
PART II I : CONSUMPTI ON BY ZOOPLANKTON AND BENTHOS

33 . In s t u d i e s o f the f low o f any s ub s tan c e throu gh a n e cosys tem,

b e it e nergy , biomass, or nutrients, it is c r i t ica l t o know t he

trans f er pathwa y s f r om on e e co s ystem comp o nen t t o a nother . Th is trans ­

fe r occ u r s i n a n i mal communi t ies through a s e ries o f preda t or-prey i n ­

t era ct i on s wh ich we c a l l c ons ump t i o n . Fo c e xample, a simple food c hain

i n whi ch phytoplankton i s cons ume d by z oop l a n k to n wh i ch i n tucn is e a t en

by f i sh is one p athway. Model ing such a s impl e f l ow o f mate r i al would

be re la t i v e ly eas y , b u t , unfo r tunately, i t woul d probably ha v e l ittl e

relati on t o t he r eal wo r ld . The a q uat i c c ommuni t i e s o f t emp e r a t e la ke s

and rese rvoi r s are highly comp l e x , and trophi c r e lat i ons c a n bes t be

descr i bed as i n terac t ing f ood webs . Hodeling o f a ll the s e f e e d ing rela­

tionships i s beyond the pres ent s t a t e o f the a rt. As a res u lt , mo s t

mode l e rs a t temp t to p o r t r a y o n l y t he ma j or e nergy fl ow pa t hways o f whi ch

we ha v e s ome knowledge . Ot her f e ed ing r e lat i ons are r e c o g n i z e d b u t

p res e ntly canno t b e adequa t e ly q u a ntif i ed . I n this section of the

r eport we r ev i e w what is c u r ren t l y kn own about the f e e d ing r e l atio n s o f

z ooplankton a nd bentho s a n d a t temp t t o pla c e thi s informat i on i n a

model ing p e r spe ctive.

34 . I n c o n du c t i ng t his rev i ew, we stressed the q ua nti ta t i v e

aspec t s o f feedi ng . Fo o d hab its, a lthough o fte n i n terest i ng, have

genera lly bee n i g no r ed because t hey t e l l notb i n g o f the ra te and con trol

o f co ns ump tion . We have also s t ressed tho s e a r eas mo s t amenable t o

modeling and h ave r elated our a n a l y ses t o prev i ous model ing e ffo r ts . In

add it i on, we have r e v i ewed s e v e r a l subj e c ts of c u r r e n t t opi ca l int e r est

to modele r s , i n c l udi ng the r o l e o f o rganic detri t us a s a f ood s up p l y ,

zooplankto n graz ing o n blue-gre en a lgae. and the compa r abi l i ty o f f i el d

and l abora t ory d a t a.

35 . Hore inf ormat i on is ava i l a ble on the dynami c s o f zoop l a n k ton

fee ding than i s ava i l a b l e for bentho s. Th e rather f u n c t ion a l l y h omo­

g e n e o us natu r e o f z oop lan kton , the r e lat ive ea s e in c u l t u ring a n d

experimenti ng wi t h z oop lan k ton a s compa r e d t o ben t hos, a n d i t s i mpo r tan ce

i n p hy top l a n k ton dynami c s bave l ed t o a bette r d o cumented l ite r ature.
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Ben th i c communities of r e s ervo i r s are n o t as homogeneous a uni t a s zoo­

plankton, t axonomi cally o r f un ctionally , and the y a re o f ten d i fficult to

c ulture i~ the lab o r study i n the field .

Sec t ion A: Zooplan kton Gr az ing

36. The zoopl a nkton commun i ty o f f res hwa te r lakes and reservoirs

con s i s t s of widely divergent taxon omic g rou ps o f orga nisms. Cr u s t a c e a n s

o f the subclass Copepoda a nd orde r Clad ocera mak e up t he bulk of t he

community b i oma s s in most l a ke s . Rot i f e rs a r e a lso a n i mportant pa rt o f

t he zooplan k to n communi ty in many lakes .

3 7. The ma thema tica l f ormula t i on o f zoop lan kton feeding is a

critical e l e ment in t he e q uat ion describing z ooplankton popul at i on

dyn a mics . Mos t of t h e produc t s o f p rimary product i on p a s s th r o u gh

zooplan kton i n the aqua t i c ecosys t e m model a s a d irec t r esul t of g raz ing ;

zooplankton fe eding, t h e r efo r e , s e rves a s a res o urce pathway to o t he r

model c ompa rtments , i . e . , bentho s a nd fis h .

38. The p rimary zoop lan kton grou ps , Clado cera , Copepod a , a n d

Ro t a t.o r i e, gene ra lly can b e c lassified as eithe r h e rbi vorous fil t e r

f e e d e r s o r a s ca r nivo r es , ba s ed on the ir feedi ng mecha n i sms a nd fo od

ha b i t s . In rea l i t y, many zoop lan kters a r e omnivores a nd do not fit i nto

n e at ly de f ined trop hic groups . Neve r t heless , some g roupings and di s ­

tinc tions must b e made i n d e f e r enc e t o o u r limi t ed knowled ge of indi vid­

ua l taxa a nd t he l ogi s t i c s o f de s cr ibing a l l p o s s i b l e int era c tions.

F i lter- f e ed i n g z ooplankton ma ke up a grea te r propo r t i on of t he zooplank­

ton c ommuni t y, bo t h numeri c a l l y and as b i oma s s, than do the ca r n ivores .

They are also mo r e i mporta n t t o o u r unde r standin g o f the dynamics o f

phy t opl a nk t on popul at i ons, an d phytoplankto n dyn a mics a re espec ial l y

i mpo rtant t o wa t er qua l ity modeling . Consequen t l y , the f eed i n g relat i ons

o f f i lter f e e ders hav e bee n mo re h e avily e mphas ized i n thi s report .

39 . Th e quanti tat ive feeding r elat i ons of zoop lan k ters h ave b e e n

stud i e d i n some deta il f or o n ly a f ew ma j or t axonomi c g r oups. Feeding

relat ion s o f copepods a nd cl a doce ra n s we re do cumen t ed for the mo r e
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commo n f orms, b u t l i lt l e quan t i t a t ive inf orma t i o n wa s ava ilabl e o n f e e d·

i ng by r ot i f e r s a nd p r oto z oans. Of t he 12 7 s pe cie s o f Cl a docer a l is t ed

by Brooks ( 1959) a s occu r r i n g in North Ame ri c a, f i lteri ng o r g ra z ing

r ate s have be en examined t o s ome degre e f or on l y 18 s p e ci e w, or 14 per­

c e n t o f t he t o tal . Withi n the Cl a do c e r a , the ge n us Daphn ia ha s be e n

mo st intens ively s t udied . Bro oks ( 195 7 ) l i sted 3 0 s p ec i es in t hi s gen us

occ u r r i n g wo r l dwide . Our r eview i nd i cate s t h a t f eedi n g o f o n l y 12

Daphnia s pecies , or 40 pe r c e n t o f t he t o ta l , ha s bee n s t ud ied . Of the

15 Nor t h Ameri c a n s pec i es o f Daphn ia , 9 ( 60 pe rce n t o f the t o t a l ) h a v e

been s t udied . Be c a use Dap hnia r epre sents the mo st i n t e ns i v e ly s t ud i e d

genus within t he Cl a doce r a , and be cause data a re ava ilable f or many

Uni ted State s s pe c i es , ou r ana lysi s is bia s ed toward t h i s genus .

40 . Ca lan o i d copepo d s c o ns t i t u t e a ma j or grou p o f f ilter-fe edi n g

zoop l a n k t on. Wi l s on ( 1959 ) l is t e d 9 2 s pe cie s f or Nor t h Amer i ca a nd o u r

r ev i ew r evea l ed that the fee ding f or o n l y 7 s p ec ies (8 perc e n t o f the

t otal ) h a s be e n s t udied . S i x o f the seven s pec i es are i n the genus

Di aptomu s ( = Eud i ap tomus) , whi ch i nc l ud e s 78 Nor t h Ameri can s pec i es .

4 1 . Rotifers cons t i t u t e the th ird maj or group o f fi lter -fe eding

zoopl a nkters . The l iterature on t he numbe r o f North ~nerican s pec i e s i s

co n t r a d icto r y , but easi l y e xceeds 200 . Fe ed ing r ate values are a va il­

a b l e f or only s i x s pe c i es .

4 2 . Thi s b rief s t a t i s t ica l s umma r y i l l us t r a tes that t he f e eding

r ela tions of most fi lter-fe e ding z oop l a n kte rs are u n known an d ind i ca t e s

that cau t ion mus t be us e d in extrapo lating gra zing res u lts to a l l

s p e c i e s .

Cons ump t i on b y Filter-Feed ing Zoop l a n k ton

4 3 . Fa c t o r s t ba t i n f l ue nce f ood consump t i o n by f il t er-feeding

z oop l a n kt o n i nc lude a n ima l dens ity, s i z e , sex , r eproduct ive s t a t e ,

nu triti onal or physiologi cal s ta te, as we ll a s the type , qual ity , c o n ­

cen tra t i o n , and parti cle s i z e of food . Othe r fa ctors i n c l ude water

quality and temperature . Some of these var i ables a r e more important
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t.h a n o t hers in co n t ro lli n g feeding . Th e ef fe c ts of many are p oorly

understo od a n d s y ne rgis t ic e f f ects among variable s d o occur .

44 . The p u rpose o f thi s s e ction of t h e r eport i s to e x a mi ne i n

detail t ho s e va ri abl es of prima ry i mp o r t a n c e in r egulating z oopla n kt on

f eedi ng and whi ch are conside red s u i t a b le for ma t hema t ical descr i p tion.

Table 2 s umma r i z e s fa ctors i n f luenc i ng f e e d i ng a nd li s t s i n fo r matio n

sou rces . Concern i ng the dif f icul t ies o f c omp a r i n g f eeding da ta , Gel l er

(1975) s ta ted:

I t i s d if f i cult o r i mposs i ble to c omp a r e t he r e s ult s obtain e d
by t hese a u t ho r s, beca us e t hey us ed d i ffe r en t me t hods o f i n­
vest igation . Th e siz e of the an ima ls is not s peci fied p re­
c i s e l y o r i s omi t ted; the ha b i t a t i o n and a cclimation per i o d s
c i t e d i n many p ub lica tio ns are obviously i n s u f fici e nt , a n d t he
foo d part icle s u s e d r ange from c l a y particle s , yeas ts , alga e,
and bac t e ria to s ynthetic p a rti cle s a nd ' a r t i f i c i a l detr itus . I

Th e mea sur i ng un its employed f or determining f o od biomass a lso
d i f f er, a nd ma y be e i t her the numb er o f cel ls , we t weight, dry
weight , ca r b o n conten t, or e n e rgy c o n t e nt , and c onve rs ion from
o ne uni t t o another i s p o s sib l e on l y i n e xcep t iona l cases .

45 . We fo und Gel le r 's c omments t o be who lly j usti f ied . Appen­

dix B pre s ents a c omp a r i s o n o f zoop l a n k t on f iltering rate s f ound i n ~he

l i t e rat ure .

46. Th e ob j ec t ives o f th i s s ec t ion a re a s foll ows : (a) to d e -

sc r i b e t he effect o f food c oncen t ra t ion , t ype o f foo d , a n d tempera ture

o n f e ed i n g r ate s , including a r evie w o f field v e rsus l abora t ory res u l ts,

as we l l as syne rgist i c e f fects; (b) t o e xami ne t h e role o f d ie l a nd

a nn ual variat i o n s i n f eed ing r ates; a nd ( c ) t o di s cus s possi b le mo d e l

f ormul ati ons fo r grazi ng b y f i lter - feed i n g z oop lan k ton. Further infor­

ma t i on on the biology o f filter feed i ng wa s pre s e nted by J o r gensen

( 1966) , a n d a c r i t i que o f e xperimenta l me thods emp loyed t o me a s u r e f il ­

te r i ng and fe ed ing r a tes wa s g i ven by Ri g l e r ( 197 1).

Ef f ec t of food c oncen t r a tion

4 7 . Lite r a t u re s y nops is. The quest i on o f h ow z ooplankton grazing

rates are influenced by c hanges in food concen t ra t ion is c e nt r a l t o the

developmen t of a model desc r ibing zoop l a n kton b iomas s dy nami c s . The

f i rst workers t o e xami ne t he e f fec ts of f o o d c o nce n t r a t i on on feedi ng
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Tabl e 2

Fac t or s Repor t ed to Infl uence the Feeding of Filter-Feeding

Zooplankton and a List of References

Factor Ref e rences

Food concentration Ryt he r (1954), Richman (1958), Monakov and Soroki n
( 1960), Rigler (1961a), Gal kovs kaya (1963), McMahon
and Rigler (1963), Ri chman (1964) , McMahon (1965) ,
McMahon and Ri gle r (1965 ), Ri chman ( 1966), Bur ns
and Rigler (1967), Kryut chkova and Sl adecek (1969) ,
Ivanova (1970) , Tezuka (1971) , I vanova and Kl ekowski
(1 972) , Crowley (1973 ), O'Br ien and De Noyel l es
(1974) , Chisholm e t al . (1975) , Green (1975),
Gel ler ( 1975), Kersting and Leeu~Leegwater (1976),
Hayward and Gal l up (1976), Pilar ska (1977a) ,
Pou r r i ot (197 7) .

Size of fo od Ryt her (1954) , McMahon and Rigl er (1965) . Gl i wicz
(1 969) , Mcqueen ( 1970) , Berman and Richman (1974) ,
Kryutchkova (1974) , Bogdan & McNaught ( 1975) ,
Gel ler (1975), Hayward and Gallup (1976), Pi larska
(197 7a) , Pourri ot (197 7) .

Age of fo od

Type of food

Temperature

Li ght i nt ensity

Ryther (1954) , McMahon and Rigle r (1965) ,
St r oss e t al . (1965) .

Ryther (1 954), Comita (1 964). Burns (1968b),
Schindl e r (1968), Bur ns (1969a), Gliwi cz (19 70),
Mcque en (1970) , Ker s ting and Holt erman ( 1973),
Haney ( 1973). O' Br i en and DeNoye lles (1974),
Geller (1975), Haywar d and Gallup (1 976) , Pilarska
(1 977a) , Pourriot ( 1977), Webs t er and Pe t ers
(1978).

McMahon (1965) , Burns and Rigler ( 1967), McMahon
(1968) , Schind ler (1968) , Bur ns (1969b), Kibby
(1971a) , Chisholm et al . (1 975) , Green (19 75) ,
Geller (1975) , Cophen (1976) , Hayward and Gal l up
(1976).

McMahon (1965), Schindl er (1968), Bui kema (1973),
Hayward and Gallup (1976).

(Continued )
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Factor

Water quality

Size o f animal

Sex of animal

Nu t ritiona l s t a te
of animal

Table 2 (Conc l uded)

Refe rences

McMahon (1968) , Schi ndl er ( 1968) , Tezuka (1971) ,
Ivanova and Klekowski ( 1972) ~ Kring and O'Brien
(19 76) •

Ryther (1 954), Ri chman (l 958)~ McMahon . (1965) , Burns
and Rigler ( 1967) . Sch i ndler (1968) . Kryu t chkova
and Sladecek (1969) . Burns (1969b) . Ivanova and
Klekowski ( 1972) . Bui ke ma (1973) , Ki bby and Rigler
(1973) . Bogda n and McNaught (1975). Chisholm e t al.
( 1 9 75) ~ Hane y and Hall (1975), Green (1 975) , Geller
( 1975), Haywar d and Gallup (1 976). Pilarska
( 1977a)~ Webster and Peter s (1978) .

Haney and Hall (1975), Green (1975) . Hayward and
Gallup (1976).

Ryt he r (1954) . McMahon and Rigler (1965) . Gel l e r
(1975) •

Repr oductive s ta t e Schindler (1968) , Ha yward and Gallup ( 1976 ).
o f an imal

Ci rcadi an rhythms
and behavior

Animal density

Nauwerck (1959) . Burns and Rigl er (1967) . McMahon
( 1968) , Burns (1968a) , Haney ( 1973) . Starkweather
(1975) . Chisholm e t a1 . (1975), Haney and Hal l
(1975). Hayward and Gal lup (1976) , Duval and
Gr een (1976) , Gulatl (1978) , Andr on i kova
(1978) •

Schi ndl e r ( 1968) . Buikema (1973 ) , Hayward and
Gallup (1 976) .

Accl imat i on pe r i od McMahon (1965). Schi ndle r (1968), Bui kema (1973),
Ge l l e r (1975) , Haywar d and Gal l up (1976) .
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investigated the mar ine co pepod Calanus finmarch icus (Fuller and Clar ke

1936, Ful ler 1937, Harvey 1937). They and their contempo rari es con­

cluded t ha t the fi l t e ring rat e s (vo l ume of water f i lter ed per unit of

t i me) of ma rine fi l te r - fee d i ng zooplankton were independe n t of f ood

conce n t r a tion . The co ro l l a r y t o th is hypo thesis was tha t gra z ing rates

(weigh t of f oo d eaten per unit body we ight pe r un it of t ime ) were

directly proport iona l to food concentrat ion (Fi gur e 9 ) . These res u l t s

sugges ted that a species -specific fil tering rate could be e s t ab l i s hed.

