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ABSTRACT 

The purpose of t h i s  study was to examine the-e f fec t s  on zoo- 

plankton of residence i n  a cool i ng reservoir receiving hyperthermal 

effluents d i rect ly  from a nucl ear-production-reactor. The design of 

: the study was to compare ra tes  of cladoceran population production a t  

two s ta t ions  i n  the winter and summer of 1976 on'Par Pond, the cooling 

reservoir located on the Savannah River Plant, A i  ken, S'. C. One s ta t ion 

was located i n  an area of the reservoir d i rect ly  receiving hyper- 

thermal effluent (Station MAS) and the second was .located about 4 km 

away in an area where surface .temperatures .were normal fo r  reserv0i . r~  

i n  the general . geographical . region (Station CAS) . The s t a t i s t i c a l  

properties :of the Edmondson egg . ra t io  model (Edmondson, 1.960) were 

examined t o  determine i f  i t  would be a sui table  method for  calcul at ins 

cladoceran production ra tes  fo r  comparison between s ta t ions .  Based on 

an examination of the variance associ.ated w i t h  standing stock and 

fecundity measurements, d i  sagreernent i n  the 1 i tera ture  on the exact 

formulations to  use for  calculations, a re la t ively  large number of 

pub1 ished negative death . r a t e  calculations (58% i n  one study):, the  

inabil i ty  to choose among three di f ferent  methods of assigning con- 

fidence interval s to egg r a t i o  parameters, and the sens i t iv i ty  of the 

model to uncertainty i n  ins ta r  duration .cal cul.ations over the range 

of temperatures encountered i n  Par Pond, the use of the egg r a t i o  

model was abandoned. 

Instead, a non-parametri c comparison between s ta t ions  of standing 

stock and fecundity data fo r  .Bosmina 'longi ros t r i  s ,  taken for  the egg 



r a t i o  model, were .used t o  observe po ten t i a l  hyperthermal e f f l u e n t  

e f fec ts .  There was a s t a t i s t i c a l l y  h igher  incidence o f  deformed eggs 

i n  the Bosmi na populat ion a t  S ta t i on  MAS i n  the summer. Bosmina 

standing stock underwent two l a rge  o s c i l l a t i o n s  i n  the w in ter  and 

three l a rge  o s c i l l a t i o n s  i n  the s u m r  a t  Station.MAS compared w l t h  

two i n  the  w in te r  and one i n  the summer a t  S ta t i on  CAS. These 

r e s u l t s  are consis tent  wi.th almost al.1 o ther  Par Pond studies which 

have found the  two s ta t i ons  t o  be e s s e n t i a l l y  s i m i l a r  i n  species ' 

composition bu t  w i t h  some s t a t i s t i c a l l y  s i g n i f i c a n t  d i f ferences i n  

var ious aspects o f  the  b io logy  o f  the  species. 
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INTRODUCTION 

The purpose of this  study was to  examine the effects on zoo- 

pl  ankton of residence :.i n a cool ing reservoir receiving hyperthermal 

effluents directly from a nuclear-producti'on-reactor. The study had 

two objecti'ves : to  determine whether zoopl ankton biology , especi a1 1 y 

producti on rates ,  was affected by hyperthermal effluents, .and to  examine 

i n  detail the method used t o .  measure production rates so that the study 

could be useful i n  discovering future directions for  research on 

zooplankton i.n the study area and elsewhere. 

Thi s study was carried out on Par Pond, the .reactor cooling 

reservoir on the Savannah .River Plant (F ig .  1 ) , bui 1 t i n  1958 by d m i  ng 

of Lower Three Runs Creek, i n  Barnwell County, South Caroli'na. Par 

Pond was ori g i  nal 1 y f i  1 1 ed w i t h  heated Savannah River water eff 1 uent 

from the P and R production reactors on the Savannah River Plant. 

R reactor was removed from service i n  1964, leaving the P reactor as 

the only current source of effluent into Par Pond. Most of the 

published information on Par Pond concerns the effects of the operati.on 

of the P reactor on the Par Pond system. The Par Pond system consists 

of 7.1 km of cool.ing canals, six precooler ponds, and Par Pond i t s e l f  

(Nei 11 and Babcock , 1971 , Fig . 1 ) . "Reactor operations" i nvolve flow, 

heat, and the addition of water from .the Savannah River used to  compen- 

sate for losses t o  evaporation of the recirculating Par Pond water, 

This reservoir has been the object of impact studies since i'ts 
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Figure 1 - The Par Pond cooling system.
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cons t ruc t ion  by the  Savannah River Laboratory (Department of Energy), 

t h e  Savannah River Ecology Laboratory (Universi ty  of  Georgia) and 

i ndependent i nves t i  ya t o r s  from col 1 eges and uni vers  i t i  es  throughout the  

United S t a t e s  (Murphy and Gibbons, 1977).  Pub1 i c a t i o n s  on Pap Pond 

i nver tebra te  consumers a r e  represented by Bowen (1 976) a1 one. There 

a r e  none on zooplankton. A1 though t h e r e  i s  some suggest ion t h a t  t h e  

zooplankton a r e  a minor component of t h e  t o t a l  carbon budget of l akes  

i n  general (Wetzel , 1976),  they a r e  i ncl uded a s  a major source o f  

secondary production i n  most of  t h e  major jake system models (Park, 

1975).  Regard1 ess of t h e i r  cont r ibu t ion  t o  the carbon budget o f  a 

lake ,  ' t h e i r  in te rmedia te  pos i t ion  i n  the food chain may cause them,  a t  

l e a s t  to some ex ten t ,  t o  regula te  events  a t  lower l e v e l s  (Brooks, 1969; 

Por te r ,  1973; Fl iwicz,  1975) and r e f l e c t  events  a t  higher  l e v e l s  

(Dodson, 1974; Brooks, 1969).  Their  s tudy,  t he re fo re ,  f u l f i l  1 s  a need 

f o r  information necessary t o  understand the Par Pond r e se rvo i r  system 

and could be usef111 i n  o the r  s i m i l a r  cooling system operatfons.  

The scope o f  t h e  p ro j ec t  narrowed from a general examination o f  

zooplankton biology t o  a more de t a i l ed  s tudy of the population dynamics 

o f  a p a r t i c u l a r  group r e p r e s e n t a t i v e  o f  t h e  type o f  response expected 

from most zoopl ankton spec ies .  C l  adocerans were chosen f o r  severa l  

reasons.  There a r e  no d i s t i n c t  o r  p a r t i c u l a r  juveni le  s t ages  which 

make i d e n t i f i c a t i o n  d i f f i c u l t ,  a s  i n  the  Copepoda. The adu l t s  c a r r y  

t h e i r  eggs un t i l  mol ti ng so t h a t  fecundi ty  can be r ead i ly  observed. 

They have been t h e  sub jec t  o f  several  population s t u d i e s  i n  t h e  recent  

ecological l i t e r a t u r e  (Keen, 1973; George and Edwards, 1974; DeBernardi 

and Guissani, 1975; Kerfoot, 197'5) and a r e  t he re fo re  reasonably well 

known. A method of es t imat ing  t h e i r  population parameters such a s  



b i r t h  rate and death rate a1 so appeared readily avai 1 able (Edrnondson, 

1971). 

The original design of the study, therefore, was to  calculate the 

rates of cl adoceran population production using the Edmondson egg rat io  

methods (Edmondson, 1960). Cal cul a t i  ons made from samples taken a t  a 

s t a t i  on d i  rectl y receiving hyperthermal effluents were to  be compared 

w i t h  those made from samples a t  an ambient station. Because there were 

no pub1 i shed accounts of how to calculate confidence intervals for  the 

egg rat io  model , several approaches were examined and compared using 

data collected from Par Pond and from other investigators. 

Zooplankton population measurements are assumed to  have an 

interval value and the s ta t i  s t i  cal method01 ogy recornended usually 

depends on the use of normal s t a t i s t i c s  (Edmondson and Wineberg, 1971). 

The standing stock data for Bosmina ware used t o  c a l c u l s t ~  several 

population dispersion indices which, when compared w i t h  values i n  the 

1 i terature , m i g h t  indicate i f  the observed sampling variance was 

unusually h i g h .  The variance, along w i t h  the number of samples taken, 

determines the power of the measurements to  detect differences. The 

power was used to  determine the number of samples that a sampling 

program would need t o  answer a specific question about population 

production and to estimate the costs of sampling programs. Results of 

previous Par Pond studies have received national attenti  on i n sci-enti f i c 

journals (e.g. , Gibbons and Shari t z  , 1974) and have been cited during 

drafti  ng by the Envi ronmental Protection Agency of water qua1 i ty  1 egi s- 

1 ation for the nuclear power i ndustry (Lauer , 1974). While a great 

deal oftmoney, time and effor t  has been expended on these studies, the 

assigning of s ta t i s t ica l  power to  the sampling programs and actual costs 



involved had y e t  t o  be addressed. Standing stock sampling var iance ,  

egg production sampling var i  ance and potent i  a1 var iance around i n s t a r  

durat ion measurements were a l s o  evaluated fo r  their e f f e c t  on t h e  

preci s ion of t h e  Edmondson egg r a t i o  model i n  qeneral and i n  th is  

s tudy i n  p a r t i c u l a r .  

Other aspec ts  of  t h e  Edmondson egg r a t i o  model were a l s o  examined. 

An important parameter i n  Edmondson's model f o r  b i r t h  r a t e  i s  t h e  r a t e  

of  egg development, which is usua l ly  s t rong ly  co r r e l a t ed  w i t h  environ- 

mental temperatures f o r  Cl adocera (Hal 1 , 1964). Most i n v e s t i g a t o r s  

appl yi  ng Edmondson ' s model t o  c l  adoceran popul atl 'ons (Hal 1 , 1964; 

Wright , 1965; Kerfoot , 1975) have used mean water column temperature a s  

t h e  es t imate  of  the temperature t o  which  the population is exposed. 

However, Edmondson (1 974) suggested t h a t  verti cal  migration may r e s u l t  

i n  a thermal h i s t o r y  f o r  a population d i f f e r e n t  from t h e  mean water 

column temperature.  Based on labora tory  experiments and a review of 

t h e  1 i t e r a t u r e  , Gehrs (1 974) hypothesized t h a t  heated wastewater 

e f f  7 uents could r e s t r i c t  the v e r t i c a l  migration of zoopl ankton. 

Edmondson 's suggestion would be p a r t i  cul a r l y  re1 evant  f o r  a 

re re rvoi  P receiving hyper thermal eff 1 uents , i P t h e  1 aboratory r e s u l t s  

of Gehrs (1974) proved t o  a l s o  occur i n  the f i e l d .  I f  thermal 

e f f l u e n t s  i n t e r f e r e  w i t h  the migrat ion of  c l  adocera,  t h e  r e s u l t  would 

be a lower o r  higher  thermal h i s to ry  f o r  a population than would be 

predi cted from average water column temperatures.  Usi ng average water 

column temperatures might l ead  t o  erroneous conclusions about t h e  

e f f e c t s  of hyperthermal e f f l uen t s .  In Appendix B i s  a test of Gehr's 

(7974) hypotbesi s t h a t  thermal e f f l u e n t s  i n t e r f e r e  w i t h  c l  adoceran 

migration and a ca l cu l a t i on  o f  the thermal hi s t o r y  of the population t o  



to determine i f  any bias would result  from the use of a.verage water 

column temperature in the calculation of birth rates. 

Edmondson's model (1960) assumes a stable age distribution for the 

animals i n  the population. In examining this assumption, the possi- 

bil i ty of synchronous egg. haftchi ng was discovered and evi dence for this 

phenomenon was gathered from as many of the different sampl i n g  programs 

as was possible (Appendix C),  Besides being of general biological 

interest ,  a report nf synchronic egg production i s  important to 

investigators studying popul ation dynamics, because synchrony of egg 

hatching can cause serious errors t o  be' made in the .estimation of 

standi,ng egg stocks from samples taken only .once during a day (Gophen, 

1978) . 
Based. on the examination of the variance associated .with standing 

stock and fecundity measurements, a careful review of the publ ished 

applications of the egg rat io  model (reported i n  the .Review of the 

Literature chapter), the i nabi 1 i ty to choose among three different 

methods of ass! gni ng confidence interval s to the .egg rat io  parameters, 

and the mathematical of themodel, the use of the Edmndson 

egg rat io  model was abandoned. Instead, a non-parametric comparison 

between ststions of ,standing stock .and egg production data for Bosmina 

lor igi~osfr is  taken for the egg ratio model was used to evaluate hyper- 

thermal effl  uent effects. 

A1 1 of the publ ished values on thermal .to1 erance are based upon 

laboratory experiments (Goss & Bunting, 1976). While the regular 

sampling program for population dynamics was underway, .an opportunity 

arose to attempt to measure thermal to1 erance i n  a f ie ld situation and 
. _. 

this  study i s  reported i n  Appendix D. 



REVIEW OF THE LITERATURE 

The environmental e f f e c t s  o f  e f f l u e n t s  from e l e c t r i c a l  power 

generat ing p l an t s  'have a t t r a c t e d  considerable  a t t e n t i o n  during r ecen t  

yea r s  (Coutant, 1970, .and e t  seq .; Gal lagher ,  1977; Gibbons and 

S h a r i t z ,  1974a; Esch and McFarlane. 1976).  Undnuht.edly, this i s  i n  

response t o  an increased dens i ty  of  conventional ( f o s s i l  fue l  ) power 

p l an t s  and an t i c ipa t ed  s h i f t s  t o  nuclear  power p lan ts  which o f t en  

requi re 50% Iwre c o l  1 1 ng water than comparabl e conventional p l an t s  

(Cairns,  1971 ) . According t o  Schurr (1971 ) , t h e  U .  S. Federal Power 

Corruni s s ion  estimated t h a t  power s t a t i o n  waste hea t  would i nc rease  from 

the 1970 value of  5.3 4 1015 Btu/year t o  12.8 x l o J 5  Btulyear i n  1980 

and 28.4 x Btu/year i n  1990.' In 1990, cool ing requirements would 

be 470 b i l l  ion gal lons per yea r  which i s  39% o f  t h e  nat ional  average 

stream flow. This  would appear t o  be a reasonable r a t i o n a l e  f o r  con- 

cern  about t he  environmental e f f e c t s  of  thermal e f f l  uents . 
Available methods of  providing f o r  cool ing capac i ty  o f  water a t  a 

power s t a t i o n  i ncl ude: once-through-cool ing,  cool ing 1 dkes, and 

cool I ng towers. Once-through-coo1 ing r e f e r s  t o  t h e  p r a c t i c e  of  taking 

water from t h e  upstream a rea  of  a power plant, .  and discharging t h e  

heated water downstream o f  t h e  p l an t .  When cool i ng 1 akes a r e  used, 

. water i s  recycled a f t e r  bei.ng cooled i n  a r e se rvo i r .  Cool ing towers 

provide a 1 a rge r  su r f ace  a rea  where cool i ng water has contac t  with t h e  

surrounding atmosphere before being reused o r  re1 eased t o  any body o f  

water.  (Schurr ,  1971 ) . 



Once-through-cool i ng . i s  the l e a s t  expensive (cost  per megawatt) 

method o f  cool ing a power p lan t .  However, i f  once-through-cooling i s  

no t  poss ib le o r  permi ss i  b l  e , then cool ing ponds ( reservo i rs )  prov ide 

the  second l e a s t  expensive method, espec ia l l y  where 1 and i s  cheap 
. . 

(Schurr , 1971 ; Mul'l enbach., 1974). An added a t t r a c t i o n  o f  cool i ng 

reservo i rs  i's t h e i  r po ten t ta l  use .as recreati 'onal areas (Harmsworth, 

1974). The mu1 ti p l  e uses of cool i'ng reservo i rs  necessi ta te management 

o f  the rese rvo i r  t o  ensure water q u a l i t y  t h a t  i - s  compatible w i t h  the  

p u b l i c  i n t e r e s t .  It was perceived by the U.S. Atomic Energy Commission 

t h a t  there  would be two di'vergi'ng opinions on t h e  defini.tl 'on of p u b l i c  

i n t e r e s t  (Wash. 1169, 1971). One opi:nion held t h a t  t he  management o f  

des i rable species was the  most important goal of management. Others 

considered the  goal . t o  be t o  preserve an unal tered system. According 

t o  the  AEC i n  1971 , the  goal o f  ' research was to determine the thermal 

rece i  v i  ng capaci t y  o f  each unique aquat i  c system whi ch would determi ne 

the  amount o f  heated water t h a t  could be s a f e l y  in t roduced (Wash. 1169, 

1971 ) . Thi s statement appeared t o  f avo r  t he  "assimi 1 at ive-capaci t y -o f -  

ecosystems" concept (Cairns , 1974, 1976). According . t o  Cairns , most 

freshwater environments are capable o f  ass im i l a t i ng  a certai'n amount o f  

heated wastewater discharges (and .o ther  types as we l l  ) wi'thout being 

se r i ous l y  degraded (Cai rns  , 1974). 

I n  1969, the  Di v i  s i  on o f  B i  01 ogy .and Medi c ine  of the  Atomic Energy 

Commission (now incorporated i n t o  the  ~epa r tmen t  o f  Energy) began 

funding ecologica l  s tud ies  on Par Pond, a cooli.ng reservoi:r loca ted  on 

the  Savannah River  P l a n t '  (SRP) near Ai,ken, S.C. A t  t h a t  t ime 1.t was 

hoped t h a t  t h e  informati'on gathered from Par Pond studies would be 

usefu l  t o  t he  sf t i n g  and regu la t i on  o f  commercial nuclear power p lan ts .  



Par Pond i s  today the most extensively studied reservoir i n  South 

Carol i na. 

Lewis (1 974a) has descri'bed, i:n some detail , the pattern of 

temperatures created by addi,tion of the hyperthermal effluents t o  Par 

Pond. He a1 so described surface slicks (Lewis, 1974b) and the possible 

addition of nutrients to  the reservoir resul t f n g  from the control led 

burni'ng of nearby pine pl antations (Lewi s , 1974~) .  Marshal 1 and Leroy 

(1971 ) and Til ly  (1975) have described the general and unfque water 

characteristics- of the cooling reservoir. Marshal 1 and Ti1 l y  (1 971 ) 

and Ti l l y  (1973, 1974, 1975) have observed the changes i n  p l  anktenic 

primary productivity due to  reactor operations. .Boyd (1970a, b ,  c)  was 

prlmari'ly i nterested i'n the chemi'cal composition of the dominant 

emergent vegetation. Parker, e t  a1 . (1973) and Grace and Ti.1 ly (1975) 

have character1 zed the eme,rgent and. submerged macrophyte - communi'ti es. 

Bowen (1 976) examined the d i  s t r i  buti.on and abundance of the Ostracoda 

found i n  Par Pond. Mosqu1to fish (Garhbusla a f f in is )  reproduction and 

f a t  content have been described by Ferens and Murphy (1.974) and Falke 

and Smith (1974). Mosqui tof i  sh parasite loads were examined by Aho , 

e t  a l .  (1976). Largemouth bass (~ icropterus  salmoides) ,. -. have been the  

subject of the largest number of published accounts. Several aspects 

of their  biology , i ncl udi  ng catchabll i t y  (Gibbons and Bennett, 1973 ; 

Gibbons , e t  a1 . , 1972) , .body temperature (Bennett, 1971 ) , .food habits 

of adults (Bennett and Gibbons, 1972) reproductive cycles (Bennett and 

Gibbons , 1975) , growth rates of juveni 1 es (Bennett and Gi'bbons , 1974) , 

thermal to1 erance and bi ochemi cal polymorphism of juveni 1 es (Smith and 

Scott, 1975) and dominant endoparasi tes  (Eure and Esch , ,1974) and 

exoparasi tes  (Fl i ermans , e t  a1 . , 1977) , have been studTed. B l  uegi.11 



(Lepomis mcichrochirus) thermal to1 erance (Murphy, e t  a1 . , 1976; 

Holland, e t  a1 ., 1974) and i t s  re la t i onsh ip  t o  the biochemical genetics 

of the species (Yard.ley, e t  a1 . , 1974; Avise and Smith, 1974) has 

received a t ten t ion .  Gibbons (1970) and Christy,  e t  a1 . (1974) have 

. ., . reported on the b io logy o f  a populat ion o f  Psetidemys sc r i p ta  (ye1 low 

b e l l i e d  t u r t l e )  i nhab i t i ng  the rese rvo i r  and Bourque and ~ s c h  (1974) 

have described the pa ras i te  load o f  t h a t  populat ion. An a l l i g a t o r  

populat ion i n  Par Pond has been fol lowed by Murphy and B r i s b i n  (1974) 

and B r i s b i  n (1974) has repor ted on the w in te r  waterfowl community. The 

resul  t s  o f  rnos t o f  these studies have been 3 nc l  uded i n  general reviews 

of thermal effects research on the SRP by Beyers (1974), Gibbons and 

Shari t z  (1  974b) and Gibbons, e t  a1 . (1  975) :' 

The pub1 ished 1 i te ra tu re  up u n t i l  1964 on cladoceran b io logy  has 

been reviewed by Hutchinson (1967). Since then, the two most ac t i ve  

areas o f  research on cladoceran populat ion b io logy  have been on the 

e f f e c t  o f  se lec t i ve  predat ion by p lankt ivorous f i s h  on the  size, shape, 

co lor ,  and even surv iva l  o f  cladoveran species (see review by Ha l l ,  

e t  a1 . , 1976) and studies on populat ion dynamics using the Edmondson 

egg r a t i o  model and o ther  methods (reviewed l a t e r  on i n  t h i s  sec t ion) .  

There have been r e l a t i v e l y  few published studies o f  hyperthermal 

e f f l u e n t  e f f e c t s  on c l  adoceran populat ion b io logy  i n  freshwater 1 akes. 

Patalas (1970) concluded t h a t  a 6' increase i n  a heated l ake  d i d  no t  

a f f e c t  the standing crop o f  herbivorous zooplankton, bu t  based on values 

taken from the 1 i terature,  he speculated t h a t  product ion was probably 

double t h a t  o f  a nearby unheated lake. Fenlon, e t  a1 . (1971) observed 

1 arge i ncreas-es i n  s tandi  ng crops o f  ' Bo3mi na and ' Daphrii a .near the  

hyperthermal d i  scharge o f  a nuclear power p l a n t '  on Lake Ontario. 



Measurements of the realized ra te  of increase (r) could not, h o m e r ,  

support the hypothesis of enhanced reproducti've ra te  f n  these species. 

Brauer, e t  a1 . (1974), attri'buted simi'lar increases i'n standing crop 

of to ta l  zooplankton i n  the .vi'ci n i  t y  of a nuclear power plant outfal l  

on Lake Monona, Wisconsin, t o  the circulation of reactor cooling water . 

t ha t  transported zoopl ankton-ri ch 1 imneti c water in to  the 1 i t to ra l  

zone. 

Whitehouse (1971 ) examined the  cycles of abundance and number of 

Bosmi na ' obtusi ros t r i  s , ' Daphnl a ' 1 ongi spi na , ' D apanooma b r a c r m  and 

Ceriod.apRrii g ~ir.adrangu1 a i n  Lake Trawsfyndd , a 1 akc recei-vi ng discharge 

of warmed water from a power s ta t ion i n  Wales. He could not observe 

any changes i n  the  composition, abundance, or i n  the timing of periods 

of increase and decrease of populati'ons tha t  could be d i rec t ly  

at tr ibuted t o  the  di scharge of the  hyperthermal effluent.  

Cl adoceran spati  a1 di'stri b u t i  ons have a1 so received re1 a t ively  

1 i t t l e  a t t en t i  on (see Hutchi nson, 1967) despite Hutchi nson's (1953) 

discussion of the importance of pattern t o  process in  ecological 

systems. The general approach has been t o  f i t  a se r ies  of samples t o  

a known mathemati caf density ,function (Cassie, 1961 ) . Several investi-  

gati  ons have employed various i ndi  ces of dispersion and re1 ated 

correlat ion techniques i n an attempt t o  .understand the significance of 

pattern formati on i n  cl adocerans (Dumont , 1967 ; George, 1974; 

Whi t e s i  de , 1974). A1 1 these studies have found cl adoceran popul a t i  ons 

t o  have been distr ibuted i n  a non-random pattern. Cassie (1961) and 

Whi teside (1974) used a negative bi nomi a1 dis t r ibut ion t o  describe the 

copepod and cl adoceran spati  dl d i  s t r i  buti ons. S t a ~ n  (1 971 ) has 

explored the  behavioral mechantsm that  may be the cause of observed 



clumping i.n 'Daphni a populations.. Extreme cl umping ,  descri'bed as 

swarming, has been observed by Ratzlaff (1974) i n  Moina micrura 
... > - 

popul a t i  ons. Because of thi;s cl umpi'ng , which results i n  non-normal 

or skewed sampl i n g  distri'buti.ons, general methods texts such as El i ot  

(1977) often suggest that zooplankton population estimates be mathe- 

matt cal ly transformed to meet the assumptions of normal s ta tf  st i 'cs.  

