r  t he  
1974 and 1975 wh i te  perch year  classes, 

3. Es t imat ion  o f  ' cond i t i ona l  entrainment m o r t a l i t y  r a t e s  f o r  t h e  
1974 and 1975 w h i t e  perch year  classes, '  

4. Eva lua t i on  o f  da ta  r e l a t i n g  t o  density-dependent growth i n  t he  
Hudson R iver  wh i te  perch populat ion,  . . I .  

5. Assessment o f  t h e  f e a s i b i l i t y  o f  per forming popu la t i on - l eve l  
analyses f o r  t he  w h i t e  perch popu la t ions  o f  t h e  Delaware R ive r  
and Chesapeake Bay,, and . 

6. Assessment o f  t h e  feasibi-1- i ty of u s i n g  s imple fb6d cha in  and 
food web models t o  eva lua te  community-level e f f e c t s  o f  
impingement and entrainment.  

A l l  b u t  one o f  these analyses are  descr ibed i n  d e t a i l  i n  o the r  r e p o r t s  
prepared i n  connect ion w i t h  t ,h is  p r o j e c t  (Van Winkle e t  a l .  1980, 
Barnthouse e t  a l .  1980, Barnthouse i n  press) .  The s e c t i o n  o f  t h i s  
r e p o r t  e n t i t l e d  "The impact of impingement on t h e  1974 and 1975 w h i t e  
perch year  c lasses"  i -s an expansion and ref inement  o f  t h e  ana l ys i s  of 
c o n d i t i o n a l  impingement m o r t a l i t y  r a t e s  presented i n  Van Winkle e t  a l .  
(1980). 

The purpose o f  t h i s  f i n a l  r e p o r t  i s  t o  summarize i n  one p lace  a l l  
o f  t h e  r e s u l t s  obta ined f rom t h i s  p r o j e c t .  I t  cons i s t s  o f  separate 
sec t i ons  summarizing each o f  t h e  s i x  analyses, f o l l owed  by conclus ions 
and recommendations drawn f rom a l l  o f  t he  analyses. 
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F ig .  1. Hudson R i v e r  es tua ry  showing l o c a t i o n s  o f lpower  p l a n t s .  



ANALYSIS OF IMPINGEMENT RATES 

The impingement r a t e  p rov ides  one p o s s i b l e  index of year -c lass  
s t r e n g t h  on a  r e l a t i v e  sca le .  Th i s  s e c t i o n  summarizes our  e v a l u a t i o n  
of  ( a )  whether t h e r e  was a  sys temat ic  d e c l i n e  i n  w h i t e  perch  
impingement r a t e s  a t  Hudson R i v e r  power p l a n t s  over  t h e  p e r i o d  1972-77, 
( b )  whether t h e  s t a t i s t i c a l  t e s t  a p p l i e d  t o  t h e  impingement da ta  i s  
power fu l  enough t o  d e t e c t  a  s u b s t a n t i a l  d e c l i n e  i n  w h i t e  perch 
abundance,.given t h e  v a r i a b i l i t y  i n  t h e  da ta  and t h e  l e n g t h  of t h e  t ime  
se r i es ,  and ( c )  whether t h e  impingement r a t e  i s  a  v a l i d  index o f  
yea r - c l ass  s t r e n g t h  i n  w h i t e  perch. 

Data on t h e  number impinged and t h e  impingement r a t e  f o r  w h i t e  
perch  b y  month were compi led f o r  a l l  years  f o r  which da ta  were 
ob ta i nab le  from t h e  u t i l i t i e s  f o r  each o f  t h e  f o l l o w i n g  power p l a n t s  
(moving downr ive r ) :  Albany, Danskammer; Roseton; I n d i a n  P o i n t  U n i t s  1, 
2, and 3; Love t t ;  Bowl ine; and A s t o r i a .  These da ta  a re  presented i n  
Appendix A o f  Van Wink le  e t  a l .  (1980). C o l l e c t i o n  r a t e  i s  de f i ned  as 
t h e  number of impinged w h i t e  perch  counted ( I n d i a n  P o i n t )  o r  es t imated  
( a l l  o t h e r  power p l a n t s )  t o  be impinged a t  t h e  i n t a k e  pe r  u n i t  i n t a k e  
f l o w .  

Except f o r  I n d i a n  Po in t ,  where c o l l e c t i o n  r a t e s  were ad jus ted  
upward t o  c o r r e c t  f o r  l e s s  than  100% c o l l e c t i o n  e f f i c i e n c y ,  c o l l e c t i o n  
r a t e  i s  assumed t o  be approx imate ly  e q u i v a l e n t  t o  impingement r a t e ,  
which i s  de f i ned  as t h e  number o f  w h i t e  perch k i l l e d  a t  t h e  i n t a k e  p e r  
u n i t  i n t a k e  f l ow .  A  d e t a i l e d  a n a l y s i s  o f  f a c t o r s  t h a t  i n f l u e n c e  
impingement es t imates  a t  Hudson R i v e r  power p l a n t s  i n c l u d i n g  adjustment 
f a c t o r s ,  i s  g i ven  i n  Barnthouse e t  a l .  ( i n  p ress ) .  

V a r i a t i o n  i n  Im~ inaement  Rate Amona Years 

Impingement-rate da ta  a re  a v a i l a b l e  on a  month ly  b a s i s  f o r  a  
p e r i o d  o f  f o u r  t o  s i x  years  f o r  Bowline, Love t t ,  I n d i a n  P o i n t  2, 
Roseton, and Danskammer. We t r e a t e d  impingement r a t e ,  which i s  
e q u i v a l e n t  t o  a  ca t ch  pe r  u n i t  e f f o r t  (CPUE), as an approximate index 
o f  p o p u l a t i o n  s ize .  For  a  CPUE index t o  serve as an accura te  index o f  
p o p u l a t i o n  s i ze ,  t h e r e  must be some assurance t h a t  ac tua l  v a r i a t i o n s  i n  
e f f o r t  a r e  measured. We b e l i e v e  t h a t  da ta  on power p l a n t  i n t a k e  f l o w  
( =  e f f o r t )  s a t i s f y  t h i s  c o n d i t i o n ,  because t h e  u n c e r t a i n t y  assoc ia ted  
w i t h  es t imates  o f  i n t a k e  f l o w  i s  r e l a t i v e l y  sma l l .  An a n a l y s i s  o f  t h e  
r e l a t i o n s h i p  between impingement and i n t a k e  f l o w  a t  I n d i a n  P o i n t  i s  
presented i n  Appendix C o f  Van Wink le  e t  a l .  (1980).  Given t h i s  
assumption, we examined t h e  t i m e  s e r i e s  of impingement r a t e s  over  years  
f o r  t r ends  i n  p o p u l a t i o n  s ize .  The reg ress ion  model used was Y = a  + 
bX, where Y i s  t h e  impingement r a t e  f o r  young-of- the-year w h i t e  perch, 
X i s  year,  a  i s  t h e  Y-axis i n t e r c e p t ,  and b  i s  t h e  s lope.  A s l ope  ( b )  
s i g n i f i c a n t l y  g rea te r  than  0.0 (P 5 0.10) suggests an i n c r e a s i n g  
t r e n d  i n  p o p u l a t i o n  s izeover  years,  w h i l e  a  s l ope  s i g n i f i c a n t l y  l e s s  
than 0.0 suggests a  decreas ing t r e n d  i n  p o p u l a t i o n  s i ze .  A s l ope  n o t  
s i g n i f i c a n t l y  d i f f e r e n t  f r om 0.0 i n d i c a t e s  t h a t ,  a l though yea r - c l ass  



s t r e n g t h  may have var ied ,  t h e r e  was no sys temat ic  t r e n d  i n  year -c lass  
s t r e n g t h  over  t h e  p e r i o d  1972 ( o r  1973) through 1977. The r e g r e s s i o n  
a n a l y s i s  was performed f o r  each of t h e  above f i v e  power p l a n t s  and f o r  
a l l  f i v e  power p l a n t s  combined f o r  each month. The reason f o r  
p e r f o r m i n g  i n d i v i d u a l  r eg ress ions  f o r  each power p l a n t  and month was t o  
examine t h e  p o s s i b i l i t y  t h a t  t h e r e  migh t  be c o n s i s t e n t  p a t t e r n s  o f  
v a r i a t i o n  a t  a  power p l a n t  f o r  c e r t a i n  months which were masked by  
averag ing  over  power p l a n t s  o r  over  months. The r e g r e s s i o n  a n a l y s i s  
was a l s o  performed u s i n g  t h e  mean annual impingement r a t e ,  which was 
c a l c u l a t e d  as t h e  average o f  t h e  twe l ve  month ly  impingement r a t e s  f o r  
each yea r .  I n  a l l ,  78 reg ress ions  were performed. Because t h e  twe l ve  
month ly  impingement r a t e s  a r e  used t o  c a l c u l a t e  t h e  mean annual 
impingement r a t e  f o r  each year,  however, t h i s  s e t  of r eg ress ions  cannot 
be t r e a t e d  r i g o r o u s l y  as a  s e t  o f  78 s t a t i s t i c a l l y  independent 
r eg ress ions .  

The r e s u l t s  o f  these  r e g r e s s i o n  analyses a re  presented i n  
Tab le  1. O f  t h e  78 regress ions ,  t h e  s lope  ( b )  d i f f e r s  s i g n i f i c a n t l y  
( P  5 0.10) from 0.0 i n  o n l y  e i g h t  cases. Of these e i g h t  cases, t h e  
s l o p e  i s  s i g n i f i c a n t l y  g r e a t e r  than  0.0 seven t imes  and l e s s  than  0.0 
o n l y  once (Love t t ,  i n  March). I n  our judgment t h e  mean annual 
impingement r a t e s  f o r  each o f  t h e  f i v e  power p l a n t s  and f o r  a l l  f i v e  
p l a n t s  combined a re  l i k e l y  t o  be more r e l i a b l e  i n d i c e s  o f  p o p u l a t i o n  
s i z e  t han  t h e  i n d i v i d u a l  month ly  impingement r a t e s .  Month ly  
impingement r a t e s  a r e  more s u b j e c t  t o  v a r i a t i o n  f r om yea r  t o  year  due 
t o  temperature o r  s a l i n i t y  d i f f e r e n c e s  and, consequent ly,  t o  
d i f f e r e n c e s  i n  t h e  s p a t i a l  d i s t r i b u t i o n  o f  young-of- the-year w h i t e  
pe rch  i n  t h e  Hudson R i ve r ,  r a t h e r  than  due t o  r e a l  d i f f e r e n c e s  i n  
.year-class s t r eng th .  None o f  t h e  s lopes f o r  t h e  s i x  "annual"  
r e g r e s s i o n s  d i f f e r s  s i g n i f i c a n t l y  f r om zero. However, g i v e n  t h e  l a r g e  
v a r i a b i l i t y  i n  impingement r a t e s  used i n  these regress ions ,  t h e  t ime  
s e r i e s  a r e  r e l a t i v e l y  s h o r t  ( i  .e., 5  - 6 years ) ,  and thus, t h e  
s t a t i s t i c a l  power o f  t h e  t e s t  f o r  s t r c n d  i s  n o t  h igh .  Bascd on a 
sys tema t i c  a n a l y s i s  o f  minimum de tec tab le  d i f f e r e n c e s  i n  annual 
impingement r a t e s  and t h e  number o f  years  r e q u i r e d  t o  d e t e c t  a  
s p e c i f i e d  r e d u c t i o n  i n  t h i s  index o f  year -c lass  s t r eng th ,  i t  was 
concluded t h a t  l ong  t i m e  s e r i e s  of es t imates  . o f  yea r - c l ass  s t r e n g t h  
would be r e q u i r e d  t o  d e t e c t  even s u b s t a n t i a l  r educ t i ons  (e.g., 50%) 
(see n e x t  subsec t ion  f o r  a d d i t i o n a l  d e t a i l ) .  I n  a d d i t i o n ,  based on an 
a n a l y s i s  comparing da ta  on impingement r a t e  and beach-seine ca t ch  pe r  
u n i t  e f f o r t  (CPUE),  t h e  accuracy o f  impingement r a t e s  as es t imates  o f  
r e l a t i v e  yea r - c l ass  s t r e n g t h  i s  c a l l e d  i n t o  ques t i on  (see subsec t ion  on 
comparison o f  a l t e r n a t i v e  i n d i c e s  o f  yea rmc lass  abundance f o r  
a d d i t i o n a l  d e t a i l ) .  A f i n a l  p o i n t  r e l a t i n g  t o  t h e  use of impingement 
r a t e  as an index o f  yea r - c l ass  s t r e n g t h  i s  t h a t  a  sys temat ic  decrease 
i n  yea r - c l ass  s t r e n g t h  due t o  impingement m o r t a l i t y  would o n l y  s t a r t  t o  
m a n i f e s t  i t s e l f  w i t h  t h e  1977 ( o r  1978) and subsequent year  c lasses.  
T h i s  d e l a y  i s  due t o  t h e  age of sexual  m a t u r i t y  f o r  females, t h e  
m u l t i p l e  age-class compos i t ion  o f  t h e  spawning p o p u l a t i o n  o f  females, 
and t h e  app rec iab le  i nc rease  i n  impingement m o r t a l i t y  s t a r t i n g  i n  1973 
and 1974. 



