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ABSTRACT 

A s t u d y  was des igned  t o  i n v e s t i g a t e  t h e  r e s p o n s e s  of e s t u a r i n e  community s t r u c t u r e ,  

r e s p i r a t i o n  and p r o d u c t i o n  t o  added h e a t ,  sewage and t h e i r  combinat ion.  The s t u d y  was 

conducted i n  p l a s t i c  p o o l s  c o n t a i n i n g  t r a n s p l a n t e d  ecosystems from South Creek E s t u a r y ,  

N. C .  Temperature r e p l i c a t i o n  was ach ieved .  Temperature i n  t h e  h e a t e d  p o o l s  was 

r e g u l a t e d  a t  5 C (9°F) above t h a t  of t h e  ambient p o o l s ;  b u t  due t o  l o c a l  and s h o r t -  

term wea ther  v a r i a t i o n s ,  t h e  a c t u a l  d i f f e r e n c e s  w e r s  2-5 C, 3-5 e and 0-12 C d u r i n g  

s p r i n g ,  summer and w i n t e r ,  r e s p e c t i v e l y .  

Thermal t r e a t m e n t  i n c r e a s e d  t h e  n u t r i e n t  r e g e n e r a t i o n  r a t e s ,  y i e l d i n g  s l i g h t l y  

h i g h e r  a l g a l  biomass;  a l t h b u g h ,  s e a s o n a l  d i f f e r e n c e s  were more s i g n i f i c a n t .  Gross  

community p r o d u c t i v i t y  was r e g u l a t e d  by ammonia, Bight ,  and t empera tu re  l e v e l s  and 

t o t a l  r e s p i r a t i o n  was r e g u l a t e d  by t empera tu re  and pr imary p r o d u c t i v i t y .  Sewage 

a d d i t i o n  s u b s t a n t i a l l y  i n c r e a s e d  t h e  ammonia l e v e l s ,  p a r t i c u l a r l y  d u r i n g  t h e  w i n t e r .  

Community metabolism responded p o s i t i v e l y  t o  the rmal  t r e a t m e n t ,  b u t  n o t  t o  sewage 

t r e a t m e n t .  Thermal t r e a t m e n t  and t h e  combinat ion of sewage and the rmal  t r e a t m e n t s  

i n c r e a s e d  t h e  photosynthesis/respiration r a t i o s  (P/R)  d u r i n g  s p r i n g  and summer, 

b u t  decreased  t h e  P /R  when tempera tu re  was l i m i t i n g  d u r i n g  w i n t e r .  

Temperature had v e r y  l i t t l e  e f f ec t  on phy top lank ton  composi t ion d u r i n g  t h e  

s p r i n g .  Blue-green a l g a e  and c o c c s i d  g r e e n  a l g a e  dominated i n  t h e  h e a t e d  and sewage- 

t r e a t e d  p o o l s  d u r i n g  summer, 

Nekton and b e n t h i c  ( b l u e  c r a b s ,  g r a s s  shr imp,  widgeon g r a s s ,  bay c lams,  and f i s h )  

i n c r e a s e d  t o  h i g h e r  biomass i n  t h e  h e a t e d  p o o l s  d u r i n g  s p r i n g  and ach ieved  a  lower 

biomass i n  t h e  h e a t e d  p o o l s  d u r i n g  summer t h a n  i n  the ambient  p o o l s .  No s i g n i f i c a n t  

d i f f e r e n c e s  wers  observed d u r i n g  w i n t e r  among h e a t e d  and dmbbent pools: Sewage 

a d d i t i o n  d i d  n o t  s u b s t a n t i a l l y  a l t e r  t h e  p a t t e r n s  between h e a t e d  and ambient sys tems.  
1 

O y s t e r s ,  bay clams and widgeon g r a s s  reached h i g h e r  biomass i n  t h e  h e a t e d  p o o l s  d u r i n g  

w i n t e r  t h a n  i n  t h e  ambient  p o o l s .  



A f low-through exper iment  was conducted d u r i n g  t h e  1971 summer t o  t e s t  more 

r e a l i s t i c  e s t u a r i n e  c o n d i t i o n s .  The r e s u l t s  of t h i s  exper iment  were s u b s t a n t i a l l y  

t h e  same a s  o b t a i n e d  t h e  p r e v i o u s  summer under q u i e s c e n t  c o n d i t i o n s .  

iii 
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I. SUMMARY AND RECOMMENDATIONS 

I. A.  Summary and Conclusions 

A s tudy  was designed t o  i n v e s t i g a t e  t he  response of e s t u a r i n e  community 

s t r u c t u r e ,  r e s p i r a t i o n  and product ion t o  added h e a t ,  sewage and t h e i r  combination. 

Th i s  s tudy was conducted a t  t h e  Pamlico Marine Laboratory,  N. C .  S t a t e  U n i v e r s i t y ,  

Aurora,  N. C. dur ing  1970-71 i n  p l a s t i c  pools con ta in ing  water  and b i o t a  from t h e  

South Creek Es tuary .  

The s tudy had t h e  fo l lowing  ob jec t ives :  

a )  t o  e s t a b l i s h  t h e  f e a s i b i l i t y  of s tudying  whole e s t u a r i n e  ecosystems under 

c o n t r o l l e d  cond i t i ons  w i th  thermal  loading;  

b )  t o  measure t h e  ecosystem response t o  a  5 C phytoplankton,  zooplankton, nekton 

and benthos ; 

c)  t o  measure t h e  ecosystem response t o  a  combination of added h e a t  and sewage; and 

d )  t o  e s t a b l i s h  d a t a  f o r  s e t t i n g  c r i t e r i a  t o  a s s e s s  t h e  e f f e c t s  of thermal  loading 

on e s t u a r i n e  ecosystems. 

Temperature r e p l i c a t i o n  was achieved among r e p l i c a t e  pools i n  a l l  experiments .  

Diurna l  temperature  changes were 3-4 C, bu t  annual  temperature  v a r i a t i o n  was about 

26 C i n  zhe ambient pools  and about 22 C i n  t h e  heated pools .  Temperature i n  t h e  

hea ted  pools  was r egu la t ed  a t  5 C above t h a t  of t h e  ambient poo l s ,  bu t  due t o  

l o c a l  and shor t - te rm weather v a r i a t i o n s  t h e  a c t u a l  d i f f e r e n c e s  were 2-5 C ,  3-5 C 

and 0-12 C dur ing  t h e  s p r i n g ,  summer and w i n t e r ,  r e s p e c t i v e l y .  

The a d d i t i o n  of sewage dur ing  t h e  w in t e r  increased  t h e  n u t r i e n t  concen t r a t i ons  

i n  t hose  pools .  No d i f f e r e n c e s  were observed i n  t h e  n u t r i e n t  concen t r a t i ons  

because of added hea t .  Thermal t rea tment  d id  i nc rease  t h e  n u t r i e n t  r egene ra t i on  

r a t e s ,  y i e l d i n g  s l i g h t l y  h ighe r  a l g a l  biomass; a l though,  seasona l  d i f f e r e n c e s  were 

more s i g n i f i c a n t .  Thus, h e a t  t rea tment  d i d  no t  s u b s t a n t i a l l y  change n u t r i e n t  

cond i t i ons  i n  t h e s e  experimental  systems. 
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The following conclusions were determined. 

1. Gross community productivity appeared to be regulated by ammonia, light, and 

temperature levels and rates of total respiration appeared to be regulated by 

the temperature and primary production. The level of ammonia appeared to be regulated 
w 

by the heterotrophic activity and the addition of primary sewage. During the spring 

experiment, respiration and ammonia levels increased with temperature and spring 

blooms followed. During the summer experiment, the ammonia levels increased and 

respiration and photosynthetic pulses followed. During the winter experiment, 

ammonia was available in the sewage-treated pools, but production or respiration 

did not increase. Also, temperature was high in the heat+sewage-treated pools, 

but production or respiration did not increase. Therefore, it is considered that 

a combination of light, temperature, and ammonia levels and possibly the nitrate 

levels limited the winter ecosystems; a combination 0% temperature and ammonia and 

possibly nitrate levels limited the spring ecosystems; and, ammonia and possibly 

nicrate levels limited the summer ecosystems. 

2. Community metabolism responded significantly to thermal treatment, but not to 

sewage treatment. A 2-5 6 temperature elevation significantly increased the amount 

0% respiration and primary production during the spring and summer experiments, 

C temperature elevation significantly inhibited primary production by 

preventing succession to a more productive phytoplankton community during the 

winter experiment. On the other hand, weekly additions of ammonia-poor sewage 

did not affect respiration or primary production. 

3 .  Thermal treatment and the combination of sewage and thermal treatments increased 

the P/R ratios when temperature was not limiting, (spring and summer) but decreased 

the P/R ratios when temperature was limiting (winter). Yet, sewage treatment alone 

did not affect the P/R ratios. Thus, increased temperatures caused the systems 
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t o  be more a u t o t r o p h i c  dur ing  t h e  s p r i n g  and summer (exceeding p re sen t  temperature  

s t anda rds  of 32 C )  and more h e t e r o t r o p h i c  dur ing  win t e r .  Th i s  would c r e a t e  a  

tendency t o  more a l g a l  blooms during sp r ing  and summer i n  heated e s t u a r i e s .  

4 .  Chrysophytes dominated t h e  phytoplankton i n  both hea ted  and ambient pools  du r ing  

t h e  s p r i n g  experiment.  The percent  diatom composition of t h e  phytoplankton was 

l a r g e r  i n  t h e  hea ted  pools  t han  i n  t h e  ambient pools .  Thus, temperature  had very  

l i t t l e  e f f e c t  on phytoplankton composition du r ing  t h e  s p r i n g ,  except  f o r  t h e  

tendency of diatom blooms i n  t h e  hea ted  pools .  

5. Concentrat ion of phytoplankton was l e s s  dur ing  t h e  summer experiment t han  

dur ing  t h e  sp r ing .  Chrysophytes dominated i n  t h e  heated pools dur ing  August, 

b u t  were succeeded by d i n o f l a g e l l a t e s  and green  a l g a e  dur ing  September. In 

t h e  heated+sewage-treated pools  a  d i v e r s e  community of blue-greens and smal l  

greens and diatoms e x i s t e d  dur ing  t h e  summer experiment.  Blue-green a lgae  a l s o  

dominated i n  t h e  sewage-treated pools.  Thus, bo th  t h e  a d d i t i o n  of sewage and/or  

h e a t  increased  t h e  p o s s i b i l i t y  f o r  dominance by blue-green a l g a e  o r  coccoid green  

a lgae .  

6 .  Larger  amounts of a l g a e  accumulated on t h e  bottoms of pools  r e c e i v i n g  sewage 

than i n  those  without  sewage dur ing  t h e  summer, r e f l e c t i n g  t h e  increased  n e t  

photosynthes i s .  Heat a l s o  caused l a r g e r  accumulations t han  were found i n  t h e  

ambient pools.  During t h e  w i n t e r ,  t h e  l a r g e s t  a l g a l  accumulations occurred i n  t h e  

heated pools ,  r e g a r d l e s s  of sewage t rea tment .  Thus, h e a t  and sewage a d d i t i o n s  

r e s u l t e d  i n  l a r g e r  accumulation of a l g a e  on pool bottoms, which i s  i n  agreement 

w i t h  t h e  p a t t e r n  of n e t  photosynthes i s .  