As stated i n  the introduction, the original intent of research for  

th is  thesis was to use the Edmondson egg rat io  model (Edmondson, 1960, 

1968) t o  estimate the birth rate ,  death rate ,  and realized rate of 

increase for Bosmina'1onqirostrTs i n  Par Pond. When Edmondson f i , r s t  

proposed the egg rati'o model, he began w i t h  the notion that .the f i n i t e  

death rate per individual ( P )  of an existing population (N;) during an 

interval of time (T)  could be estimated by the difference between' the 

) and thc observed populati.on expected populatiun s i z e  a t  time T (NT talc. 

size a t  time T ( N T )  by the equation 

where 

B i n  equation l a  i s  the rate of egg laytng as eggs per female per 

day derived by dividing the number of eggs per female by th,e time F t  

takes for the eggs t o  hatch. 

The rot i fers  w i t h  which Edmondssn was working were conve.ni:ent .for 

th is  model because they carried their  eggs until hatching and the eggs 

coul d be easi 1 y counted. . Edmondson noted that im most,routi:ne 1 i,nlno-' 

logi'cal work, the time between collecti.ons is fa i r ly  long re1 ati.ve to  



the generation time of the rot i fers .  Equation 1 assumes l inear growth 

and, therefore, i t  would underestimate population growth by ignoring 

the reproduction of animals produced early in the interval. Thus, i t  

seemed more useful to Edmondson t o  adopt Lotka's formulation of 

population growth which accounts for the tendency of populations t o  

grow geometrically: 

Using equation 2, the death rate ,  d,  would be calculated as the 

difference between the real i zed rate of increase - r and the expected 

rate of increase assuming no mortality; - b: 

d = b - r  (3 )  

r was estimated by the formula 

and b from the formula 

where E was the number of eggs in the population, F the number o f  

females, and D the duration of development to t he  t i m e  of hatching nf 

an egg .  

The use of Lotka's exponential growth model makes to important 

assumptions. Firs t ,  reproduction and death rates m u s t  be continuous 

over the interval measured and, secondly, there must be a stable age 

structure to the population. If there were a large difference i n  egg 

rat io  a t  the beginning and the end of the sampling period, the second 

assumption might be questioned. As. an a1 ternati ve, Edmondson suggested 

averaging t h e  val ues. of - b ' (equation 5) a t  the' beginning and the end of 

the period which would assume an even change duri.ng the period. Since 
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his - r ,  - b, and - d parameters were calculated from samples (and were there- 

fore based on discrete events separated by f in i t e  i nterval s )  , he placed 

a-.prime designation ' ( r l ,  - - -  ' b ' , d ) behind his parameters t o  denote the 

fact  they were based on measurements and not derived from age specific 

mortality tables; thus, he emphasized that they were an average rate  

for an i nterval . Despi t e  these, cr i  teri.a, Edmondson .argued that his 

rot i fer  population did meet the assumptions of the Lotka model during 

the times when "the environmental conditions were not sharply changing" 

(Edmondson, 1960). He added a s ta t i s t ica l  caution; noting that  a l l  the 

parameters would be subject to field sampling error, especially the d' 
determination because.it was calculated from values, both of which had 

errors associated w i t h  them. 

Hall (1964) was the f i r s t  to use the egg rat io  method on Cladocera. 

C l  adocera reproduce primari 1 y by .parthenogenesis , a1 though in some 

species, males .are  produced a t  certain times of the year, a f te r  which 

resting or overwintering eggs are 1 aid. The l i f e  cycle includes egg, 

immature,. and adul t stages. Cl adocerans brood their  eggs and re1 ease 

their  young during mol t (H'utchi nson, 1967). The t r a i t  of partheno- 

genesis, which el  imi nates the need for consideration of time between 

fer t i l izat ions and the'brooding of eggs in a transparent pouch, makes 

cladoverans a suitable animal for the . egg . ratio.  Hall chose to study 
. . .  , . . .. . 

' .Daptinia 'galeata 'mendotae i n  Base Line Lake, Michigan. He determined 

from 1 aboratory experiments that temperature was the dominant factor 

affecting the rate of instar development as compared to the effect  of 

a sixty-four fol d increase' in food 1 eve1 . (Instar  developinent was 

measured because egg development i t s e l f  may or may not coincide with 

molt, making molting or hatchi,ng rate the cr i t ical  ' D '  (equation 5)  



measurement f o r  C ladocera ) .  After measuring . i n s t a r  d u r a t i o n s  a t  

v a r i o u s  t empera tu res  i n  the l a b o r a t o r y ,  he used the average  w a t e r  

column t empera tu re  o f  t h e  l a k e  t o  determine  the r a t e  o f  ha tch ing  o f  

eggs .  The - b '  and - d '  he c a l c u l a t e d  showed h i m  t h a t  b i r t h  r a t e  and dea th  

rate were h i g h e s t  i n  the summer months and he could  c o r r e l a t e  t h e  high 

d '  w i t h  a l a r g e  i n c r e a s e  i n  an i n v e r t e b r a t e  p r e d a t o r  popu la t ion  - 
(Leptodora ' k i r id t i  i : C l  adoce ra )  . 

We,ight (1965) r epea ted  t h i s  s t u d y  on a popu la t ion  o f  'Daphnia 

s c h o d l e r j  i n  Canyon Fer ry  Rese rvo i r ,  Montana. He a1 s o  observed a l a r g e  

i n c r e a s e  i n  dea th  r a t e  c o n c u r r e n t  w i t h  a 1 a r g e  i n c r e a s e  i n  'Leptodora 

popul a t  ion.  

I n  a 1968 paper ,  Edmondson d i s c u s s e d  his method i n  f u r t h e r  d e t a i l ,  

this  t ime w i t h  r e f e r e n c e  t o  t h e  Cladocera .  He a g a i n .  noted  t h a t  t h e  

va lues  of - b and - 6 c a l c u l a t e d  from his model were based on d i s c r e t e  

e v e n t s  s e p a r a t e d  by f i n i t e  in . t e rva l  s t h a t  would d i . f f e r  from t h o s e  

o r i  g i  n a t i n g  from pure  mathematical theory .  C o m e n t i  ng on o t h e r  methods 

such a s  the Leslie m a t r i x ,  he stated t h a t  i n s t a r  a l ~ a l y s  i s  appeared t o  be  

imprac t i ca l  w i t h  many s p e c i e s  because  o f  t h e  small  increments  i n  size 

w i t h  each .mol t. S i  ze f r equency  anal  y s i  s, w i t h  t h e '  1 a r g e r  C l  adocera  , h e  

thought  mssi bl ~t t.n accompl i ~ h  ( s k b  t loi  rs t o i l  UIIJ Pa5torak, 1975) .  He 

a l s o . n o t e d  a problem w i t h  h i s  method o f  c a l c u l a t i n g  - b ' .  He though t  a 

b i a s  would be in t roduced  by the' f a c t  t h a t  the egg age d i s t r i h u t i o n  

would n o t  be uniform i n  a, growing popu la t ion .  He proposed a new formula 

( equa t ion  6 )  w h i c h ,  ' he s t a t e d ,  involved no assumptions abou t  t h e  a g e  

d i s  t r i b u t . i o n  o f  t h e '  eggs.  



Cummins, e t  al., (1969) appl  i e d  t h e  egg r a t i o  model t o  f i v e  s p e c i e s  

o f  C l  adocera ( t h e  predaceous 'Ceptodora and f o u r  p o s s i b l e  c l  adoceran 

prey s p e c i e s )  i n  ~ y r n a t u n i n ~  Rese rvo i r ,  pen"syl van ia .  They d i d  no t  u s e  

Edmondson's change i n  t h e  b i r t h  r a t e  formula ( equa t ion  6 ) .  Amassing 

j.74 de te rmina t ions  o f  dea th  r a t e  on each o f  t h e  f o u r  prey  s p e c i e s  and 
.. ... 

1.95 e s t i m a t e s  o f  dea th  r a t e  f o r ' C e p t o d o r a ,  they  then  c a l c u l a t e d  

Pearson's-r-correlation-coefficients o f  Ceptodora - d '  wi th  each i n d i -  ' 

vidual  prey s p e c i e s  - d '  f o r  d i f f e r e n t  combinations o f  dates. They 

concl uded t h a t  t h e  predator-p'rey re1  a t i o n s h i p s  were complex. and t h a t  

Leptodora usua ' l ly  depended upon a t  l e a s t  two prey s p e c i e s  a t  any given 

time. The o n l y  d i s c u s s i o n  o f  . the r e s u l t s  o f  t h e  r, r'., and - d '  

de te rmina t ion  f o r  t h e  prey s p e c i e s  involved mention o f  t h e  ranges  

observed.  

In  a 1971 pub1 i c a t i o n  o f  IBP ( I ' n t e r n a t i o n a l  B io log ica l  Program) 

.methodology, Edmondson (1 971 ') presen ted  equa t ion  5. Dodson (1 972) 

c a l c u l a t e d  - b '  ' a1 s o  us ing  equa t ion  5 f o r  a popu la t ion  o f  'Daphnia rosea  

i n  Leechemere Pond, Colorado. He compared t h e  - b 8 ' u s i n g  t h e  egg r a t i o  

model t o  a 1 i n e a r  model he was a b l e  t o  develop because 'Daptinia i n  h i s  

a l p i n e  pond hatched from e p h i p p i a l  eggs a s  a c o h o r t  which he could  

fo l low.  He found t h a t  t h e . e s t i m a t e s  o f  b', a s  he had c a l c u l a t e d  them 

from t h e  . egg . r a t i o  model, were s i g n i f i c a n t l y  h i g h e r  (s.ign test,  n = 11)  

than  t h o s e  o f  a l i n e a r  model o f  which he was more c o n f i d e n t .  He t h e r e -  

f o r e  d i s c a r d e d  t h e  egg r a t i o  model ' i n  f a v o r  o f  t h e  1 i n e a r  model and 
. . .. ... 

used i t  t o  show t h a t  9@% o f  t h e  m o r t a l i t y  o f  'Daptiriia popu la t ion  could  

be expl a i  ned by p r e d a t i o n  by '  t h e  i n v e r t e b r a t e  p r e d a t o r  Chaoborus . 
Keen (1.9'73) no-ted' t h a t  Edmondson's fo rmula t ion  (equa t ion  5, n o t  6 )  

determined - b ' independent  o f  t h e  t ime i n t e r v a l  o f  sampl i n g  ( t )  . He 



made what he termed a "consistent and probably more real i:sti. c" 

formulation 

' E ' t  b' =Cln  ( N o  + -1 -lnNo l / t  D 

where No i s  the in i t i a l  population si.ze, E i s  the eggs per female, D i s  

the. Tnstar duration, and t i:s the sampli'ng peri'od. His equation 

assumed that the,eggs-embryos have a uniform ,age di'strfbuti'on, that a l l  

eggs have an equal time of replacement, and that  brooding females are 

not recruited to  i'ncrease E during ti.me .t. He argued that ustng the 

time jnterval between samples made - b '  time dependent and avoided the 

assurnptfon of exponential growth. because i:t predfcted . the number of 

e,ggs being hatched over time. However, the argument seems to  be correct 

only i f  t i s  short relati've to  D. 

Edmondson (1974) i n  a further di,scussion of his method noted that  

even i f  the rate  of egg laying were qui'te uniform, the age d i s t r i -  

bution would be skewed P n  a growing or declining populatfon. The size 

o f  the effect would be related to  D .and the rate of change; r, b u t  he 

stated that the error would only be on the order of 10%. Noti'ng that 

thi.s had happened, Paloheimo (1974) rederived the - b '  formula 1.n a way 

that  accounted for the dependence of b on 2. His f o n u l  a was. exactly 

the same as Edmondson (1968) had ,prepared before (equati.on 6 ) .  When 

Palohefmo compared the results of the two methods of calculation, he 

found them to  be di'fferent by as much as 30%, depending on the size of 

D. This alone may account for the difference that Dodson (1972) 

observed between his 1 inear model and the egg rat io  model (calculated 

using equation 5 ,  b u t  sufficient data are not available in Dodson's 

paper t o  recalculate his birth rates using equation 6 ) .  Paloheimo, 



while s t a t i n g  t h a t  h i s  r e fo rmula t ion  c l e a r e d  up t h e  mathematical d i f f i  - 
cul  t ies  o f  c a l c u l a t i n g  - b '  , acknowledged t h a t  he d i d  n o t  know how any 

v i o l a t i o n  i n  t h e  assumption o f  s t e a d y  s t a t e  condi . t ions  would a f f e c t  t h e  

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

De Bernardi  and Guissani  (1975') used Edmondson 's  method t o  

determine  t h a t  t h e  l a r g e s t  - b"  and d '  va lues  f o r  ' ~ a p h r i i a  h y a l i n a  i n  Lake - 
Maggiore, I t a l y ,  occur red  i.n t h e  sumner., These high - d '  va lues  were 

carrel a t e d  w i  t h  1 a r g e  popul a t i o n  i ncreases  o f  two predaceous c l  adocerans  , 
. .  . . . . . . . . . . . . . . . . . . . 

Bythotrepties 'lonqitnarius and 'Captodora ' k i n d t i i  . Using a compartmental 
. . . . . . . . 

a n a l y s i s  model, the dea th  r a t e s  for'Daphriia popu la t ion  a s  a whole were 

d i v i d e d  between young and a d u 1 . t ~ .  . The young .were s e e n  t o  s u f f e r  t h e  

l a r g e s t  impact a t  t h e  t ime the i n v e r t e b r a t e  p r e d a t o r s  were p r e s e n t ,  

which suppor ted  t h e  no t ion  t h a t  t h e  i n v e r t e b r a t e  p r e d a t o r s  ( a s  opposed 

t o  v e r t e b r a t e  p r e d a t o r s )  were r e s p o n s i b l e  f o r  t h e  major s h a r e  of 

m o r t a l i t y .  Exac t ly  which o f  Edmondson's equa t ions  were .used by 

Bernardi  and Guissani  was n o t  mentioned. 

Kerfoot  (19%),  working w i t h  Dr. Edmondson, compared - b '. and - d '  f o r  
. . . . . . . . . 

Bosniina ' I o r i g i r o s t r i s  a.t  two. s t a t i o n s  i n  Lake Washhgton.  He used t h e  d '  - 
v a l u e s  t o  suppor t  t h e  hypo thes i s  t h a t  morphologi.ca1 d i f f e r e n c e s  between 

t h e  popu la t ions  a t  t h e .  two' s t a t i o n s  a1 t e r e d  t h e  effects of p r e d a t i o n  on 

t h e  popu la t ion  dynamics. K e r f o o t , d i d  i n c o r p o r a t e  t h e  fo rmula t ion  f o r  b' 
sugges ted  . . by'  Paloheimo. . -  

Examination o f  t h e '  r e s u l t s  o f  t h e  c a l c u l a t i o n  o f  dea th  r a t e s  ( d l  - - 
i n  pub1 i s h e d  r e s u l t s  r evea led  'what  appeared t o  be a problem. i n  t h e  use  

o f  t h e  Edmondson model ; T h e o r e t i c a l l y ,  dea th  r a t e  can.' o n l y  have a 

minimum va lue  of ze ro .  However, Hal 1 (1966) o b t a i n e d  n e g a t i v e  va lues  
..*> 

o f  - d '  t w i c e '  o u t  of 29' o b s e r v a t i o n s .  Wright (1 965) c a l c u l a t e d  n e g a t i v e  



d ' twice out of 22 observations; Cumins , e t  a1 . , (1 969) had 245 - 
negative results out of a total  of 420 observations on 5 species (58%); 

Keen (1973) had 40 out of 318 on 4 species; and Kerfoot (1975a) cal cu- 

1 ated 6 negative - d '  values out o f  his 36 observations. Furthermore, i n  

the case o f  Cummins, e t  a l . ,  Keen, and Kerfoot, the negative values 

were the greatest or nearly the greatest in absolute value of a l l  the 

d '  values for each species. - 
This observation, the 1 i terature whi ch showed cl adoceran 

populations to  sometimes have a non-normal distribution, and a lack of 

discussion about the s tat is t ics .  of the model Sn the l i te ra ture  i n  

general, led me to be concerned about the amount of quanti'tative 

precision I' could achieve using the Edmondson egg ra t io  model with the 

population data I collected. The use of th.e Edmondson model has been 

extremely useful i .n making several important qua1 i ta t ive observations. 

For example, i t  was used by Ha1 1 .  (1969) , Wright (1965) and others t o  

show that predators are often primarily responsible for Inw rl?&corrn 

standing stocks i n  the summer. However, I needed a way to compare 

production rates a t  two stations over a relatively short period of time 

(one year or less) , w h i  ch m i g h t  require a f a i r l y  h i g h  level of 

quanti t a t i  ve preci sf on. 



METHODS AND METHODS DEVELOPMENT 
. . 

Description -- of the .study area - 
The Par Pond cooling water, a mixture of 17/18 .Par Pond water and 

1/18 water taken from the Savannah River, leaves P reactor a t  about 

80°C i n  the summer months and passes through 7.1 km. of canals and s ix  

precool e r  ponds (Nei 11 and Babcock; 1971 ) . The heated eff luent  enters 

Par Pond about 10°C higher than natural water temperature. The waste 

heat i s  horizontally distr ibuted w i t h  l i t t l e  mixing near the discharge 

and i s  principally res t r i c ted  t o  .the upper two meters (Lewis, 1974a). 

T h i s  d is t r ibut ion pattern causes a secondary., a r t i f i c i a l  thermocline 

during periods - of natural  s t ra t i f i ca t ion . .  Lewis (1 974a) . presented 

data and arguments t o  show tha t  hypo1,imnetic: temperatures are  approxi- 

mately 5OC warmer than fo r  a comparable 1ake.not receiving an effluent .  

.Unpublished studies by Dr. L. J .  T i l ly ,  Savannah ~ i v e r  Laboratory, 

(personal comunication) indicate tha t  surface .temperatures a re  similar  

. . t o  comparable lakes i n  the area. 

According t o  T i  1 ly  (personal c m u n i  cat ion),  reactor operations 
. . 

include several processes which may a f fec t  water qua1 i ty  : 

1. The Savannah River water added t o  Par Pond waters before the 

water passes through the reactor i s  equal t o  the annual rain- 

f a l l  run-off to  Par Pond and is  higher i n  nutr ients  than local 

drainage because of i t s  Piedmont and industrial-urban area 

origin.  

2.  Water pumped from Par Pond fo r  cooling is taken 6 m beneath 

the surface and i s  l ike ly  t o  be higher i n  nutr ient  levels  than 

the surface waters w i t h  which, i t  i s  eventually mixed. 



3 .  The death of organisms which are  entrained in the cooling 

water, as well as the physical and chemical action of the 

temperatures i n  the heat exchange system (80°C) a re  1 i kely t o  

cause changes' i n  both nutrient  qua1 i t y  and quanti t,y as we1 l as 

increases in amounts of .suspended material.  

4.. As water passes through the precooling canals and ponds i t s  

qua1 i t y  is  potential ly influenced by the resident"popu1ations 

of algae and bacteria. 

Par Pond is, general l y  described in Tab1 e 1 . 
Pond C ,  t h e ' l a s t  of the 'precoolerponds,  is '56.7 ha (140 acres)  i n  

area and has a mean depth of 3 .m. The en t i r e  water column of Pond C may 

be as much .as 20°C above the'normal Par Pond temperature. I t  is sepa- 

rated from the body of Par Pond by' a dam and culvert  (Fig. 2). 

Samp? i ng ' s ta t ions  

Most of the 'da ta  in thi,s study of reactor operations ef fects  on 

~ u u p l  ankton come from the '  comparison of samples taken a t  two s ta t ions  

011 Par Pond, MAS and CAS (F;ig. 2 ) .  Station MAS is  located i n  the 

central  posi tion of the '  arm of Par Pond whii-11 receives hyperthermal ef  - 
f l  lce11Ls. The depth of the  s ta t ion  is  8 m. Surface current-meter measure- 

ments, there dye studies and 10 years of temperature measurements ahve 

shown that  s t a t ion  MAS i s  i n  the area of the middle am l e a s t  affected 

by flow (V:igerstad and Kiser, 1977'; Appendix E ) .  Station CAS i s  in  the 

deepest portion of Par Pond, '16 m; no prevailing current has been de- 

tected there (Ti l ly ;  personal communication), and the s ta t ion  has 

normal temperatures . 



Table I .  General features of Par Pond 1 

Are a 

Mean Depth . 

Euphoti c Zone 

Secchi Transparency 

Turbidity. 

Total A1 kal i n i  t y  

Total Dissolved Sol ids  

pH 

Dissolved Oxygen 

7 2 1.0 x 10 m 

6.2 m 

.6 m 

2.5 m 

1.2 JTU 

15.0 ppm CaC03 

1. Mean values are  from Ti1 l y  (1973) and based on samples taken from 

the unheated portion of Par Pond during June - August 1967. Water 

qual i ty  data are from the euphotic zone i n  the normal temperature 

portion of the  reservoir.  
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Figure 2 - Map of Par Pond system showing sampling locations.





These two s t a t i o n s  were chosen f o r  comparison because of the long 

h is tory  of data recorded from them. The Savannah River Laboratory has 

used them a s  primary water qua1 i t y  monitoring s t a t i o n s  s ince  s tud ies  on 

Par Pond were begun. T i l l y  (1976)' has reported on annual net  integral  

phytoplankton productivi ty measured a t  S ta t ion  CAS s ince  1965 and 

measured simultaneously a t  CAS and FIZAS s t a t i o n s  from 1971 t o  1974 

(unpubl ished da ta ) .  Ti1 l y  (u'npubl ished manuscript) has a1 so compared 

the net  productivi ty and species composition of periphyton col l  ected 

on diatometers suspended a t  the  surface of the  two s t a t i o n s  from 1972 

to  1975. S i l e r  (1'975) col lec ted  f i s h  i n  g i l l  nets a t  the  two s t a t i o n s .  

Appendix A presents water qua1 i t y  data  coi l  ected by the  Savannah River 

Laboratory during the  course of the ' s tudy and primary productivi ty data 

done by graduate s tudents  under t h e ' d i r e c t i o n  of Dr. L. J .  T i l l y  .during 

t h i s  study. ' 

Two other  s t a t ions  were used f o r  par ts  of t h i s  study: S ta t ion  SAS 

(Fig. 2 ) ,  1 ,ocated ' in the  ambient portion of Par Pond was chosen because 

of i t s  s imi la r  depth t o  Stat inn  MAS, Sta t ion  PC (Fig. 2)  i n  Pond C was 

chosen because i t  was i n  the deepest portion of Pond C fdr enough dls -  

t a n t  from the  cu lve r t  between'par Pond and Pond C t o  be weakly affected 

by culver t  flow, ' 'The' i t i i r l i e j  condusted'at. t h ~ s e  s t a t i . o n ~  w i l l  LC de- 

scribed in'Appendices B and D. 

'Routine ' f i e l d  'sampling 

Standing stocks of zooplankton were sampled a t  S ta t ions  MAS and 

CAS between 1 and 3 PM approximately weekly from September 1975 t o  

May 1976 and ' a t  i n t e rva l s  of ' 3  t o  6 days from June 1 ,  1.976, t o  August 31, 
.. .. 

1976.' From September 197'5 to  June 1976. ver t ica l  hauls extended from the  



bottom t o  the top o f  the water column a t  each s ta t i on .  I n  dune, the 

v e r t i c a l  d i s t r i b u t i o n  o f  the Cladocera was monitored and the depth of 

the hauls was s tead i l y  decreased dur ing the summer t o  a minimum o f  10 

meters a t  S ta t ion  CAS and 7m a t  S ta t i on  MAS by August 1976 fo l l ow ing  

the exclusion of Cladocera from the hypo1 imnion. 

I Plankton samples were made using a one-half meter diameter number 
I 

I 10 nylon plankton net .  Mesh s ize  o f  a number 10 n e t  was measured under 

a microscope t o  be 153p which i s  1 3 ~  smaller than the smal lest Bosmina 

i nd i v idua ls  reported by Kerfoot (1972) i n  Fra ins Lake, Michigan. The 

ne t  was lowered t o  the desi red depth and re t r i eved  by a hand winch 

attached t o  the s ide o f  a Boston Whaler boat. The whaler was anchored 

t o  a buoy which marked the s ta t i on .  Care was taken t o  be sure the  n e t  

1 i ne  was perpendicular t o  the surface o f  the water before the r e t r i e v a l  

was begun. The n e t  was ra ised through the  water  s lowly and c a r e f u l l y  

a t  a speed o f  between 5 and 10 cm. per second (Schwoerbel , 1970). 