Table 1. Summary of results from rejression analyses to examine the time series of impingement rates for trends in the Hudson 
River young-of-the-year white perch populationa 

Bowl i ne Lovett Indian Point 2 

Month -N r b P N r b P N r b P 2 2 2 

January 
February 
March 
Apr i 1 
May 
June 
July 
August 
September 
October 
November 
December 

Annua 1 5 0.05 -16.1 0.72 4 0.67 29.9 0.18 4 0.74 2335 0.14 
ul 

Roseton Danskammer All five plants 

January 4 0.83 4.65 0.09* 6 0.25 2.23 0.31 5 0.52 1149 0.17 
February 4 0.24 4.05 0.51 6 0.27 2.26 0.29 5 0.42 2261 0.24 
March 4 0.88 12.7 0.06* 6 '  0.54 13.0 0.10* 5 0.21 -216 0.44 
Apr i 1 4 0.21 55.7 0.54 6 0.48 12 1 0.13 5 0.01 33.5 0.90 
May 4 0.37 77.1 0.39 6 0.08 36 .O 0.58 5 0.21 -96.9 0.43 
June 4 0.00 0.00 - 6 0.00 0.00 - 5 0.00 0.00 - 
July 5 0.01 0.033 0.85 6 0.44 -2.82 0.15 5 0.00 -0.247 0.91 
August 5 0.26 17.8 0.38 6 0.36 -14.8 0.21 5 0.06 13.4 0.68 
September 5 0.42 -59.8 0.23 6 0.19 -8.83 0.39 5 0.06 -7.05 0.70 
October 5 0.34 -80.8 0.30 6 0.10 25.2 0.54 5 0.84 108 0.03* 
November 5 0.04 23.7 0.76 6 0.26 109 0.30 5 0.79 419 0.04* 
December 5 0.01 -1.67 0.87 6 0.03 -4.01 0.73 5 0.05 255 0.73 o 

w 
Annual 4 0.49 14.8 0.30 6 0.40 23.2 0.18 4 0.45 402 0.33 Z 

I- 
\ 
-I x 

aThe regression model used was Y = a + bX, where Y is impingement rate for young-of-the-year white perch and X is year. N is v I 
the number of data points (i.e., number of years); r2 is the coefficient of determination (i.e., the fraction of variablity a 
in Y values accounted for by X); b Is the slope of the straight line; and P is the probability of obtaining a slope this steep V 

ul 
(either positive or negative) if th? true slope is 0.0. P values (0.10 are indicated by an asterisk (*) .  



Minimum De tec tab le  D i f f e r e n c e  i n  Year-class S t reng th  

Impingement r a t e s  f o r  young-of- the-year w h i t e  perch i n  t h e  Hudson 
R i v e r  were analyzed t o  address two quest ions:  ( 1  ) assuming a  s p e c i f i e d  
number o f  years  o f  a d d i t i o n a l  data, what i s  t h e  minimum f r a c t i o n a l  
r e d u c t i o n  i n  mean yea r - c l ass  s t r e n g t h  t h a t  cou ld  be detected,  and 
( 2 )  assuming a  s p e c i f i e d  f r a c t i o n a l  r e d u c t i o n  i n  mean yea r - c l ass  
s t r e n g t h ,  how many a d d i t i o n a l  years  o f  impingement da ta  would be 
r e q u i r e d  t o  d e t e c t  t h e  reduc t i on .  

C o e f f i c i e n t s  o f  v a r i a t i o n  over  the. p e r i o d  1972-77 were c a l c u l a t e d  
f o r  71  i n d i c e s  o f  w h i t e  perch year -c lass  s t r e n g t h  cons t ruc ted  us ing  t h e  
impingement r a t e  da ta  presented i n  Appendix A  o f  Van Winkle e t  a l .  
(1980).  The f requency  d i s t r i b u t i o n  o f  these c o e f f i c i e n t s  o f  v a r i a t i o n  
i s  p l o t t e d  i n  F i g .  2. F i g u r e  3 shows, f o r  two va lues of t h e  
c o e f f i c i e n t  o f  v a r i a t i o n  t h a t  b racke t  t h e  mode o f  t h e  frequency 
d i s t r i b u t i o n ,  t h e  minimum d e t e c t a b l e  f r a c t i o n a l  r e d u c t i o n  i n  year -c lass  
abundance o f  w h i t e  perch  as a  f u n c t i o n  o f  t h e  number o f  a d d i t i o n a l  
yea rs  ' ( b e g i n n i n g  i n  1978) f o r  wh ich '  impingement da ta  a re  ava i  1  able.  
F i g u r e  4 shows, f o r  t h e  same two va lues  o f  t h e  c o e f f i c i e n t  of 
v a r i a t i o n ,  t h e  number o f  a d d i t i o n a l  years  o f  impingement da ta  r e q u i r e d  
t o  d e t e c t  a  s p e c i f i e d  r e d u c t i o n  i n  year -c lass  abundan.ce. 

Our r e s u l t s  i n d i c a t e d  t h a t  t h e  v a r i a b i l i t y  i n  t h e  b a s e l i n e . d a t a  i s  
so g r e a t  t h a t  more t h a n  50 years  of da ta  would be r e q u i r e d  t o  d e t e c t  an 
a c t u a l  50% r e d u c t i o n  i n  mean yea r - c l ass  s t reng th ,  g i ven  a  power ( 1 4 )  
o f  o n l y  50%. 

D e t a i l e d  r e s u l t s  on t h i s  subtask a re  g i ven  i n  Appendix D of Van 
Wink le  e t  a l .  (1980) .  A  paper d e s c r i b i n g  t h e  methodology and u s i n g  . 
Hudson R i v e r  w h i t e  perch  impingement da ta  as an example has been 
pub l i shed  i n  t h e  ~ a n a d i a n    bur rial o f  F i s h e r i e s  and Aquat i c  Sciences 
(Van Wink'le e t  a'l. Vann' Winme o r e s e n t e d T ~ a ~ e r  Oil t h i s  t o ~ l c  
a t  t h e  Annual Meet ing o f  t h e  American F i s h e r i e s  soc ie ty ,  ~ o u i s v i l l k ,  . 
Kentucky, September, 1980. . . . 

Comparison o f  A l t e r n a t i v e  I n d i c e s  o f  Year-class 
S t reng th  f o r  t h e  Hudson R i v e r  White Perch Popu la t i on  

The v a l i d i t y  o f  u s i n g  impingement da ta  i n  p l ace  o f ,  o r  i n  a d d i t i o n  
t o ,  d a t a  c o l l e c t e d  w i t h  s tandard f i s h e r i e s  sampl ing has n o t  been 
e s t a b l i s h e d .  H ickey  (1978) c o r r e c t l y  po in ted  ou t  t h a t  i n t a k e  screens 
a t  power p l a n t s  r ep resen t  a  new t y p e  of sampl ing gear, t h e  usefulness 
o f  which must be eva lua ted  i n  comparison w i t h  s tandard gears such as 
beach seines, t r a w l s ,  g i l l  nets ,  commercial f i s h i n g  gears, and 
a c o u s t i c a l  techniques.  

I n  Appendix C o f  Van Wink le  e t  a l .  (1980) we examined t h e  v a l i d i t y  
o f  t h e  assumption t h a t  t h e  impingement r a t e  o f  .young-of- the-year w h i t e  
perch  a t  t h e  Hudson R i v e r  power p l a n t s  i s  an approximate index o f  t h e  
s i z e  o f  t h e  young-of - the-year  w h i t e  perch p o p u l a t i o n  i n  t h e  Hudson 
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F ig .  2. Frequency d i s t r i b u t i o n  of t h e  71 values f o r  t h e  c o e f f i c i e n t  o f  
v a r i a t i o n  (as a  percent )  g iven  i n  Table D-1 o f  Van Winkle e t  
a l .  (1980). 
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Fig. 3. Minimum detectable fractional reduction in year-class strength 
of young-of-the-year white perch in the Hudson River as a 
function of the number of years for which impingement data are 
available (startiny in 1978). 
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b, FRACTIONAL REDUCTION IN 
YEAR-CLASS STRENGTH TO BE DETECTED 

F i g .  4 .  Number o f  years  o f '  impingement d a t a  ( s t a r t i n g  i n  1978) 
r e q u i r e d  t o  d e t e c t  a s p e c i f i e d  f r a c t i o n a l  r e d u c t i o n  i n  
y e a r - c l  ass s t r e n g t h  of young-of-the-year w h i t e  perch i n  t h e  
Hudson R i v e r .  



R i v e r  estuary.  Two 1  ines  of evidence were presented: (1 )  comparison 
of young-of-the-year w h i t e  perch impingement r a t e s  and ca tch  per  u n i t  
e f f o r t  (CPUE) b y  beach seines and ( 2 )  comparison of the  
length- f requency d i s t r i b u t i o n s  o f  young-of-the-year wh i te  perch i n  
impingement c o l l e c t i o n s  and i n  beach-seine samples. Contrary t o  our 
expecta t ion ,  we found t h a t  t he re  i s  n o t  a ~ s t a t i s t i c a l l y  s i g n i f i c a n t  
p o s i t i v e  c o r r e l a t i o n  between the  impingement r a t e  i nd j ces  and beach 
se ine  i nd i ces  o f  year-c lass s t reng th  and t h a t  t he  two se ts  o f  
1  ength- f  requency d i s t r i bu t ' i ons  tend t o  d i f f e r .  

+ 

Our r e s u l t s  l e d  t o  t h e  obvious qhest ion:  Which da ta  s e t  
(impingement o r  beach se ine )  prov ided the  more accurate ( l e s s  
inaccura te?)  i nd i ces  o f  t h e  year-c lass s t rength? - Unfor tunate ly ,  t h e  
answer t o  t h i s  ques t ion  was no t  obvious. there were two major 
d i f fe rences between t h e  two samplinq programs. The volume o f  water 
sampled ( i . e . ,  e f for t . )  and t h e  number of f i s h  c o l l e c t e d  were much 
g rea te r  f o r  t he  impingement data, which argued i n  favor of t h e  
impingement da ta  being t h e  more accurate. However, t he  f i v e  power 
p l a n t s  inc luded i n  the  ana lys i s  i n  Sect ion C . l  (Van Winkle e t  a l .  1980) 
represented o n l y  f i v e  sampling po in t s ,  whereas the re  were over 100 
beach se ine  s t a t i o n s  l oca ted  between RM 12 (George Washington Br idge)  
and RM 152 (Troy Dam), a  d i f fe rence which argued i n  favor  of the  
beach-seine data  being t h e  more accurate. This s ide  o f  the  argument 
was weakened, however, by t h e  f a c t  t h a t  t he  beach-sef'ne survey was 
s p e c i f i c a l l y  designed f o r  young-of-the-year s t r i p e d  bass and no t  
young-of-the-year wh i te  perch. 

* 
We prepared a  manuscript f o r  open l i t e r a t u r e  pub l i ca t i on ,  and sent 

i t  t o  D r .  Ronald K lauda-o f  Texas Instruments ( 1 1 )  f o r  i r i formal  rev iew.  
H is  comments i n d i c a t e d  t h a t  the  problem'of measuring year-Class 
s t reng th  i n  wh i te  perch was even more complex than we had imagined. 
The main problem was t h a t  year-c lass s t reng th  f o r  Hudsur~ R iver  wh i te  
perch, i n  eon t ras t  t o  s t r i p e d  bass, may not  be f i x e d  by  e a r l y  f a l l  o f  
t h e  f i r s t  year o f  1  i f e .  Recent analyses by T I  (Texas Instruments 1980) 
show t h a t  young-of-the-year beach seine Ind ices  o f  year-c lass s t reng th  
i n  t h e  f a l l  and y e a r l i n g  beach se ine  i nd i ces  o f  year-c lass s t reng th  t h e  
f o l l o w i n g  s p r i n g  and summer are n o t  p o s i t i v e l y  co r re la ted .  

Two o the r  gener ic  concerns were ev ident  from t h i s  review. 
P r i m a r i l y  because o f  t he  adve rsa r ia l  Hudson R iver  Power Cdse, ORNL does 
n o t  have ready access t o  new data o r  t he  s c i e n t i s t s  who c o l l e c t  i t .  
New d a m  genera l l y  a re  r lu l  dvdi labl le i n  t h e  p u b l i c  domain f o r  one t o  
two years a f t e r  c o l l e c t i o n .  Fnr t ime-ser ies data se ts  of the  type and 
l eng th  o f  i n t e r e s t  i n  t h i s  s i t u a t i o n ,  t he  a d d i t i o n  o f  two years '  da ta  
can s u b s t a n t i a l l y  change t h e  r e s u l t s  o f  t he  ana lys is .  I n  add i t ion ,  
t he re  i s  the  r i s k  o f  m i s i n t e r p r e t a t i o n  because o f  l i m i t a t i o n s  on 
communication w i t h  t h e  s c i e n t i s t s  respons ib le  f o r  c o l l e c t i n g ,  
analyz lng,  and i n le rp r .e t i ng  the  data.  

