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. . 
ABSTRACT 

The r a t i o  o f  n e t  pho tosyn thes is  (P)  t o  t o t a l  ecosystem r e s p i r a t i o n  

(R) u s u a l l y  d e c l i n e s  when an a q u a t i c  ecosystem i s  sub jec ted  t o  va r i ous  

t ypes  o f  s t r e s s .  P/R r a t i o s . w e r e  measured i n  12 8 0 - l i t e r  microcosms 

c o n t a i n i n g  water,  sediment, and e n t i r e  b i o t i c '  communit ies (dominated by 

Elodea sp.)  f r om a  sha l low pond. P  and R were es t imated  f r om changes i n  

d i sso l ' ved  oxygen concen t ra t i ons  d u r i n g  t t i e  day and n i g h t ,  r e s p e c t i v e l y .  

A f t e r  10 weeks, t he  microcosms were s t r essed  by t h e  a d d i t i o n  o f  sodium 
. . 

a rsenate a t  concen t ra t i ons  o f  0, 0.066, 11.5, and 143 ppm (as a r s e n i c ) .  

P/R ranged f r om 1.0 t o  1.4 i n  a1 1   microcosms b e f o r e  arsenate was added. 

Under s t r ess ,  b o t h  P  and R d e c l i n e d  i n  t h e  11.5 and 143 ppm microcosms, 

w i t h  nega t i ve  ne t , .pho tosyn thes is  ( i . e . ,  decreases i n  d i s s o l v e d  oxygen 

d u r i n g  t h e  day) observed on seve ra l  occas ions.  P/R i n  these  microcosms 
.. 

f e l l  t o  'zero o r  below, r e t u r n i n g  t o  1.0 a f t e r  t h r e e  weeks. P/R remained 

above 1.0 i n  t h e  0.066 ppm and c o n t r o l  microcosms. The P/R response 

could.  be used f o r  sc reen ing  suspected hazardous substances i n  m ic ro -  

- cosms, as w e l l  as , f o r  m o n i t o r i n g  n a t u r a l  ecosystems. 



INTRODUCTION 

The r a t i o  o f  p r i m a r y  p r o d u c t i o n  t o  t o t a l  community r e s p i r a t i o n  (P/R) 

i s  an i n t e g r a t i v e  index  o f  ecosystem metabol ism which can be e a s i l y  mea- 

sured i n  many a q u a t i c  ecosystems. H. T. Odum (1956) proposed t h e  icse o f  

P/R f o r  c l a s s i f y i n g  ecosystems as . au to t roph i c  (P/R > 1 )  o r  h e t e r o t r o p h i c  

(P/R < I ) ,  and no ted  t h a t  e i t h e r  t y p e  o f  system tends t o  approach P/R = 1 

over  t ime .  E. P. Odum (1969) l i s t e d  P/R = 1 as an a t t r i b u t e  o f  mature 
. - 

ecosystems, conc lud ing  t h a t  t h e  r a t i o  c o u l d  be used as an index  o f  r e l a -  

t i v e  m a t u r i t y .  P/R r a t i o s  o f  .approx imate ly  1 have been found  i n  many 

a q u a t i c  ecosystems ( R i l e y  1956, Odum 1957, Odum and Hoskins 1958, Jordan 

and L i kens  1975).  

s t u d i e s  w i t h  a q u a t i c  microcosms (Beyers 1963, Gorden e t  a l .  1969) 

i.eveal ed t h a t  these  model ecosystems behaved s i m i  1 a r l y  t o  n a t u r a l  eco- 

s y s t e m ~ ,  i n  t h a t  P/R approached 1 as t h e  microcosms approached m a t u r i t y .  

Furthermore, P/R was found  t o  depar t  f r o m  1 when a system was d i s t u r b e d ;  

T h i s .  e f f e c t  was observed whether t h e  . d i s t u rbance  was i n  t h e  f o rm  o f  tem- 

p e r a t u r e  s t r e s s  (Beyers '  1962), 1 i ght  r e d u c t i o n  (Cope1 and 1965), i ncreased 

g r a z i n g  (McConnell. 1962, Beyers 1963), o r  t o x i c a n t s  (Wh i twor th  and Lane 

1969).  P/R thus  appears t o  be a s e n s i t i v e  i n d i c a t o r  o f  s t ress - induced  

changes i n  ecosystem metabol ism. The exper iment  r e p o r t e d  here t e s t e d  

t h i s  response i n  microcosms, s t r essed  by va r i ous  concen t ra t i ons  o f  

sodium arsenate, t o  eva lua te  t h e  p o t e n t i a l  o f  t he  P/R r a t i o  as an index  

o f  ecosystem- leve l  contaminant  s t r e s s .  