A f t e r  r e t r i e v i n g  the n e t  t o  the  surface, i t  was p a r t i a l l y  resus- 

pended i n  the surface water several times t o  wash the animals i n t o  the 

bottom bucket. The bucket was emptied by opening a valve a t  the bottom 

i n t o  a 1 l i ter-wide-mouth p l a s t i c  b o t t l e .  The b o t t l e  was immediately 

capped, the ne t  washed i n  the surface water and the bucket drained, and 

the next sample taken. Four samples were taken f o r  the determinat ion 

o f  standing stock and fecundity parameters. 

Upon re tu rn  t o  the laboratory,  the  samples t o  be counted were 

gent ly  poured through a number 10 ne t  diaphragm and washed from the 

diaphragm through a glass funnel i n t o  150 ml p l a s t i c  b o t t l e s  w i t h  95% 

ethy l  alcohol.  About 20 m l  of 95% e thy l  alcohol was then added t o  the 

sample b o t t l e  and the b o t t l e s  labeled w i t h  the date, sampling s ta t ion ,  



and sample number. 

Species I d e n t i f i c a t i o n  

Bosminidae were i d e n t i f i e d  using Deevey and Deevey (1  971 ) . 
Daphnidae were i d e n t i f i e d  from Brooks (1 957). . A1 1 o ther  species were 

i d e n t i f i e d  from Brooks (1959.). 

Cladocera standing stock 

From a sample taken every o ther  week dur ing the course o f  the study 

u f  s ta t i ons  CAS and MAS from September 1975 t o  September 1976, 1 m1 sub- 

samples were counted f o r  a1 1 species o f  Cladocera. These were used as 

a general desc r ip t i on  o f  the presence and r e l a t i v e  abundance o f  

C l  adocera species . 
Bosmina l o n g i r o s t r i s  was chosen f o r  de ta i l ed  study because i t  i s  a 

species o f  worldwjde d i s t r i b u t i o n  (Brooks, 1969) t h a t  had been the  

subject  o f  several recent1 y pub1 i s  hed studies (Kerfoot , 1974, 1976a, 

1975b; Zaret and Kerfoot, 1975). Samples from January, February, and 

March were chosen t o  represent the "winter  months" i n  Par Pond and 

samples taken i n  June, Ju l y  and August were used t o  represent the 

"summer months. " October., November., . A p r i l  , and May were excluded o r i g -  

i n a l l y  t o  avoid periods o f  environmental i n s t a b i l i t y  t h a t  might  bi'as the 

use o f  the Edmondson egg r a t i o  method (see the sec t ion  on Edmondson egg 

r a t i o  i n  t h i s  chapter).  

Several sets o f  samples taken i n  March o f  1976 were used t o  de- 

t e m i n e  a subsampl i n g  regime fo r  'Bosmina standing stock est imation. The 

sampl i ng mix ture  was made by d i  1 u t i  ng . a  preserved sample t o  ,150 ml i n  a 

graduated beaker, pouring the d i l u t e d  sample i n t o  a f l a t  bottomed 



c u l t u r e  d i s h  and s w i r l i n g  the sample w i t h  a Hensen-Stemple p i p e t t e .  

One m l  subsamples were taken w i t h  the  Hensen-Stemple p i p e t t e  r e s t i n g  on 

the bottom o f  the d ish.  The sample was approximately one and one-hal f  

inches deep. Out o f  24 samples from which 10 subsamples were taken, 23 

had var iance t o  mean r a t i o s  f o r  the  subsamples n o t  s i g n i f i c a n t l y  d i f f e r -  

e n t  from 1 .O, suggesting a Poisson d i s t r i b u t i o n  was being sampled 

( E l l i o t ,  1971). 

F igure 3 shows the  number o f  subsamples necessary t o  have a 95% 

conf idence i n t e r v a l  o f  - + 20% o f  the  mean. Twenty percent would keep 

the  e r r o r  under 10 animals, g iven t he  f a c t  t h a t  the  subsample count was 

usua l l y  under 40 animals. Ten subsamples were chosen as a maximum 

nuiber f o r  low counts (c  5 per  subsample) -because o f  the  'la,rge increase 

o f  subsamples necessary t o  ma in ta in  a - + 20% conf idence on t he  mean. The 

e r r o r  around these est imates would he l a r g e r  b u t  l e s s  than -- + 50% and 

t he re fo re  l e s s  than 10 animals. . 

To est imate t he  t o t a l  e r r o r  i n  a sampling regime, i t  i s  recommended 

t h a t  an ana lys is  o f  var iance be performed w i t h  the  t o t a l  mean square 

between sampl es being the b e s t  es t imate  o f  e r r o r  (Snedecor and Cochran, 

1967). However, t h i s  assumes t h a t  bo th  subsamples and samples come from 

a normal d i s t r i b u t i o n .  The subsamples can be transformed w i t h  a square 

r o o t  t rans fo rmat ion  b u t  t he  samples themselves probably come f rom o t h e r  

than a Poisson d i s t r i b u t i o n .  Therefore,  i t  was unc lear  e x a c t l y  how t o '  

account f o r  the  subsampling e r r o r .  Conversations w i t h  Dr. Robert Keen 

(Michigan Technology U n i v e r s i t y )  and an extens ive search o f  s t a t i s t i c a l  

textbooks l e d  t o  the  conc lus ion t h a t  no one had s a t i s f a c t o r i l y  addressed 

t h i s  problem. 
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Figure 3 - The number of subsamples needed to have a 95%

I confidence of + 20% error on the mean.





The solution proposed was to use a machine analogy. For .example, 

when weighing a sample, i t  i s  usually known t o  what decimal place the 

scale reading i s  accurate. The l a s t  digi ts  of the reading are rounded 

off to the nearest significant figure. If the counting procedure i s  

considered t o  be done by machine, then the,average number per sub- 

sample should be accurate to the tens place. A computer program was 

used t o  round n f f  a l l '  subsample means t o  the near-est ten uslng the 

method of 5 or above to be rounded to  the next highest value ( i  .e., 

44 = 40; 45 = 50). These rounded va1 ues were then mu1 tip1 ied by 150 m l  

t o  give t t ~ e  estimated number of.anima1s in a sample. Standard s t a t i s -  

t i c s  could then be applied to these estimates to,determine sampling 

error a t  a station. The only major diff icul ty  with this  method was 

w i t h  average subsample sizes less than 5. These were considered zero. 

Average subsamplesizes less  than 5 occurred 7 times during the study. 

Table 2 compares the mean and variance calculated from the rounded 

subsample averages and from the averages i f  subsampling error had been 

Iynored (urir-uunded sub~ample averages) from the samples a t  Station MAS 

in the summer of 1976. Ten of the calculated means from rounded aver- 

ages were higher than unrounded averages. The djfference was never more 

than 400 animals. Fifteen o f  the 22 variance estimates using rounded 

averages were higher than those using unrounded averages. This indi- 

cates that rounding will give a generally more conservative resul t  when 

s ta t i s t ica l  testing i s  done. This conversion is the desired resul t  of 

the rounding procedure as i t  reflects the error i n  subsampl i n g  that 

should be included Sn the testing of differences. One problem that can 

be discerned from Table 1 was that when sample sizes were small ( less  

than 15 animals per subsample), there was a tendency for a l l  subsample 



Table 2.  Mean and variance o f  rounded and unrounded subsample means 

from S t a t i o n  MAS i n  the summer o f  1976 (June - August). 

DATE - MEANS 
Rounded Unrounded 

VARIANCE 
Rounded Unrounded 



averages t o  be rounded t o  the same value, 1 eaving no variance around 

the estimated mean. This was no t  considered t o  be a problem i n  the  

compar ison~of  s ta t i ons  because the meaning o f  the dynamics o f  such low 

standing stocks would be d i f f i c u l t  t o  t n t e r p r e t  f o r  the plankton 

community as a whole. These dates (8  o f  them) were no t  included 

when variance was analyzed. 

To determine i f  the  standing stock estimates should be used as 

they were o r  could be transformed to meet assumptfons associated w i t h  

parametric s t a t i s t i c a l  methods, homogeneity o f  variance was examined. 

Examination o f  homogeneity o f  variances us ing the F-max t e s t  f o r  

,the tlmes serles wi'thin Stat ions CAS and MAS f o r  the  two seasons (Sokal 

and Rohl f, 1969)' y i  e l  ded curious resul  t s  (Table 3) . The untransformed 

variance was s , ign i f i can t ly  heterogeneous on ly  a t  S ta t i on  CAS. i n  the 

winter ,  s,uggesting t h a t  on ly  the data from t h i s  s t a t i o n  would need t o  

be transformed. The c o r r e l a t i o n  of a loglO mean regression, however, 

was s i g n i f i c a n t  f o r  both s ta t i ons  i n  the s u m r  (Table 3) wh i l e  i t  was 

not  s i g n i f i c a n t  f o r  e i t h e r  s t a t i o n  i n  the wi.nter, According t o  South- 

wood (1966) a s i g n i f i c a n t  c o r r e l a t i o n  suggests . . t h a t  a t ransformat lon 1 s 
P necessary.. The appropriate transformation ( X  ) i s  a1 so determined .from 

the same loglO-log10 e g r e s s i o n  hy the formula p = 1 - 1/2 b where b 

i s  the  slope o f  t he '  regression. :The transformation (1 ) was ca lcu la ted  

t o  be 0.32 f o r  both s ta t i ons  i n  the  summer. A f t e r  the transformation 

the variances were again checked f o r  hoinogeneity. A t  S ta t i on  CAS 

(Table 3), the  F-max was reduced; . f o r  S ta t i on  MAS, .the variances were 

now s i g n i f i c a n t l y  heterogeneous. The 0.32 transformation was a lso 

app l ied  t o  the w in te r  data. 'For both s ta t i ons  the F-mas s t a t i s t i c  was 

increased. Because t h e  log16 transformation i s  o f ten  recommended f o r  



Table 3. Co r re l a t i on  ( r )  o f  l o g  mean and l o g  vari'ance and 
1 0  1 0  

ana lys i  s o f  homogeneity o f  v a r i  ance (F-max) us ing untransformed and 

transformed data a t  S t a t i o n  CAS and MAS, wi 'nter and summer, 1976. 

'F-MAX OF TRANSFORMATIONS 
STATION/DATE r None 3 2 1°gl 0 

CAS - w i n t e r  0. 02* 131.64 578.37 1218.9 

0.812 ,43.66* CAS - summer 13.45" . 12.72* 

MAS - w5 n t e r  0.204" 27.66* 97.94' 182.58 

MAS - summer 

-. . . 

* = n o t  s i  gn i  f i  cant a t  the  0.05 a1 pha 1 eve1 . 



plankton data (Cassie, 1971 ; El l i o t ,  1977), i t  was also used fo r  a l l  

s ta t ions  w i t h  the same resu l t s  as the 0.32 transformation (Table 3) .  

In summary, neither transformation reduced the F-max s t a t i s t i c  a t  

Station CAS i n  the winter (where i t  was needed), both transformations 

increased the F-max s t a t i s t i c  fo r  Station MAS i n  both sumner and winter 

(making them heterogeneous when before transformation they were homo- 

geneous) and both transformations reduced the F-max s t a t i s t i c  fo r  the 

summer data from Stat ion CAS (which was homogeneous before transfor-  

mation). To calcula te  standard descript ive s t a t i s t i c s ,  therefore,  the 

untransformed data were used. 

The e f f ec t  of time of day and s ta t ion  loca l i ty  on mean Bosmina 

standing crop estimates was cursori ly examined using a one-way analysis 

of variance design. On August 19 and 30 four tows were taken a t  each 

s ta t ion  a t  0900, 1300, 1500, and 1800 hours. On September 1 four tows 

were taken a t  four locations; one a t  each of the four major compass 

points surrounding each s ta t ion a t  l e a s t  50 yards d is tant .  There was a 

s ignif icant  added variance due t o  time of day on one of the two days 

sampled a t  each s ta t ion  and a s ignif icant  added variance due t o  location 

a t  both s ta t ions  on the day sampled fo r  tha t  fac tor  (Table 4 ) .  

Table 5 is an example of the sampling e r ro r  associated w i t h  the 

standing stock estimates . Confidence in tervals  fo r  these measurements 

varied between 20% and 40%. Sample s izes  a re  small and subsampl i n g  

e r ro r  i s  not d i rec t ly  accounted f o r  i n  the variance estimates. The t rue  

dis t r ibut ion from which the samples were taken is unknown. Furthermore, 

the sampl i n g  variance associated w i t h  sampl i n g  several s t a t ions  w i t h i n  

an area of the reservoir  would probably be greater  than the w i t h i n -  

s t a t ion  variance and sampling the middle arm i s  fur ther  confounded by 



Table 4. Results of  ana lys i s  of  var tance sampling desi.gn a t  s t a t i o n s  

CAS and MAS i n  t h e  summer of 1976. (See text f o r  complete 

explanation of t h i s  experiment. ) Si gni f fcance between t reatments  was 

assigned using t h e  Kruskal -Ma1 1 i s Tes t  (Sokal and Rohl f , 1969). 

Date Factor  
CAS 

Sign. .  
MAS 

Si'gn. 

Times hour 

Times hour 

Locations 

1 .  n.s. - not s i g n i f i c a n t  a t  alpha of  0.05. 



Table  5. Mean s t a n d i n g  s t o c k s  p e r  net samples and 95% conf idence  

l i m i t s  a t  S t a t i o n s  CAS and MAS dur ing  Winter ,  1976. See  t e x t  for 

ful l  d i s c u s s i o n  o f  methods. 

- STATION MAS 
Date X s2 95% CL 

- STATION . -. ' CAS 
Date X s2 35% CL 



the variable flow pattern (Vigerstad and Kiser, 1977, Appendix E ) .  

Therefore the sample means were considered t o  be of ordinal value and 

nonparametric methods were used t o  compare stations and/or seasons 

whenever possible. Standard errors are not presented in the' figures 

to discourage comparison between s i  ngl e dates or between two stations 

on a single date because the stocks are of ordinal value. 

Fecund i ty 

To estimate . egg . and 'embryo standing stocks for Bosmina longi-  

rostr is  the animals subsampled for standing stock were replaced i n  the 

culture dish. The sample was mixed again and a small portion poured 

back i n t o  the counting dish. Each sample was checked for l'oose eggs. 

Bosmina were not found to be broken or t o  have been deformed during 

preservation so that their  eggs could fa1 1 out. No .loose. eggs were 

found i n  the samples. 

Samples were tabulated into the categories;.bearing no eggs, 

bearing eggs-embryos, or bearing eyed embryos. The number of eggs and 

embryos i n  each female was also recorded. If a female bore a deformed 

egg(s), the female was placed in the category, no embryos. Deformed 

e,ggs were eggs that were twisted, flattened and greatly elongated, or 

concave i n  shape. From these data, for each sample, i t  was possible to  

calculate the percent of the females that were gravid, the average 

number of . eggs . per female (called by Edmondson (1971 ) , the eggs per 

female rat io ,  E / F ) ,  and average clutch 's  ize. 

Based upon Edmondson's (1971 , 1977) affirmation of the feasibi l i ty  

of making the eggs per female determination from qua1 i tative samples, 

the original design for calculation E / F  was to combine the results .from 



all  samples into one number. For the winter samples, the f i r s t  100 

females encountered in each subsample from each sample were tabulated. 

This would have made the sample size for a station 400 in total. How- 

ever, the variance and confidence intervals around the mean E/F  u s ing  

the four samples as independent estimates were much higher t h a n  expected 

based on Edmondson's statements (Table- 6) .  To ensure that this was n o t  

due t o  subsampling error, the determination of E/F was repeated from one 

sample by increments of approximately 50 animals: 

EGGS AND TOTAL FEMALES 
EMBRYOS COUNTED' ' E / F  - 

The text table shows t h a t  100 animals was too small a subsample 

size and that by 200 animals E/F leveled off, a t  least in the second 

decimal place. Therefore, for the summer data the subsample size was 

increased t o  200 animals per sample. Again, however, the variance and 

confidence intervals remained fairly substantial (95% confidence 

intervals u p  t o  40% of the mean in some cases, Table 7 ) .  The variance 

for the estimation was therefore considered t o  be unavoidable and needed 

t o  be calculated using the results from each sample. Subsampling error 

was considered t o  be so small t h a t  i t  could be ignored. 



Table 6. Mean, variance, and 95% confidence l i m i t s  f o r  t he  egg per 

female r a t i o  a t  S ta t ion  CAS in  the  winter of 1976. 

Date 95% C.L. 

.60 to .  .78 

.85 t o  .97 

.60 to .78 , 

.86 t o  1.13 



Table 7. Mean eggs per female variance and 95% confi'dence 1 imits for  

June. Samples a t  Stat ions CAS and MAS. 

- STATION MAS 
Date X S2 95% CL 

- STATION CAS 

Date X S2 95% CL 



The 95% confidence intervals around the means for  E/F varied 

between 10% and 40% of the mean a t  the two stations. Therefore, for 

the same reasons l is ted for the standing stock estimates, the sample 

means a t  a station were considered t o  be of ordinal value and non- 

parametric methods were used t o  compare stations and/or seasons when- 

ever possible. 

Bosmina body site 

Twenty egg bearing females from each station were measured from 

three sampl ing dates in the winter and seven sampling .dates in the 

summer. Measurements were of total 1 ength following Kerf.oot (1 972) and 

were made using an ocular micrometer mounted i n  a Wild dissecting micro- 

scope. 

Spatial 'pattern 

For the dates ' Bosmina standing stacks were es tirnated, mean (x) , 
2 * 

variance ( s  ) , Lloyd's mean crowding index ' ( x )  , Lloyd's index .of patch- 
* 

iness (x/R, a dispersion coefficient ( ' C ' )  and the variance to mean 

ratio ( s 2 / n  were calculated. 

The computational formulae for the indices are in Table 8. All 

standard s ta t i s t ica l  formulae appear in Sokal and Rohlf (1969). Lloyd's 

mean crowding index i s  a measure of the mean number, per individual, 

of other individuals in the sampling u n i t .  The rat io  of mean crowding 

to mean density i s  Lloyd's index of patchiness (Pielou, 1974). The 

variance to mean ratio i s  a commonly recommended measure of spatial 

heterogeneity (Ell i o t ,  1977; Pielou, 1974). The coefficient of dis- 

persion, 'C' , derived from the negative binominal distribution, i s  used 



Table 8: Formulae used to calculate indices of dispersion for 

. winter and summer samples of 1976. A1 1 formulae 

correct for bias due to small sample size.' 

variance to mean ratio (Elliot, 1977) s2/'ir 
6 ,  

Lloyd's mean crowding (Pielou, 1974) X = X + (s2/X - 1) 

(1 + s2/q F) 

Lloyd's index of patchiness (Piel ou, 1974) 

C o e f f i c i e n t  uf disperslon (Cassie, 1961) 

where q = sample size 
* 
x/X 
I1C1l = ( ~ 2  - X) 
(1 + s2/q K ) / F  
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t o  describe the variance o f  the mean according t o  the re la t i onsh ip  

s2 = + 9 . C. Low values o f  ' C '  would i nd i ca te  small departures 

from the Poisson o r  random d i s t r i b u t i o n .  The negative .binomi nal d i s t r i  - 
but ion  has been commonly appl i ed t o  plankton populat ion studies (Cassie, 

1971 ) . Both the variance t o  .mean r a t i o  and the index o f  patchiness have . 

the property t h a t  populations w i t h  a random d i s t r i b u t i o n  w i l l  have 

values o f  these indices equal t o  1.0 wh i le  val "es greater  than 1.0 

i nd i ca te  a clumped d i s t r i b u t i o n .  

Two caut ions are noteworthy. F i r s t ,  as noted by Pie lou (1974), 

a variance t o  mean equal t o  -1.0 o r  index o f  patchiness equal t o  1.0 

does not  necessar i ly  imply t h a t  the '  d ispers ion o f  the populat ion i s  

t r u l y  random. Because these. ind ices depend on the  s ize  (area) of the  

sample being taken, randomness may be encountered w i t h i n  a seri.es o f  

patches. Secondly, according t o  George (1974), the variance t o  mean 

r a t i o  i s  no t  a good measure o f  the r e l a t i v e  amount o f  contagion as i t s  
. . 

value i s  dependent on the '  s i ze  o f  the mean. This i s  n o t  t r u e  f o r  

the index o f  patchiness; o r  the '  c o e f f i c i e n t  o f  dispersi0.n. A1 so, 

because estimates are considered t o  be non-parametric, the  mean o f  a 

ser ies o f  standard s t a t i s t i c s  o f  ind ices  o f  d ispers ion taken over a 

d i sc re te  t ime i n t e r v a l  i s  considered the "best measure" o f  the cond i t ion  

o f  the  populat ion. 

. . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

'Est imation . o f  - sampl i ng ' e f f o r t  ' req l j i  renierits 

The"powerU o f  a s t a t i s t i c a l  t e s t . i s  the a b i l i t y  o f -  the t e s t  t o  

show tha't' two ' popul at ion. means are d i f f e r e n t ,  when, i n  the rea l  world, 

they a c t u a l l y .  are d i f f e r e n t .  When the '  power o f  a t e s t  i s ,  known, the 

number o f  sampl es t h a t  w i  1 1 ' be ' necessary t o  detect  a d i  f ference .between 



population the investigator believes to be important, can be deter- 

mined. Because i t  i s  often d i f f icu l t  t o  assign power to  non- 

parametric s t a t i s t i ca l  methods (Siege1 , 1956), an analysis of variance 

model suggested by McCaughran (1977) was used t o  examine the question 

of "how many samples?" To use the Pearson-Hartley charts for power 

requires the calculation of a parameter according to the formula 

where N i s  the number of samples .necessary to detect a minimum differ- 

ence, 4, between T stations given a sampling standard deviation a. 

The square root of the median variance from the summer and winter 

samples was used as estimates of a and the A's were varied from the 

mean population s ize for  those perfods a t  both stations. 

Estimation - of confidence 1 imi t s  -- for  the Edmondson =-ratio mod-el 

There are two possible sources of error i n  the application..of 

Edil~or~dson's egg ratio.  As in any model, the a.ssumptions upon which the 

model i s  based could be incorrect for the population heing observed. 

If  the model i s  robust enough, however, i t  may be able to tolerate 

small deviations from these assumptions. Edmnndsnn (1960) himself 

suggested that i t  be appl ied only under reasonably stable environmental 

conditions. He also suggested a formula for - b '  which avoids the 

problems of a stable age distribution of eggs (Equation 6,  Review of 

Literature). 

The second source of error i s  i n  the estimation of the parameters 

from field samples. Edmondson (1971, 1974, 1977) stated that the - b '  

estimates can be made from qualitative samples. However, many of the 



authors used the  est imates o f  popu la t ion  s izes  i n  t h e i r  c a l c u l a t i o n s  

of eggs per  female. H a l l  (1965), f o r  example, used t he  formula 

where NA i s  the  est imated number of adul ts ,  F i s  the  est imated c l u t c h  

size, and No, the  est imated t o t a l  popu la t ion  s ize.  Cumins, -- e t  a l .  

(1969), Dodson (1972), and Wright (1965) used the  formula 

where El  i s  the est imated t o t a l  number o f  eggs i n  the  populat ion.  Keen 

(1973) a l so  used t he  est imated popu la t ion  s i z e  i n  h i s  formula f o r  b i r t h  

r a t e  (Equat ion 7).  Dodson (1972) used Equation 9 because h i s  daphnids 

" b a l l  ooned" upon .preservat ion .and he had a , large number o f  1 oose eggs 

i n  h i s  samples, b u t  the  o the r  authors  presented. no reasons f o r  t h e i r  

us ing  popu la t ion  s izes.  

The use o f  Equations 8 and 9 means t h a t  any e r r o r  i n  the  measure- 

ment o f  popu la t ion  s i z e  would be v i s i t e d  upon bo th  t he  b '  and r' - 
values. . Th is  was avoided by us ing equat ion -4 ( L t t e r a t u r e  Review) . f o r  

r e a l i z e d  r a t e  o f  increase and equat ion 6 ( L i t e r a t u r e  Review) f o r  b i r t h  

ra te .  These formulae s t i l l  have several  parameters t h a t  have sampling 

e r r o r .  H a l l  (1964) s ta ted  t h a t  sampling e r r o r s  cou ld  produce changes 

i n  - b '  values. Keen (1.973) a t t r i b u t e d  h l s  negat ive - d l  values t o  sam- 

p l i n g  e r ro r .  Ker foo t  (1975a) noted t h a t  h i s  observed f l uc tua t i ons  i n  

d '  i n  the w in te r  were probably g r e a t l y  mod i f ied  by sampling e r r o r .  - 
Wrighst'(1965) and Cummins -- e t  a l .  (1969) made no mention o f  t he  problem 

of negat ive - d '  values. 