Fo l l ow ing  i n  Klauda's  review, we examined the  c o r r e l a t i o n s  between 
t h e  impingement r a t e  t ime se r ies  f o r  t he  var ious power p lan ts .  To our  
chagr in ,  o n l y  I n d i a n  P o i n t  u n i t  2  and Love t t  were s i g n i f i c a n t l y  
p o s i t i v e l y  c o r r e l a t e d  ( r s  = 0.9; P < 0.05). Other Spearman 



c o r r e l a t i o n  c o e f f i c i e n t s  were as f o l l o w s :  Bowl ine and L o v e t t  (0.7);  
Bowl ine  and I n d i a n  P o i n t  u n i t  2 (0.60); Roseton and Danskammer i n  
October-November (0.50) ; and Roseton and Danskammer i n  A p r i  1  -May 
( 1  2 )  We a l s o  compared t h e  m id -Ju l y  t o  August beach se ine  i nd i ces .  
For t h e  years  1969-1976 ( n  = 7; no da ta  f o r  1971), bo th  t h e  Spearman 
nonparametr ic  c o r r e l a t i o n  c o e f f i c i e n t  and OlmsteadlTukey corner  t e s t  
f o r  a s s o c i a t i o n  i n d i c a t e  t h a t  these two t ime  s e r i e s  a re  n o t  
s i g n i f i c a n t l y  c o r r e l a t e d .  Yet t h e  f i r s t  t i m e  s e r i e s  i s  a  p a r t  
(approx imate ly  60% o f  t h e  da ta )  of t h e  second t ime  s e r i e s .  Given t h e  
problems i d e n t i f i e d  above, we dec ided t h e  manuscr ip t  d i d  n o t  m e r i t  
submission f o r  open l i t e r a t u r e  p u b l i c a t i o n .  

The above a n a l y s i s  l e d  t o  t h e  f o l l o w i n g  conc lus ions :  

1. A r e l i a b l e  annual index o f  yea r - c l ass  s t r e n g t h  f o r  t h e  Hudson 
R i v e r  w h i t e  perch p o p u l a t i o n  i s  needed. 

2. Whether t h e  p resen t  u t i l i t y  m o n i t o r i n g  program can p r o v i d e  
such an index i s  n o t  c l e a r .  

3 .  Impingement da ta  f r om t h e  va r i ous  power p l a n t s  may be o f  va lue  
i n  deve lop ing  t h i s  index, b u t  f u r t h e r  a n a l y s i s  i s  r equ i red .  

THE IMPACT OF IMPINGEMENT ON 
THE '1974 and 1975 WHITE PERCH YEAR CLASSES' ' 

The o b j e c t i v e s  of t h i s  a n a l y s i s  were ( 1 )  t o  es t ima te  t h e  impacts 
o f  impingement on t h e  1974 and 1975 w h i t e  perch  year  c lasses,  ( 2 )  t o  
i d e n t i f y  t h e  p l a n t s  r espons ib l e  f o r  t h e  g r e a t e s t  impact, and ( 3 )  t o  
i d e n t i f y  t h e  seasons d u r i n g  which t h e  g r e a t e s t  impact occurred.  

. . 
A n a l y t i c a l  Methodology 

T h i s  ana l ys f s  was performed u s i n g  a  s imp le  model (Barnthouse e t  
a l .  1979) d e r i v e d  f r om R i c k e r ' s  t h e o r y  o f  f i s h e r i e s  dynamics. The 
measure o f  impact computed u s i n g  t h i s  model i s  t h e  c o n d i t i o n a l  
m o r t a l i t y  r a t e  (R i cke r  1975, p. 9 ) .  As a p p l i e d  t o  impingement, t h e  
c o n d i t i o n a l  m o r t a l i t y  r a t e  (MI) i s  de f ined  as t h e  f r a c t i o n  of t h e  
v u l n e r a b l e  p o p u l a t i o n  t h a t  would be k i l l e d  b y  impingement i n  t h e  
absence o f  m o r t a l i t y  from a l l  o t h e r  sources, bo th  n a t u r a l  and 
anthropogenic  ( th roughout  t h i s  paper we denote m o r t a l  i ty  f rom a1 1  o t h e r  
sources as " n a t u r a l "  m o r t a l  i t y )  . The c o n d i t i o n a l  impingement m o r t a l  i t y  
r a t e  has t h r e e  major  advantages over  o t h e r  q u a n t i t a t i v e  es t imates  of 
impact. F i r s t ,  i t  i s  n u m e r i c a l l y  equal t o  t h e  f r a c t i o n a l  r e d u c t i o n  i n  
yea r - c l ass  abundance due t o  impingement, p rov ided  t h a t  
densi ty-dependent m o r t a l i t y  i s  n e g l i g i b l e  d u r i n g  t h e  p e r i o d  of  
v u l n e r a b i l i t y  t o  impingement. Second, i t  accounts f o r  t h e  d i f f e r e n t i a l  
impact o f  imp ing ing  f i s h  o f  d i f f e r e n t  ages and, when p r o p e r l y  
c a l c u l a t e d ,  i t  accounts f o r  t h e  e f f e c t s  o f  seasonal v a r i a t i o n s  i n  



impingement. ~ t i i r d ,  t h e  o n l y  da ta  r e q u i r e d  a re  es t imates  o f  t h e  
abundance o f  each yea r  c l a s s  a t  t h e  ;t ime j u v e n i l e s  become vu lne rab le  t o  
impingement, counts  of t h e  number o f  f i s h  impinged, and es t imates  o f  
t h e  r a t e  of t o t a l  m o r t a l i t y  d u r i n g  $he p e r i o d  o f  v u l n e r a b i l i t y .  

We d i d  n o t  attemp't t o  e x t r a p o l a t e  es t imates  of t h e  d i r e c t  impac t '  
o f  impingement on s i n g l e  year  c lasses  t o  es t imates  o f  t h e  long- term 
impact  on t h e  w h i t e  perch  p o p u l a t i o n  as a  whole. Such e x t r a p o l a t i o n s  
would have l i t t l e  va lue  because t h e  e f f e c t s  o f  compensatory processes, 
wh ich  undoubted ly  opera te  i n  t h i s  popu la t ion ,  cannot be v a l i d l y  
q u a n t i f i e d  f rom any e x i s t i n g  data.  

Abundance, M o r t a l i t y ,  and Impingement Est imates 

Ranges o f  es t ima tes  o f  t h e  abundance of .young-of - the-year  w h i t e  
perch  on J u l y  16 of 1974 and 1975 (assumed t o  be t h e  beg inn ing  o f  t h e  
p e r i o d  o t  vu  l ne rab i  11 t y  t o ,  Impingernen t )  , u b l d  ir~ecl Troiii \mar-k-reeaptul-e 
data,  were presented i n  Tab le  6 o f  Van Winkle e t  a l .  (1980).  Van 
Wink le  e t  a1 . (1980) concluded t h a t  n a t u r a l  m o r t a l  i t y  among year1 i n g  
and o l d e r  w h i t e  perch i s  approx imate ly  50% p e r  year ;  n a t u r a l  m o r t a l i t y  
among impingeable young-ot- the-year . i s  p robab ly  between 50 a r ~ d  80% per' 
yea r .  

Es t imates  o f  t h e  number o f  w h i t e  perch impinged and k i l l e d  by  
Hudson R i v e r  power p l a n t s  d u r i n g  1974-77 were c a l c u l a t e d  by  Van Wink le  
e t  a l .  (1980) f r o m  da ta  ob ta i ned  f r om t h e  Hudson R i v e r  u t i l i t i e s .  I t  
was ass~lrned t h a t ,  f o r  a l l  p l a n t s  except  I n d i a n  P o i n t  (where a l l  
impinged f i s h  a r e  c o l  l e c t e d )  , f a c t o r s  promot ing ove res t  imates 
( p r i n c i p a l  l y  t h e  s u r v i v a l  o f  impinged f i s h )  and underest imates 
( p r i n c i p a l l y  c o l l e c t i o n  e f f i c i e n c y )  o f  impingement a re  r o u g h l y  equal i n  
magnitude. It appears f r om da ta  on t h e  length- f requency d i s t r i b u t i o n  
o f  impinged w h i t e  perch t h a t  r e l a t i v e l y  few f i s h  o l d e r  than  age I 1  a re  
impinged. Younq-of-the-year w h i t e  perch a re  r e a d i l y  d i s t i n g u i s h e d  f r om 
o l d e r  f i s h  on t h e  b a s i s  o f  leng th ,  b u t  y e a r l i n g s  can be c l e a r l y  
d i s t i n g u i s h e d  f r o m  two-year-o lds.  Therefore,  we employed two 
a l t e r n a t i v e  assumptions about t h e  age d i s t r i b u t i o n  o t  t h e  impingement 
"catch."  F i r s t ,  we assumed t h a t  a l l  impinged w h i t e  perch o l d e r  t han  
age 0  a r e  y e a r l i n g s ,  r e s u l t i n g  i n  two years o f  v u l n e r a b i l i t y  t o  
impingement. A l t e r n a t i v e l y ,  we assumed t h a t  one-hal f  o f  these  f i s h  a r e  
y e a r l i n g s  and h a l f  a r e  two-years-olds,  r e s u l t i n g  i n  t h r e e  years  o f  
v u l n e r a b i l i t y  t o  impingement. I t  I s  l i k e l y  LhaL t h e  t r u e  s p l i t  between 
y e a r l i n g s  and two -yea r -o l ds  l i e s  between these extremes, 

Resu l t s  

We a p p l i e d  the  e m p i r i c a l  model descr ibed  b y  Barnthouse e t  a l .  
(1979) u s i n g  a l l  combinat ions o f  es t imates  o f  i n i t i a l  abundance,. 
m o r t a l i t y ,  and p e r i o d  o f  v u l n e r a b i , l i t y  of t h e  1974 and 1975 w h i t e  perch 
yea r  c lasses .  Because no age-frequency d i s t r i b u t i o n s  were a v a i l a b l e  
f o r  impingement c o l l e c t i o n s  beyond December 1977, we c o u l d  n o t  compute 



mI f o r  t h e  1975 year  c l a s s  under t h e  assumption of t h r e e  years  of 
v u l n e r a b i l i t y  t o  impingement. Tab le  2  con ta ins  t h e  ranges of est imates 
of mI, f o r  bo th  year  c lasses,  f o r  a l l  p l a n t s  combined. These 
es t ima tes  i n d i c a t e  t h a t  under t h e  most o p t i m i s t i c  assumptions, i.e., 
h i g h  abundance, low n a t u r a l  m o r t a l i t y ,  and two years  o f  v u l n e r a b i l i t y ,  
impingement 'a t  Hudson R i v e r  power p l a n t s  reduced t h e  s i z e  of t h e  1974 
w h i t e  perch year  c l a s s  by  about 10% and t h e  1975 year  c l a s s  by  about 
8%. Under t h e  most p e s s i m i s t i c  assumptions, t h e  s i z e  of t h e  1974 year  
c l a s s  was reduced b y  59%. Ove ra l l ,  t h e  es t imates  o f  mI  i n d i c a t e  a  
p robab le  20% o r  l a r g e r  r e d u c t i o n  i n  t h e  s i z e  o f  t h e  1974 yea r  c l a s s  
because of impingement. Given t h a t  we cou ld  compute mI f o r  t h e  1975 
year  c l a s s  o n l y  under t h e  o p t i m i s t i c  assumption o f  two years  o f  
v u l n e r a b i l i t y ,  our  r e s u l t s  i n d i c a t e  a  p robab le  15% o r  l a r g e r  r e d u c t i o n  
i n  t h e  abundance of t h i s  yea r  c l ass .  

The r e p r o d u c t i v e  va lue  of a  s e x u a l l y  immature f i s h  increases w i t h  
i t s  age, because i t s  p r o b a b i l i t y  o f  s u r v i v i n g  t o  m a t u r i t y  increases.  
For  t h i s  reason, t h e  impact t o  a  p o p u l a t i o n  o f  k i l l i n g  an immature f i s h  
increases w i t h  i t s  age (Barnthouse e t  a l .  1979). Thus, t h e  impingement 
o f  y e a r l i n g  and two-year-o ld  w h i t e  perch has s u b s t a n t i a l l y  g r e a t e r  
impact on t h e  w h i t e  perch p o p u l a t i o n  than i s  i n d i c a t e d  b y  t h e i r  
c o n t r i b u t i o n  t o  t h e  impingement counts .  I n  Table 3  we have t a b u l a t e d  
t h e  c o n t r i b u t i o n s  o f  y e a r l i n g  and o l d e r  w h i t e  perch t o  mI, under 
assumptions y i e l d i n g  low ( l ow  young-of- the-year n a t u r a l  m o r t a l i t y  and 
two years  o f  v u l n e r a b i  1  i t y )  and h i g h  ( h i g h  young-of - the-year  n a t u r a l  
m o r t a l  i t y  and t h r e e  years  o f  v u l n e r a b i  1 i t y )  c o n t r i b u t i o n s  f o r  these  
f i s h .  Assuming two years  o f  v u l n e r a b i l i t y  and low young-of- the-year 
m o r t a l i t y ,  y e a r l i n g  and o l d e r  w h i t e  perch accounted f o r  o n l y  8% o f  t h e  
t o t a l  impingement count f o r  t h e  1974 year  c l ass .  Yet t h e  c o n t r i b u t i o n  
of these  f i s h  t o  m I  i s  about 20% (0.028/0.153) as h i g h  as t h e  
c o n t r i b u t i o n  o f  young-of- the-year.  Under t h e  assumption of t h r e e  years 
of v u l n e r a b i l i t y ,  t h e  c o n t r i b u t i o n  o f  y e a r l i n g  and o l d e r  f i s h  i s  about 
75% as h i g h  as t h e  c o n t r i b u t i o n  o f  young-of- the-year.  The c o n t r i b u t i o n  
of y e a r l i n g  and o l d e r  f i s h  t o  mI  f o r  t h e  1975 year  c l a s s  i s  even 
h ighe r  than  t h a t  f o r  1974. 