48. It was not until Ryt he r ' s 1954 paper on the f ilte r ing response

of Daphnia magna t hat atten tion wa s directed to f r e s hwa t e r zooplan kt ers.

The mos t s ign i f i cant res ul t of Rythe r' s work was tha t he demonst ra t ed

t ha t f il t ering r ate pe r anima l de c r e as ed a s f ood concen t r a t i on i nc r e a s e d .

Thi s re la t i on was f ound to ho l d for all t hree a l ga l species tested and

was t he first evidence to suggest that zooplankton did not filter at a

cons t an t rate at al l f ood concentrations. Ryther's r esu l t s s ugge s t e d

that filte r ing ra te may be reasonab ly co ns t a n t a nd high a t very low f ood

dens i t i e s ( less than ca 700 mg C/m3 for Chlorella ), de c l i ne s ha rply at

-~~~~-------

FOOD CO CENTRATION

Figure 9 . Relation among food co ncen tra tion, f i lte r i ng r ate, and
grazing rate , based up on early studies o f fi l ter-feeding marine

zooplankton
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intermediate densities, and possibly reach a minimum filtering level at
3h igh food densities (greater than ca 2000 mg Clm ).

49. With all three species of algae introduced as food by Ryther,

grazing rate increased with increased food density (the one exception

was Daphnia fed senescent ChIarella). In examining Ryther's data where

Daphnia were fed growing a lgal cultures (Figure 10), it i s clear that

grazing increased with food density i n a linear or near linear

fash ion .

50. The results of Ryther's work stimulated ·o t h e r workers to ex­

amine zooplankton feed ing relationships over a wide range of food con­

centrations. Rigler (1961a) demonstrated that the grazing rate of the

zooplankter Daphnia magna may approach a maximum as food concentration

i s i n c r e a s e d . The grazing response changed markedly at a food concen­

tration of approximately 600 mg C/m3.
The grazing rate was nearly

constant above this concentration, but too few data points prevent firm

conclusions. Similar results were obtained by McMahon and Rigler (1965)

(Figure 11) .

51. Rigler (1961a) offered this hypothesis:

... when a filter-feeding Crustacean encounters low con­
centrations of food, the feeding rate i s limited by the
abil ity of the animal to f ilter water and hence feeding
rate is proportional to concentrations of food. But
above a critical concentration o f food, which will vary
with the species of Crustacean and food o rgan isms, feed­
i n g rate i s constant and limited by the ab i lity of the
animals to i n ge s t or d igest the food . ...

52. Subsequent studies by Rigler and h is assoc iates (McMahon and

Ri g l e r 1963, 1965; McMahon 1965, 1968; Burns and Rigler 1967; Burns

1968a, 1969a, b) have validated the above hypothesis and clearly sup­

port the earlier conclusion that "above a critical concentration of

food, the feeding rate i s i nde p e n de n t of concentration of food" (Rigler

1961a). The concentration of food at which feeding becomes constant,

called the "critical concentration" by Rigler, is now usually termed the

"incipient limiting level" a fter Fry (947) . This relationship is i l­

l us t r a ted in Figure 12.
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Incipient Limiting Level

!
Filtering rate----......,

FOOD CONCENTRATION

F igu re 12 . Re lat ion among food concentration, filtering ra te , and
grazing rate first proposed by Rigler (1961a)

53. Work by Mayzaud and Poulet (1978) on marine zooplankters sug­

gested that the earl ier conclus ions (that filter ing rate was i nde p e nde n t

of high food concentrations) were not incompatible with results showing

a declining f iltering rate with increasing food concentration. In a

I -year field study they found a linear relationship between f e e d i ng

rates and food supply for five copepod species. However, they also

found that if the marine zQoplankter Pseudocalanus minutus was fed a

range of food concentrations over an 18- to 20-hr period, a saturation­

type curve, showing a maximum feeding rate, was obtained~ Their

experimental work indicated that the levels of digestive enzymes o f the

copepod population also varied linearly with food concentration on a

seasonal basis. These results suggest that both ingestion and d igestion

by copepods were seasonally acclimated to the concentration o f food

particles. The authors noted:
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From o u r resul ~s a nd ~hose publi shed e a rl i e r i~ bec omes
e vident that saturat i on cu r ves have b e e n o b t a i ned i n experi­
ment s where time and seaso n are elimina t e d a s i n f l u e n t i a l
parameters . Th e feeding sa turat i on level f ound by s o many
workers i s very likely partially a function o f the time needed
by the copep od s t o a c clima te their i nges tion and diges tion t o
the quali tative and quantita tive variations o f their f ood .

5 4 . Thu s . it may b e that zooplankto n graZi ng rates are propor­

t i ona l to f oo d c o nc e n t r a t i o n , if t h e a n i ma l s h a v e had time t o acclimate ,

and tha t a maximum gra z ing rate o f t h e s a t u r at i on type o n l y i s a p proac hed

in the fie ld under v e r y h i gh food c o n c e n t r a t i on s , a s mi gh t occur du r ing

a phytoplankton blo om .

55 . Hodel cons t r u c ts . Sca v ia ( 19 79 ) r eviewed var i ous mathematical

con s t r u c t s f or d e s cr i bing consump tion by f ilter- feed ing zoop l a n k ton .

Ou r purpose i s t o s ynthesi z e e xis t i n g i n fo r mat ion and t o present a mathe ­

mat i cal e xp r e ssion des cribing the re lation be tween feeding rate and f o od

c o n c e n t r a t i o n . Th e terms f eeding ra te and grazing r a t e a re u s ed i nter­

c ha n ge a b l y .

56 . Ba s e d on the work o f Mayz a u d a n d Poul e t ( 1978) i n t h e p r e c ed­

i n g sec t i o n , we no ted that t he tw o diverge nt v i e wpo int s o n t h e relation

between f ood conce n t r a t i o n and feeding r ate may no t necessari ly be i n ­

comp a ti b l e . The first viewpoint held ~hat a linear r ela tionship exist s

between feeding rate a nd f o od conce n t r a t ion ( F i g u r e 9) . Evidence by

Mayzaud and Pou l et ( 1978 ) indi cated that if the time i s s u f fic i e n t l y

l ong ( p rob a b ly mo r e t han 24 hr bu t l e s s t han 6 d a ys ) , zoop l a n kt e r s c a n

adj ust t heir inges tion rates. th rou gh c h a nges i n dig e s t i ve e n z yme a ctiv­

ity , t o acc limate to v a rying food c on c e nt r a t i o n s . Ove r the range of

natu ral ly occurring f ood densi t ies . the relation is essent ia l ly linea r .

The s e co nd viewpoint h e l d t hat as food concen t ration i ncreases , feeding

ra t e a l so increa s e s b u t reaches a maximum rate a t the inc ipient l i miting

food c once n t r a tion . At higher f ood de n s it i e s. f e eding i s cons~ant and

maxima l (~igu re 12 ) . Many workers have dem onstrated the second viewpoint

t o b e generally true in short-term feeding experiments. Hayzaud and

Poulet ( 19 78 ) a l so found the same result for Pseudocalanus minutu s when

it was e x p o s e d to varyi ng f oo d c o n c e n t r a t ions afte r short-term i ncuba ­

tion periods of 18 to 20 h r.
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57 . Researc h res u l t s s uggest two conclusions. Fi rst, for short­

t e nm incubation periods, zooplankters r e s p ond t o increasing f ood c o n c e n ­

t r a t i o n s i n a c urv i linea r manne r , o f ten d e s cr i b e d as a " s atu r a t i o n

c urve , " where f eed i ng r ate atta ins a consta n t ma x imum v a lue . Second , if

z oop l a n kton a r e a l lowe d to incubate at the t e st conce n t ra tions f o r

l onge r per i ods (>24 hr b u t <6 d a y s ) , t he n diges tive enzyme a cc lima tion

ma y occur and t he f e eding r a t e response is l ine ar. Th e s e co n c l u s i on s

e mp h a s i z e the i mpo rtance o f specifyi ng dura tion when comparing labora ­

tory a n d fi eld s tudies . Of the papers t hat examined the effects of f ood

concent ratio n o n feeding r ate, we f ound none t hat i nvolved food inc uba ­

t ion p e r i ods e xceedi n g 2 4 hr . Thus , the res u l ts of labora t o r y e xp e ri ­

ments c onduc t e d t o date must be interpreted as s hort - t e rm feed i n g

responses of incomple t ely a c cl im ated z o op l ankters.

58 . The ahov e hypot hesis concerning the f unctiona l r e s pons e of

field p op u l a t i ons of z oop l a n k t o n to varying food c o nc e n t r a t ion s was

f irst outlined by Hayzaud and Poule t ( 1978). Because little experimen·

t al work has been conducted t o support o r r e f ute th i s p roposal, i t mus t

b e tentatively a c cepted. It is o u r op inion that t h i s hypothe s i s wil l be

ver i fi ed , a n d we have accepted the conclus ions and p r oposal s o f the a bo ve

a uth o rs in p rese n ting a mode l c on s t r uc t for zoop lan k to n c o n s ump t i on .

59 . Sa turation response mo del s. The cu r ren t l y accepted s a t u r a t i o n

response models are easily v e r i f i ed by existing laboratory data , and

be cause of the limite d verification of the Hayza ud-Poulet model t o

fo llow, t he rea der may wish t o us e one of t hese cons tructs instea d .

Be c ause the Mayzaud-Poule t mo del i s an elaboration of sa t u r a tion

r e spons e models , a bas i c understanding of these f unctions is needed .

60. Sca v ia ( 1979) described t hree expres s i ons n ormally u s ed t o

d e s cribe the sa turation type of response o f z o op l a n kt o n f e e d i ng on vary­

ing food c o nce n t r a tio ns . The firs t i s a rectilinear form presented by

Rigle r (1961a) , whi c h c o n s i s t s o f t wo straight l i ne s with different

s lopes abov e and below t he i ncipien t limi ting f ood concen t ra tion ( Figu r e

12) . The r emaining two fo rms are c urv i linea r and have be e n represented

by Mi cha e l i s a n d Ment e n ( 19 13) and I vl ev (196 6) formula t ions :
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Michae lis -Men ~en

G= G ( B)max k + B
(2)

wher G= obs e r ved gr azing r a t e,
G = max imum gra z i ng r a t emax

B = foo d concent r a tion

k ha lf- saturation cons t a n t

I v lev

G = G (1 _ e - kB)
max

(3)

where the pa r ame ters G, G , a nd B are t he same a s des cri bed f o r t he
max

Michae l is-Menten equation and k i s a p roportionality cons t ant .

Acc o r d i ng t o Mull in et a l. (1975), us i ng the r esul t s of F r ost (1 972),

none of these three mode l f o rmula t i ons differ s i gn ificantly i n r ep r e sent­

i ng the fil tering ra t e r e sponse of Ca lanus pa c i f icus. At f ood conce n ­

~ rations below the hal f -sa t urat ion cons tant, the I v l ev equation produ ces

relat ive feed ing rate s t ha t a r e s l ight ly less t han thos e dete rmined by

the Mi chael is-Menten rela tions h i p . The oppos i t e is t rue of f eeding

r ates at f oo d conce n t ra t i ons above the ha l f-s a t urat i on cons t an t

(Swa rtzman and Bentl ey 19 77 ) (Figure 13) .

61. We have s e l ected the Ivlev fo rmula tion f o r use i n our mode l

cons t r ucts f o r t wo rea sons . Firs t , the determination of t he proport ion­

ality cons t ant , k, i s str ai ghtfor wa r d. Second, the I vlev fo rmulat ion i s

used i n t he mode l of Mayzaud and Pou l e t ( 197 8) thus e limi na t i ng conve r ­

sion s to t he Michae l i s-Menten exp r e s sion .

62 . Both the Mi chae l i s-Menten a nd Ivlev equa tions have been mod­

i f i ed in s ome models to i nclude a l owe r ~hreshold f ood concentra t i on

be l ow which z ooplankton do no t fe ed. The I vlev equa t i on t he n become s ,

(4 )
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where B is a threshold f ood concentration at which graz ing c ommen ces .
o

Experimenta l ev idenc e fo r such a t h r e s ho l d c ame from work on ma r i ne

s pe cies (Parsons e t al. 1967, McAl l i s t e r 19 70). Howeve r , F r o s t (1975),

a lso studying a marine zooplankter, found no clear t h r e s ho l d at low

food concentrations but rather greatly reduc ed fee di ng . We have f ou nd

no evidence t o s uppo r t the c oncept o f a t hre s hold foo d concent r a tion fo r

f eeding in f r e s hwa t e r zooplankton. McMahon and Rigler (1963) reported

that, i n the abs ence of f ood, both the collec ting and ingest i ng me cha­

n i sms fun ction in Daphni a magna, a nd Crowley ( 19 73 ) note d t ha t, in

Daphnia pul ex, the movement o f the thorac i c appendages s e rves respira­

t ion as wel l as feed ing. He conc luded that i t was es s ential f o r

w
~
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Fi gure 13 . Comparison o f t he I vlev and Michaelis-Menten
functions wi t h t he s ame half-saturation value, k (based

s
on Swartzman and Ben tley 19 77 )
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fi ltering to continue. even when food was absent . It has been suggested·

t ha t thre shold level s are needed to prevent the zooplankton f r om grazing

algal f oods to extinction . This simulation phenomenon appears to be the

prima ry reas on for including thres h old level s in most mode l s. It is

like l y t hat extinc t ion i s an a r t ifact o f the s imulation proc e ss and

re s ul t s from i nappropri a te assump t i ons or our ignora n c e of zoopl a n kton

grazing dynamics. Wroblewski and O'Brien (1976) showed that the addi­

tion o f z ooplankton vertica l migration to their model made threshold

l eve l s unnece s s a r y. Gra zing p res sure wa s not suff i cient t o d rive f ood

suppl ies to extinction. In lig h t of these r e s u l t s and because threshold

f oo d concentrations have no t been demo ns t r ated for fre shwater z o oplank­

t e r s . t hre s ho l d level s are no t i ncluded i n our model cons t ruct.

63. Parameters o f t h e Ivlev equation. Filtering and f e e d i ng

rates a re seldom p r esented i n b iomass un its. parti cularly as carbon.

The r e sul t s of a few pape r s were deeme d t o be suita ble f or c onv e r sion to

c a r b on uni t s . Our analys is method was to convert the raw da t a to c a r bo n

uni t s a nd then to f ind the best fit to the data using the I v l e v fun ction

( Tab l e 3 ) . Variability of values for the graz i ng rate paramete r s c a n be

attr ibu t ed t o var i a t ions in anima l s ize. species. a nd phys iological

s t a t e . s well as to differences in food source. temperature. and assump­

t ions made i n o u r conv e r sion o f the l ite ra ture da ta . Th e res u l t s p r e­

sen ted in Tabl e 3 are only f o r s tudies that made i t reaso nably clear

that a ma x i mum grazing rate existed.

64. Values f o r t he max imum grazing rates ranged from 0 .045 to
- 1 -1

3.44 mg Comg C - day Several inve s t i gato rs found a l ine a r or ne a r l y

l inea r increa s e in the gra z i n g rate wi th increas ing f o o d c oncen t r a tion

but di d not s t a t e the ma ximum g razing rate. Be cause these studies only

allowed for short-term accl imation. we a s s ume d that the ranges of food

concen t r a t ions t e s t ed were be l ow the i n c i p i e n t limi ting l evel . The

variabi l ity among va l ue s (Table 4 ) was high.