A1 1 formulae i n  the  Edmondson model have severa l  parameters i n  



them t h a t  have sampling e r ro r .  Based on discussions w i t h  o ther  re-  

searchers three methods were developed fo r  maki,ng e r r o r  est imations 

around - r ' , - b '  , and - d ' . The f i r s t  was suggested by Drs. Arnet t  and 

Suich o f  the.Savannah River Laboratory. According t o  them, sample 

s izes o f  such l a rge  magnitudes (1000 animals per sample) which meet 

the c r i t e r i a  o f  homogeneity o f  var iance can be considered t o  be va r i -  

ates from a normal d i s t r i b u t i o n .  The variance ( u  ;) o f  the r e s u l t  o f  

any ca l cu la t i on  [z = f (x,y)] using the means o f  the var ia tes  (x,y) 

can be determined from the equation 

Each o f  these derivatives., depending on the func t i on  f (x,y) , w i l l  have 

a covariance term which can be dropped if x and y vary independently. 

I n  the case o f  the - r '  determination, the formula f o r  the variance 

o r  r '  would be 

a i d  x,y are t h e  standing stock estimates a t  the wherc (x,y) - 
beginning and the end o f  the sampling period. 

The second method was suggested by Dv. 8 .  keen o f  Mlchlgan Techno- 

l o g i c a l  Un ivers i ty .  According t o  Dr .  Keen, - r '  values can be used as 

normal l y  d i s t r i b u t e d  var ia tes  and standard desc.ri.ptive s t a t i s t i c s  would 

describe the  variance around - r '  .values using the pa i r s  o f  samples. 

The t h i r d  method i s  the author 's  developed i n  consu l ta t ion  w i t h  

Dr .  L. 3 .  T i l l y  of the Savannah River Laboratory. I n  it, the means and 

95% confidence i n t e r v a l s  determine the re1 i a b i l  i t y  o f  an est imate on 

any sampling date. The values o f  the 95% confidence l i m i t s  can then be 



used to  determine a range of values. The upper limit of the range i s  

calculated by pairing the lowest standing stock confidence limit on 

the f i r s t  sampling 'date with the highest standing stock confidence 

limit on the second sampling date. The lower limit of the range i s  

determined by reversing the confidence limits used. This range i s  

called the 95% confidence 1 imits range. (95% C.L.R. ) .  

The formula for estimating variance of - b' for use in the Arnett- 

Suich method derived from Equation 11 .was 

where f (x,y) = $ = log (1 + E/F)  
D 

x = log (1 + E / F )  and y i s  the instar duration (D). 

The Keen method does not provide for incorporation of the variance 

associated with instar duration. Therefore, the rilean and variance 

of - b,' using his method were generated by calculating four separate - b '  

using the E/F ra t io  from the individual samples and the predicted 

instar duration a t  a specific temperature. 

The author's method determines the 95% CLR by pairing the lower 

95% C.L.  for instar duration ( i .e .  the shortest instar duration time) 

with the upper 95% confidence limit for E/F and the lower 95% confi- 

dence limit for instar duration w i t h  the lower 95% confidence limit 

for E/F. 

, Instar duration was not measured for Bosmina longirostris in 

Par Pond. However, Dr. Charles Kerfoot of Dartmouth College has 

generously allowed the use of his data from three different lakes, 

one i n  Michigan, one in Washington, and one in Utah, for this  

analysis. 



The da ta  i n  Table 9 a r e  24 means of observat ions of i n s t a r  dura- 

t i o n  a t  15 temperatures ranging from 8°C t o  32OC. When transformed t o  

common logarithms ( log l0 ) ,  t he  data  can be f i t t e d  t o  a s t r a i g h t  l i n e  

of t h e  form 

loglO D = -1.510 loglO (f) + 2.282 

where D i s  t h e  i n s t a r  durat ion and T is  t h e  temperature i n  degrees 

cent igrade.  

To es t imate  t he  var iance around any i n s t a r  durat ion f o r  use i n  

t h e  Arnett-Suich and t h e  au tho r ' s  methods, an ana lys i s  o f  variance .was 

made on Kerfoot 'S untransformed d a t a ,  

Y - Among groups 13  127.47 9.800 
- 

Y - Y Within groups 10 1.01 . 0.101 

The within groups mean square was used as the  es t imate  of 

var iance of D a t  a s p e c i f i c  temperature. 

Temperatures for use i n  Equation 14 were taken from t h e  rou t ine  

1 imnol ogi ca l  survey conducted by t h e  Savannah River Laboratory a t  

S t a t i ons  CAS and MAS. The predicted temperature f o r  a two-week 

in t e rva l  was derived from t h e  average of t h e  water column averaqeg a t  

t h e  beginning and t h e  end of t he  period between surveys.  I n  t h e  

foll.owing test  t a b l e  a r e  t he  ca lcu la ted  water column temperature 

averages and t h e  predicted i n s t a r  d u r a t i o n s , f o r  June 1976 and 

'Stat ion CAS . 
INSTAR 

DATE - W TEMP DURATION 



Table 9. Instar duration in days for'Bosmina'lonqirostris at 14 

different temperatures. Data are from Kerfoot (personal 

comunicati on; see th.e text for complete discussion). 

Temperature ( O C )  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

. .  Instar .duration (DAYS) 
. L  



The ra t io  of . eggs . per female (E/F) was determined from the 
. . 

fecundity data already described. Death rate i s  calculated by 

difference (Equation 3, Literature review). For the Arnett-Suich 

method th,e va.riance would he calculated from the formula 

where f (x,y) = x - y; x = 6 '  and y = r '  . The Keen method calculates 

the mean d' from the differences of the mean birth rate and rate of 

increase. Variance of - d '  i s  the sum of the variances of birth rate  

and rate of change. The author's methods pairs the largest - b '  and the 

smallest - r '  from the respective 95% CbR's to  determine the limits of 

the 95% for - d l .  

Calculation of confidence intervals for the Keen .and Arnett- 

Suich methods require the appropriate degrees of freedom (df)  be 

determjned. For the Keen method df always equals 3.' For the Arnett- 

Suich method, df was calculated from the formula 

(n 1 - 2  + n - 2) (16) 

where n, and ng are the samples sizes for  the - r '  and b '  determinations - 
and the degrees of freedom associated with r '  and b' for the death 

, - - 
rate  determinations. For the k' determinatinnz, the  sample, ~ i ; r ~  for 

instar  duration was considered to  be 2 .  To compute standard errors 

a sample s ize of 4 was used for  the r '  and d '  parameters and 3 for - - 
the b '  parameter (the average of 4 E/F determinations and 2 instar  

duration determinations). 

For purposes of comparison a l l  three methods were applied to  

the data on standing stock and fecundity from Station CAS in June 1976. 



General C l  adocera Survey 

Figures 4 and 5 .present .the average counts per  1 ml subsample f o r  

each sample date from September 1975 t o  September 1976 f o r  t he  f o u r  

species found most r e g u l a r l y  i n  the  samples ( ) 50%) . ' Bosmi na 

l o n q i r o s t r i s ;  'Ceriodaptiriia '1 a c u s t r i  s; 'Diaphanosoma 'brachyurum and 

Daphnia parvula.  

According t o  a s i gn  t e s t '  Bosmi na had an o v e r a l l  h igher  s tanding 

s tock a t  CAS than a t  MAS f o r  t h i s  t ime pe r i od  (p  < .05). There were 

no s i g n i f i c a n t  d i f f e rences  between t h e  s t a t i o n s  f o r  t h e  o t h e r  species. 

According t o  a Friedmans one way ana lys is  o f  var iance t he re  were 

s,igni f i c a n t  d i f f e rences  ' (p' c .05) be.tween t h e  s tanding stocks o f  t he  
. . . . . . . . . . . .  

species. A t  bo th  s t a t i o n s  'Bosmina had the  h ighes t  rank t o t a l  (see 

Siege1 , 195'7) and i s ,  there fo re ,  regarded a s  t h e  domi nant c l  adoceran 

species i n  t h e ' l i m n e t i c  p o r t i o n  o f  Par Pond. Much o f  the  r e s u l t s  
. . . . . . . . . . . . . . . . . . . . . . . . . . .  

repor ted  here w i  11 focus on 'Bosmi na .l origi ros  tri s . 
. . . . . . . . . . . . . . . .  -. . . . . . . . . . . . . . . . .  

Spa t i a l  ' p a t t e r n  - Bosmina ' l o r ig i  r o s t r i  s 

Tables 10 and 11 show the '  standard s t a t i s t i c s  and i nd i ces  

ca l cu la ted  from standing s tock est imates o f  'Bosmina ' l o n g i  r o s t r i s  a t  

s t a t i o n s  CAS and MAS i n  the  w i n t e r  and summer o f  1976. Because t he  

rounding procedure i n  some cases caused a11 t he  subsample averages t o  

be equal; several  sampling dates had no var iance assoc ia ted w i t h '  the  

means. These dates were 'excluded from f u r t h e r  ana lys is .  Tab1 e 12 

i s  a summary o f  the  means o f  each se r i es  o f  ind ices .  The Wilcoxon- 

Pai rs-Signed-Ranks-Test was used t o  compare the .  se r i es  o f  p a i r s  of 

i nd i ces  taken a t  the t w o ' s t a t i o n s  du r i ng  the'same t ime per iod,  and 

the W i l  coxon-Two-Sampl e-Test t o  compare se r i es  taken a t  the  same 



Figure 4 - Estimated numbers o f  major speci;es .of Cladocera 

in samples taken a t  Stati'on CAS from September 

1975 to September 1976. 
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Figure 5 - Estimated numbers of major species of Cladocera

in samples taken at Station MAS from September

1975 to September 1976.
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Table 10. Mean (x), vari.ance ( ~ ~ 1 ,  variance to mean ratio [s2/ri), * * 
mean crowding ' ( X )  , coeffi.cient of patchiness (X/n, and 
coefficient of dispersion ( " C " )  calculated from standing 

. . . . .  

stock estimates of 'Bosmina 'longirostris for sampling 

dates at Stations. CAS and MAS in the winter of 1976. 
. . . . . . . . . . . .  

. . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Date 

. . . . . . . . . . . . . . .  

'Cold Arm Station' (CAS) 

* 
x / X  "C" 

Date 

14625 8062378 551.2 15318.2 1.047 0.038 

13875 74062196 5337.8 21059.5 1.518 0.422 

221 25 562602 25.4 22155.7 1.061 0.001 

15750 3375001 6 2142.8 18500.4 1 .I75 0.141 

25500 17999872 705.8 26386.2 1.035 0.028 
22125 . 9562538 432.2 22666.3 1.024 0.020 

12375 1 1062442 893.9 13507.5 1.092 . 0.073 

10500 1050001 0 1000.0 11772.7 1.121 0.097 

6375 2062501 323.5 6782.4 1.064 0.051 
13500 67499936 . 4999.9 20211.8 1.497 0.405 

21 000 1 4999978 714.2 21897.9 1.043 0 . 034 
21 000 6000042 285.7 21357.0 1.017 0.014 

Middle Arm'Station (MAS) 
* * 

. . .  X S2 s2/x X x / X  "C" 



Table 11 .' Mean (i) , variance (S) , variance t o  mean r a t i o  ( ~ / i ) ,  mean * 
crowding ( X )  , coe f f i c i en t  of (? / i )  and coe f f i c i en t  of 

a< di spersi  on ( ' C ' ) , cal cul ated from standing stock est imate of Bosmi na .. . . 

l o n g i r o s t r i s ,  f o r  sampling da tes  a t  S ta t ions  CAS and MAS i n  the  summer 
of 1976. 

- Cold'Arm Sta t ion  (CAS) * * 
Date X S s2/ i  X x / i  ' C '  



Table 11 (cont 'd )  

'Middle ' A ~ I I I  'S ta t ion  ' (MAS) 
- 

Date X .S2 . s 2 / i  
* 
x / i  'C' 

578.9 

833.3 

1019.9 
384.6 

66.6 

214.2 

200.0 

200.0 
166.6 

1842.0 

2605.2 

0.0 

SUO. 0 
333.3 

500.0 

500.0 
1000.0 



* 
Table 12. Mean values of var iance t o  mean (.S2/jT), mean crowding (X) , 

* 
coeff icS'erit of patchiness  (X/n, and c o e f f i c i e n t  o f  dispers ion  ( ' C '  ) 

f o r  S t a t i ons  CAS and MAS. 

* * 
Dates S t a t i on  s/x X X/X I ; 

. . . . . . .  . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . .  

Winter C AS 1451 18467 1 .I36 0.110 
1976 

MAS 504 12988 1.067 0.060 

Summer CAS 506' 91 46 1 . I08  .O.  087 
1976 

MAS . 639 7601 1 .I34 0.108 



s t a t i o n  but  a t  d i f f e r e n t  times of t h e  year .  The Kruskal-Wallis Test  

was used t o  compare t h e  times and loca t ions  i n  t he  ANOVA sampling model 

(Sokal and Rohlf, 1974:); The alpha level  f o r  test of  q ign i f icance  

used in  a l l  comparisons was 0.05. 
2 The values of S /X were always, g r ea t e r  than 1.0 on a1 l da tes  a t  

both s t a t i o n s  (Tables 10 and 11) .  The %X'S f o r  both s t a t i o n s  i n  both 

seasons were a l s o  g r e a t e r  than 1.0 but  only i n  t h e  second decimal. The 

1 a r g e s t  range of values (1.001 t o  1.497) was seen a t  S t a t i on  CAS i n  

t h e  winter. The l a r g e s t  range of "C" values (0.001 t o  0.422) was again 

i n  t h e  win te r  a t  S t a t i on  CAS. 
2 * 

Because t h e  magriltudes 04 S /X and X depend on t h e  sample s ize . ,  

they were not compared between s t a t i o n s .  There were no s i g n i f i c a n t  

d i f fe rences  between t h e  s t a t i o n s  e i t h e r  i n  s u m e r  o r  .winter f o r  t h e  
*, 

remi nimg ind ices  o f '  d i spers ion  ( X / X  and " 6 " ) .  Compari sons between 

summer and win te r  f o r  both s t a t i o n s  a l s o  showed no s i g n i f i c a n t  

d i f f e r ences  i n  Bosmina s p a t i a l  pa t te rn .  

3-ampling Req~r i r am~n t s  

Table 1 3  presen ts  t h e  estimated sampling e f f o r t  necessary t o  

s t a t i s t i c a l l y  d e t e c t  a d i f fe rence  i n  mean p o p u l ~ t i n n  s i z e s  betwoon our 

two sampling s t a t i o n s  on any one d a t e  (or  between any two da tes  a t  

one s t a t i o n ) .  The power assigned t o  t h e  sampling e f f o r t  shows very 

l i t t l e  chance of  de t ec t i ng  d i f f e r ences  l e s s  than 40%. 

The rea l  ized r a t e  of  increase ,  ca lcu la ted  by t h e  method suggested 

by Edmondson (1960, 1971 j , car: be used t o  compare t he  r e s u l t s  with 

o ther  s tud i e s .  Table 1 3  ind i ca t e s  t h e  ca l cu l a t i on  of - r '  based on a 

three-day in t e rva l  between sampling periods.  Sampling e f f o r t  can now 



Table 13. Estimation of the to ta l  number of samples (TS) necessary t o  

... detect a difference-between-means ( A )  and i t s -  corresponding real i zed 

ra te  of increase ( r ' )  a t  Stations CAS and MAS a t  an alpha level of 0.05 

and a power of 0.95. A1 so included is the ca1 cul ated power ( P )  of the 

sampling design described t o  detect  A .  Median (a) and mean expected 

population s ize  (NE) are  a11 observations a t  both s ta t ions  fo r  a par- 

t i cu l a r  time se r ies  (winter and summer 1976) were used. 

Winter 1976 S u m r  1976 
a = 3817. a = 2014 

.N = 15190 
f: 

N '2497 
.-€ 



be in te rp re ted  as being 1 i k e l y  t o  detect  an increase o f  0.14 

i nd i v idua ls  per i nd i v idua l  per day (based on the d e f i n i a t i o n  o f  - r ' ) .  

Edrnondson ' m . R a t i  o 

Tables 14, 15 and 16 show the variance and confidence i n t e r v a l s  o f  

r '  ; b ' , and d ' ca lcu la ted  by '  three d i f f e r e n t  methods appl i e d  t o  data - - - 
from s t a t i o n  CAS i n  June 1976 ( f rom Table 7 f o r  fecund i ty  and Table 11 

f o r  standing stock) . The'.authorls method does not  cal culate a variance. 

on l y  the 95% confidence' 1 i m i  t s  range (95% CLR) . 

. . . . . . . . . . . . . .  . . . . . . . .  

'Standing Stock ' CompariSon - 'Bosmi na 
. . . . . . . . . . . . . . . . .  

.Bosmi na ' l o n g i r o s t r i s  standing stock (Figure 6) was general ly  -. 

h igher  a t  S ta t i on  CAS than a t  MAS i n  the w in ter  (January-March, 1976) 

although the  d i f fe rences were not. s i g n i f i c a n t  according t o  a s ign- test .  

While f l uc tua t i ons  i n  .standi'ng stock .were general ly  l a r g e r  and -more 

r a p i d  a t  S ta t i on  MAS i n  January and' e a r l y  February than as CAS, both 

s ta t i ons  had a large decreafe in standing stock a f t e r  February i 6 .  

Sta t i on  CAS returned t o  i t s  pre-February 23 l e v e l  by March 21, bu t  

S ta t i on  MS d i d  not. The February decrease was coinc ident  w i t h  a 

reac tor  shutdown per iod (February 22 t o  March 16). 

The standing stock.  (F;igure 6)  was again more var iab le  a t  

S ta t i on  MAS i n  the '  summer' (June - August 197'6). S ta t i on  CAS had one 

l a rge  peak i n  populat ion i n  June (c'a. 25,000 animals per  sample) and 

then decreased t o  a minimum detectable l eve l  dur ing J u l y  and most o f  

August: S ta t i on  MAS underwent several increases ' and decreases i n  

populat ion s i  ze throughout t h e  summer, decreasi ng. between 36 and 86% 
... 

each time the '  popul a t i o n  c l  imbed above 11,008 animal s per sampl e. 



Table 14 - Variance and 95% confidence in t e rva l s  or  95% confidence 

l imi t s  range f o r  the  r '  parameter calculated using three  methods. Data 

i s  from Sta t ion  CAS i n  June 1976. Methods a r e  explained i n  t h e  t e x t .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . .  . . .  

Met hod Dates r ' .oi I 95% C.L.  

Arnett-Sui ch 6- 1 t o  6- 4 

6- 4 t o  6- 9 

6- 9 t o  6-15 

6-15 t o  6-20 

6-20 t o  6-25 

6-25 t o  6-30 

6-30 t o  7- 6 

Keen 

Vi gerstad 

' 6- 1 t o  6- 4 

. 6- 4 t o  6- 9 

6- 9 t o  6-15 

6-15 t o  6-20 

6-20 t o  6-25 

6-25 t o  6-30 

6-30 t o  7- 6 

95% C.L.R. 

- . I6  t o  .32 

-.03 t o  .16 

.04 t o  .22 

-.01 t o  .22 

-.I9 t o  .05 

-.I7 t o  .07 

-.29 to - . I0 



Table 15. Variance and 95% confidence i n t e r v a l s  o r  95% confidence 

l i m i t s  range f o r ' t h e  b' parameter ca lcu la ted  using three methods. 

Data i s  from S ta t i on  CAS i n  June 1976. Methods are explained i n  the 

tex t .  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Method Dates b '  02bl 95% C.L. 
. . . . . . . . . . . . . . . . .  . . . . . .  

Arnett-Suich 

Keen 

V i  gerstad 6- 1 -33 
6- 5 .36 
6- 9 .50 
6-1 5 -43  
6-20 .30 
6-25 .22 
6-30 ~ 2 2  

95% C.L.R. 



Table 16. Variance and 95% confidence in t e rva l s  o r  95% confidence 

I 1 imi t s  range f o r  the  d' parameter calculated using three  methods. 

Data is  from Sta t ion  CAS in  June 1976. Methods a r e  explained i n  the  

I t ex t .  

- - - - 

Met hod Dates d '  a2 
d ' 95% C.L. 

Arnett-Suich 6- 1 t o  6- 5 .29 .017 .13 t o  .43 
6- 5 t o  6- 9 .30 .007 .20 t o  .40 
6- 9 t o  6-15 .38 .009 .27 t o  .49 
6-15 t o  6-20 .33 .008 .23 t o  .43 
6-20 t o  6-25 .34 .007 .24 t o  .44 
6-25 t o  6-30 .27 .006 .18 t o  .36 
6-30 t o  7- 6 .39 .005 .31 t b  .47 

Keen 

Vigerstad 6- 1 t o  6- 5 
6- 5 t o  6- 9 
6- 9 t o  6-15 
6-15 t o  6-20 
6-20 t o  6-25 
6-25 t o  6-30 
6-30 t o  7- 6 : 

95% C.L.R.  



figure 6 - Mean number Bosmml'na longiroctri s per sample 

a t  Stations CAS and MAS 

A. winter (January through March) 1976 

B. Surnmer (June through August) 1976 



January Februory March 

Fl 
Whole Time 

June July August 



Comparing the s ta t ions  between seasons, standing stock was 

generally higher in the winter than in the summer a t  Station CAS. 

For example, the lowest mean estimate of standing stock a t  t h i s  

s ta t ion i n  the winter was greater  than 65% of a l l  the summer estimates. 

A t  Station MAS, average standing stock appeared very similar  between 

summer and wi,nter, but the maximum standing stock i n  the winter was 

almost 100% higher than the summer maximum. 

. . .  

Fecundity - ' Bosmina '1 oriqirostris 

Fecundity resu l t s  from t h e  winter, 1976 are  summarized i n  Table 

17 and plotted over the sampling period i n  Figure 7. .There were no 

s ignif icant  differences according t o  the Wilcoxon-Matched-Pairs-Signed- 

Rank-Test between the two s ta t ions  f o r  any of the parameters measured. : 

Eggs per female (Figure 7A) tended t o  be lower a f t e r  February 2 a t  

both s ta t ions  , b u t  two periods were not s ignif icant ly  .different  accord- 

ing t o  the Mann-Whitney U Test. There was no difference i n  the percent 

, gravid (Figure 78) a t  t i t h e r  s t a t ion  between these periods, but clutch 

s i z e  (Figure 7C) was significanly lower ( p < .05) a f t e r  February 2 a t  

both s ta t ions .  The percentage of the  females carrying deformed eggs 

(Fig~rre 7n) was small, always less than 10% a t  both station?. 

The resu l t s  of the fecundity,estimates f o r  the summer, 1976, 

a re  summarized i n  Table 18 and Figure 8, According t o  the Wilcoxon- 

Matched-Pairs-Signed-Rank-Test the eggs per female (Figure 8A) and 

the percentage gravid (Figure 8B) were higher a t  CAS than MAS f o r  the 

summer ( 12 < ,05). Clutch s ize  was sig'nificantly higher (p < .05) 

a t  s ta t ion CAS (Wilcoxon-Matched-Pairs-Signed-Rank-Test) although, 

again, the difference was small (0.07 eggs per clutch) (Table 18) .  



Table 17.. Mean of means and range of means f o r  Bosmina egg production 

parameters a t  S t a t i ons  CAS and MAS duri:ng winter  1976. See t e x t  f o r  

f u l l  discussion of methods. 

S t a t i on  CAS 
- 

X Range 

C l u t c h  s i z e  1.5 1 .3  - 2.1 

% cJravid 44.9 36.30 - 56.5 

Eggs per female .69 .49 - .99 

% females : w i t h  def.ormed eggs 2.4 0.75 - 5.5 

S t a t i on  MAS 

X Range 

- p~ 

Clutch s i z e  1.6 1.4 - 1.9 

% gravid 46.1 28.2 - 78.9 

Eggs per female .76 .44 .- 1.46 

% females w i t h  deformed eggs 2.7 0.5 - 7.2 



Figure 7 - Means o f  Busmi na egg .production parameters during 

the winter ,  1976 a t  S ta t ion .  CAS and MAS. 

A. Eggs per female 

B.  Percentage gravid 

C.  Clutch s ize  

D. Percentage of females bearing deformed eggs 
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- 
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Table 18. Mean of means and range of means for'Bosmina egg production 

parameters a t  S t a t i ons  CAS and MAS during summer 1976. See t e x t  f o r  

discussion of  methods. 

S t a t i on  CAS 

Range 

Clutch s i z e  1.28 1.01 - 1.62 

% gravid 59.0 27.9 - J7.1 

Eggs per female .77 .32 - 1.25 

% females w i t h  deformed eggs 3.9 0.7 - 9.1 

S t a t i on  .MAS 

x Range 

Clutch s i z e  1.21 

% gravid 53.6 

Eggs per female .65 

% females w i t h  deformed eggs 7.2 



Figure 8 - Means of Bosmina egg production parameters 

during the summer, 1976 at Stations CAS and 

MAS. 