Tab le  4  con ta ins  an a n a l y s i s  of t h e  c o n t r i b u t i o n  o f  each o f  s i x  
power s t a t i o n s  t o  m1 f o r  each year  c l ass .  Because these  r e s u l t s  a r e  
r e l a t i v e l y  i n s e n s i t i v e  t o  assumptions about abundance, m o r t a l i t y ,  and 
l e n g t h  o f  t h e  p e r i o d  o f  v u l n e r a b i l i t y ,  we p resen t  t h e  a n a l y s i s  f o r  a  
s i n g l e  re fe rence  case: b e s t  es t ima te  o f  i n i t i a l  p o p u l a t i o n  s ize ,  h i g h  
n a t u r a l  m o r t a l i t y ,  and two years  o f  v u l n e r a b i l i t y .  These r e s u l t s  show 
t h a t  t h e  impact o f  t h e  I n d i a n  P o i n t  Nuclear S t a t i o n  ( u n i t s  1, 2, and 3  
combined) was, f o r  bo th  year  c lasses,  g r e a t e r  than  t h e  combined impact 
o f  t h e  o t h e r  f i v e  p l a n t s .  I n t e r e s t i n g l y ,  t h e  c o n t r i b u t i o n s  o f  Bowl ine 
and L o v e t t  were sma l l e r  i n  comparison t o  those o f  Roseton, Danskammer, 
and Albany than would be expected based on t h e i r  c o n t r i b u t i o n s  t o  t h e  
impingement counts.  The exp lana t i on  f o r  t h i s  r e s u l t  i s  t h a t  r e l a t i v e l y  
more y e a r l i n g  and o l d e r  w h i t e  perch a r e  impinged a t  t h e  l a t t e r  t h r e e  
p l a n t s  (Van Wink le  e t  a l .  1980). 



Table 2. Estimates of total concitional impingement mortality rates (mI).and impingement exploitation 
rates (in parenthses) for the 1974 and 1975 year classes o f  the Hudson .Riv:r white perch, population. 
Estimates were conputec  sing all conbinations' of assumptions abcut initial popglation size, natural 
mortal ity. and number cf years of vulnerabi 1 ity.asb 

Initial Po~ulation Size 

- - - - - 

aTotal conditional -impingem.nt rnartality rates are e.qual to fractional (or x-rcent) reductions in year-class 
strength due to impingement, assuming no compensation. 

. . 
b~x~loitation rate calculated by dividing the total number of white perch impinged in a year class during the 
entire period of vulnerability by the initial size of the young-of-the-year population at the start of the. 
period of vulnerability. 



. - 
Table 3. contributions of ,age 0 versu; age 1+ white perch to impingement counts and to 

conditional impingement mortality rates for. representative cases yielding low 
and high contributions of older fish to mI.a 

Age 0 Age 1 +  

Year Fraction, of Fraction of 
Class Case impingement count mo impingement count ml+ 

1974 Low natural mortality 0.917 0.153 ' 0.083 0.028 
2 years of vulnera- 
bilityb 

1975 Low natural mortality 0.801 0.077 0.199 0.043 
2 years of vulneraT 
bi 1 ityb 

1974 High natural mortality 0.878 0.211 0.122 0.158 
3 years of vulnera- 
bil ityc 

aAll cases use the best estimates of population size (Table 6 of Van Winkle 
et al. 1980). 

b ~ s s u m ~ t i o n s  yielding low contributions of age 1 +  impingement to the conditional 
impingement mortality rate are low age 0 mortality and 2 years of vulnerability to 
impingement. 

CAssumptions yielding high contributions of age 1 +  impingement to ,conditional 
impingement mortality rate are htgh age 0 mortality and 3'years of vulnerability to 
impingement. 



Tab le  4, R e l a t i v e  c o n t r i b u t i o n s  of s i x  power p l a n t s  t o  impingement 
counts and p l a n t - s p e c i f i c  c o n d i t i o n a l  impinqement m o r t a l i t y  
r a t e s  (m- .  ) f o r  t h e  1974 and 1975 wh i te  perch year . 
c 1 asses. A 

. . 

1974 year  c l a s s .  1975 year c l ass  
. , 

F r a c t i o n  o f  F r a c t i o n  o f  
PI antb impingement count mi . impingement count m i .  

Bowl ine 0.134 0.033 0.066 0.013 

Lovet  t ' 0.034 0.008 0.020 0.003 

I n d i a n  P o i n t  P.771 0.197 . ~ . " / 6 4  ' 0.'124 

Roseton 0.023 ,0.011 0.067 0.016 

Danskammer 0.025 ,0.011 0,058. : 0.016 

A1 bany 0.01.7 , . . .. 0.011. 0  025 
. . . , 

0.008 
. . . . 

aAna lys is  f o r  re ference case (bes t  es t imate  o f :  i n i t i a l  popu la t ion ,  ,,. 

h i g h  age 0  n a t u r a l  mort.al i t y ,  2  years. o f  . vu lnerab i  1  i t y ) .  , . . , 

b ~ l l  u n i t s  combined. 



F igu re  5  shows an a n a l y s i s  of t h e  above re fe rence  case by  season. 
For  b o t h  yea r  c lasses,  s u b s t a n t i a l  impacts occur red  o n l y  d u r i n g  w i n t e r  
(December-February) and s p r i n g  (March-May). Not s u r p r i s i n g l y ,  t h e  
seasonal p a t t e r n  o f  impacts f o r  a l l  p l a n t s  combined i s  c l o s e l y  matched 
by  t h e  seasonal p a t t e r n  a t  I n d i a n  Po in t .  The combined impact o f  t h e  
o t h e r  f i v e  p l a n t s  i s  spread r e l a t i v e l y  even l y  over  t h e  year .  

D iscuss ion  

Our a n a l y s i s  shows t h a t  t h e  abundance o f  t h e  1974 w h i t e  perch year  
c l a s s  i n  t h e  Hudson R i v e r  was reduced b y  a t  l e a s t  lo%, and p robab ly  by 
20% o r  more, because of impingement. The abundance of t h e  1975 year  
c l a s s  was reduced by  a t  l e a s t  8%, and p robab l y  b y  15% o r  more. These 
impact es t imates  do n o t  i n c l u d e  c o n s i d e r a t i o n  o f  ent ra inmeqt ,  so t h a t  
t h e  t o t a l  .impact o f  power p l a n t s  on these  year  c lasses  was even g r e a t e r  
t han  i s  i n d i c a t e d  b y  our  ana l ys i s .  

The f a c t  t h a t  y e a r l i n g  and o l d e r  w h i t e  perch  a re  vu lne rab le  t o  
impingement c o n t r i b u t e s  t o  t h e  s u r p r i s i n g l y  h i g h  impact o f  impingement 
on t h i s  popu la t i on .  However, i t  i s  t h e  seasonal d i s t r i b u t i o n  o f  w h i t e  
perch t h a t  i s  p r i m a r i l y  r espons i t i l e  f o r  t h e i r  v u l n e r a b i l i t y .  These 
f i s h  m ig ra te  t o  t h e  lower and midd le  es tuary ,  where t h e  Bowline, 
Love t t ,  and I n d i a n  P o i n t  p l a n t s  a r e  located,  d u r i n g  t h e  l a t e  f a l l  and 
remain t h e r e  through t h e  w i n t e r  (Consol idated Edison 1977). S tud ies  
conducted b y  Texas Ins t ruments  (1974, 1975a) suggest t h a t  t h e  h i gh  
l e v e l s  o f  w i n t e r  impingement o f  w h i t e  perch a t  I n d i a n  P o i n t  may be 
r e l a t e d  t o  t h e i r  p re fe rence  f o r  deep areas o f  t h e  Hudson R i v e r  
channel. I n  t h e  v i c i n i t y  o f  I n d i a n  P o i n t  t h e  channel i s  l o c a t e d  a long  
t h e  eas t  shore o f  t h e  Hudson, ad jacen t  t o  t h e  I n d i a n  P o i n t  in takes .  
Impingement "events"  a t  I n d i a n  P o i n t  a re  a l s o  r e l a t e d  t o  t h e  presence 
o f  h i g h  concen t ra t i ons  o f  w h i t e  perch i n  t h e  v i c i n i t y  o f  t h e  s a l t  
f r o n t ,  which f l u c t u a t e s  above and below t h e  p l a n t  d u r i n g  t h e  w i n t e r .  
The m o b i l i t y  o f  these  o v e r w i n t e r i n g  f i s h ,  and consequent ly  t h e i r  
a b i l i t y  t o  avo id  i n t a k e  s t r u c t u r e s ,  i s  p robab ly  reduced because of 
nea r - f r ee7 ing  water  temperatures. 

Given t h e  i n f o r m a t i o n  c u r r e n t l y  ava i l ab le ,  i t  i s  ou r  judgment t h a t  
t h e  l e v e l  o f  impingement impact on t h e  Hudson R i v e r  w h i t e  perch  
p o p u l a t i o n  i s  h i g h  enough t o  war ran t  m i t i g a t i o n .  because t h e  I n d i a n  
P o i n t  Generat ing S t a t i o n  i s  r e s p o n s b i l e  f o r  most o f  t h e  impact, 
m i t i g a t i n g  impingement a t  I n d i a n  P o i n t  i s  t h e  most e f f e c t i v e  way t o  
p r o t e c t  t h i s  popu la t i on .  Th i s  cou ld  be accomplished e i t h e r  b y  reduc ing  
, t h e  number o f  f i s h  impinged o r  b y  i nc reas ing  t h e  s u r v i v a l  r a t e  of 
impinged f i s h .  Since impingement a t  I n d i a n  P o i n t  oceurs p r i m a r i l y  
d u r i n g  w i n t e r  and e a r l y  sp r ing ,  any m i t i g a t i n g  dev ices i n s t a l l e d  must 
be e f f e c t i v e  a t  low temperatures i n  o rde r  f o r  t h e  impact t o  be 
s u b s t a n t i a l l y  reduced. 
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Fig . 5. Seasonal comparison of conditional impingement mortal i ty rates 
for all plants combined, for Indian Point (all units combined) 
and for all other plants combined. 



THE IMPACT OF ENTRAINMENT ON THE 
1974 AND 1975 WHITE PERCH YEAR CLASSES 

The purpose of t h i s  a n a l y s i s  was t h e  e s t i m a t i o n  o f  c o n d i t i o n a l  
en t ra inment  m o r t a l i t y  r a t e s  f o r  t h e  1974 and 1975 w h i t e  perch  year  
c lasses.  The model used f o r  t h i s  purpose (Boreman e t  a1 . 1979), known 
as t h e  Emp i r i ca l  T ranspor t  Model (ETM), was developed i n  coopera t ion  
w i t h  t h e  U.S. F i s h  and W i l d l i f e  S e r v i c e ' s  Na t i ona l  Power P l a n t  Team. 
ORNL1s work was funded by  NRC (Methods t o  Assess Impacts on Hudson 
R i v e r  S t r i p e d  Bass, NRC FIN No. B0165). To use t h e  ETM, t h e  f o l l o w i n g  
da ta  a re  requ i red :  

( 1 )  morphometric da ta  f o r  t h e  Hudson R i v e r  es tuary ,  
. . 

( 2 )  powbr-pl.ant w i thdrawa l  r a t e s ,  ' 

( 3 )  s p a t i a l  and temporal  d i s t r i b u t i o n s  of e n t r a i n a b l e  w h i t e  perch 
l i f e  stages d u r i n g  1974 and 1975, 

( 4 )  es t imates  o f  t h e  p robab i  1  i t y  of ent ra inment  m o r t a l i t y  f o r  
e n t r a i n e d  w h i t e  perch eggs, yo lk -sac  la rvae ,  pos t  yo lk -sac  
la rvae ,  and j u v e n i l e s ,  and 

( 5 )  es t imates  of W-factors f o r  t h e  f o u r  e n t r a i n a b l e  1  i f e - s t a g e s  
( t hese  parameters a r e  es t imates  of t h e  d e n s i t y  o f  organisms 
i n  power-plant cool . ing water  : r e l a t i v e . t o  t h e i r  d e n s i t y  i n  t h e  
r i v e r  c ross  s e c t i o n  f r om which c o o l i n g  water  i s  drawn). 

The morphometr ic and power-plant w i thdrawa l  da ta  were ob ta ined  d i r e c t l y  
f rom t h e  u t i l i t i e s .  Our es t imates  of t h e  b i o l o g i c a l  i n p u t  da ta  
( i tems 3-5) r e q u i r e d  b y  t h e  ETM were d iscussed i n  t h e  Annual Report  f o r  
t h e  p e r i o d  October 1, 1978 - September 30, 1979 (Barnthouse e t  a l .  
1980). D e t a i l e d  d e s c r i p t i o n s  o f  t h e  da ta  and methods used a r e  
con ta ined  i n  t h e  t es t imony  o f  Boreman e t  a1 . ( i n  p ress) ,  prepared f o r  
t h e  Hudson R i v e r  Power Case. 