65 . Many studies r eported g r a z i n g as a percenta ge o f the orga­

n ism ' s body weigh t con s umed da ily (Table 5 ). These r e sults are no t

direc t ly comparable to ca rbon g razing rate s b ut probably are r e a s o nab l y

close a p p rox i ma t i ons.
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Table 3

Grazi ng Rate Paramet ers of th Ivlev Equa t i on Calculated From Experimental St udi• •

That De:onatrat d th e Existence of a Maxie.... Crating Rate

Taxon

Cl ass : Cr uat ac. a

Order : Cladoc ra

Family: Daphnida

Food

App roximat .
Range of Food

Concent u t i ona ,
B ( ",g C/m3)

Food Conc ntr.tion
Yhen Obaorv d Grazi ng

Rate Reach a 95X of t he
Maximum Crazing Rate,

0. 95 Bli m (mg C/ m3)

Max i...... Grazing
Rat , Gmax

(lOg C mg C- I Day- I )

Val ue of
Empirical
Cons tant .

k Refer ence

Daphnia ma na Saccharomyces ce rv iaiaa 132-6 ,600 2, 346 0. 251 0 .001 217 McMahon and Rigler (l96S)

Daphnia ma n Tet rahy mona pyr i formi H 90- 2, 700 I , S59 0 . /.52 0.001922 McMahon and Rigl er (l965)

Daphni a ma na Chlon l la vul garis 34-3 ,400 1, 302 0. 301 0.002300 McMahon and Rigler (1965)

Daphnia CIa na Esc herichi a .£2!.!. 22- 450 155 0 .045 0,01936 McMahon and Ri gler ( 1965)

Daphnia m. na Chlo re lla vul garia 64-2 , 157 2,14 0 0.760 0. 0014 Kerating and Leeuw-
Leell"ater (l976)

Daphnia magna ~ rernyc.a ccrivh i a 33-6 ,336 1, 275 0.350 0 . 0023S Rigl er (l96Ia)

Daphnia~ Chlo rococcum "p. 150- 7,1 50 1,36 2 1.200 0.002 2 l1onokov and Sorokin (1961)
.. repo rted by Ivanova

~ ( 910)
N

250-5 , 000 1,664 0. 900 0. 0018 nd Ri gl er ( 1967)Daphnia !.2!!! Rhodot oru la jll ut ln lo Burna ..
reported by Ivanova
(1970)

PHYLUM : ROTATOR IA

Family: Bra chl onl dea

Brachi onu.~ Chl ore l l a vul garis 160-134 , 000 10, 699 3, 438 0 .00028 Pllnak (I 917a}



Table 4

Range of Gr' l i ng Rates Calcu la ted fro~ E~erj~en~~~.__in Wh ich

A Maximum Grat i ng Ratl Coul d N~~~~_~~~e~

Ref, re nceFoodr exc n

- ---- ----- ------- - - - --"",,,,O,O,O. ', .O'O'"',..Rll1l; r of-R,mt:" """"",",,,,",",",0,0.-,--------­
Food Concenrrat ions . Crazing Rates , C

11 ( ms C(III ) ( mg C 11I8 C· 1 day- I)

Clau: Cruatacea

Ord..r: Clad Qc..n

fa mil y: Daphnidall

Daphnia l ongi sp in a ChlQro coccum Ip .

Daphnia l ongi sp ina Bac t e r b

Daphni a ~a&na Chloral I . Yul garis·

Daphnia ~gn~ Navi cu l a pel I1cul os••

Paphnia lIl' gnll Scenede lllllu ll quadr icauda'"

Daphnia pulex"' . Chlamyd~na. reinhardt l

) 47-$ ,80 5

961-31 , 636

17l.-2 ,100

588-$ ,9 35

1, 020-11. 730

4, 975-19 . 900

0 . 93S- 2. 691 Monakoy ,,' SOTok!n ( 1960) and Honakov ( 1972)

0 . 831-1.136 Monaknv ,,' scrckt n ( 1960 and Mon. kay (19 12)

0. 106- 1.8$7 Ryt hu {I 954)

0. lo60-2 .2 19 Ry theT (19 54)

0. 414-2 .286 Ryt her (l 954)

1. 332- 13. 764 Rl chlllan (19 58)

,.. Resul t. comb i ned for . cene, cen t and gTowi na c. l 1 cul t ure . . Als o in clude. prefeedlng . tu dy for Ch ~ore}l~ ~~~.

The r ... ult , .li re combined for the three ~ l le. of ~~nia t e. t . d .



Tahl e 5

LiterA t ur e Val ues fo r the Da il y Ra tion of Filt er- Feeding Zoopl ankte rs

Taxon

Orde r : Cladoce ra
Famil y : Ho l opedi urn

Holopcdi um gibbe r um

FAmily : Ch ydoridae

Ac r ope ru 8 harrae

~ Family : Bos midae...
Bo smi na coregoni

8osm! n.... l ongiros tr l s

8esmi na longi ros t ri s

Fami l y: nnphni dae

Daphnia lengispina

Daphnia m" gna

Simocepha lus esp1.nO!'l.llS

S imoc erh~ l us ve tulus

Food

Phyt opl ankt on
Bact er i a

Detritus

ChI a re lla sp .
B.... ct er ra

Chle re lla sp ,

Phytoplank t on
Bac te ria

Chl orel la s p ,

Chler el l .. 8p .

Chlorella s p,

(Con t Inued )

Daily
Ra tion
( % of

T,ol'c t Body
We igh t)

12. 1
7 . 5

253

32 . 9- 177 .8
13. 5- 125. 0

96

42. 2
16 . 4

93

56

59

108

Reference

Cute l ' ma ckhe r ( 1973 )

Sm i r nov (1 96 9 )

Se ne no va (1974 )

Soroki n (1 96 6b )

Gut e l ' mackhe r ( 197 3 )

Soroki n (l966b )

Dunca n e t a l , (19 74)

So r ok t n (l966b )

Sorok i n ( 196 6b)



Taxon

Or de r : Eucopepo da
Family: Diaptomidae

Di a ptomus graci l otde s

Dlap t omus gr ac l 10tcles

PHYLUM : ROTATOR IA
s- Family : Bra ch i onidae
'" Brachi onus pli catl11 s

Br achionus r ubens

Tah le 5 (Concl uded )

Food

Phyt opl ankt on
Bac t eria

Chl amydomo nas eug~ment os

Ch lo re l l a vul ga r i s

Duna l ie l l a sal i na

ChIare l l a vul gar i s

Dai ly
Ration
(A o f

Ue t Body
Hei ght )

40. 0
17. 3

23- 700
20-366

1000

58- 250

Re fe rence

Cu t e l 'mack he r (1973)

Kr-yu t ch kova and Ryba k (19 7 4)

Dooha n (1 9 73 )

P'i Lar s ka ( 1977n )



66 . Be ca use o n l y ni ne maximum g razing r a t e s cou l d be es tima~ed

from li terature d a t a, a n d be cause of ~he variability o f t hos e va l ues, a

G appears t o
max

Even though on l y a

Figures 15 and 16 ,

increa ses, k d e crea s es .As G
max

8
1

, , as s h own in Figure 16 .,m
p o i n t s are a vailable t o plo t

be l inearly related t o

l i mi t e d numb e r o f data

frequency distri b ution o f max imum grazing r ate s c ou ld n ot b e es tab­

l i she d . The r e f ore, we a t tempted t o develop severa l e mpirica l fo rmula ­

tions t o e stimate t he maximum gra zing rate ~ G
ma x

' the cons tant , k, and

the incipient limiting food c oncentration, B
1

" ",m
67 . When the Ivlev equation i s s o lved f or k at any given incip-

ien t limiting food c o nce n t r a t i o n , 8
1

" , the value of k decrea ses as 8
1

"
r m un

inc r e a s e s for a n y max imum grazing r a t e ( F igure 14) . I f G is plot t ed
max

against k , based on l i t e r atu r e da ta (Table 3) . a simila r re lations hip i s

apparent (Figure 15 ) .

we believe tha t the data are of good quality a nd t he apparent re la tions

among G •
ma x

zooplankto n

k, and 8
1

, are val id .,m
f oods are e dible a nd of

These r el a t i onsh i p s a re true on ly if

a s i z e range su i tab le f or f i ltering .

I n general. these two requirements would b e met under f ield c o n d i t i o ns .

The three equations based on literature data r elating

can be wri t t e n as f ollows (Note : Fo r ca lcu la tion, we

G ,k . a nd B
1

"
max 1m

h ave arbitrarily

l et B1 ",m
r a t e, G,

equal the f o o d con cen tra tion a t which the o bse r v e d g razi ng

i s within 5 percent of the ma x i mum grazing ra te , G
max

Equations 6 and 7 are based on a t emperature o f 20 0 e ) :

k = 10 (0 "4713 - 1.0002 * log (81 " » R2 = 1.00 (5), m

k = 10(-2 . 9 66 4 - 0 . 9 787 * log (G ))
R2 =0 . 77 ( 6)max

G = 0.0788 + 0. 0003105 * Bl"
R2

0 . 89 (7)
max ,m

68 . If a nyone pa ramete r i s known , t he above equa tions, a lth o ugh

ten t a t i v e , a l low the c a l c u l a t i on of a ny other grazing parameter. The

f o l l ow i n g hypothe t i cal argumen t s upports Eq u a t i on 7 a s potent ially t he

most useful r elationship.

69. As we previ ously s t a t e d , Mayzaud a nd Poulet ( 19 78) foun d a
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B

I
. have actually been plotted b e c a us e the Ivlev equation can

not~e directly so lved for Bl o) . The lin e was f itted from
values

1Tn
Ta ble 3

linea r r ela t i on s h i p betwee n f o od c on cen t r a t i on and i n ge s tion for five

marine copepods. They also f o un d that i n ges tio n wa s lin e ar up to the

amb i ent concentrat ions, when copepods were f eedin g i n a range of f ood

c oncentra tion s t h a t were below and above the amb ient l e vel . Thi s re s u l t

suggests tha t under mos t f i e ld conditions, when t h e z oop la n kters a r e

acc limated to the ambient food concentration, they fe e d maximal ly at the

a mb i e n t level. Fo r all p ractica l purposes, then, the amb ient food con­

c e n t r a t i on is equivalent t o the incipient l im it ing concentrat ion o f

l a bo r a t o r y studies. At h igher food concent rations, g r a z ing ra t e ap-

I f thi s argument i s va l id, i t becomesproaches an asymptote at G 0

max
c l e a r that the observed grazing rate at the amb ient f oo d c on cen t ra tion

i s e q u i v a l e n t to, o r c l o s ely app roximates, the maximum g ra z ing r ate . If
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t rue , Equation 7 c a n b e u s e d t o est imate the g raz i n g ra t e f or any a m­

b i ent food conc e n t ra tion . The benefit o f s uc h a r elationship is obvious .

Zoo p lankton g razing co u l d b e de s c r ibed by a l i n e a r r ela tionship f or a ny

fo od c on cent ration. On ly t he bioma s s o f zoop l a n kton and t h e b iomass o f

ava i lab le foo d wo u ld n e ed t o be me a su r ed i n t he f i e l d .

70. Th e above a rgument , a l t h ough s uppo r ted by t he resul ts of

Hay z aud a n d Poule t (19 78) , is not s ufficien t l y d o cumen t ed i n t h e l i t era­

tu re to be gene ral ly accepted . Ou r a n a l ys is o f the a vai lab le da ta

prov ide s addit i ona l supp o r t . Perh aps Equa tion 7 c o u l d b e i nco rpo ra ted

in t o some p re limi nary s i mu l a t i on s and the s e compare d t o simula tions

b a s ed on t h e mor e gene r a lly a c c epte d zoop lankton f e eding c on s t r u c ts .

Furthe r e xperime ntal wo rk s ho u l d c l a ri f y the s e r e la tionships .

71. In c on c l u d i ng thi s a na l y si s , we de s crib e t h e feed i n g con s t r u c t

o f May z a ud a nd Poule t ( 1978). Al though p r oblems are p r e s ented in a p p ly­

i ng the g r azing r e l a tio nsh i p , we believe that i t is more r e al i s t i c than

a lte r na tive formu l atio n s and s hould b e u s ed in t he s i mu l a t i on o f z o o­

plan kton fe edi ng.

72. Mayza u d and Po ul et propos ed the following feed i ng c o n s t r u c t,

which we ha v e c h a nge d t o ou r t ermino l o gy. The a c c l ima tion time fo r a

s ignificant i ncrease i n f o od s upp ly , B, o c c urr i ng over a p e r i od t is

def ined a s r . Acc limatio n t ime correspon ds to t he max imum i ngestion and

d i ges tion rate s r e a ched a t a g iven fo o d concen tration . Fo r t < r t he

p hysiolog ical r e s p on s e wil l f ollow a sa t u r a t ion -typ e c u r v e . F o r t > r
t he maximum g raz i ng rate is s hifted upwa rd accordi n g to a linea r re la­

t ions h i p. For t < r the g r az i n g ra te c a n be de fined b y Equat i on 3 . I f

a < t < r , t he maximum g r a zing r a t e r emain s c on s t a n t a nd independent of

t i me. If r < t < ~, and B i s within natura l l i mits , G c a n be de f ined
max

G = ZB
ma x t

(8)

where Z i s a co nsta n t and B
t

i s the food concentrat i on at time t . By

s ub s t i tu t i on Equ a t i on 3 b e c ome s

-kBG = ZB
t

( l -e t)
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This equation be c ome s l inear when B
t

is increas ing. Values for Z for

d i f f e r e n t G and B
t

are presented i n Table 6.
max

Table 6

Relation ship Among G , B , and Z as De f i ne d by Equat i on 8
max t

and Based on t he Data in Ta ble 3

G B
t

(mg
ma x - 1 - 1 3 ZC mg C Day ) ( mg C/ m )

1,356.5
4

0.5 3 . 68x l 0

1.0 2,966. 8
- 4

3 . 37x 10

4,577.1
- 4

1.5 3 .28x 10

2.0 6,187 .4
- 4

3 . 23x 10

2 .5 7,79 7 . 7
- 4

3.21xlO

3 . 0 9 , 408 . 0
- 4

3.19x1 0

3.5 11,018 .4
-4

3 . 18x 10

The constant, k , can be dete rmined by using either Equa tion 5 o r Equa­

tion 6. The re l a t i o ns h i p b e tween B
t

and Z can be desc ribed mathemati­

cally by

Z = 10(-3.2295 - 0.06787 * l og ( Bt ) )

R
2 = 0.9 3

(10)

Mayzaud and Poule t ( 1978 ) report:

Equa tion [9] can accoun t for t h r ee ecological situations
found in various da t a : a sudde n large incre a se in phytoplan k­
ton r esults i n satur ation of the feed ing sys tem unt i l a cclima ­
t ion has had sufficient t ime to take p lace; over a long time
such as a y early cycle, ingestion is d irectly p ropo r t i onal to
food s u pp l y , and because the . . . e nv i r onme n t h a s a h i ghly
variable energy s upply the feeding system of herbivorous z oo­
plan kters i s in a mor e or les s c ont i nuo us sta t e of being
acclimated . He n ce we could s amp l e a copepod p op u l a t i o n i n a
sta t e of equilib r i um wi th a s atura t i on l eve l at or close to
the environmen tal par t i cl e c on c e n t r ation. If the sampl i ng
takes place dur ing accl ima t ion to an i ncre a s e in pa r t i c l e
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conce n t r ation , t he s a t ura t ion wil l be ob t a i ne d f or value s
s i g n if ica n t l y s ma l l e r tha n t h e e n v i ronme n t a l conce n t r a t i on.
If sampli ng occu r s du r ing a n a c cl i ma t i o n t o a dec rease i n
parti cu late c on ce n t r a t i o n , a li nea r re lat i ons hi p with DO

apparent s atu r a tio n wil l be o bse rve d .

Ha y z a ud .and Po u let con clu d e d b y s ta t i ng ,

At t h e mome nt we do not ha ve e xper i me n t a l val u e s f or r b u t
f r om t he re su l ts o f Ma yza ud a nd Co nove r ( 19 76 ) it s hou l d b e
<6 d a y s a nd p robably >2 4 h . Whet he r a l l c opepods have s u c h
an acc l i mat ion ab ility rema ins t o be seen. I n t he ne r i tic
envi r onment o f f Nova Scotia it appea rs that bo t h adul t cope­
pods and copepodi tes hav e i t (Poulet 1977) .

73 . Bra nd l a nd fernan do ( 1975) found t h a t, f o r th re e s pec i e s o f

cyc lopoi d cop e pods , t he p r e d a t i o n rate was different among g r o up s dif­

feri ng in the ir pre v i ous di et up t o the fou r t h d ay afte r the trans f e r t o

the s ame diet . This sugges ts that r may b e equa l t o o r g r e a ter than 4

days . l he acc lima tion ti me r c a n be emp irica l l y de t ermi ned by v a r ying

i ts val u e withi n t he above n o ted limi ts during s i mu l a t ion r uns.

Food Se lect ivi ty b y Zooplankton

74 . All 7.oop la nk t e rs are se l ective fee ders r e s u l t i n g f r om a c om­

bination o f ( a ) a n o rga n i s m's me chan i cal l im itat i on s in c a p t u ri n g a n d

pro c e s s ing f oo d i tems o f varying s ize a nd conf igu r ation , ( b ) t he

c he mi c al na tu re o f t he food, and ( c) feed ing behavior. Herb ivorous

fil te r f e e d e r s predomi nate i n fre shwater zoop lank ton commun i t ies . For

pu r pos e s o f d e s cr i b ing a genera l zoop lankto n mode l , spec i es in t h i s

g roup c a n a l l be rega rde d a s pas s ive. i ndi s c rimi nate filLer f eeder s

s ub j ec t t o the me chan i cal a n d chemica l r e s t r a i n t s ment i oned a bov e .

S c avia ( 19 79 ) d i s c u s s ed selec t ive fee di ng i n a mo d e lin g contex t a n d

comme n ted o n a s pec t s needing fu r t he r res earch .