A .  Eggs per female 

B .  Percentage gravid 

C. Clutch size 

D .  Percentage of females bearing deformed 

eggs 



June July August 



Station MAS had a significantly higher percentage ( p  < .05, Wilcoxon- 

Matched-Pai rs-Si gned-Rank-Test) , of females bearing deformed e,ggs, 

reaching above 10% on six different .sampl ing dates. 

There was no significant difference for  either station in eggs 

per femal e '  between seasons. Average cl utch s ize was higher in the 

winter a t  both  stations, b u t  th is  was offset  by a significantly lower 

percentage of gravid females in the' winter (p' < .05, Mann-Whi tney- 

U-Test) . 

Size' of ' reprodlidti ve ' feml  es -- 
The average size' of reproductive females (Figures 9A and B) was 

larger in the winter'than in the'sumner. The two stations differed 

s,ignificantly on only-one date, March 15,. 1976. On that date the body 

s ize o f  reproductive females was. higher a t  MAS than CAS. Both 

stations in the' s u m e r  had smallest average size' in l a t e  June and 

early July and their  1argest.average s ize in early June and l a t e  

August . 



Figure  9 - Mean and 95% conf idence l i m i t s  of s i z e  of repro-  

d u c t i v e  Bosmina females a t  S t a t i o n s  CAS and MAS. 

A. Winter,  1976 

B. Summer, 1976 



Jan Feb March June August 



DISCUSSION 

Edmondson Ratio Model -- 
Edmondson's egg rat io  model i s  very attractive to  the f ie ld 

ecologist because i t  requi res only routine counting of i n d i v i  dual s whi ch 

can easily and rapidly be accomplished dur ing  a short period of time. 

Aging or sizing of individuals, for the Leslie Matrix, by contrast, i s  

extremely tedious and time consuming. Although the exponential growth 

equation may be simp1 i s t i  c ,  other growth models, such as the logis t ic  

growth equation, require detai 1 ed know1 edge of the b i  o1.og.y of the 

organisms and often i nc1 ude concepts, c a ~ r y i  ng capacity , for  example, 

which have no operational definition outside the behavior of the 

organism and which will certainly vary over time. The general consensus 

i n  the 1i.terature seems t o  have been tha t .  the theoretical underpinnings 

of the Edmondson model are reasonable i f  the precautions discussed i n  

the 1 i terature review are taken. 

As has been noted, most of the currently ,popular s t ~ t i s t i c a l  

methodology for zooplankton sampl i nq depends upon the use of normal 

distribution s t a t i s t i c s  ,which require very specific assumptions. To do 

the estimation of power i n  th i s  study, f ~ r  example, normality was , 

assumed. Stat is t ic ians seem to be divided into two camps, those who 

stress  the importance of meeting a l l  assumptions and those who emphasi'ze 

the "robustness" of normal s t a t i  s t i  cs . These uncertai n t i  es are ref1 ected 

in the use here of three different methods for estimating confi,dence 

intervals around the Edmondson model results.  

The variance for  - r '  and d '  between the Arnett-Suich and Keen methods - 
are homogeneous ('F-max = 19.0, Table 14, and 21.0, Table 16). The 

principal difference i s  i n  the 95% confidence intervals,  caused by the 



differences i n  degrees of freedom between the two methods. The 

s imilar i ty  in - d '  variances i s  curious. because the Keen method does not 

include the variance associated w i t h  ins ta r  duration (Table 15). The 

Arnett-Suich method assumes from the s t a r t  that  Gaussian derived 

s t a t i s  t i ca l  . methods can be.' applied. If t h i s  assumption i s  incorrect,.  

the confidence 1 imits will be' narrower' than they should be if  a skewed 

sampl ing distr ibution was i n  real i ty  more appropriate. The major 

d i  f f icul  ty with ' the'  Keen method i s  that  i t  emphasizes the distr ibution 
. .  .. 

of t h e  calculations of - r '  and - b8,-%and - d" wtiich Keen and Nassor 

(u'npubl ished manuscript) . have determined will . be' normally distr ibuted,  

even if . the: samples ' are  drawn' from two ' populations w i t h  negative 

binomial (skewed) distr ibutions.  - 'While t h e  mathektical  properties 

of these calculations may b e  di.stri.buted i n  a Gaussian manner, i t  i s  
> '  

d i f f i c u l t  to  recbnci l e  t h i t  population samples which came from non- 

normal d i s t r i b u t i o n ~  can be' comb! ned ' t o  produce' a ' complex ca1.culation 

that  has, greater '  precision thaii can ' be' derived'. by: taking in to  account 

the '  actual er ror  as the '  author's method does. 

The .95'. percent confidence ' interval ' range . i s  a1 ways, greater than the 

confidence intervals ' of the '  o ther '  two'.methods.. For the '  - r ' determination, 

the'  author's method util 'ized the' variance associated w i t h  the samples 

themselves, .while the' Arnett-Suich' method and the '  Keen method calculate 
. X 

the '  variance' uti1.i zing the' natural log values. [1 n (3.1. .In the d' 
determi nations;. the. same i s  t rue  w i t h  .a fur ther  difference. I t  .can :be. 

seen from t h e '  second part ial  .derivi  t ive  of Equation 6 ,  

that  b i r t h  r a te  i s  much'more sensit ive to  changes i n  ins ta r  duration 



than eggs per female. Furthermore, the degree of sensi t ivi ty  of b' t o  

changes i n  instar  duration varies depending upon the value of D. 

Figure 10 i s  an example of th i s  function when E/F is  held constant 

a t  1.0 and D varies i n  increments of 0.5 days. When i nstar dt~ration i s  

short (c6 days), h' i s  very sensitive to  changes i.n D. The author's 

method direct ly  ref lects  th t s  relationship while i n  the Keen and Arnett- 

Suich m ~ t h o d s  t h e .  variance of b i r t h  ra'Lt! 1 s assumed t o  be .insiqniflcaritly 

affected by variance i n  instar  duration or assumed to be homogeneous. 

The difference i n  the methods for  - d '  between the Arnett-Suich and the 

author's method can be i 11 ustrated 'by the fol lowi ng inequality: 

There sews  to be no resolution a t  t h i s  time .as . to which of the three 

. .. methods most a c ~ u r a t e . 1 ~  estimate the uncertai.nty around the egg ra t io  

parameters. A1 1 three methods have the i r  strengths and weaknesses. 

In addition t o  there being no readily available method to determtne 

confidence intervals,  there appeared to  be no agreement i n  the 

1i terature on which form of Edmondson's (1960) equations to  use. 

In th i s  thesis the following equat'l'ons were used: 

(equatr on 4, 1 I terature review) , 

b l  = 1n iE+l) : (equati'on 6, 1 i terature review) 

d l  = bfi  - r 1  (equation 3 ,  1 i terature revtew) 

Equation 4 has no controversy as t o  i t s  form. Equation 6 was chosen 

on the strength of Pal aheimo ' s (1 974) arguments and sample cal cul attons 

and because i t  was recommended by Edmondson as well (1968). The method 

for determining eggs per female (E, equation 6 ;  see Methods and 



Figure 10 - The change i n  b i r t h  r a t e ,  b' , as a  .function o f  the  

change i n  , i  n s t a r  durat ion (D) when eggs per  female 

(E/F) i s  he1 d .constant a t  1.0 and i nstar .  durat ion 

i s  var ied i n  increments o f  0.5 days. . . 

C(E/F) + 1 ) l  The equation f o r  - b' i s  - b' = D 
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. Methods Development) d f d  not use the estfmated population s ize  and t h u s  

I compounding errors i n population and egg number estimates was avoided. 

Equation 3 also i s  very straightforward. These equati 'o~s are the most 

1 i'kely t o  yield reasonable results. ,  :agai'n assuming tha t  -the underlying 

assumptions of t h e  model are met.. The examinatton of potentf a1 

~ synchronous egg hatching (Appendix C )  i s  an example of a problem t h a t  

might a r i se  i n  t rying t o  meet the assumptions. 

The primary problem i n  working w i t h  the Edmondson egg r a t l o  aude l  

i n  t h i  s and, according t o  Prepas and R i  g le r  (1 978), a1 1 other studies 

i s  t ha t  population estimates cannot eas i ly  be made without substantial 

sampling error  or uncertainty. For the detenni nation of - r '  , fo r  

example, every aspect of the measurement of how many Bonina were i n  a 

given area of Par Pond had measurement e r ro rs  (see Methods and Methods 

Development). S u t s a i p l i  ng fo r  .abundance estimates had a 20 percent 

er ror  (.Figure 3 ) .  No straightforward method appeared avai l able t o  

i:ncorporate t h a t  e r ro r  in to  a t o t a l  e r ro r  statement. Transformati on of 

sample estimates u s i n g  two di f ferent  methods yielded spuri'ous resu l t s  , 

(Table 3) .  Ignoring the subsampling e r ro r ,  the variances t ha t  were 

calculated were substantial and examinati.on of the power of the sampling 

program showed tha t  only differences of 40 percent or  more between means 

.were able . to  be detected a t  the standard e r ro r  level o f  0.95. 

In the examination of spati  a1 pattern of Bosmina i n  Par Pond, .the 

observati:on t ha t  the s2/i('s (vari ance t o  mean r a t i  0s) were a1 1 greater  

than 1.0 (Tables 10 and 11 ) suggests t ha t  the  di'stri'bution pattern of 
* - 

Bosmina a t  .both s ta t ions  was clumped. However, while the X / X t s  (index 

. of patchiness) were a1 so always .greater than 1 . O ,  the magnj tude of 

difference over 1.0 was qui te  small which suggests a random pattern. 



The re la t ively  small ' c '  values indicate tha t  departures from a Poisson 

dis t r ibut ion would be small . These conf l i  c t i  ng resu l t s  may be 

explained by the possi b i  1 i t y  t ha t  the animals could be dOstri buted 

randomly w i t h i n  patches which are themselves clumped i n  di'stri b u t i  on 

(George, 1974). The speci a1 sampl'l ng experiments t o  examine time of 

day and s ta t ion  1 ocal i.ty on mean Bosmi na standing stock estimate lend 

support t o  t h i s  hypothesis (Table 4 ) .  There was a signi 'ficant added 

variance due t o  time of day on one 'of the two days sampled a t  'each 

stati'on and a s ignif icant  .added variance due t o  locati'on a t  bo th  

statfons on *he day sampled Tor that  factor .  The added variance due t o  

time of day and s ta t ion loca l i ty  (Table 4) suggests tha t  point varlance 

estimates, despite t h e i r  s i ze ,  may be underestimates of area 

vari abi 1 i ty.. 

These resu l t s  are not unique t o  Par Pond. Dumont (1967), f o r  

example, took single samples 'of 'Bosmina f n Lake Donk , Belgium, a t  

36 s ta t ions  on each of f ive  consecutive days. His indices of 

patchiness ( I )  ranged from 1 .,30 t o  2.53 and ' c '  values calculated 

from h j  s data ranged from 0.30 t o  1.54. Both these indfces exceeded 

the  upper .range of the observed Par Pond Bosmina values (Tables 10 and 

11 ) . % QeqPge (15174) reported a yearly mean index of patchiness fo r  

Bosmina longiros t r is  of .1.19 - + .06 i n  1970 and 1.21 - + .06 i n  1971 i n  

Eglwys Nynydd, a water supply reservoir i n  South Wales. He concluded 

t ha t  the dis t r ibut ion pattern fo r  Bosmina ,was not randum; i ..e.., 

clumped. Whi t e s i  de reported i ndex of patchi ness values of 1 .37 t o  .2.61 

fo r  the  more benthic dwelling chydori d c1 adocerans he sampled i n  E l k  

, Lake, Minnesota. For some species of zooplankton, Lewi's (1978) has 

demonstrated tha t  spati  a1 variat ion may be as great  as temporal 



variation over a 5-month peri'od. 

Prepas and .Ri gl e r  (1 978.) recommended t ha t  population esti'mates be 

smoothed before use i n  the ~dmondson egg r a t i o  model because 'of bias 

i n  net sampling. However, even i f  completely unbiased net samples 

could be made, 1 arge natural spati  a1 heterogeneity as documented by 

Dumont (1 967) , George (1 974) , Whi tes ide  (1 974) ,. Lewi s (1 978) and. by 

the indices reported i n  this study can also cause over or under- 

estimation of t h e  population s izes  when means.are calculated from 

small sample sizes.  The expression of t h i  s potential i s  large 

confidence interval  s. 

The only way t o  reduce - the e f fec t  of '  l arge variance on confidence 

interval s and maintain . s t a t i  s t f  cal r f  gar i s t o  increase sample 'si.ze. 

He can estimate the level of e f fo r t  we migh t  have t o  make i f  we wi.shed 

t o  increase our precision by exami:ni ng the r e s u l t s  of Kerfoot (1 975). 

He made 37 measurements of - r '  f o r  Bosmina i n  Lake Washington, 

Washington. I f  h i  s estimates were general l y  accurate, and ignoring the  

direction of change, sixty-four percent of his - r ' measurements were 

equal t o  or  l e ss  than 0.09 and forty-six percent were l e s s  than 0.06. 

Therefore, according t o  Table 13, unless enough samples were taken t o  

detect l e s s  than a twenty percent difference between means, almost half 

of the probable changes i n  popul.ation s ize  would be missed. A three- 

month study i n  the sumer ,  sampling a t  three-day intervals , .  would 

require t ha t  a t  l e a s t  930 samples per stati 'on be processed for.  t h a t  

peri od (Tab1 e 13). From experience, one sample requires , a t  minimum , 

one man-hour t o  process. (.Included i n  thi 's estimate i.s time f o r  

sampling, sample preparati:on, and counting of subsamples). Assuming an 

average work day t o  include s ix  hours of actual working time and a 



five-day work week, one 930 sample station would require 32 man-weeks 

to complete, and this  for  only a three-month study. 

There were uncertainties and difficul t i e s  w i t h  determi nation o f  

b i r t h  rate as well. While the study .of vertical migration i n  August 

( ~ ~ ~ e n d i x  B )  d i d  not coaclusi~ely show that Bosmina had a p'opulation 

thermal history that was significantly different from the mean. water 

temperature a t  Station MAS, ' the' evidence was enough to concl ude that a 

calculation of birth rate,  even interpreted non-parametrical ly,  could 

1 ead t o  mi sl  eading resul t s .  ' Average temperatures i n  the sumer ranged 

from ,23"C t o  30°C (Fjgure 2A, Appendix .A)~'-at the' two' stations.  1nsta.r 

duration woul d ,  thekbfbre, have varied between 1.8 and 1 .3 days. 

(Table 9) '  and thi's range i s  i n  the'most sensitive portion of the b i r t h  

rate curve as a function of cha,nge i n  linstar duration .(Figure 10). The 

sensi t ivi ty  of birth rate to plankton thermal history is a1 so emphasized 

by Prepas and Rigler (1978) .' In addition, the estimates of eggs per 

female had substantial confidence' interval s (a's much as - + 40%) associ - 
atcd w i t h  them, and unce~tainty was even higher with Chr wfnter samp'l es 

when subsampling error was potentially. higher (bee Methods and Methods 

Development) . 
Taken together, the' numbeP of negati ve. death ra te  determl natloiis 

a1 ready pub1 i shed, the' range of potential measurement errors,  problems 

i n  the' mathematical properties of the' model and .the number of different 
- .  . 

formulations used in the ' l i t e ra ture ,  and the uncertainties i n  deter- 

mining the' confidence intervals, . 1 ead to the'  conclusion that ,  a t  best, 

Edmondson egg ratio model ' calculations yield ordinal resul t s  and should 

be i nterpreted using a non-parametri c frame of reference. A1 though not 

stated i n  th i s  way, this  was also.  the. conclusion .reached by Prepas and 
. .. 

R i  gl e r  (1.9'7'8). ' For . th i s  study , because of .the ' uncertainties - i n  



measurement, the lack of ins ta r  development data from Par Pond, the 

d i f f i cu l t i e s  a1 ready mentioned wf t h  uncertain thermal hi s to r ies ,  and 

the large estimated confidence in tervals  (sometimes greater than tw9ce 

the mean, Table 16) for the 1' , - b '  , and d '  .estimates, ' i t  was decided - 
that  more re l i ab le  information on reactor operation e f fec t s  could be 

determined by d i rec t  non-parametri c compari son of data between s ta t ions .  

The problems associated w i t h  the egg r a t i o  model are by no means 

unique. Whenever mu1 t i  ple measurements are ut i l ized,  such as i n  

producti vi t y  t o  b i  omass ra t ios  or di  versi t y  i ndi  ces , vari ance wi  11 be 

additive , increasing the possi b i  1 i t y  of spurious or uncertain resu l t s  

l ike  death ra tes  l e s s  than 0. Science, f o r  example, has published 

arguments over the structure of pl anktoni c -niches (Lane, 1978; 

Makarewicz and Likens, 1978). The authors do not reveal the actual 

confideice t h a t  can be placed i n  the measurements of productivity or  

competition coefficients.  The number of samples taken in  this study 

a t  the Par Pond s ta t ions  i s  similar  t o  most reported sampling programs 

i n  the l i t e ra tu re .  The conclusion tha t  the population estimates were, 

a t  best,  ordinal in value suggests real d i f f i cu l t i e s  fo r  plankton 

biologists doing quanti tat ive research on the behavior of populations. 

Prepas and Rigler (1978) while they point t o  several general 

observations that  were made using the Edmondson egg r a t i o  model , 

conclude that  t h i s  i s  not a t r u ly  quanti tat ive method and the resu l t s  

of t h i s  study support tha t  conclusion. I t  would not be surprising t o  

dfscover that  the same resu l t  was t rue  of competition coeff ic ients ,  

diversi ty i n d i  ces , and productivity t o  bi omass r a t i  0s. 

A t r u ly  rigorous sampling program should include a prelfmi.nary 

esti-mation of the variance expected and what tha t  suggests f o r  the type 



of questions t o  be asked. This task can be expensive and time- 

consuming as i s  i 1 lustrated by the work of Platt (1975) and Plat t ,  

e t  al.  (1970). Our  estimates of sampling effort suggest that ma1 1 

changes i n  population sizes may be di-fficult or too expensi've to 

detect. Egg numbers and ratios su.ch- as qgg t o  embryo rati'os are 

somewhat less variable from sample to sample and provide a lo t  of 

useful information. I t  would have been more profitable t o  spend 

more time on egg or instar development times and egg numbers and 

sizes and less on population sizes. More information about the future 

course of the popul atinns and the mechanisms o f  popul aLion change would 

have been learned for the same -effort. If population estimates are 

absolutely necessary, such as for compet'i tion coefficient cal cul ations 

(Lane, 1978) , a .non-parametri c experimental design sholild be .corisi,dered. 

For the' bi 01 ogi s t  doi ng a monitoring .study for an i ndustry where 

the i'mportance of an observati,on i s  deciided usi'ng only a stati:stical 

method of assigning level o f  s.1 gn l  P i  cance , an i nterestimg b u t  some- 

times vexing political situation i s  created. If the intensity of 

studies i s  no t  regulated, a ut i .1i . t~ m i g h t  be tempted t o  spend as l i t t l e  

money as possible on data collection, which could result in i;nslrffi ctent 

samples t o  detect s tat i  s t i  cal differences. Then the utSl Pty could 

demonstrate or conclude t h a t  there was no envi.ronmenta1 effect. On the 

other hand, .opponents of power plants can insi-st that great effort i s  

expended on sampling , that small differences are found stati'st; ca11y 

si gni fi cant i rregardl ess of thei.r bi 01 ogi cal i'mportance , .and then cl aim 

t h a t  unacceptable damage t o  the environment had occurred (McCaughran, 

1977). . , 
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' In  t h i s  s i tuat ion,  what.should occur i s  an 'a p r i o r i '  determination 

of the quanti tat ive change caused by industry operation tha t  would 

resul t  i n  an unacceptable ,b.iological event. . A  prel imi nary estimation 

of natural variabi 1 i ty  shoul d then be .made to  determi'ne the sampling 

e f for t  required to detect that  amount of change. 

Standing 'stdck -- 'and 'fecundity - 'Bosmi na 'longi r o s t r i s  

The'Bosmina standing stock a t  CAS and MAS were quite similar  i n  

a l l  respects i n  the winter (Figure 6A). The only demonstrable di f fer-  

ences'were t he ' peak in  e,ggs per female a t  Station MAS on January 26 
. . 

(Figure 7A) and the '  f a c t  that  MAS showed two la,rge osci l la t ions  of 

standi,ng stock duri,ng the' period compared to  one a t  CAS. 

In the sumner, the.population a t  Station CAS seems to  have under- 

gone a classical  l i f e  history cycle i n  June. . A  peak fo r  the sumner i n  

eggs per female. was followed' by' a peak i n  -standing stock (Figures 6B 

and 8A). . Eggs . per' female then ' decreased continuously unti l  early July 

and standing s tock  showed ' a  simil.ar decl ine u n t i  l  the '  middle of July. 
. . 

For the r e s t  of t h e  surruner' standi,ng stock remained low (10,000 animals 

per sample) even' though the '  . eggs . per female has recovered. t o  ear ly  June 

levels ; .  'This suggests . . tha t  mortality was high f.rom July through August. 

This pattern of standing stock and eggs per female changes over time i s  

similar  to  that  reported' by' Hal 1 (1'964) f o r .  Daptinia .galeata .mendotae 

i n  Michigan. : 

A t  Station MAS, the'population underwent three large osci l la t ions  

( , 70%') i n  standing stock' duri,ng the '  summer. While s t a t i s t i c a l l y  

-.. different ,  the means of eggs per'fernile appear qui te  similar  (a d i f fer-  

ence of .12 . eggs . per female) ' a t  the '  two'stations and the range srna1,ler a t  

MAS (Tab1 e 1.8). 'Thus, . we' might ' concl ude tha t  mortal i  t y  was i rregul.ar 



i n  intensity a t  Station MAS. "Mortality" a t  MAS must include loss of 

animals due to  "downstream" currents in the areas of the reservoir 

nearest the l i t t o ra l  zones (Appendix E j .  However, i t  i s  d i f f icu l t  to 

imagine how this  factor would be highqy irregular. Reactor operations 

were suspended for only seven days during the summer (July 20 to 28), 

a time when standing stock was near i t s  lowest level. Furthermore, 

increases and decreases were usually continuous over. a t  least  two 

sampl ing periods. The only exception was between July q4 and 19, b u t  

this  occurred before reactor operations were suspended. Imyi gration 

of Bosmina into the area from the precool e r  reservoir ..(figure 2.) during 

the summer can also be discounted as a factor causing observed 

increases because of the 1 ethal ly h i g h  temperatures i n  the precool e r  

pond (40°C). 

A second demonstrable difference i n  the sumer between the two 

stations was the, greater percentage of deformed eggs a t  Station MAS. 

The temperature i n  the upper meter may reach as h i g h  as 34OC which i s  

only Z°C below the upper thermal tolerance 1 i m i  t estimated In this study 

for  Bosmina (Appendix D ) .  The vertlcal migration data shows that some 

of the Bosmina population i s  i n  the upper meter a t  a l l  times (Figure B2, 

Appendix R) . Other factors whtch m i g h t  influence th is  phenorr~ena might  

be the generally lower O2 levels (Appendix A ) ,  higher bacterial 

populations (Fl iermans, e t  a]. ,  1977), toxic chemicals or heavy metals 

released by the reactor in low levels, or a synergism of a1 1 these 

factors. Hal 1 (1964) reported the presence of degenerate eggs in 

Daphnia galeata mendotae and while i t  i s  not possible to directly com- 

pare the two studies becauke he reported his results as the number of 

degenerate eggs and used color and texture t o  make his observations, 



he a1 so d i d  not find any degenerate eggs i n  January or February. 

Both populations were demonstrably di f ferent  between summer and 

winter i n  clutch s ize ,  percentage of females gravid, percentage of 

females bearing deformed eggs and body s ize .  Summer animals were 

smaller (Figure 9) and bore ma1 l e r  clutch sizes on the  average. 

The seasonal cycling of body s ize  has been reported by Kerfoot (1974) 

for  Bosmi na 1 ongi ros t r i  s i n Frai ns Lake. Whi 1 e the average clutch 

sizes reported by Kerfoot for  the sumer months f a l l  w i t h i n  the range 

observed i n  Par Pond, his two observations i n  February (one in  1968 and 

one i n  1969) are below the range of means i n  the winter from Par Pond. 

Mean body s ize  of reproductive females was also higher i n  Par Pond as 

compared t o  Frains Lake i n  both summer and winter. Kerfoot's range of 

means fo r  the summer months was 2 5 4 ~  t o  291p ( f ive  observations over two 

years) w h i  1 e i n  Par Pond the range was 300.b  t o  362.011 (seven 

observations a t  each s ta t ion) .  For a1 1 other months of the year,  

Kerfoot reported a range of means of 290 .2~  to  3 8 9 . 8 ~  (17 observations 

over two years) compared t o  the range i n  winter i n  Par Pond of 412.O-p 

t o  810 .b  ( three observations a t  each s ta t ion ,  Figure 9). 