7 .  During the  s p r i n g  experiment,  nekton (b lue  c r a b s ,  g r a s s  shrimp and f i s h )  

increased  t o  h ighe r  biomass i n  t h e  hea ted  pools  than  i n  t h e  ambient pools.  
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Temperature dur ing  t h i s  per iod  was 18 t o  30 C i n  t h e  hea ted  pools  and 13 t o  25 C 

i n  t h e  ambient pools .  A t  t h e s e  i n t e rmed ia t e  tempera tures ,  i t  i s  c l e a r  t h a t  t h e  

a d d i t i o n a l  5 C of water  temperature  s i g n i f i c a n t l y  increased  nektonic  biomass i n  

t h e  heated pools .  

8 .  During t h e  summer experiment ,  nekton (b lue  c r a b s ,  g r a s s  shrimp and f i s h )  

achieved a lower biomass i n  t h e  hea t ed  pools  t han  i n  t h e  ambient pools .  Temperature 

was 25 t o  33 C i n  t h e  hea ted  pools  and 20 t o  28 C i n  t h e  ambient pools .  These 

warmer temperatures  were de t r imen ta l  t o  t h e  product ion  of nekton biomass when t h e  

water  was a l r e a d y  near  maximum temperature  o r d i n a r i l y  a t t a i n e d  i n  North Caro l ina  

e s t u a f i e s .  The a d d i t i o n  of sewage dur ing  t h e  summer expgriment d i d  no t  

s i g n i f i c a n t l y  a l t e r  t h e  nekton growth i n  ambient o r  heated pools .  

9. During t h e  w in t e r  experiment ,  b l u e  c r abs  e x h i b i t e d  no s i g n i f i c a n t  growth and 

f i s h  decreased i n  biomass i n  hea ted  and ambient pools .  Mean water  temperature  

was 2 t o  10 C i n  t h e  ambient pools  and 9 t o  15 C i n  t h e  hea ted  pools .  The a d d i t i o n  

of sewage d i d  no t  s i g n i f i c a n t l y  a l t e r  t h e  growth o r  s u r v i v a l  p a t t e r n s  du r ing  t h e  

w in t e r .  Apparent ly ,  a t  t h e s e  coo le r  temperatures  t h e  a d d i t i o n  of only 5 C was 

no t  enough t o  cause increased  growth. 

10. marit ima increased  i n  biomass i n  t h e  hea ted  pools  dur ing  t h e  s p r i n g  

experiment (18 t o  30 C), bu t  decreased i n  biomass i n  t h e  ambient pools  

(13 - 25 C ) .  The increased  temperature  appa ren t ly  caused t h e  Ruppia t o  i n i t i a t e  

s p r i n g  growth e a r l i e r  i n  t h e  season  arch) than  i s  normally expected (Apr i l ) .  

Ruppia biomass decreased t o  almost ze ro  i n  a l l  pools  dur ing  t h e  summer and w i n t e r ,  

r e g a r d l e s s  of hea ted  and/or  sewage t rea tments .  There was s i g q i f i c a n t l y  more Ruppia 

i n  t h e  ambient pools  a t  t h e  end of t h e  summer experiment and i n  t h e  hea ted  pools  

a t  t h e  end of t h e  w i n t e r  experiment.  Thus, t h e  h igher  temperatures  were de t r imen ta l  

t o  Ruppia growth du r ing  summer and b e n e f i c i a l  dur ing  w i n t e r  and sp r ing .  
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11. There  were s i g n i f i c a n t  d e c r e a s e s  i n  t h e  biomass of bay clams (Rangia c u n e a t a )  

and o y s t e r s  ( C r a s s o s t r e a  v i r ~ i n i c a )  i n  t h e  h e a t e d  and hea t+sewage- t rea ted  poo ls  

d u r i n g  t h e  w i n t e r  exper iment .  No o t h e r  s i g n i f i c a n t  d i f f e r e n c e s  were observed.  

12.  S e v e r a l  s p e c i e s  of b e n t h i c  macrofauna became e s t a b l i s h e d  i n  t h e  e x p e r i m e n t a l  

p o o l s  d u r i n g  t h e  c o u r s e  of exper iments .  Except f o r  two f r e s h w a t e r  s p e c i e s  (Hydat icus  

s p .  and T r i c h o c o r i x a  s p . )  t h e r e  were s i g n i f i c a n t l y  more biomass i n  t h e  h e a t e d  

p o o l s  t h a n  i n  t h e  ambient p o o l s  d u r i n g  s p r i n g  and w i n t e r .  I n  a l l  c a s e s  t h e r e  was 

a  l a r g e r  biomass i n  ambient p o o l s  t h a n  i n  h e a t e d  p o o l s  d u r i n g  summer. The a d d i t i o n  

of sewage e l i m i n a t e d  some s p e c i e s ,  b u t  d i d  n o t  s i g n i f i c a n t l y  a l t e r  t h e  biomass of 

t h o s e  s u r v i v i n g .  Thus ,  t h e  w a t e r  t empera tu res  i n  t h e  h e a t e d  poo ls  (33  C )  d u r i n g  

summer was d e t r i m e n t a l  t o  b e n t h i c  maerafauna,  

A f low-through exper iment  was conducted d u r i n g  t h e  1971 summer. The same 

tempera tu re  c o n d i t i o n s  were  main ta ined  a s  i n  the  q u i e s c e n t  p o o l s ,  b u t  w a t e r  flowed 

through t h e  poo ls  a t  a r a t e  t h a t  exchanged t h e  poo ls  volumes about  e v e r y  6-10 days .  

Temperatures  i n  t h e  ambient  pbo ls  were  23 t o  28 C and 29  t o  3 3  C i n  t h e  h e a t e d  

p o o l s .  The f o l l o w i n g  c o n c l u s i o n s  were no ted .  

1. Phytop lank ton  i n c r e a s e d  i n  t h e  h e a t e d  p o o l s ,  was h i g h l y  v a r i a b l e ,  and was 

dominated by b l u e - g r e e n  a l g a e .  The more d i v e r s e  phy top lank ton  p o p u l a t i o n  i n  t h e  

ambient poo ls  remained a t  a b o u t  t h e  same c o n c e n t r a t i o n  th rough  t h e  exper iment .  

Zooplankton was dominated by t h e  copepod, A c a r t i a  t o n s a ,  w i t h  s m a l l e r  p o p u l a t i o n s  

i n  t h e  hea ted  p o o l s  t h a n  i n  t h e  ambient poo ls .  

2 .  Due t o  t h e  l a r g e  v a r i a b i l i t y  between r e p l i c a t e s  (an i n h e r e n t  problem i n  dynamic 

s i t u a t i o n s ) ,  s t a t i s t i c a l  s i g n i f i c a n c e  could  n o t  be  o b t a i n e d  % o r  t h e  nek ton  and 

ben thos  o u t p u t s .  However, t h e  g e n e r a l  t r e n d  was toward lower biomass i n  t h e  h e a t e d  

p o o l s  t h a n  i n  t h e  ambient poo ls  f o r  b l u e  c r a b s ,  g r a s s  shr imp,  f i s h  and Rangia 
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clams. No d i f f e r e n c e s  were observed between experiments f o r  o y s t e r s  and widgeon 

g r a s s  and they s t e a d i l y  decreased i n  biomass dur ing  t h e  experiment.  Benthic  

macrofauna reached lower biomass/pool i n  t h e  heated pools t han  i n  t h e  ambient pools ,  

except  f o r  t h e  h2ghly-adaptable  warm, Glycera sp . ,  which had a  h ighe r  biomass i n  

t h e  heated pools .  Thus, it i s  apparent  t h a t  t h e  heated pool temperatures  were 

de t r imen ta l  under flow-through cond i t i ons  a s  w e l l  a s  qu iescent  cond i t i ons ,  

I. B. Recommendations 

I n  view of t h e  f i n d i n g s  i n  t h i s  p r o j e c t ,  t h e  fo l lowing  recommendations 

seem approp r i a t e .  

1. Any s t u d i e s  of t h e  e f f e c t s  of heated e f f l u e n t s  i n  n a t u r a l  waters  should be 

from t h e  system p o i n t  of view. The many s u b t l e  i n t e r a c t i o n s  and compet i t ion  

among organisms i n  n a t u r e  a r e  t oo  complex t o  approach temperature  e f f e c t s  

on an  i nd iv idua l  organism b a s i s .  

2 .  More d e t a i l e d  work needs t o  be  done wi th  community metabolism, because i t  i s  

a n  i n t e g r a t i v e  measurement of ecosystem response t o  s t r e s s e s .  More d e t a i l e d  

s t u d i e s  should be  conducted wi th  n u t r i e n t  c y c l i n g  and a v a i l a b i l i t y ;  perhaps 

w i t h  r ad io i so topes .  

3 .  R e p l i c a b i l i t y  i n  flow-through experiments was d i f f i c u l t .  Thus, i n  f u t u r e  

s t u d i e s  of t h i s  type  more r e p l i c a t e s  need t o  be used s o  t h a t  normal s t a t i s t i c a l  

ana lyses  can be performed wi th  t h e  d a t a .  

4 .  The s t a t e  water  q u a l i t y  s t anda rds  f o r  temperature  a r e  a s  fo l lows:  

"The water  t empera ture  s h a l l  not  be  increased  above n a t u r a l  
water  temperature  by more t han  1.50F. dur ing  t h e  months of June ,  
J u l y ,  and August,  nor more t han  4.0°F. du r ing  o the r  months and 
i n  no e a s e  t o  exceed 90°F. . . ." 

The 1 .5 '~ .  l i m i t  does n o t  appear  t o  be  r e s t r i c t i v e  dur ing  June t o  August, 

- bu t  t h e  n a t u r a l  water  temperature  o f t e n s  exceeds 90°~ ,  dur ing  t h i s  t ime.  The 



4.0OF. limit does appear to be restrictive during other times of the year 

. , findings of this study indicate that i-9.0'~. is not harmful to 

estuarine ecosystems). Thus, it is recommended that criteria for establishing 

water quality standards for heat should be reviewed in relation to these study 

findings. 

5. Experiments should be conducted, using variable temperature regulation, to 

study response to increases less than 5 C (experimental conditions). 

II . INTRODUCTION 

11. A. Introductory Statement 

Thermal loading is rapidly growing since increasing numbers of power plants 

and factories are discharging heated water into estuaries and waterways. Further- 

more, Gaueher (1) predicts that the number of nuclear power plants will increase 

exponentially until the year 2200. Because the effects of thermal changes in the 

aquatic environment are not well understood, proper laws controlling thermal 

loading cannot be developed. In the past ten years, there have been many studies 

on the metabolic influence of heated water on fish and moderate number of studies 

on other organisms (for literature reviews see 2, 3, 4). Despite this attention, 

there are only a few studies on t h e  effects of heated water on whole communities, 

The decision was made to investigate the effects of increased temperatures on 

community structure, production and respiration in estuarine systems in North 

Carolina, since the Cape Fear and Neuse River Estuaries are potential sites 

for future nuclear power facilities and the thermal effects on these systems are 

not understood. This study characterizes comunity studies in 4 to 8 pools that 

were treated with heat, sewage, and a combination of heat plus sewage during the 

spring, late summer, and winter. 
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Before 1963, t h e r e  were a  number of s t u d i e s  on t h e  e f f e c t s  of hea ted  water  on 

a q u a t i c  i n v e r t e b r a t e s  and p l a n t s .  One of t h e  f i r s t  thermal  s t u d i e s  was conducted 

by Da l l i nge r  (5) on t h e  response of protozoans t o  gradua l  temperature  i nc reases .  