75 . Zo op la nkters h a v e a wide va r i e t y o f pote n tial food sources

ava il a b l e t o them . Two qu e sti on s a r e o f c e n t ra l conce r n to any mod e ling

ef fo rt : " What i s t h e s i ze range of f o o d i t ems ea t e n by zooplankton?"

and "] s pre fe rence s hown to o n e type of f o od ove r another '!" .

76 . S ize range o f f oo d p a r t i cle s con s ume d . The s i ze of food

51



parti cles that are s u i t abl e f or cons ump tion vary by s pec i e s. Gene r al ly,

the l arger the animal, the l a r g e r the si z e o f food t h a t c a n h e ~a ten

( Bu r n s 1968b) . For di s cuss ion we trea t a l l zoo plankto n a s a s i n g le

commun i t y and hence a r e interes ted i n the ra nge of usabl e f ood si zes .

Ed monds on ( 195 7) , Jo r gense n (1 96 2 ), and Kryutchkova ( 1974) have r e v i ewe d

l i terature o n this subjec t a nd o u r con c l us i ons draw heavily o n the se

s umma ries .

77. No a bsol ute s i z e range c a n be e s t a h lished f o r a zoop l a n k to n

communi t y . We have def ined siz e t o mean the length i n mi crons o f t he

l ong axi s o f a f o od parti cle. Cl e a r l y , width and vo l ume a re a lso

important factors . Reported l ite r ature values f or the s i z e o f i ngested

part icles ra nge from approximate ly 0 . 2 t o 10 0 ~m in diame ter, but mo s t

va l ue s are les s than 20 ~m. The preferred o r most eff i c i e n tl y cons umed

partic les are gene r al l y betwee n 1 and 10 ~m. Rot i fers clea r l y feed o n

s ma l le r parti cl e s , with t he exception o f Asplanchna , a predac e ous genus .

As certaining t he max imum size o f f o od cons umed b y p redators is d iffi cu lt

be c aus e many spe cies a r e rap t oria l f eeders capab l e o f t eari ng prey items

into sma ll er particles before cons umpt ion . The r a nge o f s izes cons umed

( 0.2 t o 100 ~m) po tentially cov e rs o r ga nisms f r om bac teria t o la rge

a lgae or algal c o l o n ies . We s u gges t that the grazing cons t r uc t o n ly

al low t he zoop lankton c ommun i t y to feed o n pa rti cles of 100 ~m o r les s .

Further divisio n o f the z oop l a n k to n communi t y into s mall er groups, i . e .,

r ot ifers, copepods , preda t ors, e t c., would neces si t ate es tab lishing a

maximum and minimum fo od size fo r e ach group . Altho ugh divi s i on of the

zoop l a n kto n communi ty ma y be hi gh l y desirab le f o r some model app licati ons,

data ne e d e d to e stab lis h par ti cle-size preferen c e fo r s ubca t e go r i e s o f

zoop l a n kto n are too few and variab l e within the maj or t axa .

78. Preferenc e a mon g f ood s ources . Fo od preference i s demon­

s t ra t e d if an o rganism con s umes a f ood item in a propor t i on greater t ha n

t he food item' s r e l a t i v e contri b u tion t o t he to ta l o f a l l avai lab le f oods

i n t he e nv i r o nme n t . Preferences a mo ng variable f o od s ources have been

i nco rpo ra t e d i n to recent models ( e.g . , Sc a via 197 9 ) . " ost of the se

mod e ls us e a f o od preference teem or electivity index f or ea ch f ood

source . Se l dom are more t h a n t wo types of food a va ilab le to the grazi ng
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c o mmu n i t y i n simu l a t ion mod el s, i . e., phytoplankton o r detri tus. Of t e n

values for the f ood preference t e rms are the modeler l s best gues s becaus e

l i ttle s ound docume nta ti on exi sts .

a . Detritus and mi croflora as f ood

79 . Detritus, o r un ident i fiabl e, part i culate organ i c and i n o r ­

gan i c mater ial, is a s i gn i f ica n t f ood s o u rce f or zoo p lan k t o n i n some

model s . Altho ugh ample e v i de nce e xis t s t o s how t hat detr itus is c on ­

s ume d by ~oop l a nkt o n, n o e v i den c e e x is ts t o s h ow t hat det ritus i s

cons ume d prefe rent ial ly . Several s t udies h ave s hown tha t detritus is

i n ge s t e d i n p r o p o r t i o n t o i ts comp os i t ion in the enviro nment . When

de t ritu s is i ncl ude d a s a f o od s ou r c e i n a graz ing f ormulati on, i t

s h ould b e given e q ua l ranking with other s u i t a b le f oods .

80. Sinc e Odum and de la Cr u z ( 1963 ) f irs t d e s c r i b e d organic

de t r itus, a f airly e xtens i v e b o dy o f li terature h a s d ev e l op ed tha t is

c o n c e r ne d wit h t he functi onal r o le o f detritus in troph i c webs o f

aqu a ti c e c o s y s t e ms . Det ri t u s con s i s t s o f o r ga n ic ca r b o n that i s l os t

from a ny trophi c l evel by no n p red a to ry me a ns ( e . g .• nonp r edatory mortal­

ity. ege stion. e xc r e t ion) o r that is der ived from al l o c thonou s sou r c es .

The detritus f o od c h a i n i s a ny r oute b y wh i ch c h e mi c a l ene rgy f r om

det ritus i s made ava i lable t o biota (Wetzel 19 75 ) . These defi nitions

recogni z e ba c t er ial a cti on on det rita l s ub s t r a t es as trophic transfe r

( We t ze l 19 75 ) . Gol dma n and Kimmel ( 19 78) rev i ew e d mu ch o f the previous

wo rk c o nd uc ted o n energy flow and matt e r c y c l i n g through detrital path­

ways a nd empha s ized the impor tance of detritus in reservoirs .

8 1 . Th e upper reaches o f reservoirs typ i ca lly a ct as s edime nt

traps f or t remendous loads o f c l a y , s i l t , a n d det r itus . As a r e s u l t.

r iver impoundment s may receive a s i gn i f i c a n t portion o f thei r driving

e n e rgy f r om io f l ow ing allo c thonous detritus . I n Tutt l e Cr e e k Reservoi r .
-2 -1

Kansas, Marzolf ( 1978) f ound that 12 0 0 mg Com od a y c ame f r om al -
- 2 -1

loc t honous sources and o n l y 70 mg C · m oda y f rom autochthonous o r i g i n s .

So r o k i o ( 1972) s uggested that 25 percent of the dr iving e ne rgy i n Ryb insk

Reservoir. USSR. wa s derived from al loc tho nous organic substances.

T~enty-three perc ent o f the organic matter in a Texas reservoir c ame

from upstream a r e as ( Li n d 1971). In addit ion t o t h e de tritus flowing
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into r e s e rvoirs , a subs tantia l q uan t ity may e n t e r i mpoundmen t s v he n new

a reas a re i n unda ted by high water l e vel s ( Roma ne n ko 1966, Wi nberg 19 72 ) .

82 . Di ets o f nonp r edatory zoop lan k to n often include s i gni f ica n t

quantitie s of detritus o r ba cteria (Smirnov 1962, Conove r 19 64 , Pet ipa

196 7, Andronikova et al . 19 72 , Poule t 1976) . Edmondson ( 1957) d isc ussed

t he po tent i a l impor tanc e of detri t us i n zooplankton diets a nd c i t e d

pre v i ous obse r v a tions o f z ooplank t o n cons umi ng det r i tus a nd ba c t er i a .

Bacteria made up 5 8 percen t of the nonp r e d a t o r y zoop l ankt o n d i et du r ing

the f r eez i n g period in Red Lake. USSR (Andronikova e t al. 19 72 ) . Ma r zolf

( 19 78) obse r ved zooplankton gorged wi t h c lay parti cle s and detritu s .

Gutel' mackher ( 19 73) de t e rmi ned that d i spe r s ed bacter i a compos e d

28 to 38 pe r cen t of t he die t s o f Bosmi na l ong irostr i s . Ho l ope d i um

gibberum, and Diaptomus graciloides.

83. Bacteria probably make indigestible det ritus available t o

no npredatory zoop l a n kto n (Edmondson 1957. So ro k i n 19 72 ) . In some c a s es ,

mi c r o f l ora o n t he de t r i t us may repre s ent t he p r i ma ry s ou r c e o f e ne rgy

(Overbeck 1972 ) . Tha t bacteria colonize detri ta l par t i c les is well

es tabl ished (Rodina 1963; Paerl 197 3, 1974 ) . Ac c ording t o Rodi na

(1 96 3 ) . the mass of ba cteria o n detritus i s o f t e n e no r mo us , a nd an ag­

gregate often consi sts of a small o r g a n i c c o re with an ov e rg rowt h o f

ba cte r i a a nd ba cterial fil aments.

84 . Ba cteri a also ma y a p pe a r as f r ee- liv i ng p l ankto n (Azam a nd

Hod s on 197 7, Ki mmel 19 78, Siebu r t h and Smeta cek 19 78 ). I n fa ct, Sieburth

and Smet acek (1 9 78) found t hat the ba cteri a attached t o the ses t on wh i ch

pa s s ed through a 20~~m s creen c o ns is ted o f o n l y abou t 0 .1 pe r cent o f the

t otal c e l ls they concent r a ted on 0. 2-~m nucle opore memb r anes . Al t ho ugh

most di spers e d bacter i a p roba b l y are not f iltera ble by zooplankton

(Hona kov and Soroki n 19 72) , c o l o n i z a t ion o f detri t us ma y i ncrease the

ava ilability of d i spersed bact e r i a fo r zoop lank ton consump tion (Goldman

and Kimmel 19 78). Hane y ( 197 3) . however, cons i d e red parti cle s within

t he siz e range of 0 .45 to 30 ~m to be available for zoop l a n k to n consump­

t ion . Some dispe rsed b acte ria probably are at the l ower end of thi s

size ra nge .

85 . Few data e xis t o n the a s s im ila t i o n of detritus and bacteria

54



by zoop l a nk ton (Ap p e n d i x C) . Assimilation ef fic iencies of Cla docera

feedi n g o n phy t op lankton (8 t o 99 perc e nt; X= 4 7 .4) tend to b e higher

tha n tha t of Cl a docera f ed det ritus a n d bac teria ( 8 to 5 5 p e r c e nt; X

= 2 3 . 3; Appendix C) . S i mi l a r l y , Cop e pod a a s simi late a lgae ( 10 to 99 per­

ce n t; X 5 9 .5) s ome wh a t more e ffi c ient ly t han the y d o yeast a nd ba cteria

(2 1 t o 67 percent ; X= 44 .2 ; Append ix C) ( Gu tel ' ma c kh e r 1973 ; Gr e e n 19 75 ) .

86 . Nonpreda t ory zooplankton f ed detritus a nd bac teria a ppa r ently

c a n s u r v i v e , even t hough assimi l ation of t h e s e food s i s re la tive ly low .

Baylor a nd Su t c l i f fe ( 1963) o bse r v e d t hat Ar t e mi a sp . fed p a r t i c ula t e,

orga n i c det r i t u s grew as we l l a s tho se s h r i mp fed yeast, through the

f ou rth Ga y o f their e xp e r ime n t . Th ere after, Ar temia con t i n ued to grow

but a t a s l owe r rate than yeas t - f e d s pec i me ns . Clado cera fed s t e ri le ,

c r u s hed plant a nd anima l detr itus survived 38 da y s b u t did not reproduce

effectively (Rodioa 19 6 3 ). When fed de t r itus t hat wa s colo nized by

bacter i a, t h e Cl a d o c e r a survived and reproduc ed th r o u gh severa l genera ­

tions. Apparently t he bac t e ri a provided certa in vitamins needed by t h e

Clad o c e ra f o r r eprod u c t i on and development . Ot h e r zoop lan k te rs al s o

ha v e bee n obs erved t o s u r v i ve, ma t u re , and r eproduce o n diets o f detr i ­

t u s a n d / o r ba c teria ( Ge l l i s a nd Clarke 19 35 , Rodina 1963, Yesipova 19 69 ,

Hon a kov 19 72 , Winbe rg et a l . 19 73 ) .

8 7 . Zoop l a n k t e r s apparently mus t f e e d o n det r itus and b a cte r i a t o

balanc e the ir e ne rgy budget s when ph y top l a n kto n producti on i s i ns u f f i ­

c ien t t ,) s uppor t the b iomass o f z ooplankton pre sent. In the t r opi cal

Atlant i c , f ood n e eds fo r zoop lankt on were 1 . 5 to 4 times greater than

chlo r oph y l l! prima r y p r odu c t i on (Fine n ko and Zai ka 19 70 ) . Nauwe rck

( 19 6 3 ) c a l c u l a t e d that t h e Ju ly g r owth ra tes of Diap t omus s p . c ou l d n o t

hav e be~n mai n t a i ne d with the avai lable phytop lankton produ c t i on . Like

ineffi c ient benthi c herbivore s that f eed on detritu s a nd b a cteria (e .g . ,

Hargrav~ 19 71 ) , z ooplankt ers may have high tis s ue g rowt h e ff i c ienc i e s

a nd s i mply process l a r ge q uant it i e s o f po o rl y assimi la ted f oo d . We l c h

( 19 68 ) de mons trated a n i nverse re la ti on between assimilabi lity a nd

growth e f f ici e ncy .

88 . I n field s t u d ies , large tempora l d i screpancies have been

o bse rved between pea k s i n phytoplank t on and the abundance o f herb ivorous
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zooplankton . In fact, zoop l a n k t o n dynamics occasionally correlate

better with the production of bacteria than with that of phytoplankton

(Moskalenko and Votins ev 1972, Jassby 1975) . Colonization and partia l

decomposi tion of senesce nt algae by ba c t e r i a and fungi may ma ke them

secondarily available f o r zooplan kton consumption ( Edmondson 195 7 ).

Jassby and Goldman (1 9 74 ) conc luded that a major ity o f the phytoplank t on

losses in Castle Lake. Cal i fo rnia. were the result of natural senesce n e

and not gra z i n g .

89. A tremendous qua n t i t y of chemi c a l energy in the form of

bacteria has been large ly ignored by limnologists. Whil ba cterial

b iomass typically i s low in most waters throughout the year (1 g wet

weight per m
3

was a common estimate by Rodina (1963) and Sieburtb and

Semta cek (1978», turnover time i s r apid (e.g ., 3 t o 48 hr). As a result,

bacterial p r oduction can e xceed primary production u n de r certai n condi­

ti ons (Wi nb e r g 19 72 . J a s s b y 19 75 ) . On a yearly bas is, bacterial p rodu c ­

t ion i s usually l e s s than p r im a ry production. but of the same magnitud e

(Ku zne tsov et al. 1966 , Ove rbe ck 1972. Pe c h l a nde r e t al. 1972 , Tilzer

1972). Suc h a potential source of e ne r gy in reservoirs is of t oo great

a magnitude to be igno r ed. even if inefficiently utilized.

90. If detritus i s considered a second food s ou r c e for zoop lankton,

then a term ind i cating preference for detritus or phytoplankton should

be i n c o rpo r a t e d i n t o a mode l ' s grazing construct. Four zooplankton

mode l s inc l ude detritus as a source o f food for z ooplankton (i . e . •

Me nshu tkin and Umnov 1970, Umnov 1972. Mac Cormi ck et a l. 1974 , Pa t t e n et

al. 1975). Th e Wing ra Model (Ma c Cormick et al. 1974) incl ude s a pre f e r ­

e nce t e r m f or d e t r i t a l and algal f o ods tha t u sually wa s set at unity

(i.e . • i ndicating no prefe rence). or t h a t was empi rically derived.

Patten et al. (1975) ass umed that s mall zooplankton feed 20 percent on

phytoplankton and 80 percent on particulate organic matter. These

values are simi lar to the percent compositi on (b y weight) of these c om­

ponents in net seston . Menshutkin and Umnov (1970) and Umnov (1972 )

assigned z o op l a n k t on preferences fo r detritus or phytoplankton on the

basis o f the percent compo s i t i on (by we i gh t ) of these compone n t s i n t he

ecosy s tem. Data o f Rythe r (1954) and Lamper t (1974) suggested that the
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use of a preference t erm, based on the concen t r a t i on of food particles

o f a f ilterab l e size , may be r ea s onable . Parti cle selection by

Cladoce r a i n the s e s t udies depe nded on the co ncen t r a tion o f f i lterable­

sized pa rt ic l e s and not on the type of pa rticles pre sent . Pa r tic l e s a re

not re j ec ted simply because they have l i mi ted f ood va l ue . Copepod s

i nges t and form feca l pellets of part i cle s o f India i nk (Harsha l l a nd

Or r 1952) o r po lysty rene pellets ( Pa ffenhofe r and St rick l a nd 1970 ) .