The lowest percentages of females gravid i n  the winter a t  both 

s ta t ions  migh t  be due t o  a combination of lower productivity (Marshal 1 

and T i l l y ,  1971) and higher standing crops of 'Bosmina. These higher . . 

population s.izes coupled with the slower -development ti'mes due t o  lower 

water column temperatures i n  the winter indicate that  turnover i s .  much , 

slower i n  the w i  nter months, as i t  i s . i n 1 akes of northern 1 at i tudes.  

I t  cannot be concluded, as di'd Patalas (1970) fo r  the Polish lakes 

that  he studied, tha t  the addition of heated effluents .has caused a 

doubling of the secondary producti'vfty. Nor i s  there evi'dence t o  support 



a conclusion of reduced productivity due t o  reactor operations. 

Bosmina 1 ongirostr is  has been reported from Par Pond since 1965 

( J .  S. Marshall and L. J .  T i l ly ,  unpublished da ta ) ,  so' reactor 

operations have not created conditions t ha t  have influenced the 

survival of Bosmina as a' population. 

However, I d i d  f ind a difference between Stat ions CAS and MAS 

Bosmina populations i n  egg . . mortal i ty and there was 4 difference i n  

the course of standing crop changes i n  the summer. These resu l t s  a r e  

consistent  w i t h  other Par Pond studies.which have found these s ta t ions  

t o  be osrent ia l ly  s imi lar  w i t h  -some s t a t i s t i c a l l y  s iynlf icant  

differences. For example, none of the yearly averages of integral  

productivity from 19'70 t o  1974 differed between the ,two s ta t ions .  

However, P-mas was always higher and the depth of P-max . i n  the wi,nter 

column was always h,igher a t  MAS (Ti l ly ,  1974). Diatometers, in the 

surface water a t  MAS usually reveal s imi lar  species composition t o  

those a t  CAS b u t  standing crops have been s ignif icant ly  higher a t  MAS 

(Ti 1 l y  , unpubl ishcd data)  . Tile same f l s h  species .have been reported 

fo r  both s ta t ions  during reactor operations with the notable exception 

of the obl igate planktivore, Alosa aes t ival  is (S i l e r ,  1975) which 

appears a t  MAS when the reactor is  not operating (Vigerstad, f i e l d  

observations.) . There a re  1 arge numbers. of 1 argemouth bass (Micropterus 

salmoides) a t  both s ta t ions  (Gibbons and Bennett, 1973) b u t  the bass 

captured near MAS have s t a t i s t i c a l l y  lower body conditions, higher 

incidence of infection by red-sore disease caused by the bacteri'um, 

'Aeromonas hydrophila and the c i l i a t e ,  Epistyl i s  x. (Esch and Hazen, 

1978), and higher population s izes  of the in tes t inal  parasi te 

Neoectii nortiyncus ' cyl i ndratus (Acanthocepha1.a) (Eure and Esch, 1974). 
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Whether the cause of these di f ferences i s  higher temperatures (Esch 

and Hazen, 1978), h igher  immediate n u t r i e n t  leve ls ,  t o x i c  substances 

such as mercury ( T i l l y ,  1976, and unpublished data) o r  a synergism o f  

these fac to rs  has no t  been conclus ive ly  establ ished. None of the  

observed differences, i nc lud ing  those ' i n  t h i s  ,study, have been ,dramatic. 

enough t o  waPrant remedial acti.on by those i n  charge o f  reac tor  

operations. . 8 
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ADDITIONAL LIMNOLOGICAL DATA 

Introduction 

The purpose of t h i s  section i s  t o '  describe background physical , 

chemical, and biological data collected during the period 'of t h i s  

study. Most of t h i s  data (with the exception of cladoceran abun- 

dances) were not collected as part  .of the overall deqign of t h i s  

study and are  not meant to support the data or  conclusions already 

described. I t  i s  presented so tha t  the 1 imnol,og.ical ly  oriented 

reader can have a, general picture of Par Pond duri:ng the period of 

this study. 

Physical -chemical 'parameters 

Basic physical and chemical information on Stations MAS and CAS 

for  the period of September 1974 to  September 1976 was obtained from 

the Savannah River Laboratory.' Below i s  a l i s t  of the types of 

information available. Methods are  described i n  Standard Methods 

(1971 ) . 
1. Surface conductivity by a conductivity meter. 

2.  Light penetration a t  midday by secchi disk. 

3. Surface dissolved oxygen, a t  midday by Hydrolab surveyor. 

4. Surface. pH by a Hydro.lab surveyor. 

5. Surface Cay M g y  K y  Nay and S i  i.ons by atomic absorption. 

6. Surface C1 ions by the mercuric thiocyanate method. 

7. Surface sulfa tes  by the turbidimetric method. 

8. Surface orthophosphates by the stannous chloride method. 



9. Surface n i t r a t e s  by . the phenol -d isu l  phur ic  ac id  method. 

10. Tu rb id i t y  w i t h  a Ha& Turbidimeter. 

11 . Total  surface a1 kal  i n i  t y  by ti t r a t i o n .  

S im i l a r  basic  l imnological  in format ion f o r  Par Pond has been 

described by Grace (1977) f o r  the periods o f  March through September 

o f  1974 and 1975. T i l l y  (1975) has sumar ized the same data from 

Stat ions CAS co l lec ted  .from 1965 t o  1973. I n  b r i e f  summary, according 

t o  Grace (1977) there were gradients o f  nu t r i en ts  and 1 i g h t  pene- 

t r a t i o n  down the middle arm o f ' p a r  Pond ( the  , e f f l u e n t  rece i v ing  arm) 

from the  p o i n t  o f  en t r y  o f  the' e f f luent . '  .The d i r e c t i o n  o f  the 

gradients , however, depended .upon the p a r t i c u l a r  nu t r i en t .  For 

example, magnesium, .sodium, calcium', and potassium ions were a1 1 

found t o  be h igher  a t  unheated areas than a t  the discharge po in t .  

Nitrate levels, on the other  hand, decreased a t  increasing distances 

from the discharge point,  a1 though the  decrease was no t  1 inear .  

Oxygen leve l s  were higher a t  the  unheated than a t  the heated areas, 

bu t  the d i f ferences could be completely explained by the d i f f e r e n t  
. . 

so l  u b i l  i ti es a t  d i f f e r e n t  temperatures. 

T i l l y  (1975) has reported . t h a t  water qua1 i ty a t  CAS para1 l e l s  

t h a t  o f  the Savannah River and. t h a t  t h i s  was due t o  the addi t ions o f  

makeup water f o r  the  P reactor.: Except f o r  ch lor ides and bicarbonates, 

concentrations o f  major ions i n  Par Pond cor re la ted  s i g n i f i c a n t l y  

w i t h  those from the Savannah River as d i d  the conduct iv i t ies  o f  these 

-two systems. Addi t ional  evidence f o r  the dependence o f  Par pond on 

Savannah River water comes from comparison o f  the two systems w i t h  

other  SRP area Coastal P la in  waters. For example, the r e l a t i v e  

i o n i c  composition o f  Par Pond and. the Savannah River i s  bicarbonate 



dominated whi  1 e ch lor ide  domination is  c h a r a c t e r i s t i c  o f  most SRP' a r ea  

Coastal Plain water.  

T ib le  A-1 shows the  monthly averages of  the  ten  f a c t o r s  described 

f o r  s t a t i o n  CAS between September 1974 and August 1976 and Table A-2 

f o r  S t a t i on  MAS. Table A-3 shows t h e  r e s u l t s  of  a s ign  test t o  com- 

pare  a l l  measurements a t  S t a t i ons  CAS and MAS f o r . t h e  same time period. 

The d i r ec t i on  o f  d i f f e r ences  a r e  f o r  the most p a r t ,  the same a s  those 

described by Grace (1976) f o r  March through September o f  1974 and 

1975. However, Grace reported no s i g n i f i c a n t  d i f f e r ences  (Pc.05) f o r  

c h l ~ r i d e s  during the growing seasons while  this ana lys i s  shows a 

s i g n i f i c a n t  d i f f e r ence  (Pc.05) between the two s t a t i o n s  f o r  a l l  the 

1974 through 1976 da t a .  Grace a l s o  reported s i g n i f i c a n t  d i f f e r ences  

f o r  potassium i n  t h e  1975 growing season but  not  f o r  the 1974 season. 

This ana lys i s  shows no overa l l  s i gn i f i cance  f o r  1974 through 1976. 

Phytopl ankton comuni t y  producti  vi t y  

Primary prod~rc t iv i  ty a t  Stat ions CAS and MAS was r~reasur*ed 

simultaneously once a r ~ ~ u n t t ~  frurn September '1975 to August 19 /b w i t h  

the exception o f  June 1976 using t h e  C14 method. At each s t a t i o n  

water samples were taken w i t h  a 5 l i t e r  Van Dorii b o t t l e  a t  one meter 

i n t e r v a l s  down t o  7 m. Between the  su r f ace  and. 3 meters,  p a i r s  of 

135 ml Pyrex reagent  b o t t l e s  were placed a t  25 cm i n t e r v a l s ,  a t  50 cm 

i n t e r v a l s  between 3 and 6 meters,  and -one p a i r  placed a t  7 meters. 
14 Each b o t t l e  was spiked w i t h  100 ul of  NaH C03 so lu t ion .  Incubations 

were f o r  three hour i n t e rva l  s a1 ways between 11 00 and 1400 hours. 

The b o t t l e s  were returned t o  the 1 abocatory immediately, f i 1  t e r e d  

through 0.45 u Mill i po re  f i l ters and t h e  filters placed i n  s c in -  



Tab1 e A-1 . Average monthly values f o r  water qua1 i t y  parameters a t  
s t a t i o n  CAS f r &  ~ b ~ t e r n b e r  1974 through August 1976.   umber of 
measurements per month are  i n parentheses.  

Conductivity Dissolved O2 
( umho ) 

pH 
( P P ~ )  

1974 September 
October 
November 
December 

1975 January 
February 
March 
Apri 1 

May 
June 
Ju ly  
August 
September 
October 
November 
December 

1976 January 
February 
March 
Apri 1 

May 
June 
Ju ly  
August 



Table A-1 (cont '.d) 

Turbidity Secchi A 1  kal i ni t y  Cal ci urn Chloride 
( j t u )  (m) (mg/l) (m9/1 1 (ms/l) 



Table A-1 ( con t ' d )  

Ortho- 
Potassi urn Magnesi urn Sodi urn N i t r a t e  phosphate 

(mg/1) (mg/l> (mg!!? . . .  . ( ~ r g l l )  . . . . .  . . .  (ug / l )  



S i  1 i cate Sul phate 
. . . . . . . . ("91' . . , . .  . (ms/l) 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  

- - 
3.49 (1) 

2.42 (2) 

2.07 (2) 

3.48 (2) 

2.83 (3) 

1.96 (2) 

2.16 (1) 

2.65 (2) 

2.83 (2) 

3.00 (3) 

2.77 (1)  

3.11 (2) 

3.48 (2) 

3.22 (2) 

2.81 (2) 

1.92 ( I )  
1.92 (3) 

2.44 (2) 

2.56 (2) 

2.00 (2) 



Table A-2 - Average monthly values f o r  water quali ty parameters a t  
Station'MAS from September 1974 through August 1976. Number of 

I measurements per month are i n  parentheses. 

Surf ace Surf ace 
Conductivity Dissolved 02 PH 

(umho) ( P P ~ )  

....", - 
1974 September 

October 
November 
December 

1975 January 
.February 
March 
Apri 1 

May 
June 
July 
August 
September 
October 
November 
December 

1976 January 
February 
March 
Apri 1 

May 
June 

. . 
July 
August 



Table A-2 (cont 'd )  

Turbi d i  t y  
( j t u )  

Secchi A1 kal i n i  t y  Cal c i  um 
(m) (m911) (mg/? 1 

Chlor ide 
(mg/l) 



Table A-2 ( c o n t ' d )  

Potass i  um Magnesi urn Sodi urn N i t r a t e  Orthophosphate 
(mg/l)  ' (mgl l )  (rng/l) ( u g / l >  ( i rg/ l> 



Table A-2 (cont'd) 

Silicate 
(ms/l) 

Sulphate 
(mg/l> 



Table A-3. 

I 

Results of s ign  t es t s  on water q u a l i t y  parameters o f  

Stat ions CAS and MAS from September 1974 through August 1976. 

S ta t ion  w i t h  p o s i t i v e  
Factor P robab i l i t y  d i f fe rence  

I Conduct iv i ty  .I188 n.d.' 

D i  ssol ved oxygen . 0000 CAS 

pH 

Tu rb id i t y  

Cal c i  urn 

Chlor ide 

Potassium 

Magnesi um 

Sod i um 

Ni t r a t e  

MAS 

n.d. 

CAS 

CAS 

n.d. 

C AS 

CAS 

MAS 

Phosphate .I646 n. d. 

S i l i c o n  .7238 n.d. 

Su l fa te  .7490 n. d. 

Tota l  a1 ka l  i n i  ty. .6242 n.d. 

Seechi d i sk  ,0026 CAS 

'n.d. - no s i gn i f i can t  d i f fe rence between s ta t ions  a t  alpha l e v e l  

o f  0.05. 



t i l l a t i o n  f luid.  Counting was done by the Savannah River Laboratory. 

A1 ka l in i ty  and p H  measurements fo r  the determination of total  

available carbon were made immediately a f t e r  the bot t les  were placed 

i n  the water. i i g h t  pe'etration and temperature measurements were 

made immediately before removing the bot t les  from the water. Days 

w i t h  extreme cloud cover were avoided, when possible, for  this study. 

The resu l t s  were plotted on graph paper, curves eye-fit ted,  and 

integrals  determined by planimetry. The curves of even numbered and 

odd numbered bot t les  were considered to  be repl icates  and three times 

the mean values of the integrals  were used as the best  estimates o f  

primary productivity fo r  t h e  day. A more detailed description of 

the method and experimental verification of i t  can be found i n  

Marshall and Ti l ly  (1971 ) and T i l ly  (1973). 

Tab1 e A-4 presents the average productivity 1 eve1 s and associated 

1 i ght, average water column conductivity , and temperature measure- 

ments fo r  the period studied. Integral productivity and the maximum 

productivity observed 'were signif i fan t ly  d i f fe rent  (Pc.05, sign t e s t )  

between Stations CAS and MAS w i t h  the average levels  higher a t  MAS - 

Average water column conductivity was s ignif icant ly d i f fe rent  (Pc.05, 

sign t e s t )  w i t h  the average lower a t  MAS than CAS. The temperature, 

surface 1 ight,  and depth of maximum productivity (P-max) were not 

s ignif icant ly d i f fe rent  (P>.05, sign t e s t )  between the two stat ions.  

Figure A-1 shows' this data i n  relat ion to  t h a t  reported by T i l ly  

(1975) for Station CAS. Productivity during 1975-76 appears to  have 

returned t o  the 1972 level ,  reversing the downward trend observed 

from 1971 to  1973. Ti l ly  (1975) had also reported a s ignif icant  

correl ation between mean water col umn conductivity and primary pro- 



Table A-4. Averages o f  primary p r o d u c t i v i t y  determinations made a t  

Stat ions CAS and MAS once a month from September :to August 1975-1976. 

CAS MAS 

Average maximum produc t i v i  t y  72.0 110.0 
(mgC/m3/3 - h r )  

Average depth o f  maximum p roduc t i v i t y  (m) 155 116 

Average temperature a t  depth o f  
maximum p r o d u c t i v i t y  ( ' O C )  

Average surface l i g h t  a t  depth o f  . 200 . . 190 
maximum p roduc t i v i t y  (microei nste ins)  

Average i n t e g r a l  p roduc t i v i t y  
(mgC/m2/day) 

Average water column conduc t i v i t y  67.1 64.5 
(umho) 



f igure  A-1 - Mean annual primary productivi ty and conductivity a t  

Stat ion CAS (January-December 1965-1973, September 

t o  August 1975-1976) and Stat ion MAS (September 

t o  August 1975-1 976). 



MAS 



d u c t i v i t y  f o r  S ta t ion  CAS. This co r re l a t i on  i s  f u r t h e r  supported by 

'the 1975-76 r e s u l t s  (Figure A-1) f o r  Sta t ion CAS, bu t  S ta t ion  MAS had 

a s i g n i f i c a n t l y  h igher '  p roduc t i v i t y  than would have been predicted by 

the re1 a t i  onship' o f  conduc t i v i t y  and p roduc t i v i t y  a t  CAS. 

Limnological descr ipt ion:  January t o  August 1976 - 
Table A-5 summarizes the means and ranges o f  measurements 

associated w i t h  the rou t i ne  l imnolog ica l  character izat ion from 

January t o  August 1976. The 4 meter depth was chosen f o r  comparison 

o f  d issolved oxygen, pH, and conduc t i v i t y  because i t  1 i e s  above the 

regu lar  thermocl ine i n  the summer a t  both s ta t ions  and below the 

secondary thermocl i n e  due t o  the hyperthermal e f f l  uent a t  S ta t ion  

MAS. Dissolved oxygen and pH were s i g n i f i c a n t l y  h igher a t  t h i s  depth 

a t  S ta t ion  CAS according t o  a s ign t e s t .  There were no s i g n i f i c a n t  

d i f fe rences i n  Secchi desk transparency and conduct iv i ty .  In tegra l  

p roduc t i v i t y ,  maximum p roduc t i v i t y  a t  a  depth, and depth of maximum 

p roduc t i v i t y  were a1 so s i g n i f i c a n t l y  higher a t  S ta t ion  MAS according 

t o  the Wilcoxon-Matched Pairs Signed Rank Test. 

Generally, dur ing the w in te r  months l i g h t  penetrat ion and 

temperature d i d  no t  d i f f e r  below 4 meters, and pH was s i m i l a r  thrntrgh- 

ou t  the water column. Only d issolved oxygen was cons is ten t l y  h igher 

a t  each depth a t  S ta t ion  CAS. I n  the  summer a t  S ta t ion  MAS l i g h t  

penetrat ion was general ly  lower throughout the water column as was 

dissolved oxygen and pH. Temperature was again the same below 4 

meters . 
Figure A-2 stiows'the average water column temperatures i n  w in te r  

and sumer  a t  Stat ions CAS and MAS. The average d i f fe rence  between 



Table A-5. Mean and range of monthly r o u t i n e  l imnologica l  measwe- 

ments made a t  S t a t i o n s  CAS and.MAS from January 1 t o  August 31, 1976. 

. .  . 
. . . . . . . . . . . . . . .' . :'. . .' . . C4$ .' . . '. . . .' . . . . . : . . . . . : . MAS. . . .. . 

I n t e g r a l  p roduct iv i ty*  
mgC/m2/3 h r  

P max* 
mgC/m2/3 h r  

Depth o f  P ,max* 
cm 

Secchi d i s k  
m 

Conductivi t j  (4 M) 
umhos/cm 

pH (4 M I *  
(pH u n i t s )  

* d i f f e r e d  s i g n i f i c a n t l y  (P < .05) according t o  s i g n  test.  



-. 

Figure A-2 - Average water column temperatures a t  S ta t ion  MAS 

(0 . t o  7 meters) f.rom December 1975 t o  September 1976 

(1 ) , Sta t ion  CAS (0  t o  12 meters) from December 1975 

t o  September 1976 ( 2 )  , and Sta t ion  CAS ( 0  t o  

10 meters) from June 1976 through August 1976 ( 3 ) .  
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The stations was 1 . 7 O C  in the winter and 2.1 "C in the s m e r  (using 

the differences between Station MAS means and CAS means for 0 to 12 

meters depth for the summer calculations. 





VERTICAL MIGRATION 

Introduction 

Gehrs (1974) conducted a labora tory  study on the  v e r t i c a l  move- 

ment of Df aptomous sanguineus (Copepoda) and Daphni a parvul a 

(Cladocera) i n  response t o  heated water  using 90 CM t a l l  p l ex ig lass  

tubes.  A1 1 animals moved deeper when' t h e  temperature of  the  water  

a t  the level I n  w h i c h  they resided was increased Z°C1  Gehrs. based 

on these  da ta  and a review of t h e  1 i t e r a t u r e ,  concluded t h a t  thermal 

d i scon t inu i ty  can block v e r t i c a l  movement e i t h e r  by a l a r g e  thermal 

g rad ien t  over a s h o r t  v e r t i c a l  range, o r  by temperature t h a t  is  above 

t h e  range acceptable  t o  'the zooplankton. 

Verti cal migration sampl i ng 

Sampl i ng f o r  v e r t i c a l  m i  g r a t i  on was conducted from an anchored 

houseboat by lqwering a 3 0 - 1  i S c h i n d l e r  t r a p  (Schindl er, 1969) with 

a winch and d a v i t  equipped with i! meter wheel. Two sampl as ware 

takon a t  each o f  e i g h t  depths, beginning a t  t h e  s u r f a c e  and ending a t  

7 m. Each time t h e  Schindler  t r a p  was lowered s o  t h a t  i t s  top  was a t  

the spec i f i ed  depth .  Because the  t r a p  was 0.6 rn deep, 601 of the 

e n t i r e  7-m water  column was sampled by a se t  o f  samples. 

In t h e  win te r  o f  1975, samples were taken every four  hours from 

4 PM on December 2 through 4 PM on December. 3 (seven sampling periods)  

a t  t h e  thermally-elevated Middle Arm S t a t i o n  (MAS) having a depth 

of 8.0 m (See f i g u r e  2 of t h e s i s ) .  In the summer of  1976, samples 

were taken a t  MAS and a s t a t i o n  o f  equal depth in  the ambient 

temperature South A r m  (SAS). Samples were taken every four  hours 



a t  MAS beginning a t  1 PM on. ;August 5 through 9 AM on August  7 (12 

samples) , and a t  SAS from August 9 t o  August 11 (1 2 samples) . 
Temperatures were recorded a t  the beginning of each sampl i ng period 

for every sampling depth using a Hydrolab temperature probe. 

Resul ts 

All samples were counted in their entirety for three species 

of Cladocera; 'Bosmina 'lonqirostris ; Ceriodaphnia 1-acustris, and 

Diaptiariosnma 'bractiyurum. Because this study was focused on the 

distributional pattern of a species population in relation to depth 

(and temperature) in the water column , percentages were cal cul ated 

for each species by dividing the numbers of individuals of a given 

species per sample by the total number of that species sampled in 

the enti re water' col umn duri ng each sampl i ng interval . 
The distribution of each species a t  each depth over the seven 

sampling i.nterva1 s i n  December 1975 i s  graphically il1,ustrated in 

Figure B l  1. Analysis of variance (ANOVA) (using an arc-sine trans- 

formation on the percenta'ge val.ues.) showed that distributions of 

means a t  each depth over time were significantly different (Pc.05) 

for Bosmina lorigirostri s and Ceriodaptiriia 1 acustri s , b u t  not .for 

'Diaptionosoma'bractiyurum. Figure B2 i l lus t ra tes , the  same data for 

these species for the Augus t  1976 samples. Unfortunately, samples 

taken during 4:45 P M  on Augus t  10 a t  SAS were lost.  To maintain a 

balanced design, samples from 4 PM on August 9 were therefore not 

included in the ANOVA. During August al l  there species had signi- 

ficantly different depth distributions (Px.05) over time a t  each 
'..,!, 

station. Taking a group of six samples (five, in the case of SAS) 



Figure B-1 - Depth distribution of Bosmi na 1 onqi rostri s , 

Ceriodaphnl a 1 acustrl s , and D i  aphanosoma 
-- - 

brachyurum at the Middle Arm Station of Par Pond 

in December 1975. Total sample sizes were 

372 animals for Bosmina, 4544 animals for 

Ceriodaphni a ,  11 87 animal s for Di aphanosoma. 
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Figure B-2 - Depth di  stri buti  on of m a  l ongi restri s , 
. 

' Ceriodaphrii a ' 1 acus t r fs ,  and D i  aphanosoma 

brachyurum a t ' t h e  Middle A r m  (MAS) and South Arm 

(SAS) s t a t i o n s  of  Bar Pond during August 1976. 

Total sample s i z e s  a t  MAS: f o r  Bosmina, 

44,637 animal s , f o r  Ceri odaphni a ,  8,723 animal s , 

f o r  Diaphanosoma, .3,730 animals. A t  SAS, sample 

s i z e  was 7,280 f o r  Bosmina, 922 f o r  Ceriodaphni a ,  

and 2,093 f o r  Dlaphanosoma, 
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t o  r ep resen t  a day, t h e  ANOVA showed t h a t  the  pa t t e rn  of  d i s t r i b u t i o n s  

changed s i g n i f i c a n t l y  from day-to-day f o r  Ceriodaphnia 1 a c u s t r i s  a t  

both s t a t i o n s ,  f o r  Bosmina 1ong. i ros t r i s  a t  both s t a t i o n s ,  f o r  Bosmina 

l o n g i r o s t r i s  a t  MAS, and f o r  Diaphanosoma brachyurum a t  SAS ( k . 0 5 ) .  