S ince  D a l l i n g e r ' s  s t u d y ,  t h e r e  have been many f a c e t s  of thermal  r e sea rch .  Of 

t h e s e ,  s i x  a r e  d i r e c t l y  r e l a t e d  t o  our s tudy  of community metabolism. F i r s t l y ,  

t h e  e f f e c t  of temperature  on the  t o x i c i t y  of poisons was s t u d i e d  by Carpenter  (6) .  

A second phase of thermal  r e sea rch  was i n i t i a t e d  by Sayle  ( 7 )  on t h e  r e s p i r a t o r y  

responses  and a c c l i m a t i z a t i o n  per iods  of a q u a t i c  organisms i n  hea ted  wa te r s .  A 

t h i r d  phase began w i t h  Walshe's work (8)  on success ion  i n  thermal ly  s t r e s s e d  

communities. A f o u r t h  phase concerns t h e  pho tosyn the t i c  responses  t o  increased  

temperatures  and t h e  dependency on n u t r i e n t  l e v e l s  ( 9 ) .  A f i f t h  phase of thermal  

r e sea rch  d e a l s  w i t h  f i e l d  s t u d i e s  on t h e  e f f e c t s  of thermal  e f f l u e n t s  on t h e  

a q u a t i c  environment. Van V l i e t  (10) was one of t h e  f i r s t  t o  conduct a  f i e l d  s tudy.  

F i n a l l y ,  a  s i x t h  phase was i n i t i a t e d  by Beyers (11) on community metabolism i n  

heated systems. 

The t o x i c i t y  of poisons and d i s e a s e s  i n  f i s h  i s  a t  l e a s t  doubled by a  10 C 

temperature  e l e v a t i o n ,  but  o t h e r  organisms occupying lower t r o p h i c  l e v e l s  such a s  

i n v e r t e b r a t e s  a r e  even more s e n s i t i v e .  The s u r v i v a l  t imes s f  poisoned f i s h e s  

(12, 13) decreased 50 percent  f o r  a  10 C temperature  e l e v a t i o n .  I n  a d d i t i o n ,  

Hynes (14) contends t h a t  f i s h  a r e  l e s s  a f f e c t e d  by poisons t han  i n v e r t e b r a t e s .  

However, on ly  a  few s t u d i e s  have been conducted on t h e  s e n s i t i v i t y  s f  i n v e r t e b r a t e s  

t o  poisons a t  h igh  t e m p e r a p r e s  s i n c e  i t  i s  d i f f i c u l t  t o  keep t h e s e  organisms a l i v e  
'I 

under op t imal  l abo ra to ry  cond i t i ons .  De Sylva (15) pointed ou t  t h a t  d i s e a s e s  i n  

f i s h  and some i n v e r t e b r a t e s  a r e  common a t  h igh  temperatures  s i n c e  h igh  temperatures  

g e n e r a l l y  f avo r  t h e  pathogen but  not  t h e  h o s t .  For example, S t ewar t ,  Connick, and 

Zwicker (16) showed t h a t  s u r v i v a l  pe r iods  of d i seased  American l o b s t e r s  a r e  reduced 

t en - fo ld  f o r  a  18  C i nc rease .  



Community s t r u c t u r e s  a r e  changed by u n n a t u r a l  t empera tu re  i n c r e a s e s ,  b u t  n o t  

a lways d e s t r u c t i v e l y .  For  example,  Mann (17) found t h a t  the rmal  l o a d i n g  i n c r e a s e d  

t h e  abundance of a  t r o p i c a l  t u b i f i c i d  o l i g o c h a e t e  (Branch iura  sowerbyi)  i n  a  

t e m p e r a t e  sys tem.  A l s o ,  Naylor (18) found t h a t  t h e  abundance of a  s e m i - t r o p i c a l  

espepod ( A c a r t i a  t o n s a )  i n c r e a s e d  i n  a  t empera te  sys tem h e a t e d  by the rmal  e f f l u e n t s ,  

However, H e i n l e  (19) concluded t h a t  two copepods,  (4. tonsa  and Eurytemora a f f i n i s )  

may be e l i m i n a t e d  from tempera te  sys tems d u r i n g  s u s t a i n e d  p e r i o d s  of t e m p e r a t u r e s  

above 30 C. Pur thermore ,  Trembley (20) found t h a t  b l u e - g r e e n  a l g a e  i n c r e a s e d  i n  

a r e a s  a f f e c t e d  by a  the rmal  e f f l u e n t  d u r i n g  t h e  summer. I n  a d d i t i o n ,  under  the rmal  

l o a d i n g s ,  i n s e c t s ,  worms, and c r u s t a c e a n s  d e c l i n e d  d u r i n g  t h e  summer, b u t  i n c r e a s e d  

d u r i n g  t h e  w i n t e r .  Anderson (21) found t h a t  t h e  pond weed (Potamsgeton) r e p l a c e s  

a  h e a t  s e n s i t i v e  pond weed (Ruppia) i n  t h e r m a l l y  s t r e s s e d  weed beds  i n  t h e  P a t u x e n t  

R i v e r .  S i m i l a r l y ,  t h e  d e n s i t y  and number of p l a n t  s p e c i e s  d e c l i n e d  i n  t h e  h e a t e d  

d i s c h a r g e  a t  Morro Bay, C a l i f o r n i a  (22) .  D e s p i t e  t h e s e  t r e n d s  towards a  r e d u c t i o n  

i n  t h e  d i v e r s i t y ,  P o l t o r a c k a  (23) s t a t e d  t h a t  phy top lank ton  d i v e r s i t y  i n c r e a s e d  

50 p e r c e n t  i n  a  P o l i s h  l a k e  h e a t e d  4 C above ambient .  

Maximum growth r a t e s  of i n v e r t e b r a t e s  occur  i n  h e a t e d  w a t e r s  a t  t empera tu res  

n e a r  30-32 C, b u t  d e c l i n e  a t  h i g h e r  t empera tu res .  F o r  example,  Cory and Nauman 

( 2 4 )  found t h a t  b a r n a c l e s ,  h y d r o i d s ,  t u n i c a t e s ,  and t u b e  amphipods grow t h r e e  

t i n e s  f a s t e r  t h a n  normal i n  e f f l u e n t  w a t e r s  t h a t  a r e  6 6 above ambient t e m p e r a t u r e s  

i n  t h e  Pa tuxen t  R i v e r .  Cook and Murphy (25) s t a t e d  t h a t  t h e  growth r a t e  o f  brown 

shr imp l a r v a e  (Penaeus a z t e c u s )  i n c r e a s e d  w i t h  t e m p e r a t u r e s  up t o  approximately  

32 C ,  Pur thermore ,  growth r a t e s  of t h e  copepod ( A c a r t i a  t o n s a )  i n c r e a s e d  w i t h  

t e m p e r a t u r e  t o  30 C ,  b u t  decreased  a t  h i g h e r  t empera tu res  (19) .  

R e s p i r a t i o n  r a t e s  of i n d i v i d u a l  p l a n t s  and i n v e r t e b r a t e s  i n c r e a s e d  w i t h  

t e m p e r a t u r e ,  b u t  r e s p i r a t i o n  decreased  a s  t e m p e r a t u r e s  r o s e  above t h e  thermal  

9  



maxima. For instance, Siefken and Armitage (269, as cited by Heinle (19), showed 

that the respiration rates of five populations of freshwater copepods increased with 

temperature to 22-26 C, but the respiration rates of three populations declined 

above about 24 6 ,  Respiration rates of the pond weed (Potamogeton perfoliatus) 

increased with temperature to 40 C, but decreased at 45 C (21). Furthermore, 

Vernberg and Uernberg (27) showed that the respiration rates in a marine tremetode 

(Saccacoelium beauforti from mullet) increased with temperature to 34 C and decreased 

at higher temperatures. 

Primary productivity is increased by short periods of heating at winter tempera- 

tures when nutrients are available, but is inhibited at summer temperatures when 

nutrients are limiting. For instance, Hutner et al. (9), found that photosynthesis 

in phytoplankton cultures decreased at high temperatures and at low nitrogen and 

phosphorus levels. However, by increasing the nitrogen and phosphorus levels the 

cultures could be heated to higher temperatures without inhibiting photosynthesis. 

In field studies, Warinner and Brehmer (28) and Morgan and Stross (29) concluded 

that raising the temperature 3-8 C at high temperatures inhibits photosynthesis. 

However, at low temperatures they found that a 3-8 C rise stimulates photosynthesis. 

Beyers (El) showed that heat affects the community metabolism in experimental 

ecosystems. He contends that the magnifude of metabolic responses to a 7 C 

temperature rise decreases as the diversity increases. This could be caused by 

the buffering effect that energy pathways have on metabolic responses to heat. 

Furthermore, it is likely that the number of energy pathways increases with diversity, 

as the metab~lic responses by single organisms are much greater than the metabolic 

responses of communities. 



11. B. O b j e c t i v e s  

The s t u d y  had t h e  f o l l o w i n g  o b j e c t i v e s :  

1 )  To e s t a b l i s h  t h e  f e a s i b i l i t y  of s t u d y i n g  whole e s t u a r i n e  ecosystems under  

c o n t r o l l e d  c o n d i t i o n s  w i t h  the rmal  l o a d i n g ;  

2) To measure t h e  ecosystem response  t o  a  5 C t empera tu re  i n c r e a s e ,  i n c l u d i n g  

community metabol ism,  phy top lank ton ,  zoop lank ton ,  nek ton  and b e n t h o s ;  

3 )  To measure t h e  ecosystem r e s p o n s e  t o  a  combinat ion of added h e a t  and sewage; and 

4 )  To e s t a b l i s h  d a t a  f o r  s e t t i n g  c r i t e r i a  t o  a s s e s s  t h e  e f f e c t s  ~ f  the rmal  l o a d i n g  

on e s t u a r i n e  ecosystems.  

11. C ,  Scope 

S i n c e  t h e r e  h a s  Seen l i t t l e  s t u d y  of t h e  r e s p o n s e  of whole e s t u a r i n e  ecosystems 

t o  e l e v a t e d  t e m p e r a t u r e s ,  we a t t empted  t o  measure ecosystem s t r u c t u r e ,  p r o d u c t i v i t y  

and r e s p i r a t i o n  i n  h e a t e d  sys tems under c o n t r o l l e d  c o n d i t i o n s .  The ph i losophy  was 

t o  o b t a i n  d a t a  on whole ecosystems s o  t h a t  r e a l i s t i c  w a t e r  q u a l i t y  c r i t e r i a  may 

b e  b e t t e r  s e t .  Thermal l o a d i n g  was r e g u l a t e d  a t  5 C above ambient because  t h i s  i s  

a  r e a l i s t i c  t e m p e r a t u r e  i n c r e a s e  i n  e s t u a r i n e  ecosystems r e c e i v i n g  power g e n e r a t i o n  

s t a t i o n  e f f l u e n t s ,  F i n a l l y ,  w a t e r  from t h e  Parnlico River  E s t u a r y  w i t h  i t s  a t t e n d e n t  

microorganisms and l a r g e r  organisms from a  nearby  a r e a  were  used a s  e x p e r i m e n t a l  

ecosystems because  o f  t h e  need f o r  the rmal  r e s p o n s e  s t u d i e s  i n  North C a r o l i n a  

w a t e r s .  