91. The seasona l abundance o f phytop lankton, bacteria, and

detritus may be t he main fa c tor determining the percent compos i tion o f

t hese compo nents in the die ts o f man y zoo pl ankton. For example , Poulet

(19 76) determined t hat the ba l ance be t we e n l iving and non l iv i ng pa rti c l e

co ns umpt i on in Ps eudocalanus mi nu t us was re lated to the relative concen­

tra tions o f thes e compone nts wi t h i n e ac h parti c l e peak (i . e ., the size

range of part i cle s whi ch are f ilte r ed at a maximum r ate ) . Riley ( 19 70)

s t a ted t ha t such non s ele c t ive f eeding, ba s ed on available particle size ,

should not d i s t i ngui sh between living a nd nonliving pa rt i cl e s . Detrital

ca rbon cons titu ted 71 pe rcen t of the f ood ra t i on o f Pseudocalanus minutus

(Poule t 19 76 ) . This f i gu re is abou t t he same a s the percent composi tion

o f det ritus in t he seston of the sea (78 to 95 percent, Finenko and Zai ka

19 70 ; 76 percent, Beers a nd Steward 1969 ; 70 t o 93 percent, Poule t 197 6 ) .

92 . I n some models, anima l s a re limite d to one f ood source .

DiTo r o e t a l . ( 1971) and Steele ( 1974) developed model s i n which zoo ­

pl ankt on fed e xc l usive ly on phyt opla nkton . Foo d o f benthic o r gan i sms

was limi t ed t o detr i t us i n a mode l by Zaho rca k (19 74 ) . Ot he r models

primari ly have be e n c onc e rne d with parti c le s i ze selection (e. g. , Sc avia

e t a l . 1976, Tagh on e t al . 19 78 ) . Ela bo rate cons t r uc t s dealing with

foo d se lecti on based on prey avail ab ility, ca tchab i l i ty , and desirabil ity

(e . g . , Park e t a l . 19 74, Zaho rca k 1974, Scavia et a l . 19 76 ) may not

rep resent s ubstantia l imp rovements ove r singl e -food model s i f they can­

no t be effectively eva l ua t ed . Wh i l e s uch interac t i on s and behavior

p robably exist , they have not ye t been adequa t ely quantified .

93 . Cles ceri e t al . ( 1977) p r e s ented a mode l simulati ng f r ee and

a t tached mi cro f l o r a, pa rticu l a te and dissolved o r ganic matter, and n i ­

trogen a nd phospha te in l i mnet i c areas . Feeding t erms [or bacter i a were
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t he same as those used for zooplankton and benthos feed ing in the Lake

Geo rge mod e l (Park et al . 1974). Insofar as we know , the e f fo r t o f

Cl e s c e r i e t al. (197 7) represented the fir st a ttempt t o model ba cteria

dynamics.

94 . In rev iewing t he literature o n assimilat i on a nd f e e ding, we

became awa r e o f sev e r a l gaps i n t h e knowledge needed t o e f fe c t i v e l y

mod e l zooplankton . We u rgently ne e d a c curate methods for de te rmi n i ng

t he percent c ompos i t ion and tu rno ver of detri tus . b a cte r i a, a nd p hyto­

plan k ton i n seston . With t hese me t hods, we cou l d bette r el ucida te t he

s easona l d y namics of the s e compo nent s a nd de t ermine t he ir r e l a t i ons hi p

t o zooplankton feedi ng . I n a d d i tion, more studies are ne e ded o f a s s i mi ­

l at i on and s urviva l when zoopl ankton are f ed p rotozoa , de tr i t us a nd/or

b a c teria, o r v a r i o us combi n a tions f or severa l genera tio ns . Until the s e

da ta a re availa b l e a nd i ncorporated i nto mo de ls o f reservoir z ooplank ­

t on , s i mu l a t i on s o f the r ea l environment ma y be i n a c c u r a t e .

95 . Di s s olved organic matter ( DOH) is another potent ial sou r c e of

f ood f o r b entho s and z ooplankton o f which we kn ow l ittle . We d o know

that DOH is about 10 times more abundant than particulate o r g a n ic matte r

(POM ) in mar ine and freshwater ecos ys t e ms ( Jo r g e nse n 1962, Wetzel 1975 ) .

Data on the us e o f DOH by aquati c i nve r t e b r a tes are r a r e . Pelo s colex

mul tisetosus. a n o l i g och a e t e , act ively t ook up g lyc ine from sol u t i o n

(Brin khurst and Chua 1969) . Ep i derma l ti s s ues of soft -bodied ma rine

inve r tebrates h a v e been s hown t o actively t ra n s p o r t d i s s olved. free

amino a c i d s . Larva l forms wi t h large s u r fa ce- a rea-to -volume rat ios ,

e s pecial l y , ma y benefit from s uch uptake (Wes t et a l . 19 7 7). Sou t hward

and Southward ( 197 1) b e l i e ved tha t s ome ma rine polychaete s c a n me e t a ll

of the i r nu t r i t i ona l requi rements by absorb i ng DOH . Ge lli s a n d Cl a r ke

( 1935) f ound t hat Dap hnia magna co u l d n o t s urvive in a glucose s olution

but could effec tively us e unf ilte r a bl e, col loidal o r ga n i c matte r as

f ood . The o s mot ic assimilatio n effi cie ncy of DOH by Daphnia p ulex in

sterile water i s about 2 percen t ( Hona kov and Sorokin 197 2 ) . Hore

r esearch is n e c e s sary t o determine what types of animals in rese r vo i rs ,

if any , can d irectly ( b y uptake ) o r i n d i rec t l y ( v i a a ba cter ial trophi c

l ink) utilize t h e energy i n DOM .
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b . Se l e ct i vi ty amo n g algae

96 . Con fli c t ing evidence o n the n u t ri t i o na l value an d g r a z ab i l ­

i ty o f b lue -gr e e n a l gae h a s a ppea red f o r many y e a r s . Ou r r e v iew of

a s simi l a tio n , i n a la t er s e c t i o n , clea rly s hows that blue - g r e en a l ga e

a r e general l y n o t a s a s s i mi l a ble as are o t he r a l ga l s pec ies . Thi s d oes

no t me a n , how e v e r , t ha t b l u e -green alga e are ign o r ed a s a f ood source b y

z oop lankton . Birge ( 1898 ) may have b e en t he first wo r ke r t o s p e c u l a te

on t he a b i lity o f z oopla nkton to g r aze fi l a me nto us b l ue-g r e e n a l gae . He

s ugges t e d , o n t h e ba s is o f q ua li tative obse r v a tio n s, t ha t Chydor us c o u l d

ut i liz e Anabaena b u t no t Lyngbya .

9 7 . Le f e v r e (1 9 4 2 ) c ompare d the s u ita b i l i t y o f ma ny algal

s p e c i es as f o od f or Da p h n i a magna and Daphnia pulex . Blue - g ree n a l ga e

we r e not i nc l u de d i n t he a nalys is, but hi s r e s ults s howe d t hat s pecies

dif f ere nces wi t hin the same ge n us c ou l d p r od uce widel y d ive r ge n t s uit­

a b il ity r a t i n g s . Be c aus e Le f e v r e d i d not me a sure a c t u a l c onsumptio n o f

the a l gal s pec i es he exami ned, h i s re s u lts a re not dire ct l y c omp a r a b le

t o mo r e rece nt wo rk . Howeve r , t h e y d o i ll us trate the c on t e n t i on tha t i t

i s no t ne c e s s a r ily t he t a xonomi c p o s i tion o f the al ga e t ha t mak e s i t

s u i t ab le o r un su i tabl e a s f o od but r a t he r t h e at t r i b u t e s of e a c h a lga l

s p e cies s uc h as s ize, s hap e , a n d t o x i ci t y .

98 . Le f e v r e ( 1950 ) f o un d t hat the filame n tous blue - green

Aphanizomen on g ra c i l e wa s un suita b l e as food f o r Da phnia magn a a nd

D. pul ex . Bo th speci es o f Da p hn ia c o u l d f i lte r t he a l gae but r e jected

i t b e caus e t h ey co u l d not i nges t the fil amen t s .

99. Ryther ( 1954) co n s i dere d t he p o s s ibility t h a t Daphn i a magna

f i lte red l a rge a l g a l c e l l s l e s s e ff i c i e nt ly t han s ma l l cel l s . In a

group o f e xp e r iments in whi c h Dap hn i a wa s f ed mi x e d c u l t u r es con t a i n i n g

e q u a l nrunbe r s of the l arg e Scenedesmus a n d t he s ma ller Ch Iarella , e a c h

p r ey s pe ci es wa s e a ten i n e q u a l numb ers s ugges t i ng n o d i f f e r ence i n

f il t e r i n g e f f ici e ncy .

10 0 . Ry the r a lso s ugge sted. t he n experi menta lly d emonst r a t ed ,

t h a t t he a ge o f the algal c u l t u r e was im po r t ant in dete r mi ning filt ering

r a t e . Fo r a l l s p e cies i nvest iga t e d , Daphnia ma gna fi ltered sene s c e n t

ce l l s a t a muc h l ower rate t ha n i t f il t ered g r owi ng ce lls . Ry t he r
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hypothesized that a n t ib io t ics p r oduc ed by the s e ne s cent c ul t u r~s i n ­

hib i t e d Dap h n ia feedi n g . Hi s re s u lts were s uppo r t e d by McMahon a nd

Ri g le r ( 1965) a n d St ross e t a l. (1965).

101 . Blazke ( 1966) f ound that Daphnia p u l i c a ria was able t o g row

and cep r oduc e when feeding o n a b loom o f b lue - g ree n algae. However ,

Ar nol d ( 197 1) no ted t hat bacte r i a ma y have been cons umed along with t he

b l ue -green alg a e i n Bl a zka 's s t udy .

10 2 . I n her s t udy of Da phn i a f eedi ng i n He a rt Lake, Ca n a d a , Burns

( 1968a ) f ou n d t h a t the fi lamento us blue-gre e n alg a e Ana ba e n a , Osc i l l a tor ia ,

a n d Lyngbya were nume r i cally d omin a n t d u r ing t he s ummer . Al s o pre s e n t

we r e c o l o nies of Gomp h o s phae ri a and Mi cropti s . Daphn i a fi l t e r i ng r ate

d e cl ined as the co ncen t ra t i o n of Anaba ena c o l o n i e s in the wa t e r i o -

c r e a s e d . Burns noted,

Whe n Daphn i a we re f eed i ng i n l a ke wate r , ma n y o f t he
co lon ies were d rawn i nto t he tho r a c i c c h a mber . Mo st o f
the co l on ies we r e cas t ou t by mo ve me n t s o f the po sta bdomen
a lone , but many o f t he f ilamen t s c a me t o l i e i n the f o od
g roove paral le l t o the l on g a xis o f the bo dy . I n Q. r o s e a,
a n i mmediate and v igoro us l abra l re j e c t i on o ccurred when ­
e ver a n Ana ba ena fi l a men t, o r c e l l f r om a f i l ame nt ,
reached t he r egi o n o f t he max i l lules . Seve r a l rejec tions
we r e s ome t i me s nece s sary t o dis lodge a fil ament .

Bu r ns s u g ges ted t hat the d e cl ine i n Daphn i a fi l t e ring r a t e cou l d be due

t o the pre s e n c e o f the f ilame ntous b l ue-green a lgae whi ch i n t e r r up t e d the

fi lterin g proc e s s . He r r esu l ts s up po r ted the con c l us ion tha t Daphnia

r o sea was not utili z i ng the pre dominant phy t oplankt on o f He a rt La ke f or

5 months o f the ye ar .

10 3 . Bur ns f ound , in cont ra s t, that Daphnia galeata i nges t e d

s i n g le c e l l s o r s mal l fragme nts of Ana baena a t t i mes when the f ood

l eve l i n He a r t Lake wa s l ow . He r hypothe s i s was tha t perha p s Dap hnia

galea t a c ould us e l e ss de sirab l e f o od sou rces i n t i me s of i na dequate

f o od s upply .

10 4 . Altho ugh Daphnia~ a nd ~ . ga l e a t a s howed s i mila r fi l ter -

i ng ra t e s and feeding b ehavi or i n Hea r t La ke wa te r , Burns note d ,

.• . t h a t d ur ing June , Q. ga lea t a adu l t s i nges ted s ma l l
colonies o f a c h rysophy cean alga where a s Q.~ a du l ts
did not. This implies not o n l y tha t an a cti ve selec tio n
of f ood par t i c les i n lake wa t e r migh t occu r in na tu r e, as
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has been sugges~ed b y o ~he r a u ~ho r s (Smi t h , 19 36; Gajevs ka ya ,
196 1) , bu t a l so that t wo s pec i e s of Daphnia mi ght d i ffe r i n
an ab il i ty t o s e lec t food .

105 . Sch i ndler ( 19 6 8 ) fed Da phn i a magna t hree a l gal s pec i es

sepa ra t e l y (C h l o rel la s p . , Chlamydomonas s p . , and Ana bae n a s p .) a n d

fo und no s i gn i f i c a n t d iffe r ence i n t he f eed ing r ate . Th e a s sim i lation

rate s o f Da p hnia fe d Ch lore l la s p . and Ch l a my domo na s sp. were n o t s ig­

n i f i cantl y di f f e rent , but the a s simi l a tion r ate f o r Ana b a ena s p . was

s i g ni fi ca nt l y l owe r . Fo od e nergy con t e n t ( 2 to 5 c a l o r i e s/mg ) h a d a

s ignifi can~ e f fec t o n f e eding a nd ass i mi l ation .

106 . Sc hindler noted that plan k tonic Copep o da a nd Cladocera from

a turb i d Minneso ta l a ke , when observed in t h e labora tory, a te particl es

of d i ff ere n t origin n ons el e ctive ly , although t he re wa s some se l ec t ion

f or s i z e and s h a pe o f pa r tic l es .

10 7 . Expe r ime nt s c on du c t e d by Gl i wic2 (1 969) o n eigh t zoop l a n k ton

s p e c i es f ed v ar i ous s i z e s o f mine ra l grains a n d dia tom fru s tule s s upp o r t

the hypothe si s that fi l te ri ng may b e primarily p a s s i ve and me chan i cal .

Gl i wi c z f ound tha t as the proport i o n o f minera l par t i c les i n the f o od

s uspe nsio n i ncre a s ed , t he amount c o ns ume d al s o i nc reased . He c o n c l u d e d

t hat when l a rge amo un ts of va luele s s f ood whi c h cladoce rans c a n no t a void

o r r e j e c t a re p resent , f i lterin g r ate s d id n o t dec rea se . He a l so ex­

a mi ned t h e c o n t e n t s o f a l i me n ta r y canals of va r i o u s zoop lan k ton s pec ies

fr om La ke s Mikolaj s ki e and Ta l t o ursko, Pola n d . Thi s qua nti t a tive s t u dy

revea l ed t ha t the f o l l owi n g s p e c i es con s ume d blue - green a lgae a lon g with

o t he r foo ds : Daphnia c u c u l l a t a , ~. l ongispina, Bo s mina co r e gon i ,

B. l on g i r o s t r i s , Bra c h ionu s angulaci s , a nd As p l anc hna pri odonta .

10 8 . McQue e n (1970 ) f ound t ha t Diaptomu s o r e gon e ns i s did n o t fee d

o n t he p la te lik e colo nies o f the blue - gree n Meri smo ped ia i n Mar i on Lake,

Br it i s h Columb i a (al t hou gh th i s speci es wa s o f a f i lterab l e s i ze) , nor

o n t wo species of the d i a t om Cy c l ote lla t hat were within the size r ange

n o r ma l l y e a t e n by Di a ptomus . HcQueen c o nc l uded t hat cel l t ype , rather

than s i z e a nd c oncen t r a tio n a lone , is i mport ant i n determ ining f i l t e r -

ing r a te s .

109 . Sch i nd ler ( 19 71 ) f ed Daph n i a longi s pin a , Di aptomu s g r a cil i s,
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and Cyc lop s s t re n uus 11 algal s p ecies, t hree of whi ch we r e blue- g r e en

a lgae . Th e zoop l a n k ters a t e e ach o f the 11 spec i e s, although the a s­

s i mi l a tion effi ciencies were h i ghly variable .

11 0 . Arnold (1 9 71) , who examined the eff ects o f s e v e n s p e c ies o f

blue-green algae on Daphnia pulex, found that i nges tion, a s s imil at i on ,

s u r v i v a l , a n d r ep r oduction we r e l ower in s pecime ns f ed b l ue - green algae

than in t hose f ed green algae . Th e d egree t o whi ch the d ifferen t blue­

gre en algae a f fec ted t h e Daphni a was va r i a ble . Arno ld conc l ud e d t hat t he

blue -green a l gae tested did not s upply suff i c i ent nutr i t i on to s u pp o r t

the Daphnia pul ex p opulation unle s s addit i o nal fo od s o urces were avai labl e .