Tab le  5  con ta ins  es t imated  c o n d i t i o n a l  en t ra inment  m o r t a l i t y  r a t e s  
f o r  t h e  1974 and 1975 w h i t e  perch yea r  c lasses.  These y e a r - s p e c i f i c  
va lues  were c a l c u l a t e d  f r om t h e  s p a t i a l  d i s t r i b u t i o n s ,  temporal  
d i s t r i b u t i o n s ,  and power-p lant  f l o w s  observed d u r i n g  these  years.  A  
range o f  es t imates  o f  t h e  c o n d i t i o n a l  ent ra inment  m o r t a l i t y  r a t e  f o r  
each year  c l a s s  was ob ta ined  by  u s i n g  two a l t e r n a t e  s e t s  o f  W-factors 
as i n p u t s  t o  t h e  ETM. Al though t h e  impact es t imates  presented i n  Table 
5  rep resen t  f r a c t i o n a l  r e d u c t i o n s  i n  abundance o f  g r e a t e r  than  10% f o r  
b o t h  year  c lasses,  t h e y  a re  sma l l e r  than  t h e  corresponding impingement 
impact es t imates  (Van Wink le  e t  a l .  1980, Table 8 ) .  



Table 5. Cond i t i ona l  ent ra inment  m o r t a l i t y  r a t e  est imates, expressed 
as percentages, f o r  the  1974 and 1975 wh i te  perch c lassesa 

Year GBC b Mllc 

A l l  p l a n t s :  . . 

R'oseton, I nd ian  Po in t  u n i t  2, and Bowline only :  

- . 

aFrom Table V I I I - 1  o f  Boreman e t  a l .  ( i n  p ress) .  

b ~ - f  ac to rs  computed us ing  t h e  Gear-Bi as Cancel 1  i n g  (GBC) method, 
exp la ined i n  Sec t ion  V o f  Boreman e t  a l .  ( i n  p ress) .  

CW-factors computed us ing  t h e  Mod i f i ed  U t i l i t y  (MU) method, expla ined 
i n  Sec t ion  V o f  Boreman e t  a l .  ( i .n p ress) .  



EVALUATION OF DATA RELATING TO THE EXISTENCE OF 
DENSITY-DEPENDENT GROWTH I N  THE HUDSON RIVER WHITE PERCH POPULATION 

Although we es t imated  t h e  impact o f  impingement and en t ra inment  
(measured as f r a c t i o n a l  r e d u c t i o n s  i n  yea r - c l ass  abundance i n  t h e  
absence of compensation) on t h e  1974 and 1975 w h i t e  perch year  c lasses,  
we were unable t o  p r o j e c t  these impacts i n t o  t h e  f u t u r e  i n  o rde r  t o  
es t ima te  t h e  e f f e c t s  o f  power p l a n t s  on t h e  long- term abundance o f  t h e  
Hudson R i v e r  w h i t e  perch  popu la t i on .  Long-term p r o j e c t i o n s  were 
imposs ib le  because t h e  o p e r a t i o n  o f  compensatory mechanisms, such as 
densi ty-dependent growth can, i n  p r i n c i p l e ,  o f f s e t  much o f  t h e  
m o r t a l i t y  caused by  impingement and ent ra inment .  Two c o n s u l t a n t s  f o r  
t h e  u t i l i t i e s ,  Texas Ins t ruments  ( T I )  and Lawler,  Matusky, and S k e l l y  
Engineers (LMS), .searched f ~ r ' e m p i r i c a l  ev idence '  f o r  t h e  ope ra t i ons  o f  
dens i  ty-dependent growth i n  t h e  Hudson R i v e r  w h i t e  perch  popul 'a t ion . 
On two occasions, LMS c la imed t o  have found such evidence. We. . 

conducted an independent e v a l u a t i o n  of bo th  t h e  raw da ta  and t h e  
analyses o f  those da ta  performed by  LMS and, TI ,  and concluded t h a t  t h e  
d a t a  available a re  n o t  s u f f i c i e n t  f o r  demonstrat ing t h e  occurrence o r  
nonoccurrence o f  densi ty-dependent growth i n  t h e  Hudson R i v e r  w h i t e  
perch  populat ion..  

A l though LMS has t w i c e  r e p o r t e d  f i n d i n g  i nve rse  c o r r e l a t i o n s  
betweeri growth and abundance i n  w h i t e  .perch .(Orange and Rockland 
U t i l i t i e s ,  I nc .  1977; Lawler,  Matusky, and S k e l l y  1978), T I  t w i c e  
r e p o r t e d  l o o k i n g  f o r ,  b u t  n o t  f i n d i n g  such c o r r e l a t i o n s  (Texas 
Ins t ruments  1975b, 1978). Moreover, an examinat i o n  of LMS' two 
analyses' r evea led  se r i ous  d e f i c i e n c i e s ,  most o f  which were shared b y  
T I ' S  work. The l e n g t h  da ta  used by  LMS con ta ined  unevaluated b iases  
caused by  t h e  p o o l i n g  o f  f i s h  c o l l e c t e d  f rom d i f f e r e n t  s t a t i o n s  w i t h  
d i f f e r e n t  gears. It i s  q u i t e  po,ss ib le  t h a t  t h e  r e s u l t s  r e p o r t e d  by LMS 
were no more than  a r t i f a c t s  introd'uced by  t h e  p o o l i n g  procedure. I n  
b o t h  r e p o r t s  t h e  c o r r e l a t i o n ,  s e t  f o r t h  as e m p i r i c a l  evidence o f  
densi ty-dependent growth was ob ta ined  f r om a m u l t , i p l e  r e g r e s s i q n  i n  
which an env i ronmenta l  v a r i a b l e  ( f r eshwa te r  f l o w ) '  was incl'u'ded. I n  ' " 

each case, t h e  p a r t i c u l a r  va r i ab le .  se lec ted  was chosen f r om a l a r g e  
number o f  a l t e r n a t i v e  f o rmu la t i ons ,  a t  l ' eas t  ' p a r t l y  because a good f i t  
cou ld  be ob ta ined  w i t h  it. We b e l i e v e  t h a t ,  as i de  f r om any problems 
w i t h  t h e  data,  r e s u l t s  de r i ved  i n  t h i s  way cannot be accepted as 
e m p i r i c a l  c o n f i r m a t i o n  f o r  t h e  r e a l i t y  o f  densi ty-dependent growth. 

Our comparisons o f . t h e  T I  and LMS growth and abundance i n d i c e s  f o r  
w h i t e  perch suggested t h a t  t h e  c o r r e l a t i o n s  presented by  LMS may have 
been spur ious .  Both s e t s  of i n d i c e s  purpor ted  t o  be measures o f  t h e  
growth and abundance o f  j u v e n i l e  w h i t e  perch i n  t h e  Hudson R i ve r .  
However, when t h e  LMS and T I  growth (Tab le  6 )  and abundance (Table 7 )  
i n d i c e s  f o r  t h e  same years  were compared, o n l y  t h e  growth i n d i c e s  were 
p o s i t i v e l y  c o r r e l a t e d .  

Even i f  a c o r r e l a t i o n  d i d  e x i s t  between growth and d e n s i t y  i n  
w h i t e  perch, t h e  d i scove ry  of t h i s  c o r r e l a t i o n  would n o t  be p r o o f  t h a t  
growth i s  f u n c t i o n a l l y  r e l a t e d  t o  dens i t y .  A l t e r n a t i v e  exp lana t i ons  



Table 6. Correlation,between TI and LMS white perch growth indices 
over the period 1972-75 

LMS TI 
Year growth (mm)a growth (mm/dlb 

a~awler, Matusky, and Skelly (1978, Table 3). 

b 1  975 year-class report (Texas Instrvments 1978,  able R-116). 



Table 7. C o r r e l a t i o n s  between LMS and T I  w h i t e  perch d e n s i t y  i n d i c e s  

LMS LMS T I  
unadjusted ad jus ted  d e n s i t y  

d e n s i t y  (CPUE) a d e n s i t y  ( C P U E ) ~  ( CPUE ) C  

LMS (unad jus ted)  vs  T I .  ' , . 

LMS = . .  124.81 . ' -  3.31 T I  

LMS (ad jus ted )  vs T I  

LMS = 30.86 - 2.16 T I  

r2 0.54 F = 2.37 P = 0.26 

a ~ a w l e r ,  Matusky, and S k e l l y  (1978, Table 3 ) .  

b ~ a b l e  11 of Barnthouse e t  a l .  (1980).  . 

'1975 yea r - c l ass  r e p o r t  (Texas Ins t rument  1978, Table 8-116). 



for such a correlation are clearly possible. The hypothesis of 
density-dependent growth cannot be accepted until it has survived 
independent tests designed to refute it. 

Finally, the existence or nonexistence of density-dependent growth 
is entirely irrelevant to a rational assessment of the impact of 
powerplants on the Hudson River white perch population. We do believe 
that some form (or forms) of compensatory mechanisms must operate in 
this population under certain conditions. Once this is conceded, the 
mere demonstration that some particular,mechanism exists or does not 
exist is useless for predictive purposes. Studies of density-dependen t 
growth would be useful if it were possible to quantify its compensatory 
effects. However, these effects cannot be quantified (they could be 
either substantial or negligible) in the absence of precise 
quantitative information on the relationship between size and mortality 
in juvenile white perch. No such information now exists, and we doubt 
that it can ever be obtained. 

A complete account of our analysis was presented in the Annual 
Report for the period October 1, 1978 - September ,30, 1979 (Barnthouse 
et al. 1980). 

I '  . 

DATA AND INFORMATION FROM OTHER WATER BODIES 

We examined the available data on the white perch popula'tions of 
the Delaware River and Chesapeake Bay. We concluded that analyses 
similar to those performed for the Hudson River popuTation (Van Winkle 
et a1 . 1980) are not possible for these other systems. 

Although estimates of annual mortality were obtained for both 
LJel aware (wall ace 197 1 ) and Chesapeake (Mansuet i 1960) white perch 
populations, no absolute abundance estimates exist, either for adults 
or for young-of-the-year (T. Polgar, Maryland Power Plant Siting 
Program, personal communication). Consequently, conditional 
impingement mortality rates could not be computed. 

Impingement data collected at the Calvert Cliffs, Surry, and Salem 
plants were examined to determine the feasibi 1 i ty of 'performing 
reqression analyses analogous to those in Section I1 of the topical 
report (van Winkle et a1 . 1980). No -such analyses were feasible. Our 
examination of the 1977 Environmental Monitoring Report 
(nonradiological ) for Calvert Cliffs (Baltimore Gas and El.ectric' Co. 
1978) indicated that too few white perch are impinged at this plant for 
any analysis to be worthwhile. From the data in Tables 11-1, 11-11, 
and 11-13 of the above report, we estimated that only about 1200 white 
perch were impinged at Calvert Cliffs during all of 1977. 



Enough w h i t e  perch a r e  impinged a t  bo th  Su r r y  and Salem so t h a t  
analyses would be usefu l ,  b u t  a t  n e i t h e r  p l a n t  was t h e  a v a i l a b l e  t i m e  
s e r i e s  o f  impingement r a t e s  l ong  enough f o r  meaningfu l  r e s u l t s  t o  he 
ob ta ined .  Even w i t h  no c o r r e c t i o n  f o r  c o l l e c t i o n  e f f i c i e n c y ,  more than  
500,000 w h i t e  perch were es t imated  t o  have been impinged a t  Salem 
between A p r i  1  and December of 1977 ( P u b l i c  Serv ice  E l e c t r i c  and Gas 
Company 1978, Sec t ion  3.1.2.2). Simi l a r l y ,  t h e  unad jus ted  impingement 
es t ima tes  f o r  Su r r y  i n d i c a t e  t h a t  a t  l e a s t  300,000 w h i t e  perch were 
impinged between May and December of 1977 ( V i r g i n i a  E l e c t r i c  Power Co. 
1978, Sec t i on  3.0). I f  t h e  seasonal impingement p a t t e r n s  a t  Salem and 
Su r r y  a r e  s i m i l a r  t o  t h e  p a t t e r n  observed a t  I n d i a n  Po in t ,  then, 
a l l o w i n g  f o r  less-than-100% c o l l e c t i o n  e f f i c i e n c y  and f o r  t h e  l ack  of 
w i n t e r  impingement c o l l e c t i o n s ,  as manyy as one m i l l i o n  w h i t e  perch may 
have been impinged a t  each p l a n t  d u r i n g  1977. By comparison, one t o  
two m i l l i o n  w h i t e  perch a re  impinged annua l l y  a t  I n d i a n  Po in t ,  and two 
t o  t h r e e  m i l l i o n  a re  impinged annua l l y  a t  a l l  Hudson R i v e r  Power P l a n t s  
combined. 