Although t h e  f i n d i n g s  of t h i s  s t u d y  w i l l  be d i r e c t l y  a p p l i c a b l e  t o  N ~ r t h  

C a r o l i n a  e s t u a r i e s  i t  i s  hoped t h a t  t h e  f i n d i n g s  w i l l  be  u s e f u l  f o r  o t h e r  e s t u a r i e s  

i n  t h e  t empera te  zone.  C e r t a i n l y ,  t h e  need f o r  meaningful  c r i t e r i a  f o r  s e t t i n g  

t e m p e r a t u r e  s t a n d a r d s  is a p p a r e n t ,  e s p e c i a l l y  i n  view of t h e  p r o l i f e r a t i o n  of 

power p l a n t  c o n s t r u c t i o n  and t h e  u s e  of many m i l l i o n s  of g a l l o n s  of w a t e r  each 

day f o r  c o o l i n g  purposes .  
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111, EXPERIMENTAL DESIGN 

111, A ,  A r t i f i c i a l  Systems 

Heat induced changes q e r e  followed i n  e s t u a r i n e  communities contained i n  

4000-gallon, p l a s t i c  poo l s ,  4 , 5  m (15 f t )  i n  diameter  and 1 , 2  m (4 f t )  deep, 

E ight  pools  (F ig ,  1 )  were s e t  up on a  bul ldozed a r e a  covered wi th  sand near  t h e  

Pamlico Marine Laboratory (Aurora,  North Ca ro l ina ) ,  

The pools  were a l l  f i l l e d  a t  t h e  same time wi th  e s t u a r y  water  from South 

Creek Es tuary  (a t r i b u t a r y  of t h e  Pamlico River  Es tuary)  and i t s  a t t e n d e n t  

phytoplankton and zooplankton.  Small p l a s t i c  ba s in s  were f i l l e d  wi th  sediment 

p l u s  o y s t e r s ,  clams and a q u a t i c  p l a n t s  (Ruppia and Potomogeton), The number and 

volume of a l l  t h e  organisms were recorded be fo re  they were randomly placed i n  t h e  

b a s i n  and t h e  bas in s  randomly placed i n  t h e  pools .  I n  a d d i t i o n  t o  t h e s e  

animals  and p l a n t s ,  s e v e r a l  b lue  c rabs  ( C a l l i n e e t e s  s p , ) ,  a  l a r g e  number of g r a s s  

shrimp (Palaemonetes gug io )  and some smal l  f i s h  ( f l ounde r ,  k i l l i f i s h ,  p i n f i s h  and 

s p o t )  were placed i n  t h e  pools .  A l l  t h e s e  p l a n t s  and animals a r e  found i n  t h e  

Pamlico River  Es tuary ,  

To s tudy  t h e  e f f e c t s  of thermal loading on t h e s e  a r t i f i c i a l  e s t u a r i n e  ecosystems, 

h a l f  o f  t h e  pools  were hea ted  5 C above ambient t empera ture ,  The remaining pools  

were used f o r  c o n t r o l  b,g,,  they were allowed t o  remain a t  ambient t empera ture) ,  

Domestic sewage was added t o  t h e  hea ted  ponds and t o  ambient ponds t o  s tudy the  

i n t e r a c t i o n  of sewage wi th  h e a t .  

1 1  B Heated Water C i r c u l a t i n g  System 

Hot w a t e r ,  c i r c u l a t e d  from a 1200-gallon per hour i n d u s t r i a l  water  h e a t e r ,  

provided t h e  h e a t i n g  f o r  thermal  loading (Fig.  2 ) .  Heat exchangers were made 
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Figure 1. Diagram of experimental estuarine ecosystems for heated water experiments. 
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F i g u r e  2 .  Design of h e a t e d  w a t e r  c i r c u l a t i n g  sys tem.  





t h e  h e a t e d  p o o l s  and two of t h e  ambient p o o l s .  T h i s  was done t o  t e s t  t h e  

i n t e r a c t i n g  e f f e c t s  of b o t h  t empera tu re  and sewage on e s t u a r i n e  sys tems.  

3 .  Winter  c o n d i t i o n s  -- I n  o r d e r  t o  t e s t  e f f e c t s  of normal ly  low t e m p e r a t u r e s ,  

a n  exper iment  was conducted d u r i n g  t h e  w i n t e r  of 1970-71 ( 1  December 1970 t o  

t h e  middle  o f  March 1971) .  E i g h t  p o o l s  were used i n  t h e  exper iment ,  f o u r  

h e a t e d  and f o u r  ambient .  The u n t r e a t e d  sewage from t h e  Aurora Sewage P l a n t  

was added a t  t h e  r a t e  of 10 g a l l o n s - p e r  poo l  p e r  week t o  two of t h e  h e a t e d  

p o o l s  and two of  t h e  ambient  poo ls .  

4.  Flow-through exper iments  -- I n  t h e  upper  r e a c h e s  of e s t u a r i e s  where t h e  dominent 

b i o l o g i c a l  community i s  made up of a t t a c h e d  and b e n t h i c  organisms unab le  t o  avo id  

changes i n  t h e  w a t e r  above them, any h e a t e d  w a t e r  e f f l u e n t  would t end  t o  f low 

through t h e  system. Thus,  we needed t o  be a b l e  t o  a s s e s s  t h e  ecosystem 

r e s p o n s e  t o  h e a t e d  w a t e r  p a s s i n g  over  t h e s e  organisms. During t h e  summer of 

1970 (June-August) ,  f o u r  of t h e  p o o l s  were modi f i ed  t o  e n a b l e  f low-through 

c o n d i t i o n s  (Leg,, a s i p h o n  d r a i n  and a con t inuous  i n p u t  from South Creek 

E s t u a r y ) ,  Two of  t h e  f low-through systems were  h e a t e d  5 C above ambient  and 

two remained a t  ambient  c o n d i t i o n s .  Thus ,  we were a b l e  t o  t e s t  t h e  e f f e c t s  o f  

h e a t  i n  an  e s t u a r i n e  sys tem w i t h  c o n t i n u o u s l y  moving w a t e r ,  

111. D. Techniques  

III, D .  1. Temperature  pcJ S a l i n i t y  

Temperature  was moni tored i n  each pool  w i t h  a t h e r m i s t e r  probe.  Temperature  

was measured a t  8 :00  AM each  day t h e  exper iments  were  i n  p r o g r e s s .  On s p e c i a l  

o c c a s ~ i o n s ,  (such a s  t h e  measurement of cambium metabol ism) t e m p e r a t u r e  was moni tored 

on h o u r l y  b a s i s  f o r  one day a t  a t i m e .  S e v e r a l  measurements were t a k e n  a t  t h e  

s u r f a c e  and n e a r  t h e  bot tom t o  v e r i f y  t h e  absence  the rmocl ine .  
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Salinity was measured with a Beckman RS5-3 Induction Salinometer at weekly 

intervals in each pool. Occasional sample were taken from the surface and near 

the bottom to establish possible differences with depth. 

111. D, 2. Nutrient Chemistry 

Water samples for phosphorus analysis were taken at two week intervals from 

each pool. Analysis methods followed in general those proposed by Striakland 

and Parsons (30). Part of the sample was filtered through Gelman Type A glass 

fiber filters prior to analysis and part of the unfiltered and part of the 

filtered sample was digested by potassium sulfate oxidation method of Menzel and 

Corwin (31), using an autoclave. All three samples were then analyzed by the mixed 

reagent method of adding molybdic acid, ascorbic acid and trivalent antimony, 

The three types of phosphorus were as follows: 

1. not filtered-digested-analyzed=total unfiltered P;  

2. filtered-digested-an%lyzed=total filtered P; and 

3. not filtered-not digested-analyzed=reactive P. 

The color development was read on a Beckman DU I1 Spectrophotometer and 

calibrated against standards. The phosphorus concentrations were corrected for 

differences in salinity. 

Water samples for nitrogen analysis were taken every two weeks from each pool 

and analysed in the laboratory following the procedures of Strickland and Parsons 

(30). Nitrate, nitrite and amonfa (+ amino acids) nitrogen were analyzed. 

Color development was read on a Beckman DU I1 Spectrophotometer and compared 

to standards, 



111. D. 3 ,  Community Metabolism 

Community metabolism was measured by fo l lowing  d i e l  changes i n  t h e  p a r t i a l  

p r e s su re  of carbon d iox ide  i n  t h e  pool water .  Carbon d ioxide  p a r t i a l  p r e s su re  

(pC02) was measured t o  an  accuracy of + 1.5 ppm by volume i n  an e q u i l i b r a t e d  a i r  

phase a f t e r  vigorous mixing wi th  a  water  sample 32 f o r  d e t a i l e d  d i s c u s s i o n  of 

methods),  An e q u i l i b r a t o r  mixed t h e  a i r  phase w i t h  t h e  water  sample r e c i r c u l a t i n g  

a i r  through t h e  water  sample a s  i l l u s t r a t e d  in F igu re  3 ) .  The water  sample was 

cont inuous ly  pumped through t h e  e q u i l i b r a t o r  and d iscarded  through an overf low,  

The e q u i l i b r a t e d  a i r  was next  r e c i r c u l a t e d  through a  magnesium p e r c h l o r a t e  dry ing  

chamber and an  i n f r a - r e d  C02 gas a n a l y z e r ,  Beckman I R  215 wi th  13.5 inch sample 

c e l l s ,  a t  a  flow r a t e  near  100 ml/min. Water was pumped through t h e  q u i l i b r a t o r  

a t  a  flow r a t e  of 0.8-1.0 l i t e r l m i n .  I n  a d d i t i o n ,  water  and a i r  f low were 

metered and ad jus t ed  when necessary.  Also ,  a  r eco rde r  monitored t h e  pC02 t h a t  

p la teaued  a s  t h e  a i r  phase reached equ i l i b r ium w i t h  t h e  water  phase. Gene ra l l y ,  

t h e  r equ i r ed  time f o r  equ i l i b r ium was f i v e  minutes ,  bu t  i t  depended on t h e  pC02 

d i f f e r e n c e  between t h e  sample and t h e  previous sample. S ince  t h e r e  was instrument  

d r i f t ,  t h e  gas ana lyse r  was s t anda rd i zed  a t  15 min. i n t e r v a l s  w i t h  1 ,000 ,  500, 

and 0 ppm by volume C02 s tandard  gases .  

Die1 changes i n  t o t a l  CO were c a l c u l a t e d  from observed tempera ture ,  pC02, 
2  

and d i e l  pH curves.  The d i e l  pC02 curves were used t o  c a l c u l a t e  d i e l  t o t a l  

C02 durves f o r  pCO l e v e l s  above 10 ppm (32) and they  were of accep tab l e  p r e c i s i o n  
2 

and accuracy f o r  t h e  pC02 range of 10-50 ppm. However, d i e l  pH curves were used 

f o r  pC02 l e v e l s  below 10 ppm s i n c e  pH changes per  u n i t  metabolism a r e  l a r g e  and 

pCO changes a r e  n e g l i g i b l e  per  u n i t  metabolism (32).  
2  

Community metabolism (photosynthe t ic  p r o d u c t i v i t y  and community r e s p i r a t i o n )  

was es t imated  by c a l c u l a t i n g  r a t e s  of t o t a l  CO change over a 24-hour c y c l e ,  2  
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Figure 3. Schematic diagram of the equilibrator used in the determination of 
carbon dioxide partial pressure (pC02) in estuarine water. 