111 . Porter ( 1973 ) , who e xami ned in si t u t he se lectiv e g r az ing of

a lgae by a zoop l a nk ton commu n ity i n Ful ler Pond, Connect i cut, rep o r ted

that art ificial increa ses in g r az i n g pres sure res ulted in a dec l ine of

the phytop l ankton communi t y a s a whole . The most h e avily grazed g r o ups

were c i l i a t es , s ma l l a lga l s pec i es , large diatoms, fl a gellate s, and

nanoplank t on. Unaffe cted groups were large a lgal s pec ies , s ma ll b l u e ­

g r e en a lgae, s mal l diatoms. large desmids, l a r ge d inof l agellates, and

large c h r ys op hy tes . La rge blue-green a l gae s howed a v a r i a b l e respons e

a nd large green algae i ncreased .

11 2 . An a baena a ffi n is and A. flos - a qu a e were ra rely c ons ume d by

t h e zooplankton a n d we r e unaf f e cted by i ncreas e d g razing p res su r e . Th e

g r e en a lgae that were e nh a nced by grazing we re e ncased in gela t i no us

sheaths and p a s sed through t h e gut intact . Sp ha e r o cys t i s sch roeteri

a n d El a ka to t hr i x gelatinos a reproduced after gut pa s sage .

11 3 . Po rter suggested that ge l a tinou s g reen algae must b e inc luded

wi t h blue-gre e n algae and othe r very large s pec ies as b e ing poo rly uti­

l ized a s f o od by z ooplankt on . She conc l ud e d ,

By t hei r respons e s to g r a zi n g , a lgae c a n be divided i nto
thre e maj or groupings that cut a cro s s taxonomi c line s . One
c on t a i ns s peci es t h a t a r e la r ge, r are , o r f il ame n tous a n d
s eld om foun d in the guts o f the z ooplankton, either because
they are not e aten o r are a ctively re j e cted . The y a re unaf­
fe cted by manipulations o f grazing p ress u r e. Th e sec ond
conta ins s ma l l, e d i b le s p e c i es that are e a ten, d iges ted and
suppre ssed by g r azers . Th e third c on tains s pecies e ncased
in t h ick ge lat inous s hea t hs t h a t pass th r ough the graze r s ,
f r e quen tly i n tac t a n d in viable condition . Th e s e are
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increased by an i n c r e a s e i n grazers . Gr a z i n g pre s s u r e, l i k e
phys ical and c hemical f a c to rs , may determine the r elative
propo r t ions of a lgal species and d r ive seasonal s u ccession
f rom a s p r i n g assoc ia t i on d omi nated b y e di b le fla gellate s
and dia t oms t o ge l at inous gre ens a n d f ilamento us b l ue - g reens
i n a u t umn . Th e impact o f g razing on t h e phytopla nkton com ­
munity i s determined by t h e propo rtions of s up p ressed , i n­
c rease d a n d unaffe cted al gae pre sent .

114 . I n a con tinua tion of he r s tudy, Porter ( 1975) found b l ue­

g reen algae t o be con s ume d i n limi ted qua ntities by t hre e zooplankters

in Fuller Po nd, Connecti c u t . Cyclops scuti fe r fed to a very s mall e x ­

t e nt on Apha nothece s p. (4 .3 p e r c e nt o f gut vo l ume) and Ch roo c occus

limneticus ( 3 .5 percent ) . Only Daphnia galeata cons umed Ana b a ena

f l os-Aquae ( 0 . 2 percent), a l ong with seve n o t he r s p e c i es o f b lue -green

a lgae . She p r e sente d e v i dence t o s how that s ome s pecies of b l ue-g r een

a nd g ree n algae with gela tinou s s hea t hs c a n b e cons umed and pass through

t he digestive t r a c t o f zooplankters i n tact and viab le .

115 . Hane y ( 19 73 ) contra s ted h i s wo rk with t hat o f Burns (1968a ).

Cont r a ry to Burn' s c o nc l u s i on s , h e fou n d that it was unlikely t ha t

Anab a ena filaments were the d ire ct c a use of t h e rap id de cline in zoo­

pla n kton f i l t e r i ng r a tes in t he s p ri n g i n Heart La ke, Ca n a da .

1 ] 6. O' Br i e n a nd DeNoye l les ( 1974). who f e d Ceriod a p hn i a

reti culat a o n a natura l a ssemb l a ge o f phytoplank t on , with a nd with o ut

the c o lon i a l b lue- gre en algae Micro cystis aeruginosa added t o the c u l ­

ture, fou nd that t h e pre sence or abs e n c e o f ~ . aeruginosa had no s i g ni f ­

i ca n t effe ct on the fi lte r i ng ra te . Th e a utho rs d i d no t s t ate whethe r

o r not Ceriodap hn ia con s ume d a ny o f the blue-green a lgae.

11 i . Gelle r ( 1975) , after e xami n i ng the fi lter ing r a te o f Daphn i a

pulex on eigh t a lgal s pe c i e s in p u re c u l t u re , s howed that S cenedesmus ,

Nitzchia , and Aste r i one lla we r e all f il t e r e d a t a b o u t t h e same ra te .

Staurastrum and the bl ue - g reen Mic r ocys tis we r e fil te red a t a much l owe r

r a t e , whi c h Ge ller a ttributed t o c e l l size a nd s ha pe a nd the ce lls

gela tin ous s hea t h . Ana baena wa s f i ltered very l i t t l e i f at all . Th e

g r een al ga Stichococcus was f i ltered at a red uce d rate that was explained

by the s ma l l c e l l s ize a nd r e duced fi ltering effi c i en cy of Daphni a .

Gel le r s t a t e d ,
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The ingestion r ate s me a sur e d during feed i ng with blue-green
algae permit the a s sumption t h a t they are a c cepted if t he y
are ind i vidual c e l ls in s us pe ns ion . t h o ugh the i nges t ion
rate s do no t r e a ch those f o r green a lgae and diatoms, which
are taken up q ui te readily . Filamentous fo~s, e .g . , c o l ­
o n i e s o f Ana baena. whi ch in the p resent i nvestigat i on we r e
s hort filamen t s of 50- 200 cells, a r e ta ken up t o a very
s mal l ex ten t .

11 8 . Haywa rd a n d Ga l l up ( 1976) exa mi ned t he filte ri n g a nd feeding

r a t e s of Dap hnia s c hod le r i fed seve n s pecies of a lga e . Fe ed ing o c c u r r e d

f o r al l species except t he fi lamento us Anabaena a n d Aphan i z ome non, bo t h

blue -green species . Both s pecies were rej ected by Daphnia, and h i gh

mortality ra tes o ccurred. Daphnia s c hod l e r i did n o t eat single ce l ls o f

Anabaena when the filamentous c hains were b r oken up . Th~ authors s u g ­

ges t ed that Daphnia may be able t o recognize Anabaena by c he mica l and

p h ys ica l detec t i on .

119 . Pou r r i o t ( 19 77), who r eviewed the food hab i t s of rotifer s,

s t a t e d , "The polypha gous Ke ra t ella s pec ies (quad rata g ro up ) feed o n man y

kind s o f food inc l ud ing det r itus a nd s mall l i v ing cel ls (Flage l lates ,

g reen a lgae) b ut none ingested t he c ya n op h ycean Sy nechocys l i s wh ich i s

o f s u i t a b l e si ze ."

120 . Pourr i ot al s o listed 28 s pe cies o f filter-feeding r ot ife r s

and their foods . Of the 18 s pecies o f fresh~ater r otifers l i sted, 11

did no t ingest Cy a no p hyce a e . One s p ec i e s , Bra chionus divers i corni s . i n ­

ges t ed blue-green algae (species unspecified) and e x h i b i ted mo de r a t e

reproduc tion. No ne of the seven raptoria l fee d ing specie s of r otifers

l isted fed o n b lue - g r e en algae , but r athe r o n l arge Cr y p t omon a d a l e s ,

Chyrsomona da les , a nd some dia t oms and Cen tra !es . Two of t he t h r ee

bracki s h or alkal ine water species liste d fed o n b l ue-gree n algae a nd

reproduced suc ces sfully. Bo t h o f thes e species were in t he ge nus

Bra ch i onus . It appears t hat Bra chionus i s the o n l y rot ifer ge n us

util izing blue-green algae . Ma ny of the 28 s pecies did not fee d on

o ther algal groups o r o n detritus a nd ba c t er i a . Most s pec ies e xcep t the

raptorial f eeders ma i nta i ne d t hems e lves rea s onably ~ell o n det r itus .

12 1 . Webster a n d Peters ( 1978) , who pe rformed experiment s to s ee

if large zoop lankters we re different i a lly affected by b lue - g r e e n a l ga l
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filaments ove r s ma ll zoop lan kters , indicated that i n la r ge zoop lan kte rs

(Da phnia pul e x , Q. ambigua , Si moc e p h a l u s vetulus ) the filtering r ate

de cl ine d a nd the r e j e c t i on r a t e increa s ed a s the filament conce ntrat ion

increa sed. The f i l te r i n g r a t e s fo r Bosmina lon giros t r is , the s ma l l es t

a n i mal , s howed l i ttle ch a n ge wi th v a r i ations i n fi l amen t c o ncent ra t i ons.

Re sults fo r Ce r iodap hn ia quadrangul a were variable . Thes e r e sults s how

t hat f ilte ri n g of la rge zoop l a nkte rs i s impeded b y the pre s enc e o f

filamen t ous blue - g ree n a l gae.

122. Pub l i shed data generally i n d ica t e that the z oop l a n k ton

communi ty, a s a whole , i s c a p a b l e of filter ing and c ons umi n g a l l major

algal groups, i nc l ud i ng the blue-green Myxophyc eae. The s ize, s h a pe,

a nd che mi cal nature o f the algae a vailable a s f o od appe a r t o be of

prima ry importance in con t rol li ng the rate o f co n s ump t ion . Sene s c en t

cells hav e bee n s hown t o i n h i b i t f e eding , and th i s c hemica l inhi bit i on

is n o t l im ited t o bl ue- gre en algae . Large s pecies wi t h gelatinous

s heaths a r e cons umed by zooplankton but may p a s s t h r ou gh the diges tive

tract u ndama ged a nd perhaps e n h a nce d i n t erms o f increa s ed g r owth rate s .

Rej ecti o n a nd reduced feed i ng may occu r i n t he pres ence o f l a r ge quan ­

titie s o f f ilamentous a lga e .

12 3 . With r e spect to wate r quality probl ems r e sul ting from

eutrop hication, the blue-gre e n a lgae p ose the mos t s e rious problem . Th e

blue- gre e n " bloom" s p e cies , such a s Ana baena and Aphanizome non, a re fila ­

me n t ou s f o rms that a re unl ikely to b e consumed by t h e zoop l a n kters .

Ev e n und e r u nperturbed con d it i o ns , s uch a s mi ght be f o und in na tural

l a ke s, f il a men tous blue-gree n a lgae ma y predomina t e in the l ake phyto ­

pla n kt on du r i n g the s umme r and e a rl y f all . In any si t ua t i o n whe r e f ila ­

mentous al ga l f o rms bec ome a s ign i f ica n t p r oport i on o f t he phytoplankt on

commun i ty , gra z ing r ates are affe cted . Gr az i ng o n t hese s pecies s hou l d

no t he mod e l e d at the s a me r a te a s tha t o n othe r nonfilamento us f orms .

12 4 . Model const r u c t . In view o f the water q ual ity orie ntat ion o f

the mod e l wh ich th i s repo r t is i n t e nde d to s upple ment, we p r opos e the fol ­

lowing const ruct based on ou r l i t e ra t ure e va l u a t ion . F irst, f ood p r efer­

e n c e is e qua l a mong a l l potentia l f o od sou r ces e x cep t fi lame n tous algae .

65



Filame n tou s noncyanophyte s pecies are no rma l ly not wa ter quali ty prob­

l e ms , no r do they predominate phytoplankto n of rese r vo irs . We d o no t

believe suff i cient j us t ificati on exis t s to separate t h e se species f r om

the bulk of the phytoplankton commun ity . Fi lamen t ous blue - g r een a lgae

should be distinguishe d from oth e r algal group s and should be grazed at

a lower rate . To redu ce the g r a z i n g ra t e on filamentous blue- green

a l gae, the mode l e r shoul d i n t r oduce a pre f e r e nce term into the g r a z i ng

e q uation. The ma gn i t ud e o f the t erm i s no t suppo r tab l e qua ntita t i vely

by l i t e r atu r e da ta but probably should b e a l l owe d t o range from 0 (no

g r a z ing ) to 0 . 3 . The gre a t e r t he concentration of fi l amentous blue­

g r e e n a l g a e in the to t al alga l concentra tion , the lower the total grazing

rate. Th is construc t c a n be written as :

whe r e

G oO =
1.

-kB .
1.

1 - e (1 I)

G. = observed grazing rate on f ood t y pe i
1.

Z = propo r t ional ity c on s t a n t defined by Equa tion 10

B
t = concentra tion of food at time t

B. = concentration of food type i
1.

W. = p r eference coefficient for f ood type i
l.

k = proportiona lity co ns t a nt

Effect of Te mpera t u re on Con s umption

125. Temperature i s known to influence ma ny types of b iologi cal

func t i ons, including t he fi ltering r a tes and hence the grazing rates of

fil t e r - feedin g aquatic organis ms . We next review i nfo r mation on t he

effe c t s o f tempera ture on zooplank t on g r a z i n g rate s, ana lyz e thes e re ­

sul t s c r i t i cal l y , and , final l y, propose a mod e l cons truct i n c o r p o r a t i ng

temperature into the g r a z i ng funct ion. Although a lluded t o here , l e t hal

tempe rature limits are discuss ed in t he section "Nonpr edatory Mortality,"

pa ge 16 6 .
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126 . Literature synopsis . The e a r l i e s t r e f erence to tempe rature

e f fec ts on t he g raz i n g ra tes o f fres hwa te r zoo p l a nkters is that o f Coh n

( 1958). Hi s s t udy of Daphnia pul ex and g. scha dleri showed no cha nge in

t he graz ing ra tes ove r t he l i mite d t empe r a t ur e range of 17° to 2 )Oe .

Nauwerck ( 1959) , who c o nd uc t e d in s i t u experiments at Lake Eeken. Sweden.

with Da phnia l on g i s p ina a nd Di aptomus s p . , found tha t o ve r a tempera t ure

r a n ge o f 8° t o 18° e , t hey both fi l tered most rap i d ly betwe en 16 ° a nd 18° e .

12 7 . The f i r st compre hensive e x a mi n a tion o f the influenc e o f

wat e r te~perature o n f e e d ing behavior was conducted by McMa ho n ( 19 6 5 ) on

Daphnia ~agna . The f e e d ing r e s po ns e wa s recorded at tempe r a t ure s r a ng ­

i ng from 5° t o 35°C . At f ood concen t ra tions a bove the inc ip i ent l i mit­

i n g level , t h e gra zing r a t e rea ched a maximum at 2 4°C . McMa hon f ound

t ha t a t foo d concen t r ation s belo~ t he i ncipien t l imit i ng level, t he

maximum grazing rate was r eached a t 28° e , but i t wa s no t c l e a r whether

t his ra t e was significa n tly diffe rent from the rate a t 24°C . Kryutchkov a

a n d Kondra t yuk (1 966) fo und t hat Daphnia pulex a ch i eve d a max i mum f i lter­

ing r ate at 2 4 ° C , ove r t he temperature ra n ge o f 18° t o 26°e .

128 . Burns a nd Rigler ( 196 7) f o und t h e optimum t e mp e r a t u r e fo r

Daphnia r o sea to be 200 e . McMahon ( 1968 ) s tudied t h e rate o f mov eme nt

o f t he tho r a c i c a ppe n d ages i n Daphnia ma gn a , a s a ref l ection of fi l te r ­

ing ra te , a nd f ound t hat Daphnia c u l t u re d i n the lab o ratory a t 24 °C had

a s l i gh t l y highe r r a t e of thora c i c appen dage mov eme nt than tho s e cu l ­

ture d in op e n f i e l d tanks of natural lake water at 16° ± 4 ° C. Schindler

( 1968) f ound no s i gn i f i c a n t d i f f ere n c e i n t h e g r az i ng r ate of Daphn i a

magn a at 10° a nd 200e .

129. Burn s (1969b) e xam i ned the f i l ter ing r a t e s o f immature a n d

adult i n s t a r s of fou r species of Da phnia at three temperatures: 15°,

20°, a nd 25°C . Adult a nd i mmature ~ . magna s h owed i nc reasing f iltering

ra t e s with i nc reas i ng t emperatu r e . Adul t D . sch o d le r i s howe d a p eak at

2 0 °C , whil e t he i mmature s reach ed a maximum fi lte ri n g rate at 15 ° C with

de c lining ra t es a s t emp e r ature s i nc reased . Ad ult Q. p ulex a n d Q. ga l ea t a

r e a c h e d a maximum fi l tering ra te at 200e, wbi le the immatures of these

s pecies showed i n creasing filter i ng r ates at tempera tures up t o 2 5 ° C.

Th e s e results i n di c a t e that the r e a re speci e s d i f fere nces as wel l as age
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differences in t h e fil tering r e s pons e to temperature .