We b e l i e v e  t h a t  t h e  f i ve - yea r  t i m e  s e r i e s  analyzed i n  t h e  t o p i c a l  
r e p o r t  i s  t h e  minimum l e n g t h  r e q u i r e d  f o r  a meaningfu l  ana l ys i s .  F i v e  
yea rs  o f  comparable da ta  were n o t  a v a i l a b l e  f o r  e i t h e r  Salem o r  Surry .  
The f i r s t  year  o f  o p e r a t i o n  a t  Salem was 1977; t h e r e f o r e ,  o n l y  two 
years  o f  da ta  e x i s t e d  f o r  t h i s  p l a n t  a t  t h e  t ime  we performed our  
eva lua t i on .  Impingement da ta  have been c o l l e c t e d  s i nce  1973 a t  Sur ry .  
However, because o f  a  change i n  i n t a k e  design, t h e  da ta  c o l l e c t e d  p r i o r  
t o  May 1974 a re  n o t  comparable t o  l a t e r  data.  Moreover, t h e  sampl ing 
i n t e n s i t y  a t  Surry,  50 min pe r  week (Adams e t  a l .  1977, p. 2-215), i s  
o n l y  about 4% o f  t h a t  a t  t h e  Hudson R i v e r  p l a n t s  ( a t  l e a s t  24 h/week). 
Consequently, t h e  da ta  t h a t  do e x i s t  f o r  S u r r y  a re  p robab ly  low i n  
p r e c i s i o n  compared t o  t h e  Hudson R i v e r  data,  so t h a t  an even l onge r  
t i m e  s e r i e s  migh t  be r e q u i r e d  t o  d e t e c t  a  s i g n i f i c a n t  t r e n d  i n  t h e  r a t e  
of impingement o f  w h i t e  perch. Given t h e  magnitude o f  w h i t e  perch 
impingement a t  Salem and Surry ,  we b e l i e v e  t h a t  a  requi rement  f o r  more 
ex tens i ve  impingement m o n i t o r i n g  a t  these  p l a n t s  should be cons idered.  
Spec ia l  s t u d i e s  o f  c o l l e c t i o n  e f f i c i e n c y  and of long- te rm s u r v i v a l  o f  
impinged f i s h ,  such as those conducted a t  t h e  Hudson R i v e r  p l an t s ,  
would be ex t reme ly  va luab le .  

MULTIPOPULATION MODELING 

Assessments of t h e  impacts of power p l a n t s  on aquat ic.ecosystems, 
i n c l u d i n g  t h e  work descr ibed  i n  t h e  o the r  sec t i ons  o f  t h i s  r e p o r t ,  
g e n e r a l l y  focus on s i n g l e  popu la t ions .  Q u a n t i t a t i v e  s t u d i e s  of t h e  
impacts of power -p lan t - re la ted  s t r esses  on i n d i v i d u a l  organisms (e.g., 
thermal  t o l e r a n c e  s t u d i e s )  a re  conducted. Data on i n d i v i d u a l  organisms 
a re  then ex t rapo la ted ,  u s i n g  a  p o p u l a t i o n  model, t o  impact on 
popu la t i ons .  However, i n  many cases, s t u d i e s  of s i n g l e  popu la t i ons  may 
be inadequate f o r  assess ing power p l a n t  impacts, because t hey  cannot 
account f o r  t h e  e f f e c t s  o f  i n t e r a c t i o n s  among popu la t i ons .  For 
example, i n t e r a c t i o n s  w i t h  f ood  organisms, compet i to rs ,  and p reda tn rs  



may magn i f y  o r  o f f s e t  t h e  d i r e c t  e f f ec t s  o f  m o r t a l i t y  caused by  power 
p l a n t s  on a  popu la t i on .  I t  i s  a l s o  p o s s i b l e  f o r  d i r e c t  impacts on one 
p o p u l a t i o n  t o  cause i n d i r e c t  impacts on o thers .  The e f f e c t s  o f  these  
i n t e r a c t i o n s  on t h e  responses o f  popu la t i ons  t o  power p l a n t  m o r t a l i t y  
can be q u a n t i f i e d  u s i n g  m u l t i p o p u l a t i o n  models: s imp le  f ood  cha in  and 
food web models t h a t  i n c o r p o r a t e , t h e  dynamics o f  severa l  i n t e r a c t i n g  
p o p u l a t i o n s .  

A1 though many t h e o r e t i c a l  s t u d i e s  were performed u s i n g  these 
models, t h e r e  have been few at tempts t o  app ly  them t o  resource  
management o r  impact assessment problems. Th i s  r e p o r t  descr ibes  
exp1o ra to r y . r esea rch  in tended t o  i n v e s t i g a t e  t h e  u t i l i t y  o f  s imp le  
m u l t i p o p u l a t i o n  models, ana l yzed ,us ing  a  method known as l oop  ana l ys i s  
( Lev ins  1974, 1975) i n  power p l a n t  impact assessment and mon i t o r i ng .  
The assessment o f  d i r e c t  'and i n d i r e c t  e f f e c t s  of impingement and 
en t ra inment  o f  w h i t e  perch  a t  Hudson R i v e r  power p l a n t s  i s  an 
e s p e c i a l l y  app rop r i a te  t e s t  problem f o r  t h i s  i n v e s t i g a t i o n .  Prev ious 
work (Van Wink le  e t  a l .  1980) showed t h a t  t h i s  p o p u l a t i o n  s u f f e r s  
u n u s u a l l y  h i g h  l e v e l s  o f  en t ra inment  and impingement m o r t a l i t y .  I n  
a d d i t i o n ,  a  g rea t  dea l  o f  i n f o r m a t i o n  i s  a v a i l a b l e  concern ing t h e  
h i o l n g y  of t h e  w h i t e  perch  and i t s  r o l e  i n  t h e  Hudson R i v e r  ecosystem. 

T h i s  research  had t h r e e  major  o b j e c t i v e s :  

( 1 )  I d e n t i f y  t h e  t h e o r e t i c a l  e f f e c t s  o f  i n t e r -  and 
i n t r a p o p u l  a t  i o n  i n t e r a c t i o n s  on t h e  responses o f  popu la t i ons  
t o  power p l a n t  m o r t a l i t y ,  

( 2 )  Use t h e  r e s u l t s  t o  assess t h e  l i k e l y  consequences o f  t h e  
ent ra inment  and impingement o f  w h i t e  perch on Hudson R i ve r  
f i s h  popu la t i ons ,  and 

(3 ) '  Eva lua te  t h e  p o t e n t i a l  uses o f  mu1 t ipopula,l : iu, l  models and 
loop  a n a l y s i s  i n  assess ing p o t e n t i a l  impacts, des ign ing  
e c o l o g i c a l  m o n i t o r i n g  programs t o  d e t e c t  those impacts, and 
i n t e r p r e t i n g  m o n i t o r i n g  data.  

Model ing S t r a t e q y  

Even f o r  an i n t e n s i v e l y  s t u d i e d  ecosystem such as t h e  Hudson 
R i ve r ,  t h e r e  a r e  many gaps i n  our  knowledge about i n t e r p o p u l a t l o n  
i n t e r a c t i o n s .  The many l i ~ i i - i t a t i o n s  an our  knowlcdyc uT ecosystem 
s t r u c t u r e  and f u n c t i o n  have impor tan t  i m p l i c a t i o n s  f o r  t h e  k i nds  of  
s t r a t e g i e s  t h a t  a re  a p p r o p r i a t e  f o r  model ing m u l t i p o p u l a t i o n  systems. 
The s t r a t e g y  taken  i n  t h i s  s tudy  has t h r e e  e s s e n t i a l   component.^: 
( a )  s t u d y i n g  severa l  s imple,  a l t e r n a t i v e  models o f  t h e  system of 
i n t e r e s t ,  ( b )  employ ing h i g h l y  gene ra l i zed  f unctiOr3al forrns i n  the  
model equat ions,  and ( c )  drawing o n l y  qua1 i t a t i v e  conc lus ions  f rom t h e  
analyses.  As no ted  above, t h e r e  i s  cons iderab le  u n c e r t a i n t y . a b o u t  t h e  
a c t u a l  p a t t e r n s  o f  i n t e r a c t i o n  among Hudson R i v e r  f i s h  popu la t i ons .  I n  
a d d i t i o n ,  t he  number o f  spec ies o c c u r r i n g  i n  any ecosystem, i n c l u d i n g  



f i sh ,  i nve r t eb ra tes ,  phytop lankton,  microbes, etc., i s  so enormous t h a t  
t h e  lumping o f  s i m i l a r  popu. lat ions, and of l i f e - s t a g e s  w i t h i n  
popu la t ions ,  i s  necessary i n  every  model ing study. The use o f  
m u l t i p l e ,  a l t e r n a t i v e  models, each cons t ruc ted  u s i n g  d i f f e r e n t  
s i m p l i f y i n g  assumptions, a i ds  i n . i d e n t i f y i n g  a r t i f a c t s  o f  
s  imp1 i f  i c a t  i o n  and i n  ensur ing  t h e  robustness of conc lus ions  drawn from 
t h e  study. 

As ide  f r o m  t h e  above cons idera t ions ,  t h e  i n f o r m a t i o n  needed t o  
fo rmu la te  r e a l i s t i c  and p r e c i s e  mathematical  r ep resen ta t i ons  of 
i n t e r a c t i o n s  betweeen t h e  w h i t e  perch  and any o f  i t s  prey, compet i to rs ,  
o r  p reda to rs  i s  u n a v a i l a b l e  and p robab l y  unobta inable.  For  t h i s  
reason, methods of model f o r m u l a t i o n  and a n a l y s i s  were chosen t h a t  
i n v o l v e  spec i f y i ng  n e i t h e r  t h e  exac t  f u n c t i o n a l  forms o f  these  
i n t e r a c t i o n s  no r  t h e  va lues o f  any of t h e  parameters. The key t o  t h i s  
approach i s  an a n a l y t i c a l  method known as loop  a n a l y s i s  (Lev ins  1974, 
1975; Lane and Lev ins  1977). Loop a n a l y s i s  i s  a  s imp le  method o f  
s t udy ing  t h e  behav io r  o f  systems o f  coupled d i f f e r e n t i a l  equa t ions  i n  
t h e  neighborhoods of e q u i l i b r i u m  p o i n t s .  To per fo rm l oop  ana lys is ,  i t  
i s  necessary t o  s p e c i f y  o n l y  t h e  s i gns  o f  t h e  p a r t i a l  d e r i v a t i v e s  o f  
t h e  equat ions.  Any a v a i l a b l e  i n f o r m a t i o n  about t h e  magnitudes o r  
r e l a t i v e  magnitudes o f  t h e  p a r t i a l  d e r i v a t i v e s  can be used t o  i nc rease  
t h e  power o f  t h e  ana l ys i s .  I t  i s  poss ib l e ,  u s i n g  loop  ana lys is ,  t o  
s tudy  t h e  e f f e c t s  o f  a  s t r e s s  imposed on one o r  more o f  t h e  model 
popu la t i ons  on t h e  e q u i l i b r i u m  abundances of a l l  popu la t i ons .  I t  i s  
f r e q u e n t l y  p o s s i b l e  t o  determine which popu la t i ons  w i l l  decrease, which 
w i l l  increase, and which w i l l  be una f fec ted  w i t h o u t  s p e c i f y i n g  a  s i n g l e  
parameter va lue.  

I n  a d d i t i o n  t o  de te rmin ing  d i r e c t i o n s  o f  change, loop  a n a l y s i s  can 
be used t o  i d e n t i f y  c r i t i c a l  parameters t h a t  a re  e s p e c i a l l y  impo r tan t  
i n  de te rm in ing  t h e  responses o f  t h e  model popu la t i ons  t o  t h e  s t r e s s  
be ing  s tud ied .  

I n  o rde r  t o  o b t a i n  g e n e r a l i t y  and robustness, t h e  s t r a t e g y  
employed i n  t h i s  s tudy  s a c r i f i c e s  numer ica l  p r e c i s i o n .  The o n l y  
p r e d l c t  Ions generated a re  qua1 i t a t  i v e  p a t t e r n s  o f  change among 
popu la t i ons  r e s u l t i n g  f rom power p l a n t  m o r t a l i t y .  Given t h e  l i m i t e d  
s t a t e  o f  our  understanding o f  t h e  Hudson R i v e r  ecosystem, t h e  absence 
of q u a n t i t a t i v e  p r e d i c t i o n s  i s  no g r e a t  s a c r i f i c e .  Swartzman e t  a l .  
(1978) c o n v i n c i n g l y  argued t h a t ,  d e s p i t e  years  of developmental work 
and l a r g e  expend i tu res  o f  research  funds, t h e  s t r i p e d  bass p o p u l a t i o n  
models developed by  ORNL f o r  NRC and by  LMS engineers f o r  t h e  Hudson 
R i v e r  u t i l i t i e s  cannot make r e l i a b l e  q u a n t i t a t i v e  p r e d i c t i o n s  about t h e  
e f f e c t s  o f  power p l a n t  m o r t a l i t y  on t h e  Hudson R i v e r  s t r i p e d  bass 
popu la t i on .  A t tempt ing  t o  make q u a n t i t a t i v e  p r e d i c t i o n s  about 
m u l t i p o p u l a t i o n  responses would s u r e l y  be a  f u t i l e  exerc ise .  