I n  t h i s  s t udy ,  t h e  d e f i n d t i o n  f o r  t h e  r a t e  of community metabolism is ca t ego r i zed  

i n t o  gross  photosynthe t ic  p r o d u c t i v i t y ,  t o t a l  community r e s p i r a t i o n ,  and n e t  

community metabolism. Gross photosynthe t ic  p r o d u c t i v i t y  i s  sometimes r e f e r r e d  t o  

a s  j u s t  p r o d u c t i v i t y  i n  t h i s  r e p o r t  and i s  def ined  a s  t h e  r a t e  of photosynthe t ic  , 

and chernosynthatic a s s i m i l a t i o n  of carbon d ioxide  and/or  b i ca rbona te  by t h e  community 

w i t h i n  a  pool.  Th i s  inc ludes  l o s s e s  of a s s imi l a t ed  carbon d ioxrde  and b i ca rbona te  

by r e s p i r a t i o n ,  d e a t h ,  g r az ing ,  o r  p reda t ion .  The r a t e  of t o t a l  community r e s f i i r a -  

t i o n  i s  sometimes r e f e r r e d  t o  a s  j u s t  t o t a l  r e s p i r a t i o n  i n  t h i s  r e p o r t  and i s  

def ined  a s  t h e  r a t e  of r e s p i r a t i o n  of t h e  a q u a t i c  p l a n t s ,  an imals ,  and b a c t e r i a  

w i t h i n  a  pool,  The r a t e  of n e t  community metabolism is  def ined  a s  t h e  d i f f e r e n c e  

between g ros s  pho tosyn the t i c  p r o d u c t i v i t y  and t h e  r a t e  of t o t a l  community r e s p i r a t i o n .  

Hence, n e t  metabolism may be  n e t  p r o d u c t i v i t y  i n  which t h e r e  i s  a  g a i n  i n  t h e  amount 

of o rganic  ma t t e r  w i t h i n  a  pool o r  i t  may be n e t  r e s p i r a t i o n  i n  which t h e r e  is  a  

l o s s  i n  t h e  amount of o rganic  ma t t e r  i n  a  pool .  The photosynthe t ic  p r o d u c t i v i t y 1  

community r e s p i r a t i o n  (PIR) r a t i o  i s  def ined  a s  t h e  r a t i o  of $ ross  pho tosyn the t i c  

p r o d u c t i v i t y  t o  t h e  r a t e  of t o t a l  r e s p i r a t i o n .  

III. D, 4 ,  Organism Response 

Phytoplankton were c o l l e c t e d  by c o l l e c t i n g  100 m l  of water  and adding 2 m l  of 

Lugol ' s  s o l u t i o n  a s  a  p r e s e r v a t i v e .  Phytoplankton were i d e n t i f i e d  and enumerated 

under an inver ted  microscope according t o  t h e  techniques o u t l i n e d  by Hobbie (33) .  

Dr, Edward Carpenter ,  Woods Hole Oceanographic I n s t i t u t e ,  Woods Hole,  Massachuset ts ,  

a former gradua te  s tuden t  a t  t h e  Pamlico Marine Lab, a s s i s t e d  i n  t h e  a n a l y s i s  of 

phytoplankton. @hlo rophy l l  was measured accord ing  t o  t h e  procedure o u t l i n e d  by 

Lorenzen (34) .  



Zooplankton were  sampled by p o u r i n g  P O  1 of  w a t e r  th rough  a  number 20 p l a n k t o n  

n e t  and s a v i n g  t h e  f i l t e r e d  organisms.  Zooplankton were i d e n t i f i e d  and enumerated 

under  a  b i n o c u l a r  d i s s e c t i n g  microscope.  

Var ious  an imals  and p l a n t s  were  i n s e r t e d  i n t o  t h e  p o o l s  a t  random, The volume 

s f  t h e  organisms go ing  i n t o  each  s t a t i o n  i n  each poo l  was de te rmined  i n  g r a d u a t e  

c y l i n d e r s  p r i o r  t o  p l a c i n g  t h e  organisms i n  t h e  p o o l s .  F i v e  c l u s t e r s  o f  o y s t e r s ,  

I 0  i n d i v i d u a l s  i n  each  c l u s t e r ,  were p l a c e d  around t h e  p e r i m e t e r  of  each  pool : ,  

F i v e  g roups  of  Rangia clams were p l a c e d  i n  mud c o n t a i n e d  i n  f i v e  p l a s t i c  c o n t a i n e r s ,  

c o n s i s t i n g  of 15 clams p e r  c o n t a i n e r .  S e v e r a l  complete  p l a n t s  ( b l a d e s  and rhizomes)  

o  f g r a s s  were p l a c e d  i n  sediment  w i t h i n  p l a s t i c  c o n t a i n e r s  and i n s e r t e d  a t  

f i v e  p l a c e s  around t h e  p e r i m e t e r  of  each  p o o l ,  S e v e r a l  individl i i i lk  df-1Sluel c r a b s  

( C a l l i n c c t e s  s a p i d u s ) , , g r & s s  s 8 ~ i m p  (Palaemonekes ) ,  and E i s h 4 y e r e  measured 

and p l a c e d  a t  random i n  each  poo l .  The s p e c i e s  of f i s h  d i f f e r e d  f rom s e a s o n  t o  

season :  i-.g,, f l o u n d e r  ( P a r a l i c h t h y e s  e p . )  f o r  t h e  s p r i n g  exper iment ;  p i n f f s h  

(Lagodon rhornbsides) ,  s i l v e r s i d e s  ( s p .  ) , s p o t  ( E e i s s  tornus xanthurus), ,  

c r o a k e r  Q u n d u l a t u s )  and g o b i s  (Gobissoma s p . )  were  used i n  t h e  summer 

exper iment ;  p i n f i s h  ( rhombsides)  were  used i n  t h e  w i n t e r  exper iment ;  

x a n t h u r u s )  and g o b i e  (Gobiosoma s p . )  were used i n  t h e  f low- 

th rough  exper iment  (summer l 9 ? 1 ) ,  

A t  t h e  end of each  exper iment  t h e  organisms were removed and t h e  volume of 

each  group o b t a i n e d .  The organisms were  d r i e d  i n  a  d r y i n g  oven a t  65 C and d r y  

w e i g h t  de te rmined  w i t h  a  M e t t l e r  t o p - l o a d i n g  b a l a n c e .  The p o o l s  were t h a n  d r a i n e d  

and a l l  s m a l l  organisms f i l t e r e d  from t h e  w a t e r .  I n  a d d i t i o n  t o  t h e  g r a s s  shrimp 

and f i s h ,  t h e s e  i n c l u d e d  p o l y e h a e t e  worms, midge l a r v a e  and s e v e r a l  o t h e r  t y p e s  of  

o rgan i sms ,  a p p a r e n t l y  r e s u l t i n g  from eggs  and l a r v a e  i n  t h e  w a t e r  a t  t h e  beg inn ing  

of  t h e  exper iment .  Changes i n  volume were r e g a r d e d  a s  t h e  c r i t e r i a  f o r  growth and 

changes  i n  numbers were  ussd  a s  c r i t e r i a  f o r  s u r v i v a l ,  



A conversion f a c t o r  was obtained t o  r e l a t e  changes i n  volume t o  changes i n  

d r y  weight f o r  a l l  organisms (Table 1 ) .  The s tandard  d e v i a t i o n  was r e l a t i v e l y  

smal l  f o r  each conversion f a c t o r  a l though t h e  conversion f a c t o r s  d i d  change 

seasona l ly .  The volume t o  weight conversion f a c t o r s  w i l l  enab le  conversion of 

a l l  growth r epo r t ed  i n  t h e  fo l lowing  pages t o  changes i n  biomass f o r  energy 

c a l c u l a t i o n s  . 

I V .  TEMPERATURE AM> NUTRIENTS 

I V .  A. Temperature 

The temperature  i n  t h e  pools  showed small  d i u r n a l  changes (Fig.  4 ) ,  but  l a r g e r  

annual  changes (Pig.  5 ) .  Diurna l  temperature  changes were 3-4 C ,  bu t  annual  tempera- 

t u r e  changes were approximately 26 C i n  t h e  ambient pools and approximately 22 C 

i n  t h e  heated pools.  

Genera l ly  t h e r e  were on ly  smal l  temperature  d i f f e r e n c e s  w i t h i n  t r ea tmen t s  

(heated o r  ambient p o o l s ) ,  bu t  l a r g e r  d i f f e r e n c e s  beeween t r ea tmen t s .  The 

temperatures  i n  one of t h e  sewage t r e a t e d  pools were a s  much a s  6 C l e s s  than t h e  

okher ambient pools s i n c e  t h e  b lack  l i n e r  increased  the  r a t e s  of back r a d i a t i o n .  

Otherwise temperature  d i f f e r e n c e s  between heated pools  and between ambient pools  

were l e s s  than P C. I n  c o n t r a s t ,  temperatures  i n  t h e  hea ted  pools  were 2-5 C ,  

3-5 C ,  and 0-12 C h igher  t han  t h e  temperatures  i n  t h e  ambient pools  dur ing  t h e  

s p r i n g ,  summer and win t e r  experiments ,  r e s p e c t i v e l y .  

The thermal t rea tment  was s l i g h t l y  i r r e g u l a r  s i n c e  t h e  thermosta t  c o n t r o l  

needed f r equen t  adjustment .  

I V .  B e  Nut r i en t s  

Comparison of phosphorus and ammonia l e v e l s  i n  t h e  sewage pools  w i t h  t h e  

non-sewage pools  sugges t s  t h a t  nu t r i en t -poo r  sewage was used dur ing  t h e  summer 

22 , 
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Table I: Conversion factors for volume to gms dry weight for each organismal group and 

each experiment. 

- Mean Organism Standard Deviation Range Sample size 
gmlml - 

Experiment 1 - February-June, 1970 
I 

Blue Crab 0.3 106 0.0780 0.2247 to 0,3770 3 
Flounder 0.8543 
Rangia 1.3521 
Oyster 1.0427 
Rupp ia 
Palaemonetes 

Experiment 2 - August-October 1970 
Blue Crab 0.2051 0.0825 0.1122 to 0.3164 8 
P ish 

Pinf ish 0,2715 
Silversides 0.2395 
Spot, Croaker 0.2144 
Gob ie 0.1941 

Rang ia 1.3656 
Oyster 1.2670 
Ruppia 0.1891 
Palaemanetes 0,1596 

Experiment 3 - December 1970-March 1971 - 
gluk-, Crab 0.2659 0.0374 0.2194 to 0.3293 8 
All Fish 0.2647 0.0618 0.1829 to 0.3470 6 
Rangia - 1.3192 0,0423 1.1895 to 1.3971 3 5 
Oyster 1.2652 0.1342 0.9977 to 1.4773 3 5 
Ruppia 0.1061 0.0318 0.0540 to 0.2011 34 

Experiznent 4 . -  June-August 1971 

Blue Crab 0.0145 0.0053 0.0085 to 0.0184 3 
Fish 

Spot . 0.2152 0.0213 0.1840 to 0.2312 4 
Gobie 0,1283 0.0335 0.090 to 0.1520 3 

Rangia 1,3354 0.1091 1.2534 to 1.7535 2 0 
Oyster 1.2817 0.1235 0.8859 to 1,4606 2 1 
Rupp ia 0.0869 0.0596 0.0049 to 0.2520 16 
Palaemonetes 0.1373 0.0322 0.0946 to 0.1667 4 
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Figure 4. Comparison of die1 pC02, pH, and temperature in heated (pool 1) and 
ambient (pool 4) pools on 20 May 1970. 
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Figure 5. Mean daily temperatures at two-week intervals in the ambient (control), 
heated, sewage-treated, and heatedfsewage-treated pools during the 
spring, s u m e r  and winter experiments. Points indicate temperature 
for each replicate. 