13 0 . Dap hnia~ raised a t 12 ° C were u s e d in a study of t he

effects of tempera ture o n feedi ng behav i or b y Ki bby ( 197 1a) . Th e

maximum fi ltering ra te was a t 14°C but was not sign ifi cantly different

from the ra te at 12°C. These results differ from tho s e reported ea r l i e r

by Burns and Rig ler (1967 ) and illus trate t he importance o f acc limation

t e mpera t ure i n d e t ermining op timum t emp e ratu r e s for gra zing .

131. Ch isho l m e t a l . ( 1975) s t ud i e d the effec ts o f tempe rature o n

the filtering rate of Daphnia middendorffiana . a spe cies o f primarily

Arct i c and alpine dis t ribut ion . The maximum filtering ra t e was a t

t empera ture s nea r 12 ° C f o r a ges of Da p h n ia t e sted and decreased at

h ighe r and l ower t emp eratu r e s .

132. Perhaps t h e mo s t comprene nsive exami nati on of t he inf l ue nce

o f temperature on the gra zing rate of a zooplankter wa s cond uc t e d b y

Geller (1975) on Daphnia pulex . He s h owe d t ha t t he previous temperature

e xposure of t he anima ls is very i mportan t in de t ermining grazing r a t e .

Ge l le r made a d istin c t ion betwe e n s hort-te r m acc limat i on of ho ur s t o

days and long-term a c c limation from we e ks to months . An imals a c climated

t o 15°C and then tes ted a t 10° , 15°, 20 ° , a nd 2 5°e had higher graz ing

r a tes a t tempera t ures o t h e r t ha n t he ir acclimation t emp e r atu r e . At a n

acc lima tio n t empera ture of 15 ° C the g r a z ing ra t e r e a ched a ma ximum at

20oe . Te mpera t ure r e spons e s we r e s i mi lar f or a ni ma ls a cc l i mat ed to t he

o t h e r test temperatures . In another set o f expe riments. i n which Ge l l e r

examined t h e grazing ra te of Daphnia t h a t had been a cclimated t o t h e

t e st t empe r atures for p e ri ods up to 3 yea rs , g raz i ng ra t e inc reased

i n a l i nea r manne r with t e mp e r a ture . Su c h a l ine a r relation migh t be

expected under field c o n d i t i o ns , p r OVided ambi en t t e mperature did not

ch a nge t oo rapidly (i . e . , on the order o f 1° to 2°e per week ov e r a

s e a s o na l p e r i o d ).

133. In support o f Ge l ler 's r e sul t s, Za nkai a nd Pony i ( 1976 )

found the filte ring rate of Eudiap tomus graci lis ( = Diaptomus graci lis)

to be linearly related to temperature ov e r t he temperature range o f 0 °

t o 27°C. Gophen (1976 ) f ound that the grazing r ate of Ceriodaphni a

r et i c u l ata i ncreased line arly over the r a nge of 15° to 27 °C . Haywa r d a nd
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Gallup (1976), who studied the grazing rate of Daphnia schodleri at tem­

peratures o f from 5° to 30°C, found an increase in grazing rate with

temp e r a t ur e up to a maximum at 20°C. At higher temperatures grazing

de c l i ne d.

134 . Calamo e cia l u ca s i , a freshwater c op e p od of a p r imarily

trop i ca l mar ine genus , was s tudied by Gr e en (1975). He e x a mi n e d t h e

f i l t erin g r ate o f ad u l t s and i mma t u r e i n s t a r s o f this spec i es from 100

to 25°C . Results i n d ica t e that f i l t e ri n g rates i n crea s e d with tempera­

t u r e up t o 20 0C . At higher temp e r atures f ilte r ing d e c l ined f o r adul t

females and copep od ite sta g e s I II, IV, and V. Fil t e ri n g rema ined r ela ­

tive l y constan t be tween 20° and 25°C for naupl i i, and fi l t e r i n g i n c r e a s e d

sl ightly f or copepodites I a n d I I a n d for adul t males .

135. No i nforma t i on i s ava i lab le on the effec t s o f t e mpera t u r e on

the g r a z ing r a t e s o f r o tifers . Table 7 summarizes the results of t h e

papers cite d in t hi s review.

136 . Analysis . With the exc e p tion o f Nauwe rck (1959), all info r ­

ma ti on on the effe c t s o f temperature on grazing rates was derived in

con t ro lled lab o ra t ory studies. Consequently, it is i mp e r a tive t h a t the

previous thermal h i story o f the test animals be known . In attemp t ing to

mo de l tempera t ure effec t s, a data base t hat closely reflects t he natural

env i roMlenta l c ondi tion s i s needed . With res pe c t to temperatu r e, zoo­

plankton i n a natural environment a re acclimated at any pe r iod of t ime

t o a spe c ific thermal regime, usua lly diel in characte r. Changes i n the

t h e r mal regime ove r days to months normal ly occur gradually a nd allow

z ooplan kt on to a cclimate phys iologically and behavior ly to meet thes e

c h a n g e s . Se ldom are zooplankte r s fa c e d with sudden t e mperatu r e changes

such as might be experienced upon e ntrainme n t in a t h e r ma l p lume from a

power p lant. Laboratory studies in which test animals are a llowed t o

f u l l y acclimate to the t e s t temperatur es can be expec ted to b es t refle c t

f ield condit ions.

137. Work by Gel ler (1975) on Daphn i a pulex r e p r e s e n t s the most

comprehensive e xa mi n a tio n o f the role of temperature acclimation yet

u nd e r t aken . Geller concluded that the maximum t i me r e qui r e d fo r tempera­

ture accl ima tion fo r newly established c u l t u r e s was p roportiona l to the
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Table 7

SUlIllu ry of Ll te ra t ure DatI on t he £lfe~ t s of Temp ra tu re on t he Cra zi ng

Rates or F11tar- Feedin g Zooplank on

T mper ntu re
(·C) to Per i od

lIhich the All owed fo r
Anl l1al . lIere An1Jlla la to Cra zing Rate. of Adul t Zooplankt er . Expressed as a Perc nt age

Au umed to Ad j uat t o Obae rved Rate 100X - Me xi mum Observed Rat
be t he T I t T 10 era t ure C)

Taxa AccUmat"d Temperatu r .J. 7 ~ ....Q. 21 14 11 16 .J2. -!! .1Q. 22 24 ...ll 11 .u. 1! 1Q. 11 .J. Ref er ence

ORDER: Cl adoeer a
Family: Dephnl dae

Ceriod phnia Var i abl e 24 hr 39 94 100 Gophen (1976)
reticula t a

Daphnia galeata 15, 2D, or 25 Severa l w ka 26 100 91 Bu rns (1969b)
Daphnia l ongi sp1na Variabl" Ne 100 100 100 auve cck

(1959)

Daphni a magna 20 1 hr 16 , 25 41 100 49 45 McHahon (1965)
Daphnia ma gna B , 20, or 25 Severa l we"ka 54 88 100 Burn s (1969b)
D phnia Vari abl e 1 hr 21 100 66 Chlshob, e t d ,

IlIlddandor f f1 ana (197) )
Daphnia pulex Variabl e 24 hr •• 52 58 100 61 Kr yut chkova

and
Kondra t yuk
(1966) as

-..J re ported by
0 Gell er (197) )

Da phnia pulex 15, 20, or 25 Sever al w eka 81 100 59 Burns (1969b)
Daphnia pUle x IS None 60 45 100 91 Geller (1975)
Daphnia pulex 7. 10. 15.20 . Up to yea ra 24 35 54 74 100 Cel l er (1975)

or 25
Daphnia~ 20 48 hr 48 63 87 100 90 Bu rns and

Ri gl er (1967)
Dephni a~ 12 48 hr 67 82 90 98 100 94 89 85 81 Kibby (l971a)
Daphni a schedl er l 15, 20, or 25 Sever nl w ke 53 IDa 68 Burns (1969b)
Daphni a schedl er l 20 12 hr ? 26 60 87 100 91 71 Hayward and

Gallup (1976)
ORDF.II : f.ucopenpoda

Famil y: Centropagi dne
ClI l amooc l a VArlnbl e 48 hr 29 51 100 86 Green (1975)

lucasl
Flmily : Dl aptomidae

DU ptOftlus sp . Variable Na· 100 100 100 Nauwe rck (1959)
ORDER: F.ucopepoda

FAmi ly: Cent ropagi d
Ca l amoegl a~ Vad ab I. 48 br 29 51 lOO 86 Creen (1975)

fami l y: Dlapt omldae
Dlepto mua sp . Ver i ble Nalll 100 100 100 llauwerek (1959)

._- - -- - --
• ,~ t appli cable; exporl~elll ~a . c on ~u c t ed In . It u In n nat ura l I.ke.

•• l ... t t ""'pera tu res r"n~ed (ron 18< to 30·'r..



growth r a t e . He estimated thi s time period to be about 6 weeks

a t temperatures near 7° to 10°C, and about 4 we eks at temperatures of

15°C o r n i ghe r . Geller noted, "The physiological adaptabil ity o f

Daphnia to e nv i r onme n t al temperature can be fully real ized only i f they

a r e rea red from eggs a t a c on s t a n t temperature."

138. A comparison o f li terature values o f the t ime periods allowed

fo r animal s to acc l imate to test tempera tures (Table 7) clearly i n d i ­

cates that most experimental results a re based on i n s uffi c i e n t acclima­

tion periods to refl e c t the gradual adjus tments made to thermal change

by f ie l d populat ions. Only the work by Geller ( 1975), a n d possibly

Bu rns (1969b), al lowed suf fic ien t t i me for acclimation. The fact that

the results of different authors do not agree led Geller (1975) t o the

c on c l usion that it was impossible t o ca lculate the temperature effect

f or even a s ingle species of Daphnia (F igure 17) .

139. Early workers recognized the i mp o r tan c e o f therma l history

on the fe e din g behavior o f zooplankton (Cohn 1958, Nauwerck 1959), but

f o r many y ea rs info r ma tio n was u n a v a i l a ble on t he p e riod of t ime neces ­

sa ry to ful ly accl imate animals t o test tempera tures. Kibby (1971a) was

f i r s t to e x a mi ne acc l ima t ion t emperature as a f a c t o r influenc ing f i l t e r ­

i n g rates . His results for Daphnia r o s e a acc l imated to 12°C, when com ­

pa red with results for thi s spec i es acclimated t o 20°C (Bur ns and Rigler

19 6 7 ) , i ndi cate d tha t filtering rates may be h igher at lower temperatures

than previous ly demonst rated (Figure 18) . Since the a ccl imation period

of Burns a n d Rigler was 48 hr, i t i s evident t h a t this t ime period i s

i n s u f f i c i e n t to a llow f or complete acclimation.

140. Burns (1969b) a llowed f o u r species of Daphnia to ac climate

f o r "seve ra L weeks" before conduct ing her tests. By t he s tandards f o r

accl imation t ime presented by Geller (1975), a per iod of about 4 weeks

would be needed for Daphnia pulex at tempe ratures above 15°C. Therefo r e,

it i s not cle a r whether Burn s a l lowed suffi cient acclimation t ime. He r

r e s ul t s show tha t t h e fi lte rin g rate o f Daphnia magna increased over the

r a n ge of tempe r atures t ested , while rates for ~. pul ex, ~. schodleri,

a n d D. galeata reac hed a maximum a t 20°C and decl ined a t h igher tempera­

t u r e s . Ge l l er (1975) f oun d tha t ac c limated Daphnia pul ex showed
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linearly increasing filtering rates with increasing temperature over

the range of temperatures tested. Most reported temperature "optima"

for grazing must, therefore, be considered to be responses of incom­

pletely acclimated animals to temperature stress. Such results do not

reflect the normal physiological response of acclimated animals . These

results are, however, valuable when one is considering short-term re­

sponses of zooplankters to abrupt changes in temperature, such as might

occur upon entrainment in the thermal plumes of power plants.

141 . Temperatures of 20° or 25°C are the optimum temperatures for

grazing (Table 7). It is clear that these optima are to a great extent

artifacts of experimental design. Most authors measure grazing rates at

fairly wide intervals, for example S°, 10°, 20°, 25°, and 30°C. Because

these experimental designs d id not allow for a continuum of temperatures,

it could not be ascertained whether the opt imum grazing rate occurred at

the cited temperature. Referring to Table 7, one can determine that 20°

and 25°C are almost the most frequently measured temperatures.

142. Model construct. The form o f the relationship between

temperature and grazing rate is unclear for reasons previously discussed.

Based on a theoretical argument, a maximum (or opt imum) grazing rate must

exist at some temperature, for a given food concentration, near the upper

lethal limit of the organism . Beyond this temperature one would expect

grazing to decline or cease completely as physiological processes become

impaired. For field populations not under stress from thermal pollution,

i t i s unl ikely that lethal or near-lethal temperatures would occur for

long periods (1 day or more in the model).

143 . Based on this argument and on the assumption that field

populations gradually acclimate to temperature changes, we propose a

linear model to describe the relationship between grazing rate and

temperature (Figure 19). The equation for Figure 19 can be written,

y = 0.67T - 0 .33 (12)

whe re y = scalar of the grazing rate and T = temperature (Oe). Such a

relationship, although lacking some b iological reality, is in
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Figur e 19. The relation o f tempe r ature to the relativ e increase
i n gra z i ng r a t e s for a n ima l s fully a c c l i mated t o tes t tempera ­
tu r e s . The maximum g razing rate is equal to one on t he ordinate

a c cordance with t he r e s u l t s of Ge l l er (1975). Th e bounds o f the model

are t he l owe r a nd uppe r le t hal temperatures for the spe c ies, app roxi ­

mat e ly 0 0 t o 34 ° C. Th i s model i s predicat d on z oop l a n k t on populations

from t emperate lakes a nd d oe s no t con s i der the syne r g i s t ic effects o f

tempe r a ture with met abo l i c pro c e s s e s a nd food concentration , although

t he s e f actors are r e c o gn i zed as influencing variables (Chisholm et al.

1975, Haywa r d a nd Gal l up 1976) .

144. Clea r l y , a s e c o nd c o ns t r u c t i s needed if a b r up t t hermal

c ha ng e s need to be incorpo r a ted i n t o the mo de ling fra mework . Aga in,

thermal pol l u t ion ef f e c t s serve as an examp l e. Th e g r a z ing respons e

increas e s wi t h temperature to a maximum value a nd then declines a t

highe r t emp e r a tures , with a cessation o f g r a z i ng at the upper lethal

limit (Figure 20).

145 . Mos t l a borato r y stud i e s suppo r t a f un ction of t his form.

Th e op timum grazing r ate u s ua lly occurs at or only s l ightly above the

a c cl i mation temperature of t he animal . Th erefore , the tempe rature at

wh i ch the max imum graz ing r ate occu r s d i f f e r s for a n a n i ma l acclimat ed
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pe ratures .
20°C. The

The re la tion of temperature t o the re lative increa se
rate for anim a l s incomple te ly acclimated t o t e st t em­
In this e x a mple, t he animal is fully a cclima t ed to

max imum gra zing ra te i s equal to o ne on the ordina t e

to 10°C , and subjected t o a s u dd e n heat stress , t han it will be fo r an

an imal a c c l i mated t o 20°C and subj e c ted to t he same relative st ress .

Fu rthermore , upper a nd lowe r l e t hal temperature l im i t s will vary .

146 . Be c a us e no data are ava i l able o n t he max i mum graz ing r a t e s of

anima l s fu l ly a c c l imated t o va riou s t e mpe ratu r e s, the f olloWin g const ruct

is propos d . Fo r a nimal s acc l imate d to t emp e r a tu r e s betwe e n 0° a n d

30°C, t he ma x imum g r az ing r a t e is as sumed to o ccur a t t he acc limation

t mpe r a tu r e a nd to rema i n constant wi th i n rea sin g tempera t ure unt i l the

a c cl i mation t empera ture plus 20 p e r cent i s reached . I f t he a c cl i mat ion

tempe r ~ ture i s 30 ° to 34°C, the max imum gra z i ng r a t e i s assumed t o

b e con s tant up t o 34 ° C. Temp era tu r es above 34 ° C a r e cons i dered l ethal .

Te mpera u r e s a t 30 ° C and a b ove are not li ke l y t o n o rma l l y occur i n the

fie ld f or per i ods long enough f o r ac c l i mation to o c cur . I nde ed , Gel l er

( 1975) s t a t e d t hat Daphnia pulex cou ld n o t be successfully r a i sed for

any leng th of time at tempera ture s a bove 27°C . Bu rns ( 1969b) no ted t h a t

tempera ures above 25°C r arely o c cur on t empe r a t e la kes inhab i t e d by

Daphnia pulex or Q. ga l eata, two widely distributed zooplan kte r s .
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14 7. To complete t h i s construct we mus t define t he form of t he

f unct 'on above and below t he temperatures a t which max i mum g razing

o ccurs. Experimental r esults i ndica t e that graz ing t a pe rs o ff les s

rapid ly as t empe ratures decl ine from t he maximum g raz ing t empe r t ure

t h a n occurs a s temperatu re s i n c r e a s e above the max imum g r~ zing tempera­

ture. Furthermore, filter-feeding zooplankters t e n d to graze at a

greater rate at tempe r ature s cl o s er to their upper le t hal limi t t ha n t o

their l ower l e t h a l limit (Figure 20) . A gene ra lized bio l o g ical r e action

r a te curve simi lar to tha t d e s cr i be d by Thorn t on a nd Le s s e m ( 1978) woul d

adequately define this funct ion . The reader is referred t o th is paper

f o r details . Th e upper and lowe r letha l tempe rature limi t s must be

known for each accl i mat ion temperature. These da ta a r e unavai lab le f o r

a l l temp e ratu r e s f or e ve n one z o oplan kton spe c i e s. In ligh t of t his, we

ave proposed such limits based on qualita tive judgment (Table 8).