Although t h e  formation and d i spe r sa l  of  clumps of  animals a t  

d i f f e r e n t  times were'observed f o r  each species  (Figures B1 and 82) 

and the  changing d i s t r i b u t i o n s  were s i g n i f i c a n t l y  d i f f e r e n t ,  there 

was no e a s i l y  d i s c e r n i b l e  pa t t e rn  o f  change over a 24-hour period. 

Only Bosmina l o n g i r o s t r i s  i n  win te r  (Figure Bl) showed a d e f i n i t e  

movement ou t  of  the  su r face  in  the  e a r l y  morning hours. Unfortunately, 

because o f  the 1 ack o f  rep1 i ca t ion  i n  t h a t  sampl ing in te rva l  , no 

s ta tement  of  s t a t i s t i c a l  confidence can be made f o r  t h a t  observation.  

The d i s t r i b u t i o n  of BosmSna a t  MAS i n  t h e  summer samples (Figure 

B2) is  i n t e r e s t i n g  because of  t h e  temperature-depth d i s t r i b u t i o n  

there. Thermal e f f l u e n t  a t  MAS forms a heated s t ra tum of approxi- 

mately 3 m th ickness  (Table Bl).  A t  and below 3 meters,  temperatures 

a t  SAS a r e  almost iden t i ca l  t o  those a t  MAS. If a spec ies  were t o  

s t a y  .below 3 m i n  the Middle A r m ,  i t s  thermal h i s t o r y  m i g h t  be near ly  

iden t i ca l  t o  another  population of  the same species  in  t h e  South Arm. 

To compare d i s t r i b u t i o n s  i n  the  upper 3 m ~f t h e  water cnl~rmn for 

each species  a t  t h e  two s t a t i o n s ,  I ca lcu la ted  percent  t o t a l  numbers 

of  each spec ies  population present  a t  each sampling period a t  each 

s t a t i o n  i n  t h e  upper 3 meters. These comparisons were made f o r  23 

independent observations i n  August and seven i n  December. For a1 1 

b u t  one comparison, mean percentages were s t rong ly  s i m i l a r  during 

both &gust  and December sampling among a l l  species  a t  both s t a t i o n s .  

Only re1 a t i v e  abundance of ~ o s m i n a  l o n g i  Pos t r i  s a t  MAS i n  August was 



Tab1 e B-1 . Mean - + S. E. o f  temperatures ( O C )  a t  middle arm (MAS) and 

south arm (SAS) i n  summer: 1976 .and MAS i n  w in te r  1975. 

Winter Sununer 

. ' 

Day 1 Bay 2 

Depth MAS MAS' SAS MAS S AS 

Dec. 3-4 Aug. 5-6 Aug.. 9-10 Aug. 6-7 Aug. 10-11 

Surface 

1 

2 .  

3 

4 

5 

6 

7 

W C F  

'wCX = water column average (mean o f  means) 



s ign i . f i can t l y  lower (Pc.05) i n  the  upper 3 m o f  the water column 

( Figure B3). 

A f t e r  descr ib ing both the v e r t i c a l  d i s t r i b u t i o n  o f  each species 

and the temperature p r o f i l e  i n  the water column, I estimated the 

thermal h i s t o r y  of each species f o r  the t ime period. This was done 

using the formula 
. . 

N: percentage 
p., temperature 

mean temperature f o r  a t  depth; a t  depth; 

populat ion per day = i = l  

percentage 'r 
1. a t  depth; 
i = l  

where N i s  the number o f  samples taken. 

Usi'ng d a i l y  data, separate .ca lcu la t ions can be used t o  est imate 

variance o f  the mean temperatures f o r  the populat ions (Figure B4). 

Because d i s t r i b u t i o n s  over time were n o t  s i g n i f i c a n t l y  d i f f e r e n t  

f o r  d i f fe ren t  days f o r  Bosmina a t  SAS and Diaphanosoma a t  MAS, 

v a r l a b i l  Pty could n o t  be estimated. Therefore. both values appear 

separately i n  Figure B4. For .Bosmina a t  SAS, both est i i ia tes  are 

higher than the mean Gal ue a t  MAS, b u t  one 1 ies.  w i t h i n  one standard 

e r r o r  of the mean a t  MAS. The mean temperature f o r  Ceriodaphr~ia 

i s  h igher a t  MAS, bu t  again the standard e r r o r  estimates overlap 

for  the fxo s ta t ions.  Both estimates for  Diaphanosoma a t  MAS are . 

h igher than two standard e r ro rs  around the mean a t  SAS. 

I n  comparison t o  the -mean water column temperature a t  each 

s ta t ion ,  ca lcu la ted populat ion microhabi t a t  temperature means a t  

MAS were higher, w i t h  .the exception o f  Ceriodaphnia and Bosmina. 

For Ceriodaptinia and ' D i  aphanosoma a t  both s ta t ions  and Bosmina a t  



Figure  B-3 - The average percent  (+ s .e . )  o f  Bosmi na l o n g i r o s t r i s  - 
( B )  , ~ e r i  odaphni a ' 1 acus t r ' i  s (C) , and D i  aphanosorna 

brachyururn ( D )  occur r ing  i n  t h e  upper 3 .0  m a t  the 

Middle Arm (MAS) and South A n n  (SAS) s t a t i o n s  

sampled dur ing  two days i n  August 1976 (S) and one 

day i n  December 1975 ( W ) .  
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Figure B-4 - Mean temperature (2 s .e. ) of .populations of Bosmi na 

1 ongi r o s t r i  s (B.) , Ceriodaphni a 1 acus t r i  s (C) , and 

D i  aphanosoma brachyurum (D) a t  t h e  Middle Arm (MAS) 

and South Am (SAS) s t a t i o n s  and. average water 

column temperatures (Ti). a t  t h e  two s t a t i o n s  i n  

August  1976, 



SAS = South Arm Stotion 
MAS = Middle Arm Station 



SAS, the standard errors (or  : a t  l e a s t  one of the single estimates) 

overlap with two standard errors of the water column averages. For 

Bosmina a t  MAS, however, the population average was two standard 

errors be1 ow the average water col umn temperature. 

Discussion 

The lack of a s t r ikingly djscernible pattern to  the vertical  
... . 

migration of the three species i s  not surprisimg (Figures BT and B2). 

Hutchinson (1967 j reported tha t  the, most dramatic vertical  migrations 

for  zooplankton occur i n  deep oligotrophic lakes w i t h  high trans- 

parency. Par Pond, w i t h  an average yearly phytoplankton productivity ' 

of approximately 450 mg C/M2/day, an average Secchi d i s k  transparency 

of 2.5 m, and an average depth of 6.2 m (Ti l ly ,  1975), meets neither 

of these qua1 i f icat ions . 
As was discussed i n  the introduction of t h i s  appendfx, Gehrs 

(1 974) suggested tha t  heated effluents could r e s t r i c t  movement of 

zooplankton in two ways. Our observations, especially fo r  Bosmina, 

tend to  support the hypothesis tha t  vertical  movement can be impeded 

by a temperature range above tha t  acceptable to  the zooplankton. Our 

observations do not support the hypothesis tha t  a large thermal 

gradient over a short  vertical  range will block vertical  movement. 
- -  - - 

In December samples , a1 1 species had approximately equal percentages 

of  t he i r  population occurring within the plume; i .e. the top 3 meters 

(Figure Bl) ,  when a steep thermal gradient of 1 to  2 O C  per meter 

(Table B1) was present. In August, only Bosmina had a s ignif icant ly 

lower percentage of its total  numbers occurring w i t h i n  the eff luent  

plume (Figure B3). Temperatures were near what the thermal to1 er- 



ance data  from Pond C sugges ts  . . is the  upper l e t h a l  limit (36OC) 

f o r  ' Bosmi'na , (See Appendijc Dl. Thus, a1 though a few ' Bosmina were 

found in  t h e  plume, . t& populati'on i n  ' t h i s  two day period i n  August 

genera l ly  avoided it. However, t h e  study was too s h o r t  i n  durat ion 

t o  support  t h i s  observation a s  a general rule. For two of t h e  

t h e e  spec ies  t h e r e  were no s t a t i ' s t i c a l l y  si'gni'fi'cant d i f f e rences  

between ca lcu la ted  population temperature means and water column 

temperature means, The use  of average water column temperatures 

f o r  t h e  determi'nati'on of Cladocera b i r t h .  r a t e  cannot be r e j e c t e d  

by t h i s  s tudy;  Thi3 assumes; however, that a l l  . egg . bearing females 

wander v e r t i c a l l y  throughout t h e  e n t i r e  range of t h e  water column 

and t h a t  t k ' f r a c t i o n  of t h e  spen t  by an individual  i's shown by 

the f r a c t i o n  o f  t h e  populatfon i;n t h a t  stratum. If the animals 

remai'n i n  a s e p a r a t e  s t r a t a ,  .use of  average water  column temperature 

wi : l l  automattcal ly  be i,nappropr'iate because -of  the. non-1 i near  

r e l a t i o n s h i p  hetween temperature and b i r th  r a t e  (Prepas and Riger, 

19781, This assumption was not  tested by this study. 
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SYNCHRONOUS EGG DEVELOPMENT 

Edmondson (1960) noted t h a t  a s t a b l e  egg age d i s t r i b u t i o n  was 

important t o  t h e  accuracy of  h i s  model. A simple measure of t h e  age 

s t r u c t u r e  of a 2ladoceran egg population i s  the  r a t i o  of  females 

bearing eyed ernbroyos t o  females bearing a l l  o t h e r  s t ages  ( r e f e r r e d  

t o  h e r e i n a f t e r  a s  t h e  eyed embryo r a t i o ) .  To check the  assumption 

. . o f  a s t a b l e  egg age d i s t r i b u t i o n  the eyed .embryo r a t i o  was calcu- 

l a t e d  from da ta  on fecundity described i n  the  ma te r i a l s  and methods 

sec t ion .  

Durlng the winter  of  1976 (Figure C - I A )  there was no s i g n i f i c a n t  

pa t t e rn  t o  t h e  eyed embryo r a t i o  over time a t  e i t h e r  s t a t i o n  according 

t o  a runs test .  There was a l s o  almost no c o r r e l a t i o n  (Spearman's 

rank c o r r e l a t i o n  c o e f f i c i e n t  = . lo ,  P > .05) of  t h e  eyed embryo r a t i o  

between t h e  s t a t i o n s .  In c o n t r a s t ,  and what i s  q u i t e  perplexing, 

t h e  summer da ta  (Figure C-1B) showed a s i g n i f i c a n t  increase  i n  t h e  

eyed embryo r a t i o  a t  both s t a t i o n s  between the  periods of  June 1 t o  

Ju ly  10 and Ju ly  10 t o  Augusta 31 (P<.05, Mann-Whitney Tes t ) .  The 

c o r r e l a t i o n  o f  t h e  eyed embryo r a t i o s  between t h e  two s t a t i o n s  was 

a l s o  r e l a t i v e l y  high and s t a t i s t i c a l l y  s i g n i f i c a n t  (rho - +,70, 

Pc.05). 

One specula t ion  is t h a t  the  Q10's f o r  i n s t a r  dura t ion  and 

egg development were d i s s i m i l a r ,  causing t h e  eggs t o  become mature 

and remain in  the  brood pouch f o r  a number of  hours before  hatching. 

This would increase  t h e  l ike l ihood o f  observing the  eyed embryo 

s t age .  Bo t t r e l l  (1 975), however, found no d i f fe rence  i n  ,egg 

development time and i n s t a r  dura t ion  a t  15OC and 20°C i n  e i g h t  



Figure  C-1 - Ratio o f  females  bear ing  eyed-embryos t o  females  

bear ing a1 1 o t h e r  s t a g e s  (eyed-embryo r a t i o ) .  

A. W i  n t e r  , 1976 

B. Summer, 1976 





spec ies  of  Cladocera from the Thames River ,  England. Hal 1 (1964) 

r epo r t ed  t h e  same r e s u l t s  a t  va r ious  tempera tures  and food l e v e l s  
. . .  . .  . . ... . 

for-Daphnia'galeata'meridotae. A s h o r t e r  i n s t a r  du ra t i on  i n  t h e  

s m e r ,  which would dec rease  t h e  l i k e l i h o o d  of observi'ng ,the l a s t  

s t a g e  of  egg development, could exp la in  t h e  lower eyed embryo i n  

June (F igure  C-1B) a s  compared wi th  t h e  w in t e r  va lues  (F igure  C-1A). 

The v a r i a t i o n  i n  t h e  eyed embryo r a t i o  from sampling d a t e  t o  

sampling d a t e ,  t h e r e f o r e  suggested t h a t  t h e  egg age d i s t r i b u t i o n  

was no t  always s t a b l e .  

A non-stable  egg age d i s t r i b u t i o n  has  been prev ious ly  r epo r t ed  

f o r  the c ladoceran ,  Daphnia magna, i n  a shal low pond by Green (1956). 

He specu la t ed  t h a t  his obse rva t ions  could have been caused by syn- 

ch ron iza t ion  o f  egg l a y i n g  o r  by extreme pa t ch ines s  o f  females  

ca r ry ing  s p e c i f i c  egg s t a g e s  t h a t  b iased  h i s  samples. 

The puss-ib-il i t y  o f  cycl -ic eyy product ion,  suggested by Or-een, 

was examined f o r  r o t i f e r s  us ing  a graphica l  model by Rut tner  - 
Kol i s k o  (1975). She concluded t h a t  f l u c t u a t i n g  tempera tures  could 

induce n o t  on ly  a rhythmic egg depos i t i on  i n  i nd iv idua l  animals  

bu t  a l s o  a synchronic  egg l ay ing  of  e n t i r e  popula t ions .  The e x t e n t  

o f  t h e  synchroniza t ion  of t h e  populat ion would depend upon the l i f e  

schedule  and t h e  t ype  o f  thermal o s c i l l a t i o n .  

Gophen (1978) has  r epo r t ed  synchroniza t ion  o f  egg l a y i n g  i n  a 

l i m n e t i c  p l ank ton ic  s p e c i e s ,  t h e  copepod';M~~~ycl;6ps'leBcRarti i n  

-Lake Kenneret, I ' s r ae l .  In two 24-hour sampling programs, (one i n  

March and one i n  June)  he found maximum . egg . and minirmum naupl i  

counts  t o  occur  between 1400 and 2200 hours.  He a t t r i b u t e d  t h e  

synchroni:zation t o  r e g u l a r  p a t t e r n  o f  d iu rna l  migra t ion  which ex- 



posed the adul ts t o  a temperature range o f  25 t o  28OC i n  the 

ep i l imnion dur ing most o f  the day and ea r l y  n ight ,  and a lower 

temperature range i n  the hypolimnion, 20 t o  24OC, dur ing the remainder 

o f  the n ight .  This would r e s u l t  i n  the c y c l i c  thermal h i s t o r y  f o r  

the populat ion requ i red by the Ruttner-Kol isko hypothesis. 

A se t  o f  samples which could be used t o  examine the change i n  

the eyed embryo r a t i o  i n t ens i ve l y  over a shor t  per iod o f  t ime and 

possib le reveal synchronous egg' production was avai 1 abl e i n  the 

v e r t i c a l  migrat ion samples. From these samples (described i n  the 

Appendix B y  Ver t i ca l  ~ i g r a t i o n )  a s i ng le  sample f o r  each sampling 

In tevval  was made by composfting one sample from each p a i r  f o r  each 

depth. - The females i n  these..composi tes  were .tabu1 ated i n t o  the 

categories, f e m l  es w i t h  eggs-embryos, femal es w i t h  eyed embryos, 

females wi thout  eggs. From s t a t i o n  MAS, the f i r s t  two females en- 

countered i n  the sample were tabulated. From s t a t i o n  SAS, the e n t i r e  

sample was tabulated because o f  the small number o f  animals i n  each 

sample, Each samples, however, d i d  contain a t  l e a s t  100 anlmals. 

From these counts the eyed embryo r a t i o  and the percentage of grav id  

females was determined f o r  each four  hour period. 

The r e s u l t s  from the 48 hour sampling periods dur ing August are 

shown i n  Table C1. A t  both s ta t ions  there was an apparent increase i n  

the r a t i o s  between the hours o f  5 AM and 9 AM on both days. Table C1 

a lso shows the changes i n  percentage gravid over the same in te rva ls .  

A t  s t a t i on  MAS the lowest percent grav id  was observed a t  8AM(on both 

days when the eyed embryo r a t i o s  were highest) .  A t  station.SAS, the 

lowest percent, grav id  occurred a t  SAS on both days, but  the value 

a t  SAS on t he  f i ' r s t  day t ie.d t he  value observed a t  8 PM on t h a t  day. 



Table C-1 . Eyed embryo ratio (ratio)  and percentage of gravid females 

(% gravid) in diurnal samples taken a t  Stations MAS and SAS in 

August 1976. 

MAS 
8/5 ' - ' 8/7' 

SAS 
'8/9'-'8111 

Time Ratio % ~ r a v i d  .Time Ra t i  o % Gravid 

f 1645 hour samples for station SAS were l o s t  during original 

migration study. 



The l a c k  o f  r e p l i c a t i o n  o f  samples i n  the 48 hour sampling per iods  

i n  August a t  SAS.and MAS a n d . t h e  small  number o f  i n d i v i d u a l s  observed 

a t  SAS (< 200 per  sample) makes a s t a t emen t  of  s t a t i s t i c a l  confidence 

impossible .  Never the less ,  the h i g h e s t  r a t i o s  were observed between 

4:00 and 9:00 AM a t  both s t a t i o n s  on ba th  days (Tab.1e C1). A t  MAS, 

t h e  lowest  percentage  g rav id  was a l s o  observed t h e  same time on both 

days (8-9 AM), a l s o  du r ing  the ber iod  o f  h i g h e s t  r a t i o s ,  while the 

per iod  from 4:00 t o  .6:00 AM had the lowest  percentage grav id  on both 

. days ( a l s o  durlng. t h e  per iod  o f  h i g h e s t  . r a t i o s ) .  However, two o t h e r  

times dur ing  the two day per iod  had t h e  same percentage grav id  va lues .  

The percentage grav id  va lues  were more s e n s i t i v e  t o  c6unt ing  e r r o r s  

a t  SASthan  a t  MAS because o f  t h e  sma l l e r  sampling s i z e s  ( s ee  

Ma te r i a l s  and Methods). The ev idence ,  .weak a s  i t  is,  sugges t s  t h a t  

synchronous egg product ion was occu r r ing  a t  both s t a t i o n s .  





FIELD DETERMINATION OF UPPER THERMAL TOLERANCE 

Introduction 

. B u n t i n g  (1974) has reviewed most of the 1 i terature on temperature 

effects on Cladoceran l i f e  cycles t h a t  has irrunediate relevance t o  

power plant operation. Goss and B u n t i n g  (1976) l i s t  a l l  the studies 

of thermal tolerance on zooplankton . Brown and Crozier (1 927-28) 

found that Daplri'l-ic! polex wou1.d grow. and reproduce a t  30°.C b u t  died a t  

32'C and Moina macropa would l ive and reproduce a t  3g°C b u t  died a t  

40°C. Graphs were presented which allow the prediction of the percent 

mortality nf these two species based on ti111e o f  exposure t o  various 

temperatures. Brown (1929) reared 19 identifiable species of 

Cladocerans a t  room temperature and subjected them to instantaneous 

imersion for one minute a t  h i g h  temperatures i n  an effor t  to deter- 

mine upper tolerance 1 imits. The following text table shows the 

results o f  these experiments. 

Species 

Daphnia 1 ongispina 

Daphnia m y n a  

~ a ' ~ h n i , a  .pulex 
. . . . . . . . . . . . . . . . 

CatonopSis 'occidental i s  

Macrothrix ' rosea - 
Moina'macrocopa 

Moina ' tec t i ros t~is  
. . 

Psuedosida ' bidentata 

Scaphol ebris mucronata 

Lethal 'Temperature 
("C)  

4 2 

41 

44 

46 



Species Lethal ' ~ e m ~ e r a t u r e  
("C) 

Sida crystal  1 ina - 
Simnocephal i s  exspinosus 4 3 

Simnocephalis'vetulus 4 3 

Ceriodaphnia latidaudata 43 

Goss and Bunting (1976) report on a variety of  thermal tolerance 

t e s t s  .on ~aphnia  magna and ;,Daphnia ' pulex. The two species were able 

t o  withstand instantaneous' changes i n  temperature of 20" to  25OC b u t  

time-to-mortal i t y  a t  35OC was 1/2 hour fo r  D. magna. Based on the i r  - 
en t i r e  s e t  of experiments they speculated - that  both species would be 

eliminated from natural waters a t  temperatures greater than 30°C. 

Methods - and Materi a1 s 
. . 

When the P reactor is  not operating fo r  approximately one week, 

1 al'l species of 1 imnetic Cladocera found in Par Pond are  transported 

through. the reactor and the canal system into Pond C.  When the 

reactor comes back into operation, hot water enters as a sheet across 

the surface of the pond. The eff luent  water heats the en t i re  water 

column of Pond C from above, sometimes i n  3 to  4 days. The hot water 

eventually enters Par Pond, forming a surface plume (Lewis, 1974). 

The arm of Par Pond receiving the thermal eff luent  may take one week 

to reach maximum temperature. Cool i ng canal temperatures are moni - 
tored from a road approximately 4 km upstream f r ~ m  Pond C.  This 

distance allows sampling in Pond C to  begin as soon as the reactor 

i s  operating, but ,before hyperthermal eff luent  reaches the Pond C 

sampling s tat jon.  Because i t  i s  separated from the body of Par Pond 

by a dam and culvert-  i t  serves as a large water bath anal agous to  the 



standard laboratory beaker. The thermally affected middle arm of Par 

Pond simulates more closely the thermal s i tuat ion created by a power 

generating plant, which can allow us to  t e s t  the values of our 

c r i t i ca l  thermal maxima data fo r  the prediction of consequences of 

thermal waste water additions. Samples from the ambient portion of the 

reservoir t h u s  can serve as a 'control '  for  our observations. They 

can insure tha t  species did not.undergo changes in population levels 

or did not ddsappear as a. resul t  of naturally occurri'ng biological 

events d u r i n g  the course of studies. 

On March 15-18, 1976, Cladocera were sampled i n  the cooling canctl 

w i t h  a #lo, 13-cm-diameter plankton net allowed to  d r i f t  out w i t h  the 

current. On each of these four sampling.days, four vertical tows were 

taken a t  the Pond C s ta t ion  (depth, 7 m )  with a 1/2-m-diameter, #1O net. 

Duri,ng July 27-29, 1976, samples were made every 12 hours (beginning 

a t  noon on the 27th) using a 13-cm-diameter, #10 net t o  take a ser ies  

of vertical tows from depths of 1 t o  7 m a t  1-meter intervals.  This 

procedure allowed the observation of the vertical depth d i r t r ibut j sn  

of Cladocera in the water column. This sampling method was continued 

duri,ng September 20-28, b u t  only once a day, around noon. 

.During the en t i r e  soursc nf t k i s  study vei.Lica9 tows were taker, 

a t  l e a s t  weekly i n  the ambient portion of Par Pond (Station CAS, Fig. 1 ) .  

Concurrent t o  the March 1976 sampl ing of Pond C ,  four vertical tows 

were taken a t  a s tat ion i n  .the middle arm of Par Pond (Station MAS), 

the arm which d i rec t ly  receives thermal eff luent ,  and a t  CAS. Samples 

were taken w i t h  a 112-m-diameter,' #10 net on three dates: March 15, 

21, and 28. By March 28, temperatures a t  the middle a m  stat ion had 

stabilized. 



Entire samples from P0nd.C in July and September 1976 were counted. 

The samples taken from Par Pond and Pond C i n  March 1976 were sub- 

sampled using a 2-1711 Hensen-Stempel pipette. One subsample was counted 

from each sample. Re1 at ive abundance of cladoceran. species in a. sample 

was determined by frequency counting each species i n  the f i r s t  200 

Cladocera encountered in subsamples. All counts represent non-para- 

.metric estimates of abundance. Temperature measurements were made w i t h  

a thermister probe. 

Results 

March 15 - 28 

All limnetic cladoceran species present a t  Station CAS were found 

i n  the cooling canal on March 15, 1976, when the reactor was not opera- 

ting. By March 17 ,  canal' temperatures had risen 60C; arid based on a 

subjective examination of a net. haul taken across .the canal, ' the number 

of animals al ive seemed reduced-. . On March 18., the canal temperature 

had risen 23OC ( t o  44OC) a t  the monitoring s ta t ion ,  and .no l iving 

plankton were found. 