experiment ,  bu t  n u t r i e n t - r i c h  sewage was used du r ing  t h e  w in t e r  experiment 

(F igs ,  6 ,  7,  8 and Table  2). Water f r o m ~ a  secondary s e t t l i n g  pond was used dur ing  

t h e  summer experiment ,  b u t  sewage from a primary s e t t l i n g  pond was used du r ing  t h e  

w in t e r  experiment.  I n  a d d i t i o n ,  t h e r e  were no d i f f e r e n c e s  between r e a c t i v e  

phosphates and ammonia l e v e l s  i n  t h e  sewage and non-sewage pools  du r ing  t h e  summer 

experiment (Table 2 ) .  Also ,  t h e r e  were no s i g n i f i c a n t  d i f f e r e n c e s  between t o t a l  

phosphorus l e v e l s  i n  non-sewage and sewage pools  dur ing  t h e  summer experiment ,  

b u t  t h e r e  were s i g n i f i c a n t  d i f f e r e n c e s  between t o t a l  phosphorus l e v e l s  i n r t h e  

sewage and non-sewage pools  dur ing  t h e  w in t e r  experiment (Table 2) according t o  

~ u k e y ' s  2 t e s t  (35). Furthermore, t h e  r e a c t i v e  phosphate l e v e l s  i n  t h e  sewage 

3  pools  were 1-4 mg-at ~ / m  h ighe r  than  t h e  phosphate l e v e l s  i n  t h e  non-sewage pools  

3  and ammonia l e v e l s  i n  t h e  "sewage t r e a t e d "  pools  were 1-10 mg-at ~ / m  h ighe r  t han  

t h e  o t h e r  pools  du r ing  t h e  w in t e r  experiment.  

I V .  C. Discussion 

Thermal t rea tment  probably increased  t h e  n u t r i e n t  r egene ra t i on  r a t e s  du r ing  

t h e  s p r i n g  experiment and poss ib ly  dur ing  the  w i n t e r  experiment,  bu t  no t  dur ing  

t h e  summer experiment (Figs .  6 and 7 ) .  During t h e  w in t e r  experiment ,  t h e  r e a c t i v e  

phosphate l e v e l s  i n  t h e  hea ted  pools  were s i m i l a r  t o  t h e  c o n t r o l s ,  bu t  they were 

h i g h e r  than  t h e  c o n t r o l s  du r ing  t h e  summer and sp r ing  experiments ,  I n  a d d i t i o n ,  

the ammonia l e v e l s  i n  t h e  heated pools were s i m i l a r  t o  t h e  c o n t r o l s  du r ing  t h e  

summer and win t e r  experiments ,  but  they were h ighe r  l- than . t h e  :contrci&s~"during': the 

s p r i n g  experiments .  

The n u t r i e n t  r e g e n e r a t i o n  r a t e s  and cyc l e s  were dependent upon t h e  temperature  

and l i g h t  l e v e l s .  For example, dur ing  t h e  s p r i n g  experiment temperature  and 

r e s p i r a t i o n  r a t e s  g r a d u a l l y  increased  (Sec t ion  V), and, i n  t u r n ,  t h e  decomposition 
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Figure 6. Filtered reactive phosphorus at two-week intervals in the ambient (control), 
heated, sewage-treated, and heated+sewage treated pools. 
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Figure 7. Unfiltered total phosphorus at two-week intervals in the ambient 
(control), heated, sewage-treated, and heatedfsewage-treated pools. 
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8. Ammonia (+ amino acids) nitrogen at two-week intervals in the ambient 
(control), heated, sewage-treated, and heated + sewage-treated pools. 





of organic  ma t t e r  increasBd t h e  pCO and ammonia l e v e l s .  A f t e r  h igh  a m o n i a  l e v e l s  
2 

accumulated, primary product ion  increased  r a p i d l y  and reduced t h e  ammonia l e v e l s ,  

Simultaneously,  feed ing  r a t e s  of he t e ro t rophs  probably m u l t i p l i e d  a s  t h e  supply 

of o rgan ic  carbon r o s e  du r ing  t h e  bloom. Consequently,  t h e r e  was a  r a$ id  i n c r e a s e  

i n  r e s p i r a t i o n  followed by rises i n  pC02 and a m o n i a  l e v e l s  a s  h e t s r o t r o p h s  

ox id ized  t h e  organic  ma t t e r  produced du r ing  t h e  bloom. A s  temperatures  and l i g h t  

increased  t o  maximal l e v e l s ,  a  second cyc l e  occurred dur ing  t h e  s p r i n g  experiment ,  

and then  two cyc l e s  were observed du r ing  t h e  summer experiment.  Yet ,  on ly  one 

c y c l e  occurred dur ing  t h e  w in t e r  experiment a s  temperatures  dec l ined  t o  minimal 

l e v e l s .  I n  conc lus ion ,  t h e  n u t r i e n t  r egene ra t i on  cyc l e s  followed s i n u s o i d a l  p a t t e r n s  

t h a t  had f r equenc i e s  of s i x  weeks when temperatures  were above 20 C ,  bu t  t h e  

f r equenc i e s  were e i g h t  weeks f o r  lower temperatures .  

The added h e a t  a f f e c t e d  n u t r i e n t  r egene ra t i on  r a t e s  dur ing  t h e  e a r l y  p a r t  of 

t h e  s p r i n g  experiment and dur ing  t h e  w in t e r  experiment ,  bu t  i t  d id  no t  a f f e c t  t h e  

n u t r i e n t  r egene ra t i on  r a t e s  du r ing  t h e  l a t t e r  p a r t  of t h e  s p r i n g  experiment o r  

du r ing  t h e  summer experiment.  Thermal t rea tment  probably increased  t h e  decomposi- 

t i o n  r a t e s  of o rgan ic  ma t t e r  t o  ammonia, phosphate,  and carbon d iox ide ,  s i n c e  

bo th  concen t r a t i ons  of t h e s e  compounds and r e s p i r a t o r y  r a t e s  increased  dur ing  t h e  

s p r i n g  experiment.  A s  a  r e s u l t ,  accumulated n u t r i e n t s  t r i g g e r e d  an  e a r l y  s p r i n g  

bloom. On t h e  o the r  hand, thermal  t rea tment  appa ren t ly  d id  n o t  a f f e c t . t h e  

n u t r i e n t  r egene ra t i on  r a t e s  du r ing  t h e  l a t e  p a r t  of t h e  s p r i n g  experiment o r  t h e  

summer experiment s i n c e  metabolism was no t  a f f e c t e d  by t h e  thermal  t r ea tmen t .  

A t  t h a t  t ime,  metabolism may have been independent of smal l  temperature  changes 

s i n c e  t h e  upper t o l e r a n c e  temperature  had probably been approached and t h e  peak 

of t h e  metabol ic- temperature  had probably been approached and the peak of t h e  

metabol ic- temperature  response  curve had been reached ,  However, it  i s  l i k e l y  



t h a t  t he  n u t r i e n t  r egene ra t ion  r a t e s  w i l l  be increased by thermal t rea tment  dur ing  

t h e  l a t e  f a l l  a s  normal temperatures  d e c l i n e  t o  l i m i t i n g  l e v e l s ,  Yet, thermal 

t rea tment  (0-12 C)  s t a b i l i z e d  t h e  n u t r i e n t  r egene ra t ion  r a t e s  dur ing  t h e  win te r  

experiment s i n c e  the  h igher  temperatures  were more cons t an t .  

The n u t r i e n t  r egene ra t ion  r a t e s  were poss ib ly  reduced by the  sewage t rea tment  

dur ing  the  summer experiment ,  bu t  no t  dur ing  t h e  win te r  experiment.  The sewage 

t rea tment  caused blue-green a lgae  t o  r ep l ace  the  n a t u r a l  phytsplankton"(@ctt6n,VSr: 

consequent ly,  t h e  he t e ro t rophs  were forced t o  u t i l i z e  t h e  blue-green a lgae  a s  a  

source of organic  carbon dur ing  the  summer-fall experiment.  This  source  of 

carbon may have been undes i r ab le  f o r  t h e  he t e ro t rophs  s i n c e  t h e  summer ecosystem 

was programmed t o  u t i l i z e  organic  carbon f ixed  by a  d i v e r s e  community of diatoms,  

greens ,  blue-greens,  and Chrysophytes. Ryther (36) suggested t h a t  duck farm 

manure leaching  i n t o  Great  South Bay and Moriches Bay f e r t i l i z e d  and changed the  

NIP r a t i o ;  and t h e r e f o r e ,  caused the  n a t u r a l  phytoplankton community t o  be almost  

rep laced  by new spec i e s  of a lgae .  Since the  o y s t e r s  were unable t o  d i g e s t  t hese  

new s p e c i e s ,  they s t a rved .  Therefore ,  a  d e c r e a s e ' i n  usable  organic  ma t t e r  i n  t h e  

sewage t r e a t e d  pools  could have reduced the  ox ida t ion  r a t e s  of organic  ma t t e r  

and a v a i l a b i l i t y  of n u t r i e n t s .  As a  r e s u l t ,  t h e  p r o d u c t i v i t i e s  dec l ined  du r ing  

the second h a l f  of t he  summer experiment. To t h e  c o n t r a r y ,  sewage t rea tment  

probably d id  not  a f f e c t  t h e  n u t r i e n t  r egene ra t ion  r a t e s  dur ing  t h e  win te r  expe r i -  

ment s i n c e  t h e  metabol ic  r a t e s  i n  t h e  two sewage t r e a t e d  pools  were s i m i l a r  t o  

t h e  c o n t r o l s .  

Thermal t rea tment  may have increased  t h e  n u t r i e n t  r egene ra t ion  r a t e s  i n  t h e  

heat-ksewage-treated pools  dur ing  t h e  summer experiment,  bu t  s t a b i l i z e d  the  n u t r i e n t  

r egene ra t ion  r a t e s  du r ing  t h e  win te r  experiment,  An inc rease  i n  t h e  community 

metabolism a s s o c i a t e d  wi th  t h e  t rea tments  suggested t h a t  t he  n u t r i e n t  r egene ra t ion  



rates increased during the summer experiment. In contrast, the comunity metabolism 

during the winter experiment remained constant possibly because the nutrient 

regeneration rates were stabilized by the relatively constant temperature. These 

effects may be explained partly by the slight temperature increase that stimulated 

metabolism during the summer-fall experiment and the constant temperature that 

probably stabilized the phytoplankton comunity during the winter experiment. In 

conclusion, sewage treatment probably had little affect on the nutrient regeneration 

rates during the summer experiment since secondary sewage was used; yet, sewage 

treatment may have interacted with heat treatment during the winter experiment 

when primary sewage was used. L 

V. COWTNITY METABOLISM 

Community metabolism, consisting of photosynthetic productivity and respiration, 

is a useful means of evaluating ecosystem response (3%). Photosynthetic 

productivity is a measure of the ecosystem's rate of fixing solar energy into 

chemical energy to support food chains. If this parameter is affected,.then 

the basic function within an ecosystem is jeopardized. Respiration is a measure 

of the ecosystem's comsumption rate, which is the rate at which work is performed. 

If this parameter is affected, then the structure of the ecosystem is in jeopardy. 

Ratio and/or magnitudes of the two are basic means of evaluating changes in function 

and structure of ecosystems in relation to stress. 