Model D e s c r i ~ t i o n  

The primary source of energy f o r  t h e  b l o t a  of t he  Hudson R i v e r  i s  
o rgan ic  d e t r i t u s .  Accord ing t o  Consol idated Edison (1977), more than  



90% of the energy budget of the tidal portion of the Hudson River (the 
habitat occupied by the ,white perch population) 'is derived from three 
sources: the watershed upstream from Troy Dam, terrestrial runoff from 
the lower watershed, and organic pollution. Less than 9% of the total 
available energy is derived from primary production in the river itself. 

Macroinvertebrates such as chironomids, Ne.omysis, and Gammarus 
feed on the detritus, and these organisms are fed on by white perch. 
The simplest possible model of this system is a three-compartment model 
consisting of white perch, macroinvertebrates, and detritus. Figure 6 
depicts the kinds of biomass flows that occur in such a food chain. 
Fish and invertebrate populations gain biomass through predation or 
grazing and lose biomass through mortality, defecation, and respiration. 
The detritus pool gains biomass through import, mortality to organisms, 
and defecation; it loses biomass through export and .grazing by 
invertebrates. Power plants constitute a source of density-independent 
mortality, converting fish and invertebrates into detritus. In model 1, 
these flows are formalized as the following three equations: a 

(white perch) 

dX3 - - -  
dt - X3 CF32 (X2,X3) -, 633 (X3) - RF - Q3 . -  C3 PI, (1  

(invertebrates) 

Table 8 presents the definitions of the variables and parameters 
employed in this model. Two important features' of model 1 that are 
common to all of the models merit discussion here. First, the 
functional forms of equations 1 to 3 are only partially specified. 
Some processes, namely detritus import (I), detritus export (X T), 
density-independent mortality (Qi),.pOwer plant mortality (tip], 
and respiration (RI, RF), can be reasonably assumed to be 
density-independent. These processes are modeled as linear functions. 
Predation and assimilation are undoubtedly nonlinear and 
density-dependent. Explicit functional forms are not specified for 
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Table 8. Definitions of variables, rate functions, and parameters for 
model 1 . . 

Variable, 
rate function, 
or parameter Definition ('units) 

Detritus biomass (mass) 

Invertebrate biomass (mass') 

White perch biomass (mass) 

Kate functions 

Per capita assimilation rate for 
predator j feeding on prey i (l/time) 

Per c a p i t a  exploitation rate f o r  pr-ey 
i being fed on by predator j (l/time) 

Per capita cannibal ism rate (l/time) 
for white perch . 

Parameters ---.- I 

D e t r i t u s  ,import. rate (mass/time) 

n~t.rit.~~<, kxpnrt,  rat^ ( l/t imp) 

Invertebrate respiration rate (l/time) 

Fish respiration rate (l/time) 

Q i Density-independent death rate (l/tim~) 

c i Vulnerability coefficient (l/volume) 

P Power plant withdrawal rate (volume/t ime) 



these processes. I t  i s  assumed o n l y  t h a t  each r a t e  o f  l o s s  o r  g a i n  o f  
i n v e r t e b r a t e  o r  f i s h  biomass due t o  p reda t ion ,  canniba l ism,  o r  
a s s i m i l a t i o n  can be expressed as a  p roduc t  o f  t h e  biomass o f  t h e  
p o p u l a t i o n  ( X i )  t imes  a  per  c a p i t a  r a t e  f u n c t i o n  ( F j i ( X i , X . ) ,  
Gij(Xi,X.), o r  G33(X3)). I n  a d d i t i o n ,  i t  i s  assumed t h a t  {he 
p a r t i a l  d e r i v a t i v e s  of t h e  r a t e  f unc t i ons  are, w i t h  one except ion,  
p o s i t i v e  a t  e q u i l i b r i u m .  To a l l o w  f o r  f e e d i n g  i n h i b i t i o n  due t o  
i n t r a s p e c i f i c  crowding, t h e  p a r t i a l  d e r i v a t i v e s  o f  t h e  a s s i m i l a t i o n  
f u n c t i o n s  ( F i  - )  a re  assumed t o  be nega t i ve  w i t h  r espec t  t o  consumer 
abundance ( x i 3  The r e s u l t s  ob ta i ned  f r om ana l yz i ng  t h e  models h o l d  
f o r  any e x p l i c i t l y  de f ined  process f u n c t i o n s  t h a t  have these p r o p e r t i e s .  

The second impor tan t  f ea tu re  of t h e  models i s  t h a t  biomass 
account ing  i s  complete. Biomass can e n t e r  t h e  system o n l y  as d e t r i t u s  
impor t  ( I )  and can leave  o n l y  through downstream t r a n s p o r t  ( X l T )  o r  
r e s p i r a t i o n  (RI o r  RF). Immigra t ion  and em ig ra t i on  terms f o r  
i n v e r t e b r a t e s  and f i s h  c o u l d  have been inc luded  i n  t h e  models, bu t ,  
un less  these processes a re  a f f e c t e d  b y  power p l a n t  opera t ion ,  t h e i r  
i n c l u s i o n  would need less l y  compl i ca te  t h e  equat ions and would n o t  
change t h e  r e s u l t s  o f  t he  ana l ys i s .  Except f o r  r e s p i r a t i o n ,  each t e rm  
d e s c r i b i n g  a  f l o w  o f  biomass o u t  of t h e  i n v e r t e b r a t e  o r  f i s h  
compartments i s  matched by  a  te rm d e s c r i b i n g  an i n f l o w  o f  bio.mass t o  
t h e  d e t r i t u s  compartment. For  t h e  f l o w s  due t o  power p l a n t  m o r t a l i t y ,  
dens i ty- independent  m o r t a l i t y ,  and canniba l ism,  t h e  i n p u t s  t o  t h e  
d e t r i t u s  compartment a re  equal t o  t h e  out f lows f rom t h e  organism 
compartments. For f l o w s  due t o  p reda t ion ,  t h e  i n p u t  t o  th,e d e t r i t u s  
compartment ( d e f e c a t i o n )  i s  equal t o  t h e  d e f i c i t  between t h e  ou t f l ow  
f r om t h e  p rey  compartment and t h e  i n p u t  t o  t h e  p reda to r  compartment. 

F i g u r e  7 p resen ts  a  second g raph i ca l  r e p r e s e n t a t i o n  of model 1, 
u s i n g  t h e  n o t a t i o n  of Lev ins  (1974).  The l a r g e  c losed  e l l i p s e s  
rep resen t  t h e  t h r e e  system va r i ab les .  I n t e r -  and i n t r a p o p u l a t i o n  
i n t e r a c t i o n s  a re  represen ted  by  1  i nes  (pa ths )  'connect ing t h e  e l  1  ipses .  
P o s i t i v e  i n t e r a c t i o n s  a re  denoted by  l i n e s  ending i n  arrows; nega t i ve  
i n t e r a c t i o n s  by  l i n e s  ending i n  sma l l  c i r c l e s .  A pa th  from a  v a r i a b l e  
t o  i t s e l f  represen ts  an i n t r a p o p u l a t i o n  i n t e r a c t i o n ,  such as 
i n t r a s p e c l f l c  compe t i t i on  o r  cann iba l i sm  

Three a d d i t i o n a l  models were developed by  adding d i f f e r e n t  
combinat ions o f  compet i to rs  and p reda to rs  . t o  t h e  three-compartment food 
c h a i n  (model 1 ) .  Model 2 con ta ins  two f i s h  popu la t ions ;  w h i t e  perch 
and a  competing f i s h  t h a t  a l s o  feeds on b e n t h i c  i n v e r t e b r a t e s .  Model 3 
was ob ta ined  f rom model 1  by adding a  p reda to r  r a t h e r  than  a  
compet i to r .  Model 4  con ta ins  t h r e e  f i s h  popu la t ions :  w h i t e  perch, a  
compet i to r ,  and a  p reda to r  t h a t  feeds on bo th  w h i t e  perch  and i t s  
compet i to r .  

Two more models were developed f rom model 1  by  s u b d i v i d i n g  t h e  
w h i t e  perch p o p u l a t i o n  i n t o  l i f e  stages. The purposes of s t u d y i n g  
t hese  models were ( 1 )  t o  c h a r a c t e r i z e  t h e  e f f e c t s  of power p l a n t  
ope ra t i on  on t h e  r e l a t i v e  abundances o f  young-of- the-year versus 
yea r1  i n g  and o l d e r  w h i t e  perch, and ( 2 )  t o  d i scove r  whether, and under 
what c o n d i t i o n s ,  the l u r r~p i r~g  of a l l  l i f e  stages i n t o  a s i n g l e  
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F i g .  7. Loop diagram f o r  model one. 



compartment leads to erroneous conclusions about the effects of power 
plant operation. Yearling and older white perch were lumped into the 
category "adults." Because young-of-the-year white perch (at least 
those beyond the early juvenile life-.stage), like adults, feed on 
invertebrates (Texas Instruments 1980), these two age groups are 
competitors. In model 5, young-of-the-year white perch are vulnerable 
to cannibalism by adults. In model 6, it is the eggs that are 
vulnerable. In both models, eggs and young-of-the-year, but not 
adults, are vulnerable to power plant mortality. 

Summary of Results 

The loop expansion algorithm, explained in Appendix A of 
Barnthouse (in press) was used to derive equations that express the 
change in equilibrium abundance of each model population or age group 
in response to a unit increase in power plant withdrawal rate ( P ) .  On 
the basis of biological intuition alone, the following predictions 
could be made about the effects of power plant mortality on the white 
perch population and its prey, competitors, and predators: 

1. Mortality imposed directly on white perch should cause a 
decrease in white perch abundance. 

2. Mortality imposed on the invertebrate prey of white perch 
should cause an additional decrease in white perch abundance 
over and above the decrease resulting from mortality imposed 
directly on white perch. 

3. Mortality imposed on either competitors or predators should 
offset the effects of mortality imposed directly on white 
perch. 

4. Mortality imposed on white perch should cause an increase in 
the abundance of a competitor and should cause a decrease in 
the abundance of a predator. 

The analyses of models 1-6 show that, although 'these interacting 
populations frequently respond to power plant mortality in the 
intuitively expected ways, counterintuitive responses are possible 
under some conditions: 

5. If (a) a predator or a competitor, but not both, is present, 
, and (b) no self-regul atory processes (cannibal ism, 
territoriality, or feeding interference) are operating in the 
predator or competitor, then mortality irnpvsed on 
invertebrates has no effect on white perch abundance. 

6. If (a) a predator, but no competitors, is present, and (b) no 
self-regulatory processes are operating in the predator 
population, then neither mortality imposed on invertebrates 
nor mortality imposed on white perch can affect white perch 
abundance. 



7. I f  bo th  a  compe t i t o r  and a  p reda to r  a re  present ,  t hen  
m o r t a l i t y  imposed on i n v e r t e b r a t e s  may increase,  r a t h e r  than  
decrease, w h i t e  perch  abundance. Moreover, m o r t a l i t y  imposed 
on w h i t e  perch may increase,  r a t h e r  than  decrease, p reda to r  
abundance. 

8. Young-of- the-year and a d u l t  w h i t e  perch respond d i f f e r e n t l y  t o  
power p l a n t  m o r t a l i t y .  M o r t a l i t y  imposed on i n v e r t e b r a t e s  

'a lways decreases a d u l t  abundance, b u t  may inc rease  
young-of - the-year  abundance. Conversely, m o r t a l i t y  imposed on 
young-of - the-year  always decreases young-of - the-year  
abundance, b u t  may inc rease  a d u l t  abundance. If, and o n l y  if, 
a d u l t  w h i t e  perch a r e  c a n n i b a l i z e  t h e i r  eggs, i t  i s  p o s s i b l e  
f o r  m o r t a l i t y  imposed on eggs t o  inc rease  t h e  abundance o f  

, 

young-of - the-year .  

9. Analyqes n f  models 5 and 6 show th 'at  t h e r e  a r e  c o n d i t i o n s  i n  
which, c o n t r a r y  t o  bo th  i n t u i t i v e  expec ta t i on  and t o  t h e  . 
p r e d i c t i o n s  o f  model l , . m o r t a l i t y  imposed on.young-of - the-year  
w h i t e  perch  c,an increase,  r a t h e r  than decrease, t h e  t o t a l  
abundance o f  w h i t e  perch, even though n e i t h e r  pre.dators no r  
compe t i t o r s  a r e  p resen t .  