MATERIALS AND METHODS 

Twelve microcosms were es tab l i shed  i n  80-1 i t e r  g lass aquar ia  i n  J u l y  

1976. Each microcosm conta ined 5 cm (about  10 kg) o f  un t rea ted  sediment 

f r om a  shal low pond, 40 g  (wet weight j o f  a  mixed Elodea-Potamogeton 

community f r om t h e  same pond, and 70 l i t e r s  o f  s p r i n g  water.  A d i ve rse  

assemblage o f  animals was present  i n  t he  sediment and the  macrophyte 

i no.culum, i n c l  udi  ng protozoans, r o t  i f  ers'; copepods, c l  adocerans, 01 i g o -  

chaetes, nematodes, s n a i l s ,  and i n s e c t s .  The microcosms were mainta ined 
. . 

i n  an environmental  chamber a t  1 8 ' ~  on a  12-hr l i gh t :12 -h r  dark cyc le .  

D e t a i l s  o f  t h e  microcosm technique. may be found i n  Giddings, and Eddlemon 

(1977). . 

Ten weeks a f t e r  t h e  microcosms were es tab l i shed,  sodium arsenate was 

added t o  n.ine o f  them. ~ ~ ~ r 0 ~ t - i  ate' volumes o f  a  sodium arsenate s tock 
- .  

s o l u t i o n  and a so 11rt.i on o f  c a r r  i e r - f r e e  ~ ~ ~ ~ ~ s . 0 ~  were m i  x e d  k i t h  

. 100 ml o f  water f rom each microcosm. The m i x t u r e  was s l o w l y  in t roduced 

i n t o  each microcosm through a  g lass  tube so t h a t  t h e  m i x t u r e  entered i n  

- a  h o r i z o n t a l  stream approx imate ly  10 cm below the  water sur face .  The 

arsen ic  concen t ra t i on  i n  t h e  sodium arsenate s tock s o l u t i o n  was measured 

by an arc-emission technique (Feldman 1977) and used t o  c a l c u l a t e  spe- 

c i f i c  a c t i v i t i e s  o f  a rsen ic  added a t  each t rea tment  l e v e l .  Arsenic  

concen t ra t i ons  i n  va r i ous  components o f  t he  microcosms were then de ter -  

mined by gamma spectroscopy. The i n i t i  a1 a rsen ic  concent ra t ions  i n  

water were 0.066, 11.5, and 143 ppm, w i t h  t h r e e  r e p l i c a t e s  per t r e a t -  .. 

rnent. These concent ra t ions  b racke t  t h e  range o f  repo r ted  t o x i c  concen- 

t r a t i  ons f o r  most f reshwater  organisms (Becker and Thatcher 1973). 

Three microcosms were l e f t  un t rea ted  as c o n t r o l s .  



Throughout t he  experiment,  pH, c o n d u c t i v i t y ,  and d i sso l ved  oxygen 

(D.O.) were measured near t h e  end o f  each l i g h t  pe r i od .  On t h r e e  

occasions be fore  a rsen i c  t rea tment ,  and weekly f o r  s i x  weeks t h e r e a f t e r ,  

ne t  p r imary  p roduc t i on  and n i g h t t i m e  community r e s p i r a t i o n  were measured 

by t h e  d i u r n a l  d i s s ~ l  ved oxygen method (McConnell 1962). For measure- 

ment ' o f  P  and R, each microcosm was covered w i t h  a  sheet o f  p o l y v i n y l  

c h l o r i d e  s h o r t l y  be fo re  t h e  end o f  t h e  l i g h t  p e r i o d  t o  i n h i b i t  oxygen 

d i f f u s i o n  across t h e  a i r - w a t e r  i n t e r f a c e .  D isso lved oxygen was measured 

w i t h  a. YSI Model 54 D.O. meter a t  t he  beg inn ing  o f  t he  dark per iod ,  t h e  

beg inn ing  o f  t h e  l i g h t  per iod ,  and t h e  beg inn ing  o f  t h e  f o l l o w i n g  dark 

pe r i od .  The PVC sheet was then removed. The change I n  D.O. concentra- 

t i o n  dur ing '  t h e  dark p e r i o d  was termed n i g h t t i m e  community r e s p i r a t i o n .  

The D.O. change du r i ng  the  l i g h t  p e r i o d  was a  measure o f  ne t  p r imary  

p roduc t i on .  . Both P and R were expressed i n  u n i t s  o f  ppm D.0./12 h r .  