V. A. Gross Photosynthetic Productivity 

During the spring experiment, photosynthetic rates were probably limited by 

the combination of low ammonia levels and low temperatures, but probably not by 

the reactive phosphate levels (Fig. 9). Reactive phosphate levels were not 
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9. Gross photosyrithetic productivity at two-week intervals in the ambient 
(control), heated, sewage-treated, and heatedfsewage-treated pools. 
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c o r r e l a t e d  w i t h  p r o d u c t i v i t y  i n  t h e  con t ro l s .  I n  a d d i t i o n ,  r e a c t i v e  phosphate 

l e v e l s  i n  t h e  hea ted  pools  were c o r r e l a t e d  w i t h  t h e  p r o d u c t i v i t y  on ly  t o  t h e  

e x t e n t  t h a t  they  were lower i n  t h e  more a c t i v e  pool.  On t h e  o t h e r  hand, t h e r e  

were many c o r r e l a t i o n s  between t h e  p r o d u c t i v i t y  and t h e  ammonia l e v e l s  and tempera- 

t u r e s  i n  t h e  hea ted  and ambient pools .  R e l a t i v e l y  h igh  p r o d u c t i v i t i e s ,  t empera tures ,  

and ammonia l e v e l s  occurred i n  t h e  hea ted  pools  from l a t e  March t o  May. I n  

c o n t r a s t ,  r e l a t i v e l y  low p r o d u c t i v i t i e s ,  t empera tures ,  and ammonia l e v e l s  occurred 

i n  t h e  ambient pools  from Late March t o  May. The p r o d u c t i v i t i e s  i n  t h e  ambient 

pools  increased  a s  ammonia peaks were followed by photosynthe t ic  pu lses .  

During t h e  summer experiment ,  p r o d u c t i v i t i e s  may have been l i m i t e d  by low 

ammonia and r e a c t i v e  phosphate l e v e l s ,  b u t  probably no t  by h igh  temperatures  

(Fig.  9 ) .  Temperatures were no t  c o r r e l a t e d  w i th  p r o d u c t i v i t i e s  du r ing  August 

and September and p o s s i b l e  t r e n d s  dur ing  October were obscured by t h e  

v a r i a b i l i t y  i n  t h e  p r o d u c t i v i t i e s  w i t h i n  and between t rea tments .  Furthermore, 

t h e  thermal a d d i t i o n  was on ly  a s soc i a t ed  w i th  a  f a i n t  i nc rease  i n  photosynthe t ic  

p r o d u c t i v i t y  i n  t h e  two hiat+sewage- t r e a t e d  pools  dur ing  e a r l y  September. I n  

c o n t r a s t ,  many c o r r e l a t i o n s  e x i s t e d  betwaan ammonia, r e a c t i v e  phosphate,  and 

p roduc t iv i t y .  For  example, ammonia dec l ined  t o  minimal l e v e l s  a s  p r o d u c t i v i t i e s  

peaked du r ing  e a r l y  September and then increased  p r o d u c t i v i t i e s  decreased dur ing  

l a t e  September, This  was followed by a n  i n c r e a s e  i n  pho tosyn the t i c  p r o d u c t i v i t y  

du r ing  October. I n  a d d i t i o n ,  r e a c t i v e  phosphate decreased t o  minimal l e v e l s  a s  

p r o d u c t i v i t i e s  peaked i n  one ambient pool ,  one hea ted  pool ,  one sewage-treated 

pool ,  and one heat+sewage-treated pool-during e a r l y  September. 

During t h e  w i n t e r  experiment ,  p r o d u c t i v i t i e s  may have been l imi t ed  by t h e  

combination of low ammonia l e v e l s  and low tempera tures ,  bu t  probably no t  by t h e  

r e a c t i v e  phosphate l e v e l s  (Fig. 9 ) .  The r e a c t i v e  phosphate l e v e l s  ware r e l a t i v e l y  



high  dur ing  t h e  w i n t e r  experiment ,  bu t  t h e  p r o d u c t i v i t i e s  and temperatures  were 

t h e  lowest of anytime dur ing  t h e  year .  Also ,  t h e  two sewage-treated pools  t h a t  

had h igh  ammonia l e v e l s  showed only  f a i n t  i n c r e a s e s  i n  product ion ,  S i m i l a r l y ,  

product ion i n  t h e  c o n t r o l s  s l i g h t l y  increased a s  temperatures  and ammonia l e v e l s  

increased du r ing  January.  On t h e  o the r  hand, p roduct ion  i n  Ehe f o u r  heated pools  

was l e s s  than i n  t h e  ambient pools ,  

Heat t rea tment  s i g n i f i c a n t l y  increased t h e  response of product ion t o  temperature  

( r eg re s s ion  c o e f f i c i e n t  of t h e  product iv i ty - tempera ture  curve)  i n  t h e  a r t i f i c i a l  

ecosystems du r ing  t h e  t h r e e  experiments  (Table 3 ,  Fig ,  10) .  Heat t rea tment  

increased t h e  p r o d u c t i v i t i e s  dur ing  the  s p r i n g  and summer experiments  and caused 

them t o  remain r e l a t i v e l y  low and cons t an t  du r ing  the  w in t e r  experiment.  

Sewage t rea tment  d i d  no t  s i g n i f i c a n t l y  change t h e  response of p roduct ion  t o  

temperature  i n  t h e  a r t i f i c i a l  ecosystems du r ing  t h e  summer and win t e r  experiments  

(Table 3 ,  Fig .  11) .  

V. B. Community R e s p i r a t i o n  

The previous s t a t emen t  t h a t  h e a t  t rea tment  probably increased  t h e  n u t r i e n t  

r egene ra t i on  r a t e s  i s  supported by c o r r e l a t i o n s  of increased r e s p i r a t i o n  w i th  

increased  tempera tures ,  r e a c t i v e  phosphate and ammonia l e v e l s  du r ing  t h e  s p r i n g  

experiment ,  b u t  no t  du r ing  t h e  summer o r  w in t e r  experiments (Fig. 12).  For  example, 

t ampara tu re s , r eae t ive  phosphate and ammonia l e v e l s  a s  w e l l  a s  r e s p i r a t i o n  were 

s imul taneous ly  h ighe r  i n  t h e  heated pools t han  i n  t he  arnbient pools  du r ing  l a t e  

March, A p r i l  and e a r l y  May, However, r e s p i r a t i o n ,  r e a c t i v e  phosphate and ammonia 

l e v e l s  i n  t h e  heated pools  were no t  s imul taneous ly  h igher  than  i n  t h e  ambient 

pools  du r ing  the  summer and win t e r  experiments.  
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Figure 10. Gross photosynthetic productivity at different temperatures in ambient 
and heated pools during the spring, summer and winter experiments. 
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Figure 11. Gross photosynthetic productivity at different temperatures in the 
non-sewage and sewage-treated pools during summer and winter experiments. 
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12. Community respiration at two-week intervals in the ambient (control). , , 
heated, sewage-treated, and heated+sewage-treated pools. 



Table  3.  s t u d e n t  b .g values  c a l c u l a t e d  f o r  metabolism r e g r e s s i o n  c o e f f i c i e n t s  and 

hypothes i s  accepted us ing  t h e  95 percent  confidence i n t e r v a l .  

Null  hypothes i s  S i g n i f i c a n c e  

Temperature u s  R e s p i r a t i o n  
Pooled ambient systems = Pooled hea ted  

s y s  tems 2.281 0.05, hea ted  > ambient 

Pooled non-sewage 
sys  terns = Pooled sewage 

systems 1,993 0.05, N. S. a " 

Temperature vs  Gross Photosynthes i s  
Pooled ambient systems = Pooled heated systems 3,491 0.05, h e a t  7 ambient 

Pooled non-sewage 
s y s %ems = Pooled sewage systems 1.096 0.05, N. S. 

R e s p i r a t i o n  vs  Gross Photosynthes i s  
Heated system = Heat + sewage system 1.763 0.05, N. S. 
Heated system = Ambient system 1 ,341  0.05, N. S. 
Heated system = Sewage system 1,787 0.05, N. S. 
Heat + sewage system = Ambient system 2.898 0.05, h e a t  + s e w a g e 7 c o n t r o l  
Heat + sewage system = Sewage system 2.900 0.05, h e a t  + sewage 7 sewage 
Ambient system = Sewage system 0.038 0.05, N. S. 

S t a t i s t i c a l l y  g r e a t e r  responses  of r e s p i r a t i o n  t o  temperature  were observed 

f n  the p o o l s  r e c e i v i n g  h e a t  t rea tment  (Table 3 ,  F ig .  13) .  Heat t rea tment  increased  

the  r e s p i r a t i o n  r a t e s  dur ing  t h e  s p r i n g  and summer experiments ,  bu t  d i d  no t  change 

the  r e s p i r a t i o n  r a t e s  du r ing  t h e  w in t e r  experiments .  

Sewage t rea tment  d id  no t  s i g n i f i c a n t l y  a f f e c t  t h e  response of r e s p i r a t i o n  

t o  temperature  i n  t h e  a r t i f i c i a l  ecosystems du r ing  t h e  summer and w i n t e r  experiments  

(Table 3 ,  P ig .  1 4 ) .  
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Figure 13. Community respiration at different temperatures in the ambient and 
heated pools during the spring, summer and winter experiments. 
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14. Community respiration at different temperatures in the non-sewage 
and sewage-treated pools during summer and winter experiments. 



V. C. P/R Ra t io  and Net Metabolism Parameters 

During t h e  l a s t  h a l f  of t h e  s p r i n g  experiment and t h e  f i r s t  h a l f  of t h e  summer 

experiment ,  t h e  heated pools  were more a u t o t r o p h i c  than t h e  ambient pools ;  i , ~ . ,  t h e  

P/R r a t i o s  were g r e a t e r  than  u n i t y  and h ighe r  i n  t h e  heated pools t han  i n  t h e  

ambient pools  (Fig.  15) . However, t h e  ambient pools  were more a u t o t r o p h i c  than 

t h e  hea ted  pools  dur ing  t h e  f i r s t  h a l f  of t h e  sp r ing  experiment,  bu t  both were 

s i m i l a r l y  a u t o t r o p h i c  dur ing  t h e  l a s t  h a l f  of t h e  summer experiment.  I n  a d d i t i o n ,  

t h e  hea ted  pools  were h e t e r o t r o p h i c  , < P / ~ r a t i o s  l e s s  t han  u n i t y ) ,  and t h e  ambient 

pools  were au to t roph ic  du r ing  t h e  w in t e r  experiment.  

The pC02 and ch lo rophy l l  2 l e v e l s  are inf luenced  by t h e  n e t  community metabolism 

(compare F igs .  16 and 17) .  Negative n e t  community metabolism as r e s p i r a t i o n  

r e s u l t s  i n  an  i n c r e a s e  i n  t h e  p602 l e v e l ,  bu t  a  decrease  i n  t h e  chlorophyll 2 

l e v e l .  For  example, t h e  c h l o r o p h y l l a  l e v e l  decreased and t h e  pCQ2 l e v e l  increased  

i n  one of t h e  ambient pools  a s  t h e  r a t e  of r e s p i r a t i o n  exceeded t h e  p r o d u c t i v i t y  

from l a t e  May t o  e a r l y  June. I n  c o n t r a s t ,  n e t  community metabolism a s  product ion 

r e s u l t s  i n  a  decrease  i n  t h e  pC02 le~e1,ibut:~aa;~inCoease i r i  t he  eh ld raphy l l  5 

1eve l ; :~~Fo i :  example, t h e  ch lo rophy l l  2-Level,  ir icyeased,rba& thg pa02 l h e F  decreased 

a s  t h e  p r o d u c t i v i t y  exceeded t h e  r a t e  s f  r e s p i r a t i o n  i n  t h e  o t h e r  ambient pool 

du r ing  t h e  same per iod .  