D i scuss ion  

The responses of t h e  model popu la t i ons  t o  power p l a n t  m o r t a l i t y  
are, i n  most cases, i n  accord w i t h ' i n t u i t i o n .  M o r t a l i t y  imposed on 
w h i t e  perch  a lone u s u a l l y  decreases t h e  abundance of w h i t e  perch, 
r e q a r d l e s s  of t h e  presence o r  absence o f  p reda to rs  and compet i to rs .  
M o r t a l i t y  imposed on i n v e r t e b r a t e s  u s u a l l y  decreases w h i t e  perch 
abundance over  and above t h e  decrease caused by  d i r e c t  m o r t a l i t y ;  
m o r t a l  i t y  imposed on compet i t o r s  and p reda to rs  genera l  ly o t t s e t s  d i r e t t  
m o r t a l i t y .  Most o f  t h e  excep t ions  t o  these r u l e s  a re  s p e c i a l  cases 
t h a t  p robab l y  do n o t  app l y  t o  t h e  Hudson R i v e r  ecosystem.. However, 
c o m p e t i t i v e  i n t e r a c t i o n s  w i t h i n  t h e  w h i t e  perch p o p u l a t i o n  can markedly  
a f f e c t  t h e  response o f  t h i s  populat i ,on t o  power p l a n t  m o r t a l i t y .  
Compet i t  i o n  between younger age groups t h a t  are vu lne rab le  Lu power 
p l a n t s  and o l d e r  age groups t h a t  a re  i n v u l n e r a b l e  s h i f t s  t h e  , 

d i s t r i b u t i o n  o f  biomass w i t h i n  t h e  p o p u l a t i o n  toward t h e  o l d e r  age 
groups. A t  l e a s t  i n  theory ,  i t  i s  p o s s i b l e  f o r  t h e  t o t a l  biomass of 
t h e  p o p u l a t i o n  t o  inc rease  i n  response t o  power p l a n t  m o r t a l i t y .  , 

As would be i n t u i t i v e l y  expected, power p l a n t  m o r t a l i t y '  imposed on 
w h i t e  perch  inc reases  t h e  abundance o f  a  compet i to r  t h a t  i s  i t s e l f  
i n v u l n e r a b l e  t o  power p l a n t s .  However, t h e  e f f ec t s  on a  pre'dator of 
m o r t a l  i t . y  imposed on w h i t e  perch cannot be p r e d i c t e d  ' f rom food  web 
s t r u c t u r e  alone. A p reda to r  t h a t  feeds p r e f e r e n t i a l l y  on w h i t e  perch 
may be adverse ly  a f f ec ted ,  even i f  a l t e r n a t e  p r e y  a re  a v a i l a b l e .  A 
p r e d a t o r  t h a t  feeds p r e f e r e n t i a l l y  on a  c o m p e t i t o r , o f  w h i t e  perch may 
b e n e f i t  f r om t h e  m o r t a l i t y  imposed on w h i t e  perch.  



Information on the life histories and vulnerabi 1 ities to power 
plants of Hudson River fish populations, discussed in detail by 
Barnthouse (in press), suggests that the levels of power plant 
mortality imposed on predators, competitors, and prey of white perch 
are probably insufficient to offset the effects of mortality imposed on 
white perch. No piscivorous fish have been identified that prey 
preferentially on white perch in the Hudson River. .According to Scott 
and Crossman. (1973), the white 'perch is not important as .a forage 
fish. Therefore, it does not appear that predator populations will be 
adversely affected by this mortality. 

If the operation of Hudson River power plants does cause a 
substantial decline in the abundance of white perch, this decline 
should be accompanied by an increase in the abundance of one or more 
competing fish populations. Existing information is insufficient for 
predicting which competitor should increase. Observable changes in the 
age and size structure of the white perch population should also 
occur. The models predict that older white perch should increase in 
size (because of reduced competition with younger fish) and should 
comprise a larger fraction of the total biomass of the population. 

Multipopulation models and loop analysis appear to be ideally 
suited for two major uses of mathematical models: deriving hypotheses 
and interpreting the results of experiments. Barnthouse (1976) and 
Lane and Levins (1977) used this strategy to interpret results of 
predator manipulation and nutrient enrichment experiments. The same 
methods can be used to formulate "impactlhypotheses" that can be tested 
using data from a suitably designed postoperational monitoring 
program. The use of impact hypotheses as organizing tools in 
monitoring program design was advocated by Fritz et al. (.l980) and by 
Sanders et a1 . (1980) as a means of ensuring cost-effective a1 location 
of monitoring effort. Because the only data needed to derive such 
hypotheses using loop analysis can be readily obtained from synoptic 
survey data, supplemented by additional life-history data on important 
species, the method seems ideally suited for this purpose.' 

For example, this study suggests that, in designing ecological 
monitoring programs for detecting impacts of power plants, it would be 
useful to focus on detecting patterns of change among populations and 
age groups rather than on changes in abundance of individual 
populations. For example, models 2 and 4 both predict that if power 
plant mortality does lead to a substantial decrease in the abundance of 
white perch, this decrease should be accompanied by a complementary 
increase in the abundance of competitors that are themselves relatively 
invulnerable to power plants. This complementary increase could serve 
to distinguish impacts of power plant operation from changes related to 
qualitatively different causes, e.g., a reduction in organic carbon 
import (perhaps due to improved sewage treatment or to upstream water 
diversions) that might reduce the abundance of both white perch and its 
competitors. The necessary data could be obtained from the same kinds 
of fish surveys that are currently performed, provided that reliable 
abundance indices can be developed. Changes in predator populations 



a r e  l e s s  u s e f u l  f o r  assessment un less  i n fo rma t i on  on t h e  d i e t  
compos i t i on  o f  t h e  p r e d a t o r  and t h e  c o m p e t i t i v e  r e l a t i o n s h i p s  among i t s  
p r e y  a r e  a v a i l a b l e .  

The age -s t ruc tu red  models suggest t h a t ,  a t  l e a s t .  f o r  f i s h  such as 
t h e  w h i t e  perch i n  which v u l n e r a b l e  and i n v u l n e r a b l e  age groups 
compete, d a t a  on t h e  age-composit ions and leng th - f requency  
d i s t r i b u t i o n s  o f  v u l n e r a b l e  f i s h  popu la t i ons  would a i d  i n  d e t e c t i n g  
e f f e c t s  o f  power p l a n t  ope ra t i on .  Prov ided t h a t  j u v e n i l e  and a d u l t  
w h i t e  perch  a re  t o  some e x t e n t  f ood - l im i t ed ,  power p l a n t  m o r t a l i t y  
imposed on two-year-o ld  and younger f i s h  should r e s u l t  i n  ( a )  an 
i nc rease  i n  t h e  s i z e  o f  o l d e r  f i s h ,  and ( b )  an inc rease  i n  t h e  
p o p u l a t i o n  biomass of age 3 and o l d e r  f i s h  r e l a t i v e  t o  t h a t  of t h e  
v u l n e r a b l e  younger age c lasses .  

CONCLIISTONS AND RECOMMENDATIONS 

Conclus ions 

No s t a t i s t i c a l l y  s i g n i f i c a n t  t r e n d  toward decreas ing abundance o f  
young-of- the-year w h i t e  perch i s  ev i den t  i n  t h e  a v a i l a b l e  t ime  
s e r i e s  o f  impingement data.  However, v a r i a t i o n  i n  impingement 
r a t e s  among years  i s  so g r e a t  t h a t  an excess ive number o f  years  
( g r e a t e r  than  t h e  expected 1  i f e t  ime of any c u r r e n t l y  ope ra t i ng  
gene ra t i ng  u n i t )  o f  a d d i t i o n a l  da ta  would be r e q u i r e d  t o  d e t e c t  an 
a c t u a l  50% r e d u c t i o n  i n  abundance. Moreover, i t  i s  n o t . c l e a r  
whether t h e  impingement c o l l e c t i o n  r a t e  i s ,  i n  f ac t ,  a v a l i d  index 
of  yea r - c l ass  abundance. 

2. The abundance o f  t h e  1974 w h i t e  perch year  c l ass ,  as es t imated  by 
t h e  c o n d i t i o n a l ~ i m p i n g e m e n t  m o r t a l i t y  r a t e ,  was reduced by  a t  
l e a s t  10%, and p robab l y  by  20% o r  more, because of impingement 
a lone.  The abundance o f  t h e  1975 year  c l a s s  was reduced b y  a t  
l e a s t  8%, and p robab l y  by  15% o r  more, because o f  
impingementalone. The impact o f  t h e  I n d i a n  P o i n t  Genera t ing  
S t a t i o n  g r e a t l y  exceeded t h e  combined impacts of a l l  o t h e r  Hudson 
R i v e r  power p l a n t s ,  w i t h  most o f  t h e  impact o c c u r r i n g  d u r i n g  t h e  
w i n t e r  and e a r l y  sp r i ng .  

3. A d d i t i o n a l  r e d u c t i o n s  i n  abundance i n  excess of lo%, over  and 
above impacts due t o  impingement, were imposed on t h e  1974 and 
1975 w h i t e  perch yea r  c lasses  by ent ra inment  a t  Hudson R i v e r  power 
p l a n t s .  

4. A v a i l a b l e  d a t a  a re  i n s u f f i c i e n t  f o r  demonstrat ing t h e  ope ra t i on  o f  
densi ty-dependent growth among young-of- the-year w h i t e  perch i n  
t h e  Hudson R i ve r .  Even if t h e  ex i s tence  o f  t h i s  compensatory 
mechanism were c o n c l u s i v e l y  demonstrated, i t s  compensatory e f f e c t s  
c o u l d  n o t  be q u a n t i f i e d  f r om any da ta  t h a t  can be r e a l i s t i c a l l y  
ob ta ined .  



5. The numbers o f  wh i te  perch impinged annua l ly  a t  t h e  Sur ry  and 
Salem p l a n t s  appear t o  be comparable t o  t h e  numbers impinged a t  
I n d i a n  Point ,  bu t  a t  n e i t h e r  p l a n t  i s  t h e  a v a i l a b l e  t ime s e r i e s  of 
impingement r a t e s  l ong  enough f o r  meaningful  regress ion  analyses 
t o  be performed. Moreover, t h e r e  i s  i n s u f f i c i e n t  i n fo rma t i on  on 
( a )  t h e  w h i t e  perch popu la t ions  o f  Chesapeake Bay and t h e  Delaware 
R iver ,  and ( b )  impingement c o l l e c t i o n  e f f i c i e n c y ,  impingement 
s u r v i v a l ,  and the  age composit ion o f  impingement c o l l e c t i o n s  a t  
Surry  and Salem f o r  c a l c u l a t i n g  c o n d i t i o n a l  impingement m o r t a l i t y  
r a t e s .  

6. Entrainment and impingement mor ta l  i t y  imposed on w h i t e  perch 
probab ly  w i l l  no t  cause adverse e f f e c t s  on p i s c i v o r e  popu la t ions  
i n  t h e  Hudson River .  If, however, m o r t a l i t y  a t  power p l a n t s  
causes a  s u b s t a n t i a l  d e c l i n e  i n  t he  abundance o f  w h i t e  perch, a  
complementary increase i n  t h e  abundance of one o r  more compet i tors  
t h a t  a re  r e l a t i v e l y  i nvu lne rab le  t o  power p l a n t s  should occur. 
Changes i n  t he  age and s i z e  s t r u c t u r e  of t he  wh i te  perch 
popu la t i on  should a l so  occur. Older f i s h  should increase i n  s i z e  
and should comprise a  l a r g e r  f r a c t i o n  of t he  t o t a l  biomass of t h e  
popu la t ion .  

7. Because of t h e  impossib i  1  i t y  of q u a n t i f y i n g  ( a )  compensatory 
mechanisms w i t h i n  t h e  wh i te  perch popu la t i on  and ( b )  i n t e r a c t i o n s  
between t h e  wh i te  perch popu la t i on  and i t s  compet i tors ,  predators,  
and prey, i t  i s  no t  p o s s i b l e  t o  q u a n t i f y  long-term consequences of 
t h e  entrainment and impingement o f  wh i te  perch a t  Hudson R ive r  
power p lan ts .  Nonetheless, t h e  est imated reduc t i ons  i n  w h i t e  
perch year-c lass abundance are  h igh  enough t h a t  t h e  p o s s i b i l i t y  of 
adverse long-term e f f e c t s  cannot be excluded. 

Recommendations 

Impingement impacts on t h e  Hudson R iver  wh i te  perch popu la t i on  
should be reduced. Because o f  t h e  anomalously h igh  impact o f  t h e  
I n d i a n  P o i n t  Generat ing Sta t ion ,  m i t i g a t i o n  e f f o r t s  should focus 
on t h i s  p l a n t .  ( I n  p a r t  because o f  t he  r e s u l t s  ob ta ined f rom t h i s  
research  p r o j e c t ,  m i t i g a t i n g  measures intended t o  reduce 
impingement o f  wh i te  perch a t  I nd ian  Po in t  were inc luded i n  t h e  
December 1980 se t t lement  agreement between t h e  U.S. Environmental 
P r o t e c t i o n  Agency and t h e  Hudson R iver  u t i l i t y  companies.) 

2. I f  a  long-term mon i to r i ng  progam intended t o  de tec t  changes i n  t he  
abundance o f  t h e  Hudson R ive r  wh i te  perch popu la t i on  i s  
implemented, an improved index o f  year-c lass abundance w i l l  be .  
needed. 

3 .  Any mon i to r i ng  program intended t o  de tec t  impacts o f  power p l a n t  
ope ra t i on  on t h e  Hudson R ive r  wh i te  perch popu la t i on  should 
i n c l u d e  c o l l e c t i o n  of abundance da ta  f o r  competing f i s h  
popu la t ions  and of s ize- f requency da ta  f o r  t h e  w h i t e  perch 
popu la t ion .  



4. More extensive impingement monitoring at the Surry and Salem 
plants would be valuable. Special studies of (a) collection 
efficiency and. (b) long-term survival of impinged white perch, 
similar to the studies conducted at the Hudson River plants, would 

, be particularly valuable. 
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