RESULTS 

Disso lved arsen ic  co 'ncent ra t i  ons. dec l i ned  over t ime  i n  a l l  t r e a t -  

ments. The 0.066 and 11.5 ppm microcosms reached mean equi 1  i br ium con- 

cen t ra t i ons '  of 0.007 and 3.87 ppm, r e s p e c t i v e l y ,  w i t h i n  two weeks. 

Arsen ic  concent ra t ions  i n  t h e  143 ppm microcosms d i d  no t  e q u i l i b r a t e  by 

t h e  end o f  t h e  experiment;  t h e  f i n a l  concent ra t ions  averaged 99 pprn. As 

i n  p rev ious  experiments (Gi ddings and Eddlemon 1977), t he  major a rsen ic  

s i nk  was t h e  sediment. 

Net p r imary  p roduc t i on  and n i g h t t i m e  community r e s p i r a t i o n  i n  t he  

f o u r  t reatments are shown i n  F igu re  1. Before t reatment  w i t h  arsenic ,  

t h e  mean ne t  p r imary  p roduc t i on  f o r  a l i  12 microcosms increased grad- 

' u a l l y  f r om 3.7 ppm 0.0.1.12 h r  a t  week 6  (s.D. = 0.5)  t o  4.6 ppm/l2 h r  a t  



week 10 (S.D. = 0.7) .  Th is  t r e n d  cont inued i n  t h e  c o n t r o l  and. t h e  

0.066 ppm microcosms, reach ing  5.4 (S.D. = 0.5) a t  week 16. The two 

h ighe r  a rsen ic  concent ra t ions ,  however, r e s u l t e d  i n  immediate reduc t i ons  

i n  r ~ e t  p r imary  p roduc t ion .  I n  t he  143 ppm microcosms, d i sso l ved  oxygen 

concentrat i .ons dec l i ned  du r i ng  t h e  l i g h t  p e r i o d  one week a f t e r  t r e a t -  

ment; i .e., gross photosynthesis  was less  than dayt ime community r e s p i  - 
r a t i o n  i n  these microcosms. Net p roduc t i on  remained near zero f o r  two 

- -... 

weeks i n  the  11.5 ppm 'microcosms, and f o r  t h r e e  weeks i n  t he  143 ppm 

microcosms. Toward t h e  end of t h e  experiment, p r o d u c t i v i t y  recovered 

i n  b'oth tre'atments; i n  f a c t ,  the  ne t  p roduc t i on  a t  week 16 i n  t he  143 

ppm microcosms was cons iderab ly  h ighe r  than i n  t h e  c o n t r o l s .  Th is  h i g h  

p roduc t i on .  r a t e  was probab ly  due t o  h igh  Pg4 concent ra t ions  (up t o  

0.3.ppm, compared"to < 0.04 ppm i n  t he  o the r  t rea tments )  which accumu- 

1  ated f o l l o w i n g  arsen ic  t reatment  and were consumed again du r i ng  t h e  

recovery .  Recovery was accompanied by s h i f t s  i n  community s t r u c t u r e .  

Macrophytes were rep laced by Sp i rogyra  i n  t h e  11.5 ppm microcosms, and 

by blue-green algae i n  t h e  143 ppm m i  crocosms . 
The e f f e c t s  o f  11.5 and 143 ppm arsen ic  on n i g h t t i m e  community 

r e s p i r a t i o n  were s i m i l a r  t o ,  b u t  less  d r a s t i c  than, e f f e c t s  on produc- 

t i o n .  The d e c l i n e  i n  r e s p i r a t i o n  was about one week behind t h e  dec l i ne  

i n  p r o d u c t i v i t y ,  and recove ry  was a l so  s lower.  Resp i ra t i on  dec l i ned  

toward t h e  end o f  t h e  experiment i n  t h e  11.5 ppm microcosms; t h i s  e f f e c t  

i s  unexplained. Resp i ra t i on  increased ve ry  s l i g h t l y  du r i ng  t h e  expe r i -  

ment' i n  t h e  c o n t r o l  and 0.066 ppm microcosms, averaging 3.4 and 3.9 ppm 

D.0.112 h r  a t  week 6  and week 16, r e s p e c t i v e l y .  
. . 