Comparisons of pCO l e v e l s  between t rea tments  sugges ts  t h a t  h e a t  t r ea tmen t ,  2  

bu t  no t  sewage t r ea tmen t ,  in f luenced  n e t  metabolism (Fig. 16) .  The pC02 l e v e l s  

i n  t h e  hea ted  pools  were h ighe r  t han  i n  t h e  ambient pools dur ing  t h e  w in t e r  

experiment ,  and t h e  f i r s t  h a l f  of t h e  s p r i n g  experiment,  bu t  they were lower than 

i n  t h e  ambient pools  dur ing  t h e  f i r s t  h a l f  of t h e  summer experiment.  I n  a d d i t i o n ,  

t h e  pC02 l e v e l s  peaked i n  one of t h e  hea ted  pools  and both ambient pools  du r ing  

t h e  l a s t  h a l f  of t h e  s p r i n g  experiment,  S t i l l ,  t h e  pC02 l e v e l s  i n  t h e  sewage- 

t r e a t e d  pools  were s i m i l a r  t o  t hose  i n  t h e  ambient pools  and t h e  heat+sewage- 
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RESPIRATION ( g ~  rn3day-I) 

Figure 15. Gross photosynthetic productivity versus community respiration in the 
ambient (control), heated, sewage-treated, and heated f sewage-treated 
p o o l s .  
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16. Mean partial pressure of carbon dioxide (pprn) at two-week intervals 
in the ambient (control), heated, sewage-treated, and heat+sewage- 
treated pools. 



t r e a t e d  p o o l s  were  s i m i l a r  t o  t h e  h e a t e d  poo ls  d u r i n g  t h e  summer and w i n t e r  

exper iments ,  

Comparisons of c h l o r o p h y l l  2 l e v e l s  between t r e a t m e n t s  s u g g e s t s  t h a t  h e a t  

t r e a t m e n t  i n f l u e n c e d  t h e  s t a n d i n g  c r o p  ( F i g .  1 7 ) ,  F i r s t ,  t h e  c h l o r o p h y l l  a 

l e v e l s  i n  t h e  h e a t e d  p o o l s  were lower t h a n  i n  t h e  ambient poo ls  d u r i n g  t h e  f i r s t  

h a l f  of t h e  s p r i n g  exper iment  and h i g h e r  t h a n  i n  t h e  ambient poo ls  d u r i n g  t h e  f i r s t  

h a l f  of the ,summer exper iment  and d u r i n g  t h e  e n t i r e  w i n t e r  e x p e r i s e n t ,  During 

t h e  l a s t  h a l f  o f  t h e  s p r i n g  exper iment ,  t h e  c h l o r o p h y l l  a l e v e l s  i n  one of t h e  

h e a t e d  p o o l s  and b o t h  ambient  poo ls  peaked, however no two on t h e  s a n e  d a t e ,  

Secondly,  t h e  c h l o r o p h y l l  5 l e v e l s  i n  t h e  hea t+sewage- t rea ted  p o o l s  were h i g h e r  

t h a n  i n  t h e  ambient  p o o l s  d u r i n g  t h e  summer and w i n t e r  exper iments ,  

Other  comparisons  of c h l o r o p h y l l  l e v e l s  between t r e a t m e n t s  s u g g e s t s  t h a t  

sewage t r e a t m e n t  [poss ib ly ]  i n f l u e n c e d  t h e  s t a n d i n g  c r o p  d u r i n g  the  w i n t e r  e x p e r i -  

ment b u t  n o t  d u r i n g  t h e  summer exper iment  ( F i g ,  l a ) ,  Ch lorophyl l  2 l e v e l s  i n  t h e  

sewage- t rea ted  p o o l s  were h i g h e r  t h a n  i n  t h e  ambient  p o o l s  d u r i n g  t h e  w i n t e r  

exper iment  b u t  d u r i n g  t h e  summer exper iment ,  t h e  c h l o r o p h y l l  2 l e v e l s  i n  r e p l i c a t e  

p o o l s  r e a c t e d  t o  sewage t r e a t m e n t  i n  o p p o s i t e  d i r e c t i o n s .  

I n  l i g h t  of t h e s e  results, s t a t i s t i e a L  t e s t s  showed t h a t  a combinat ion of h e a t  

and sewage t r e a t m e n t s  and p o s s i b l y  h e a t  t r e a t m e n t  a f f e c t e d  t h e  PIX r a t i o s ,  b u t  sewage 

t r e a t m e n t  a l o n e  had no s i g n i f i c a n t  a f f e c t  (Tab le  3 ,  F i g ,  151,  A combinat ion of 

hea t+sewage- t rea tments  s i g n i f i c a n t l y  i n c r e a s e d  the  P / R  r a t i o  d u r i n g  t h e  summer 

exper iment  a s  metabol ism was g r e a t e r  t h a n  0.5 g~m'3day-1. I n  c o n t r a s t ,  a  combinat ion 

of heae+sewage t r e a t m e n t  s i g n i f i c a n t l y  decreased  the  P / R  r a t i o  d u r i n g  t h e  w i n t e r  

exper iment  a s  metabol ism was l e s s  t h a n  0.5 g~m-3dayw1. Yet ,  no s i g n i f i c a n t  

d i f f e r e n c e s  i n  t h e  P /R  r a t i o s  occur red  between t h e  ambient and sewage- t rea ted  

p o o l s  o r  h e a t e d  p o o l s .  I n  t h e  same way, no s i g n i f i c a n t  d i f f e r e n c e s  i n  F I R  r a t i o s  
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Figure 17. Chlorophyll a at two-week intervals in the ambient (control), heated, 
sewage-treated, and heated+sewage-treated pools. 



occurred between the  heat+sewage-treated pools  and heated pools ,  b u t  t h e r e  were 

s i g n i f i c a n t  d i f f e r e n c e s  between t h e  heatfsewage-treated pools and sewage-treated 

pools ,  

V. D.  Discuss ion  

Community Metabolism 

R e s p i r a t i o n  and product ion  were increased by t h e  thermal  t rea tment  dur ing  t h e  

s p r i n g  and summer experiments ,  bu t  they were s t a b i l i z e d  by t h e  thermal t rea tment  

dur ing  t h e  w in t e r  experiment . .  One exp lana t ion  f o r  t h e  metabol ie  i n c r e a s e s  du r ing  

t h e  s p r i n g  and summer experiments may be t h a t  metabol ic  r a t e s  a r e  increased  t o  

maximal l e v e l s  by inc reases  i n  temperature  t o  t h e  upper t o l e r a n c e  Pimft and f u r t h e r  

i nc reases  i n  temperature  i n h i b i t  (38). S i m i l a r l y ,  Vernberg and Vernberg ' (27)  

concluded t h a t  h e a t  t o l e r a n t  and cold t o l e r a n t  i n v e r t e b r a t e s  have pa rabo l i c  shaped 

r e s p i r a t o r y - t e m p e r a b r e  response curves ;  however, t h e  curves  a r e  s h i f t e d  t o  h ighe r  

temperatures  f o r  h e a t - t o l e r a n t  spec i e s .  This  obse rva t ion  may a l s o  apply t o  t h e  

phytoplankton and cold-blooded v e r t e b r a t e s  a s  w e l l  a s  t he  i n v e r t e b r a t e s .  During 

t h e  w in t e r  exper iments ,  t h e  thermal t rea tment  s t a b i l i z e d  t h e  temperature  and 

probably prevented succes s ion  t o  a  more product ive  phytoplankton e o m ~ ~ n i t y .  

The metabol ic- temperature  responses  i n  t h e  heated ecosystems were s i g n i f i c a n t l y  

h ighe r  t han  those  i n  t h e  ambient ecosystems s i n c e  t he  d i v e r s i t i e s  may have been 

lower i n  t h e  heated pools .  We have shown (Sec t ion  V I )  t h a t  the  phytoplankton 

communities i n  t h e  hea ted  pools  were composed of  fewer taxa  t han  i n  the c o n t r o l s .  

Also ,  Beyers (11) found t h a t  t h e  metabol ic- temperature  responses  increased  a s  the  

d i v e r s i t y  decreased ,  s i n c e  t h e  lower d i v e r s i t y  ecosystems have fewer energy pathways 

t o  absorb thermal  s t r e s s e s .  
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The metabolism was l e s s  s e n s i t i v e  t o  hea t  dur ing  the  win te r  experiment than 

dur ing  t h e  s p r i n g  and summer experiments s i n c e  t h e  systems may have been l imi t ed  

by the  low l i g h t  l e v e l  dur ing  t h e  win te r .  F i r s t ,  metabol ic  r a t e s  i n  t h e  heated 

pools  were h ighe r  than  those  i n  t h e  ambient pools  dur ing  s p r i n g  and summer exper i -  

ments, b u t  they were s l i g h t l y  lower dur ing  t h e  win te r  experiment.  Secondly, i t  

i s  assumed t h a t  t h t  l i g h t  l e v e l  was much lower durang the  win te r  experiment.  

Vollenweider (39) a s  c i t e d  by S t r i ek l and  (40) found t h a t  photosynthes is  i s  dependent 

on temperature a t  h igh  l i g h t  i n t e n s i t i e s ,  b u t  independent of temperature a t  low 

l i g h t  i n t e n s i t i e s .  Findenegg (41) contends t h a t  a  combination of l i g h t  and tempera- 

t u r e  governs t h e  s t r u c t u r e  of t he  phytoplankton community. 

The added h e a t  may have increased  p r o d u c t i v i t i e s  dur ing  t h e  summer and sp r ing  

experiments s i n c e  the  l e v e l s  of ammonia-nitrogen and r e a c t i v e  phosphate were 

h ighe r  i n  t h e  heated pools than  t h e  c o n t r o l s .  Moreover, it has  been shown (9)  

t h a t  temperature i nc reases  may cause a  r educ t ion  i n  p r o d u c t i v i t i e s  when ammonia and 

orthophosphate l e v e l s  a r e  low, bu t  a  r i s e  i n  temperature may cause an  inc rease  

i n  product ion when ammonia and orthophosphate a r e  not  l i m i t i n g .  

Metabolic-temperature responses were not  s i g n i f i c a n t l y  a f f e c t e d  by t h e  sewage 

t rea tment ;  however, t h e  d i v e r s i t y  was a f f e c t e d .  For example, a n  inc rease  i n  blue-  

green a lgae  occurred (Sec t ion  VI ) ,  bu t  diatoms decreased i n  t h e  sewage pools.  

S i m i l a r l y ,  Carpenter  (42) and Sherk (43) concluded t h a t  ni t rogen-poor sewage d id  

not  i nc rease  metabol ic  r a t e s ,  bu t  increased the  abundance of blue-green a l g a e  i n  

experimental  e s t u a r i e s  on t h e  Pamlico River ,  While primary sewage increased  t h e  

ammonia-nitrogen l e v e l s  i n  t he  two sewage-treated pools dur ing  t h e  win te r  experiment,  

metabolism was not  a f f e c t e d  s i n c e  a  combination of temperature and light: were 

probably l i m i t i n g ,  Also metabolism was not  a f f e c t e d  by sewage t rea tment  i n  t h e  two 

heat+sewage-treated pools s i n c e  a  combination of ammonia and l i g h t  were prabhbly 

l i m i t i n g .  




















































