In Pond C samples taken on March 15, a l l  .the Station CAS species 

were present i n  similar relat ive abundances (Table D-1). By March 18, 

the upper two meters had been heated 6.5OC (Figure .D-1) . A trend of 

decrease i n  abundance .of Bosmina 1 ongi r0stri .s  and Ceriodaphnia 

lacustr is  began' on th is  date so tha t  by March. 21 both species were 

rare i n  the tows (Figure D-2). In contrast, Chydrous sphaericus 

standing stocks ' appeared to  increase duri.ng the .sampl i ng period , an 

observation f o r  which there i s  no explanation.. The increase in total  

cladocerans from .the 15th to the 17th can be at t r ibuted ..to inmigration 



figure Dm1 - Vei;L'icdl twliperature profiles o f  rtie Pond C Sta t ion  

taken a t  1500 EST from March 17 t o  March 21 , 1976. 
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Figure 0-2 - Numbers of individuals of Bosmi na 1 onqi rostri s , 

Ceriodaphnia 1 acus.trls , Chydorus .sphaerl  eus and 

total Cladocera in a 2 ml subsample from each 

of four plankton tows taken on March 15, and . 

daily from March 1 7  to March .21, 1976, at  Pond C 

Station. 



March 



Table D-1 . Range of percentage r e l a t i v e  abundance of Cladocera 

species  i n  four  r e p l i c a t e  plankton tows taken a t  S t a t i o n  CAS i n  Par 

Pond and S t a t i o n  Pond C on March 15, 1976. 

Species 
Range of Percent a t  Range of Percent a t  

S ta t ion  CD Pond C S ta t ion  

Bosmi na 1 ongi ros tri s 

Ceriodaphnia l a c u s t r i s  67.5 - 46.5 68.5 - 52 

Other (Chydorus 
Diaphanosoma - . .  

Da hnia arvula ,  
h n h e  n , 
Holopedium amazonicum) 



I tows taken a t  Sta t ion Pond C a t  noon on July  28, midnight July 28, and 

noon July 29, 1976. 

Depth Temp. . Bosmina Ceriodaphnia Diaphanosoma .- Moina 
m O C  1 ongi r o s t r i s  l a c u s t r i s  brachyurum micrura 

Noon, July  28 

-Midnight, July  28 

Noon, July  29 



through t h e  cool i ng canal  s y s  tern from Par  Pond. 

The s p e c i e s  r a r e  on March 1 5  (des igna ted  "o the r "  on Table  D-1 ) were 

s t i l l  r a r e  ( l e s s  than 10% o f  t h e  t o t a l  Cladocera) on March 21, The 

temperature  of the e n t i , r e  8 m water  column was above 35°C by t h i s  d a t e .  

All depths  had undergone a change i n  temperature  o f  a t  l e a s t  7.8"C 

ove r  a 24-hour per iod ,  and a11 b u t  the 4 m and 5 m i s o b a t h s  had under- 

gone . .. a temperature  change o f  a t  1 ,eas t  9.3OC i n  24 hours (F igu re  D-1 ) . 
. . 

Temperatures i n  t h e  middle a r m , . S t a t i o n  MAS, o f  Par  Pond d i d  n o t  

reach  a maximum u n t i l  March 28 (F igure  0-3).  By t h i s  d a t e  a t  S t a t i o n  

MAS observed changes were a s i g n i f i c a n t .  d rop ,  i n  s t and ing  c rop  o f  
. . 

Bosmina and Cerlsdaphnia  and a s i g n i f i c a n t  i n c r e a s e  o f .  Daphnia (F igure  .. -- 

D-4, Mann Whi tney  U Tes t ;  . p t O  .O5, Si  egel  , 1956) .  A1 s o  du r ing  t h i s  

per iod  , s t a n d i  ng c rops  o f  Chydorus , Diaphanosoma , and Hol opedi um d i d  

n o t  change r e l a t i v e  to March 15'. S t a t i o n  CAS remained a t  t h e  same 

l e v e l  of s t and ing  c rop  th.roughout t h e  sampl ing  pe r iod .  Only Cer'iodaphnia 

decreased  i n  abundance. 

J u l y  26 ' -  29 

On J u l y  26, t h e  wa te r  t empera ture  was almost  uniformly 3Z°C t o  the 

bottom of Pond C (F igu re  D-5). On J u l y  26 and 27, tows taken  i n  t h e  

upper 5 m o f  ou r  Pond C s t a t i o n  conta ined  approximately 70% Rnsmina 

1 ongi r o s t r i  s , 16% Ceriodaphnia 1 a c u s t r i s  , 12% Diaphanosoma brachyurum, 

and 2% Moina micrura .  Water t empera tures  on J u l y  27 ranged from 35.5 t o  

32°C between t h e  s u r f a c e  and t h e  8 m i s o b a t h s .  By noon o n  J u l y  28 

(Table  D-2), Bosmina was s t i l l  the most abundant (approximately 40% o f  

t h e  t o t a l  Cladocera cap tu red ) .  Ceriodaphnia and .  Moina s t i l l  had s i m i l a r  

- s t a n d i n g  s t o c k s  a t  a l l  dep ths  sampled below 4 m. A t  noon, J u l y  29, 

Bosmina, Diaphanosoma, and now Ceriodaphnia .were a l l  reduced i n  number 



Figure D-3 - Temperature p r o f i l e s  a t  S t a t i o n  CAS (do t t ed  1 i n e )  

and S t a t i o n  MAS ( s o l i d  l i n e )  i n  Par  Pond on March 15 ,  

21 , and 28,  1976. 
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Figure  D-4 - The number of  the t h r e e  dominant s p e c i e s  i n  a 1 m l  

subsample from each of  f o u r  samples taken  a t  

S t a t i o n  CAS and S t a t i o n  MAS on March 1 5 ,  21, and 28, 



a MAS 
o CAS 



Figure D-5 - Temperature p ro f i l e s  a t  Pond C S ta t ion  from July  26 

t o  Ju ly  29, 1976. 
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I and. were r a r e  throughout the water column. Only. Moina continued t o  - 
maintain a constant, b u t  low, standing stock. Except i n  one instance, 

when a l l  b u t  the  l a s t  meter o f  the water column was c lose t o  o r  above 

38°C (noon, Ju ly  29), Bosmina and Diaphanosoma were never found i .n t h a t  

p a r t  o f  the water column. These Cl'adocera were found i n  greatest  abun- 

dance i n  t h a t  p a r t  o f  the water column below 3 4 " ~ .  I n  contrast ,  Moina 
. . 

and Ceriodaphnia were found i n  hi:gher temperatures (greater  than 38OC 

b u t  1 ess than 41 O C )  . Ceriodaphni a was i n  greatest  abundance be1 ow the 

37'C Isotherm, b u t  Molna was always rare.  

A l l  species w i t h  the  exception o f  Moina micrura, were present a t  

s ta t ions  CAS and MAS dur ing the e n t i r e  month o f  Ju ly  -and o f  August. 

September 20 - 27 

Pond C temperatures dur ing t he  September observation per iod rose 

s lowly  and d i d  n o t  exceed 37°C even' a t  the  surface (Figure D-6). . Although 

there  appeared t o  be la rge  f l u c tua t i ons  i n  standing 'crops a t  our s t a t l o n  

on Pond C dur ing the  sampli,ng period., the abundances o f  Ceriodaphnia 

1 acus tri s , D i  aphanosoma brachyurum, and ~ o i n a  m i  c rura  i n  our tows on - 
September 27 were no t  d i f f e r e n t  from those i n  tows taken on September 

20 (Figure D-7). The l a r g e  increase i n  Moina standing stocks on the 21st 

and 22nd are  q u i t e  puzzl ing. Swarming o f  Moina a f f i n i s  has been reported 

by R a t z l a f f  (1974), b u t  we have no data t o  support o r  r e j e c t  t h i s  

p o s s i b i l i t y .  Bosmina was n o t  found i n  our tows on September 26 and 27. 

On September 28, we took fou r  7 m v e r t i c a l  tows w i t h  a .1 /2  m diameter, 

#10 n e t  and confirmed the absence o f  Bosmina. Bosmina disappeared from 

the upper 2 m o f  the water column by September 24 and from the e n t i r e  

water column by September 26 (Figure D-6). The upper 2 m had heated t o  

more than 35OC on September 24; the e n t i r e  water column exceeded t h a t  
J 
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Figure D-6 - Temperature profiles at the Pond C Station from

September 20 to 27, 1976.
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Figure D-7 - Number of each cladoceran species counted from 

.vertical tows taken a t  Pond C Station from September 20 

to 28, 1976. ( P  = present; A = absent in tows which 

were not quantified. ) 
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temperature by September 26. 

Discussion 

There are three gensral thermal situations created by power plants 

utilizing cooling lakes: the temperatures in the heat exchangers, the 

temperatures i n  the cooling canals, and the temperatures i n  the lake 

i tself .  The experiments intended t o  measure thermal tolerance can be 

applied to the la t te r  two situations. The data discussed i n  the 

introduction text table apply to the former situation where residence 

time i s  very short. 

Cool i ng Canal s 

All species we observed can withstand temperatures up to.36OC for 

a t  least 24 hours. We would, therefore, expect these species t o  be 

able t o  'tolerate the thermal stress of passage through..a cooling canal 

be1 ow this temperature. 

Cool i ng ~a kes 

Heated effluents may affect the water-column temperatures of 

cooling lakes t o  different extents. The water of a mixing zone or the 

l i t toral  areas of the lakes wil.1 be heated completely by the effluent, 

while the deeper, non-mixing areas (> 4 m )  may be. heated .only i n  part. 

In the la t ter  case, the effluent i.s called a surface plume. Our data. 

from Pond C .can be used t o  predict the consequences. of heated effluent 

on the species composition of the 1 ittoral zones or mixing areas, b u t  

are probably not useful-for predicting the consequences of surface 

pl umes . 



O f  t h e  s p e c i e s  we observed more than once; ' Bosmi na-' 7 o n q i r o s t r i  s 

appears  t o  have t h e  lowest  thermal t o l e r ance .  Each time (March, Ju ly ,  

and. September) t h i s  s p e c i e s  became r a r e  o r  disappeared when t h e  water  

column became heated t o  more than 36OC. ~n J u l y  (Table 02)  a s  t h e  

temperature  a t  a p a r t i c u l a r  dep th  i n  the.  water  column went above 36OC, 

i t  became r a r e  ( < 8 i n d i v i d u a l s  per  tow). In September, when t h e  upper 

two meters of  t h e  water  column was a t  36°C;'Bosmina was absen t  from t h e  

tows taken from two meters t o  t h e  su r f ace .  I't d i d  n o t  d i s appea r  from 

t h e  e n t i r e  water  column u n t i i  two days l a t e r  when t h e  bottom waters  had 

reached 36OC (Figures  D6 and ~ 7 ) ' :  In March (F igure  D4), J u l y  (F igure  

68, Resu l t s ,  ,pg. 71 ) and September (unpublished d a t a  from the Savannah 

River Laboratory r o u t i n e  surveys)  it was p r e s e n t  a t  S t a t i o n s  CAS and 

MAS and d id  n o t  undergo d iamat ic  ( > 50%) changes i n  populat ion l e v e l s  

dur ing  t h e  per iod  o f  t h e s e  obse rva t ions  i n  Pond 'C. Resu l t s  from 

. March (F igure  02) sugges t  t h a t  Ce r iodaphn ia  l a c u s t i i s  i s  as s e n s i t i v e  

t o  tempera ture  n e a r  o r  above 36OC as'Bosmina, bu t  t h e  r e s u l t s  from 

J u l y  (Table D2) and September (Fi.gure D7) show. t h a t  i t  can t o l e r a t e  

temperatures  g r e a t e r  than  36OC a t  l e a s t  f o r  a few days.  Diaphanosoma 

brachyurum was on ly  p r e s e n t  dur ing  two of  the t h r e e  sampling pe r iods  

and a l s o  appears  t o  t o l e r a t e  temperatures  g r e a t e r  than  36OC. J u l y  

r e s u l t s  sugges t  . . t h a t  both s p e c i e s  cannot  wi ths tand  temperatures ,  g r e a t e r  

than 40°C. However, a l a c k  of con t ro l  obse rva t ions  from Pa r  Pond f o r  

Diaphanosoma .and on ly  March 'Par Pond obse rva t ions  f o r  'Ceriodaphriia 

makes these conc lus ions  very  t e n t a t i v e .  

Moina m i  c r u r a  , however, is ab1 e t o  survi ,ve exposu;re . t o  tempera tures  

up t o  40°C f o r  a t  l e a s t  .24 hours (July] .  ' 'Chydrous 'sphael"icus can to1 er- 

a t e  tempera tures  g r e a t e r  than 3 6 O C  f o r  s eve ra l  days (March).' J u l y  
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observations suggest t h a t  a l l  species are able t o  maintain a pos i t i on  

i n  the  water column below 1 e tha l  temperatures, bu t  concl us i  ve evidence 

demands t h a t  we observe them reappearing higher i n  the water column as 

i t  cools, a s i t u a t i o n  which i s  impossible due t o  the way the reactor  

operations proceed. 

An a1 t e rna t i ve  hypothesis t o  these conclusions i s  t h a t  the 

cladocerans simply f low through !he drainpipe from Pond C i n t o  Par Pond. 

(See Figure 2 ,  Mater ia ls  and Methods). The sampling s ta t i on  i n  Pond C 

i s  approximately 60 m from the  o u t l e t  pipe which l i e s  i n  the bottom o f  

the pond i n  9 m o f  water. This p ipe de l i ve rs  681.4 cubic meters o f  

water per minute t o  Par Pond. I f  we approximate the cross-sectional 

area o f  Pond C a t  our sampling s t a t i o n  as the distance across the pond 

perpendicular t o  the  dam (282 m) t imes the mean depth o f  the Pond ( 3  m) 

and assume uniform flow, the estimated ve loc i t y  a t  t h i s  sampling s t a t i o n  

would be 15 .mrn/sec. This i s  we l l  below 30 m/sec., the v e l o c i t y  a t  

which zoo.pl.ankton are moved as though t hey  .were i n e r t  suspended . pa r t i c l es  

(Einsel e, 1960; as c i t e d  by Whi tehot~se, 1971 ) . The t~urnnver r a t e  of 

Pond C i s  conservat ively estimated t o  be on 'the order o f  three days. 

I f  the  disappearance o f  cladocerans were due t o  t h i s  f a c t o r  alone, 

assumfng now t h a t  the cl adocerans are no t  able t o  maintain t h e i r  posi- 

t i o n  i n  the water column, we would expect t o  see a uniform removal o f  

t o t a l  numbers and species. Only the t o t a l  Cladocera f o r  the September 

1976 sampling per iod has the appearance o f  a simple dispersion event; 

but, even i n  t h i s  period, on ly  Bosmina disappeared completely. I f  

Bosmina were the on ly  species unable t o  maintain i t s  pos i t i on  i n  the 

water column, we would expect i t  t o  disappear a t  the same r a t e  i n  each 

sampl i n g  period. However, i n  March i t  was present fou r  days a f t e r  the . 



hot water began to enter Pond C ;  in ~ u l y ,  i t  disappeared completely in 

four days; and i-n September, i t  took s ix  days to  disappear. Each point 

of disappearance coincided with the water column being heated to  above 
. .. 

36OC. We, therefore, be1 ieve this a1 ternative hypothesis shou1.d be 

rejected. 

Vigerstad and Til ly  (1977) had concl uded from a comparison of 

1 i t t o r a l .  zone populations i n  the :middle a h  with data from an ambient 

s ta t ion i n  the summer of 1974 tha t  Bosmina standing crops were ( a t  l e a s t  

indirect ly)  reduced by hyperthermal temperatures, w h i  1 e Ceri odaphni a 

and Diaphanosoma crops were favored by the higher eff luent  temperatures. 

The average maximum temperature of the l i t t o r a l  zone area i n  the middle 

arm was 3'7.g°C. a t  t ha t  time, the average minimum, 30 .g°C. The Pond C 

resu l t s  support the hypothesis tha t  the reduced standing crops of 

Bosmina are  d i rec t ly  a r e s u l t  o f  the hyperthermal temperatures. The 

resu l t s  for  comparison of Ceriodaphnia and Diaphanosoma standing crops 

between s tat ions differ ing i n  water temperature suggest . that  the temp- 

eratures in the 1 i t to ra l  zone are  probably be1 ow physiological l y  s t ress -  

ful levels for  those species, a r e su l t  which is also supported by our 

Pond .C observations. 

Our samples from the middle arm s ta t ion  in March (Figure D4) demon- 

s t r a t e  the d i f f icu l ty  of using thermal tolerance data along to predict  

the short-term consequences of .surface plume additions i n  the limnetic 

zone. For exampl e ,  the Pond C resul ts from March suggest t ha t  1 i t t l  e or  

no .effect  from the surface plume additions to  Par .Pond shoul'd be observ- 
. - 

able 'because a1 1 species i n  Pond C were able to  withstand temperature 

increases of 7OC per 24 hours and to lera te  temperatures up to  36OC for  

several days, and Par Pond thermal conditions were 1 ess extreme. On 



the other hand, results from Pond C might be used as a relative index 

of susceptibility (reasoning from the observation that both 'species 

decreased i n  abundance with increasing temperature in Pond C (Figure D2) ) . 
We might  predict that Bosmina and Ceriodaphnia would both be affected 

to  some extent by the heated waters, b u t  that reduction in numbers 

should be observed for the other species. This la t te r  p.air of pre- 

dictions seems t o  describe more closely the series of events for the 

different species. The different species may actually be more sensi- 

tive t o  changes in reactor operations than the observed values for our 

Pond C results indicate. Based upon our CAS samples, however, we 

would have expected a decline in Ceriodaphnia by March 28 even without 

the addition of hyperthermal effl  uents . 
Certainly, our Pond C data are not useful to predict long-term 

consequences of existing thermal conditions a t  the central middle arm 

station (Station MAS) during reactor operations: Temperatures within 

the surface plume are well below observed tolerance 1 imits. Below the 

3-m isobath,  water. temperatures a t  Stations CAS and MAS are identical. 

~l adocera coul d sel ect normal 1 ake temperatures by mi gration . 





T. J .  Vigerstad and D. L. Kiser 

In t roduc t ion  and summary - 
C i r c u l a t o r y  p a t t e r n s  i n  a .cooling r e s e r v o i r  i n  the v i c i n i t y  0 f . a  

h o t  water  d i s cha rge  can i n f l u e n c e  t h e  tempera tures  experienced by b i o t a  

i n  the r e s e r v o i r .  Sampling of  Cladocera and subsequent  dye s t u d i e s  i n  

the Hot Arm of  Par  Pond (a cool ing  r e s e r v o i r  f o r  nuc l ea r  r e a c t o r  wa te r  

on t h e  Savannah River  P l a n t )  i n d i c a t e  t h a t  r e a c t o r  e f f l u e n t s  can be 

expected t o  t r a n s p o r t  b i o t a  f r o m t h e  l imne t i c .  por t ion .  o f  the l a k e  i n  

the v i c i n i t y  o f  t h e  e f f l u e n t  d i s cha rge  t o  a r e a s  f u r t h e r  down the 

effl uent-receiving-arm o r  t o  the 1 i t t o r a l  zone. This  t r a n s p o r t  can 

confound sampling programs and complicate  a t t empt s  t o  d e s c r i b e  the 

thermal h i  s t o r y  o f  organisms . 

Plankton sampl i n g  

In' the surrnner o f  1975, plankton samples were taken  by 12 

v e r t i c a l  tows a t  a l o c a l i t y  i n  the l i t t o r a l  zone of Par  Pond ( S t a t i o n  

MAS1,Figure E l  ). The tows were made w i t h  a 13-cm d iameter ,  No. 10 

plankton net.. Each sample was counted i n  i ts  entirety f o r  Aosmina 

1 o n g i . r o s t r i s  . During t h e  sampl i ng pe r iod ,  the nuc l ea r  r e a c t o r  d i  s- 

charg ing  h e a t  wa te r  t o  t h e '  coo l ing  r e s e r v o i r  s topped and r e s t a r t e d  

o p e r a t i o n s  twice. The p l o t  o f  s t and ing  s tock  o f  'Bosmina (F igure  E2) 

 h his r e p o r t  appeared i n  Savannah River Labora to ry  Environmental Trans- 
p o r t  and E f f e c t s  Research; 'Annual 'Report  - '1927 ,  Savannah River  Labora- - 

::Rory, A i  ken, SC, pgs. 93-96. However, due t o  a p r i n t i n g  - e r r o r  Figures  
B1 and B2 were omi t ted .  Because this r e p o r t  i s  important  t o  under- 
s t and ing  this thesi's and t o  understandi 'ng r e p o r t s  from Par  Pond r e sea rch  
it i s  r e p r i n t e d  fn  t h i s  appendi'x.. 



Figure E-1 - Map of Par Pond system showing sampling location. 

. . 





Figure E-2 - Mean' and standard devi ati on of standimg stock. 

estimates of Bosmi na 1 ongi rostri s i n the summer of 

1975, Station MAS-1 . Arrows indicate up (starting) 

and down (stopping) of P Reactor. 
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suggested the stock was influenced i n  some way by the operation of 

the reactor. 

To determine i f  Station MAS-1 could become exhausted of i t s  

population of Bosmina by sampl ing, 300 consecutive tows were made on 

August 19, 1975. The 300th consecutive tow contained as many Bosmina 

as i n  each of the f i r s t  two tows. 

To examine the possi bi,l i t y  : of h o r i z h t a l  displacement of Bosmina 

a t  Station MAS-1, two 0.5-m diameter, #10 plankton nets were placed 

w i t h  their apenfiigs facing the dam in 0.5 and 1.25. m of water for  

three 1/2'-hour periods on August 30, 1975. The surface flow was 

14 ftlmin as measured w i t h  a current meter a t  the s ta t ion.  The nets 

placed horizontally captured as many animals i n  1/2 hour as were cap- 

tured when taking 12 vertical  tows w i t h  the 13-cm net on tha t  date. 

. . The data suggests tha t  Station. MAS-1. i s  receiving .a large input of 

Bosmina- from "ups.tream. " 

Dye study 

Circulatory patterns in t h e  Hot Arm were examined there times in 

June 1977 by releasing Rhodamine WT dye as an instantaneous injection 

into the Hot A r m  via the "Bubble-up" (the s t ructure through which the 

eff luent  enters Par Pond from Pond C ,  Figure E l  ). Water samples were 

taken a t  different  s ta t ions to  determine longitudinal, l a t e r a l ,  and 

depth patterns. Aerial photographs were made of the l a s t  release, 

All three runs revealed the dye f i r s t  s p l i t s  into two major 

plumes, each near the two shores and longitudinal w i t h  the reservoir. 

These pl umes then converge into one be1 ow Beyers Bay Inlet  (Figures 

El and E3). A " tear  drop" ef fec t  of the water i s  created by a 
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Figure E-3 - Dye flow pattern in the hyperthermal effluent

receiving arm of Par Pond.



a. In i t i a l  Spread . 
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b. Beginning o f  Lateral Spread 



c. Developed "Tear-Drop" Pattern 
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d.  Infr.ared Imagery of "Tear-Drop" Pattern 



minimum o f  dye i n  t h e  c e n t e r  of  the Hot Arm between t h e  Bubble-up 

and Beyers Bay I n l e t .  This t e a r  drop had been seen on i n f r a r e d ?  

photographs (photographs which can d e t e c t  sma.11 d i f f e r e n c e s  i n  temp- 

e r a t u r e  w i th in  an a r e a )  made a t  t h e  Hot A r m  i n  1976. Depth sampling 

on the f i rs t  and t h i r d  runs revea led  t h a t  the dye was confined t o  

less than two meters of  t h e  sur face .  These obse rva t ions  i n d i c a t e  t h a t  

t h e  dye t r a n s p o r t  could be modeled by .a two-dimension (p l ana r )  model. 

Discussion 

Our sampling exper ience  wi th  Bosmina l o n g i r o s t r i s .  i n  t h e  l i t t o r a l '  

zone and t h e  subsequent  dye s t u d i e s  i n d i c a t e  t h a t  r e a c t o r  operat i .ons 

do produce compl i c a t e d  flow p a t t e r n s  i n  Par  Pond. A Bosmina i n  the 

upper 2 m o f  t h e  water  column near  t h e  d i s cha rge ,  i f  i t  a c t s  s i m i l a r  

t o  a dye p a r t i c l e ,  may be t r a n s p o r t e d  from t h e  l i m n e t i c  zone' i n t o  

t h e  l i t t o r a l  zone and then  o u t  aga in  i n t o  t h e , l i m n e t i c  zone. Hence, 

t h e  thermal h i s t o r y  of  the popula t ion  f u r t h e r  down t h e  Hot Arm than 

Beyers Bay I n l e t  may be unknowable, and sampling f o r  s t and ing  c rop  

i n  the l i t t o r a l  zone nea r  the d i scha rge  is confounded. 