The r a t i o  o f  n e t  p r i m a r y  p r o d u c t i o n  t o  n i g h t t i m e .  community r e s p i r a -  

t i o n  averaged 1.2 f o r  a l l  microcosms b e f o r e  a r sen i c  t r ea tmen t .  The 

r a t i o  remained f a i r l y  cons tan t  (1.0-1.5, mean 1.4)  i n  t h e  c o n t r o l  and 

0.066 pprn rnicrocosrr~s th roughout  t h e  exper iment  ( F i g u r e .  2 ) .  I n  t h e  11.5 

and 143 pprn microcosms, P/R dropped t o  zero o r  below f o r  two weeks f o l -  

1owi.ng a r sen i c  a d d i t i o n .  The d e c l i n e  was g r e a t e r  a t ' 1 4 3  pprn than  a t  

11.5 ppm. P/R inc reased  by t h e  t h i r d  week a f t e r  arsen'ic t rea tment ,  
- -. . 

eveti i n  t h e  143 pprn microcosms where n e t  remained v e r y  low 

f o r  an addi ' t iona l  week. The h ighes t  P/R r a t i o s  recorded  i n  t h e  e n t i r e  

exper iment  were i n  t h e  11.5 pprn microcosms a t  week 16 (P/R = 2 .5 ) .  

, .  D l  SCUSSION 

. .The lowest  t r ea tmen t  i n  t h i s  exper iment  had no e f f e c t  on t h e  P/R 

r a t i o  o f  t h e  . . mi~crocosms, w h i l e  h i g h e r  concen t ra t i ons  produced p rog res -  

s i  v e l y  g r e a t e r  , r e d u c t i o n s  i n  P/R. Whi le  t h e  a r s e n i c  concen t ra t i ons  

used here were a p p a r e n t l y  a t  t h e  extremes of t h e  dose-response curve, 

. t h e  method appears useable f o r  de te rm in ing  t h e  response 'o f  an a q u a t i c  

'ecosystem t o  d i f f e r e n t  concen t ra t i ons  o f  a  contaminant .  

The P/R, r e c o v e r y  i n  bo th  t he  11.5 and 143 pprn t rea tments  was s i m i l a r  

t o  t h a t  observed by Copeland (1965) i n  mar ine microcosms exposed t o  a  

r e d u c t i o n  i n  li ght  i n t e n s i t y .  I n  bo th  cases, r ecove ry  was accompanied 

by changes i n  community s t r u c t u r e .  The a b i l i t y  t o  compensate f o r  s t r e s s  . 

by  spec ies s h i f t s  i s  an impo r tan t  p r o p e r t y  o f  ecosystems. U n t i l  t he  

t h e o r e t i  c a l  r e 1  a t i  ons between popul  a t i  on dynamics and ecosystem dynamics 

a re  more f u l l y  understood, i t  w i l l  be d i f f i c u l t  t o  p r e d i c t  t h e  e f f e c t s  

o f  a  p a r t i c u l a r  s t r e s s  on a p a r t i c u l a r  ecosystem (OINei 11 and   id dings 
.1977) i C e r t a i n l y  t h e  P/R response o f  these  microcosms t o  a r s e n i c  



6 

t r ea tmen t  c o u l d  n o t  have been p r e d i c t e d  by measuring t h e  responses o f  

t h e  separate components. 

Wh i le  f u r t h e r  r e f i nemen t  o f  t h i s  techn ique  i s  necessary, t h e  P/R 

r a t i o  appears t o  be . a  u s e f u l  i n d i c a t o r  o f  ecosystem response t o  s t r e s s .  

The P/R response . o f  a q u a t i c  microcosms o f  s tandard des ign c o u l d  be used 

t o  screen p o t e n t i  a1 env i ronmenta l  contaminants  f o r  hazardous , e f f e c t s  . 

It 'must be recogn ized  t h a t  t h e  response i s  ecosystem-speci f  i c .  As i n  
- - -  

con 'vent ional  b ioassay  w i t h  s i n g l e  spec ies,  e x t r a p o l a t i o n  o f  l a b o r a t o r y  

r e s u l t s  to '  a p a r t i c u l a r  n a t u r a l  environment i n t r oduces  a degree o f  

u n c e r t a i n t y .  P r e d i c t i o n  o f  t h e  e f f e c t s  o f  a g i ven  contaminant on a 

s p e c i f i c  t a r g e t  ecosystem w i  11 be 'best  achieved by s e l e c t i  ng microcosm 

components. f r om t h a t  ecosystem, r a t h e r  t han  r e l y i n g  on a s i n g l e  s tan-  

da rdm ic rocosm des ign.  The P/R r a t i o  may a l s o  prove t o  be a u s e f u l  

monitoring'.parameter.for d e t e c t i n g  t h e  e f f e c t s  o f  s t r e s s  i n  n a t u r a l  

aquat i c ecosystems . 
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