Diel Variations in Filtering and Feeding Rates

148. Most modelers of zooplankton graz ing assume that the gra z ing

rate rema ins constant o n a d i el bas is, the rate be i ng dete rmined o n l y by

f oo d concentration and temperatu re . I n r e c e n t years i t has b e c ome i n ­

cre a sing l y cle a r t ha t gra zing i s a c omplex in t era c t ion among foo d supp l y

and i t s distrihution , zooplankton food habits, feed ing b ehavior, and

e nv i r o nme n t a l variables. Th e role of zooplankton migrato ry behavior and

e nd o ge nous r hy t hms is now recognized a s a ma j o r influence on phytoplank­

t on dynami c s. A numb e r o f models now include d iel v e rt i cal mi g r ati on s

o f zooplankton. Bowers (1979) reviewed the role of ve rtical migration

of zooplankton a nd its i n c o r po r a tion into s i mul a t i o n models of z ooplank­

ton grazing . The objective of t he present section i s t o review the

e xp erime n tal evidence f o r d i el va riations i n t he graz ing of freshwater

zooplankton and to propose a simplified c on s t r uc t for including thes e

changes in the grazing f unc tion .

149 . Litera t ure s y nopsi s . Nauwerc k (1959) in h i s study of the

plankton of La ke Erken was t he f i r s t worker to comment on die l c ha nges

in zooplankton grazing . He found that Eudiaptomus graci l o ides fed more
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Table a
Accl i mac ion Temperature , Upper and Lover Lethal Tempe ra t ures , and

t he Tempe ra ture Range for a Cons tant Maximum Graz i ng Ra te

f or Zooplankters Exposed t o Rapid Tempe ra t ure Stress

Ac c lima t i on
Temper a t ure.

°c

o

Lo....er Let ha l
Tempe ra ture

Limit . °c

Upper Let hal
Temperature

Li mit , °C

Tempe rature (OC) Range Ove r
Whic h t he Max imum Graz i ng Rate
Remains Constant (Ta to 1. 2 Ta)

Lethal

5 0 25 5-6

10 0 30 10- 12

15 2 33 15- 18

20 5 34 20-24

25 7 34 25-30

29 10 34 29-34

30 10 34 30-34

31 12 34 31- 34

34 15 34 34

35 Lethal - No Grazing
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ac t i ve l y during t he day than a t night . However, he found the opposit e

t o be t r ue f or Daphn i a l ong i sp ina . Hane y ( 1973) r e por t e d o n u npub lished

data o f Gliwi cz , who f ound that zoo p lan kton f eeding declined a t night by

7 t o 20 perc e nt i n two Po l ish lakes . Han e y ( 19 73) found con t r adic to ry

evidenc e in He a r t La ke , Ca n a da . He f ound t hat z ooplankt o n migrated

t oward the s u r f a c e a t n i ght, but found no differen c e betwee n the graZi ng

r a t e at no o n a n d midn ight . Repeating t h e e xp e r i me n t later i n t he ye ar ,

h e aga in f ound v ert ica l mi g r a t i on by some spe cie s and a nearly tw ofold

i nc r e ase in g razing f r om n o on t o midnight. Ha ne y n o t ed that the r e sults

ma y r efle ct d i f f e r enc e s in envi ronme n ta l condi t ions a nd c ha n ges i n t he

species composi tion of zoop lankton be t ween the two sampling date s .

Sta rkwe athe r ( 1975) , who s ubjected l a bora t o ry populations o f Da phn i a

p ulex t o a l ight:dark cyc le of 16 : 8 hr ( 16L :8D), f ound that the max imum

fi lter i n g r ate occu r red du r ing the dark pha s e and t bat the filt eri n g

r a te i nc reased s igni f icant ly with t he o ns e t of darkne s s ( Fig u re 2 1) .

The maximum filtering rate , wh i c h occ urred dur i ng t h e dark pha s e, was

two to t hree t ime s greate r t han the minimum r ate . Ba s e d o n addi t i onal

expe r i ments, Sta r kwe a t h e r conc l ud e d that h i s results p rovi ded c ircum­

s tantia l ev i d enc e t ha t d i el c hanges in f il t er ing r a te may be e ndogeno us

i n nature .

150. Chisholm e t a 1 . (1975) observed die 1 changes i n t h e grazing

rate o f Daphn i a middendorff i ana and t ha t f e eding p e a ks occ u r red c on­

s is t e n tly at 2400 hr a nd 1400 hr, time s when the wate r t emperature

p a s sed through 1 1° C, t h e op t i mum temperature f or t h i s s pec i es . Th e

a u t ho rs s ug ges ted that Daphnia ma y ma x im i z e t heir a c t ivity when the

t emperature is optimum . Th e maximum g raz i n g rate wa s approximately

doubl e the min imum ra t e .

151 . In a series o f deta il e d studies at Lawre n c e La ke a nd Li t t l e

Mi l l La ke , MiChigan , Han e y and Hall ( 1975) fo und t ha t t he fil tering

ra tes of Daphnia pul e x a nd Q. ga leata were s ignificantly higher at mid ­

n igh t t ha n at n oon . Th e fi l terin g rate of me d ium-s i z e d Daphnia wa s fi ve

to ten t i me s h ighe r a t n i ght than dur ing t he d ay . Furthermo r e, the

magnitude o f c ha n ge in filtering ra t e betwe en n oon and midn igh t was not

infl uenced b y wa t e r tempera t ure i n s p e c ies o f Da phn i a , but o nly b y body
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Figure 21. The d i e l pattern of f i l t e rin g rate change at 18°C
in a light:dark 16 : 8 pho t o cyc l e . Bas e d on data from St ark­

wea the r (1975)

size . Large animals had a greater increase in filtering rate . Both

migrat ing a nd nonmigrat ing popu la tions o f Daphnia showed the cha nge in

fi lte r ing rate b e twe e n day and nigh t . a n d the a uthors concluded tha t

ve r t i cal mi g rat i on was n o t a n e cess a ry prelude to h i gh n i ght filtering.

In c on t r a s t to these r esults. Diaptomus pa l l i dus showed n o s ign i f i cant

d i f f eren c e be t ween the noon a nd midnight filtering rates. e v e n though

some ve rt ica l mig r at ion towa r d t he s urfa c e at night was de tected .

152. Ha ney and Ha l l ( 19 75 ) e xam ined t he r o le of l igh t in t ens ity

a nd ve rt i cal migration on filtering i n Da phnia . Daphn i a galeata i n

Win t ergre en Lake , Michigan . and Q. pulex in Th r e e La kes . Mi chigan. in­

cre ased filter i ng r a t e s d u r i n g t he n ight. Th e fi ltering r ates of both

spe c i e s were clearly r e l a t e d to p hotoperiod a nd s howed a bimodal peak

(Figure 22). Th e maximum fi l ter i n g rate wa s a pp r oxima t e l y s ix t imes the

minimum rate for Dap hnia galeata a nd f r om 5 to 27 times the min i mum.

depending on anim a l s ize. for Q. pulex. Di f ferences i n t emperature and

quant ity of fil terab l e particles showed no c l e a r r e l ationsh ip t o the

da ily f i ltering rate changes. Two s p e cies of Diaptomus were a l s o s t udied
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Figure 22. The die l pat t e rn of f i lte r ing ra t e cha nge of Daphnia
pulex in Three La ke s , Mi chigan. Based on data from Haney and

Hall (1975)

in Three Lakes . No clear increase in the filtering rate c o u l d be

demons tra t e d du r i ng the n igh t , a l t ho ugh the e vidence sugge s t ed that i t

'ma y have inc r e a s e d sligh tly between 21 00 and 0200 hr .

153 . Haney and Hal l noted tha t Daphnia in intergreen Lake and

Three Lakes should be considered nocturnal grazers becaus e 85 percent of

the filte r f eeding in both la kes occurred during t he night period. The

a uthors ca lcu l a t e d t he erro r that wou l d result if only the daytime value

for grazing r a te we r e used in t he estimate of g raz ing press ure. Fo r

Th r e e Lakes, the dayt ime calcula t ions underest imated Da hn i a grazing b y

a fact o r of 4.2.

15 4. Hane y a nd Hal l concl uded that t he diel a ct i v i t y pa t t e rns of

vertica l migra t i o n and chan ge in fil t ering rate in Da p hn i a are st r o ng l y

correlated with light i ntensity. They suggested tha t these are en­

dogenous cycles synchronized to a 24-hr time period by relative light

changes .

155. Duv a l and Geen (1976), who examined di el feeding of the

zooplan k ton community of Eun i c e La ke , Br iti sh Col umbia , also fo und

b imoda l graz ing dur ing the n ight period, wi th maxima occur ri ng at 0 200
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a nd 1800 hr o r times just prior to sunrise and s unset. Simila r result~

we r e ob taine d for p opula tions o f Daphnia pulex and Cyc lops scu ti fe r from

De er La ke , British Co l umb i a. Th e maximum f e e ding ra te var i ed by a f ac­

tor of 8 over t he minimum ra te f o r the Eunic e Lake p opulation , a nd by 5

a n d 14 f o r t h e win ter a n d s ummer p opula tions , res pective ly, from Deer

La ke. Ex~ rapol ation o f the diurn a l va l ues o f f eeding to a die l basis

resulted in an und e r e st ima t e o f grazing pres sure ranging from 3 7 t o 72

pe rce nt .

15 6 . S i milar d i el gra z ing rhythms h a v e been d e s cr i b e d b y Hackas

and Bohre r (1976) fo r ma r i n e f il t e r f e e der s .

15 7 . Model c ons t r uc t . Although t h e p r e ced ing res u l ts are b y no

me ans defin i t ive , they do s uggest the p o t en t i al i mpo rtance of diel

grazing cyc les f o r some s pec ies of zoop l a n k ton. Many models cu rre nt l y

e mploying da t a based on d i urna l g razing value s may considera b ly unde r­

e s tima te the i mpa ct of zoop lankton p opula t i ons on the i r food s upply.

Di e l cyc l es have been d emonstrated f or s e v e r a l s pecies of Da phn i a .

These c la doce rans o ften compose a signifi can t , i f n o t ove r whe l mi ng, p art

o f t he zooplankton biomass o f tempe rate l ake s. Therefore, it ma y be

rea sonab l e to t reat zooplankters of the e n ti r e community as i f t hey

behaved l ike Daphnia.

158 . For d i s cus s i on , we a dop ted thi s t reatmen t . The data ba s e

deve loped in thi s r epor t i s des i g ned t o f unction i n a mo del t hat simu ­

l ate s zoop lank ton an d bentho s dynami c s , n ormally o n a da i ly bas i s . Suc h

a de s ign presents p r oblems i n incorporati n g d i el grazing r hy t hms whi ch

i d e a l l y mus t be simula ted a t a time interva l l e s s tha n 1 day . Addi tion ­

a l ly, diel cy c les in verti ca l migra t i on cou l d potential l y i mprove mode l

p e rfo rma n ce b y more real i s t i ca l l y portrayi ng zoop l a nkton graz i ng b e hav­

i or . Bowe rs (19 79) d iscussed the simula t ion o f v e rt ica l mig r a tion.

15 9 . Fo ur a pproaches to i n c l ud i ng d i e l c h a n g e s i n g raZing r a t e

are p r e s e n t e d . Whethe r one me thod i s b e tte r t han ano t her cannot b e de­

termined un t i l test s i mulations are co n ducted aga ins t fie ld d a t a .

Numer ical s i mu l a t ion res u l ts ma y ind i c a t e t hat a d i el graz i ng c yc l e is

unne ces sary f or c e r t a i n a pplicat i ons . Be ca us e the ma g ni t ud e o f i n ·

c r e a s e s in g raz ing f r om daytime to nighttime i s h i ghly variab le a n d
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dependent on species, size, temp~rature, and possible o t h er fact ors,

we have elected t o i n c r e a s e daytime grazing by a facto r of fiv e t o r e p ­

re s e n t the night value i n our examples. The factor fi ve was selecte d

based on the mean of literature values.

a. Me t ho d No.1

160. The mos t s t r a i gh t f o r wa r d a pp r o a ch t o adj u s t i ng t he graz ing

rate to r e f l e c t avera ge diel g r az ing i s to c o r r e c t t he ma x i mum grazing

rate by either i n c r e a s i ng i t s value, if you assume that the maximum r ate

is representat ive of daytime conditions, or by dec r eas ing i t s value, if

you assume that it better re flects nocturna l g razing. The r e i s no evi ­

dence to support one of these alternatives a s superi o r to t he other. In

ou r opinion t he maximum g r azing rate bette r r e fle c t s no ctu rnal condi ­

tions , but only simulation with a range of values wi l l clarify this

hypothesis . Nightime g r a z i ng rates have been shown to range f r om 2 to

27 time s t h e daytime rate, de p ending on such f act o rs as species, food ,

and wa t e r temperature .

b. Method No. 2

161 . A s e cond approa ch t o i n c l udi ng d i el grazing i nvolve s t hes

poin t s : ( a) set the maximum nig h t t i me gra zing rate equa l t o the max imum

g r azing rate; (b) c a l culate t he diurna l g r az ing rate, i.e., G . b t / S
n1g

= G • and (c) assume t hat z ooplankton g r azes a t t he no c turnal rate for
day'

the entire peri od between sunset and sunr i s e, or some o the r t h r e s hold

ligh t concentra t ion (Table 9). For a 16-hr day and 8-hr n i g h t (16L :8D),

this graz ing constru c t could be writt en as f o llows:

( 13 )

Subs t i tuting G . h
n1g t

=S Gday
(14)

= 2.33 Gday

( 15 )

The appropriate I vle v f unction or l ine a r relationship can be sub s t i tu t e d

f o r G
day
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Table 9

Values f o r Re lative Change i n Light Intensity, as Cited by

Hane y and Hall (1975 ), tha t Represent Threshold Light

I nte nsit y for Pos it ive Phototaxis

(16)

Re f e rence

Ringe lberg (1964)

Haney and Hall (1975 )

Haney and Hal l (1 975)

Siebec k (19 60)

= 1.48 G
day

- 0. 0 0 13 t o 0 .0024

-0 .0007

- 0 . 0 0 2 1

- 0 . 011

-0. all

-0. all

Rate of Li ght Change
When Ver t i cal Migration

-1
Began, s e c

d. Me thod No.4

c. Method No.3

Spec ies

163. Th is me tho d i s i dentical to Me thod No . 3 excep t t h a t a b imoda l

pea k occurs dur ing the nigh t (Figure 24) . Bimo da l p e aks have been ob­

served i n several studies . We have simplified t he e xpe rime n t a l r e sul ts

by ma king the tw o maxima equal i n value ( t h ey may not be according to

some stud ies ) a nd have set the minimum grazing va lue between the maxima

at 70 percent o f the max imum ( l ite rature va lues range from 35 to 89 per­

cen t of the max imum). The bimoda l c u r v e c a n be integrated and s imp l i f i e d

to show tha t:

162. With the same as s ump t i on s presented in Method No . 2 , we

assumed that a unimodel peak o ccurs during the night . Th is peak i s the

maximum graz ing rate . The tempora l bounds are set as above, and Figure

23 il l us t r a tes thi s c o ns t r uc t f or a 16L:8D period. Th e c urve in Figure

23 is one of many possible functions that could be us ed t o describe a

unimodal peak. In t e g r a t i ng this cu rve and s impl i fy ing the result indi ­

cates that the a ve r a ge die l g r a z i n g r a t e c a n b e written,

Da phni a magna

Daphnia ga leata

Da phnia p u l ex

Daphnia l ong i s p ina

Bo s mi n a l ongispina

Cyclop s ta t r i cus
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Figure 24. The diel grazing f un c t ion of filter- feeding zoo­
pl ankton exhibiting a biomoda l peak in grazing during t he nigh t.
Hour 0 repr es en t s t he time at whi ch i nc reased graz ing begins an d

hou r 8 t he time when i ncreased gra zing ceases
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G
d i e l

= 1.54 G
da y

(I 7)

Other so lutions are poss ible.

16Lf • We suggest using Method No . 3 for init ial simulation runs.

Consumption by Predatory Zooplankton

165. A predatory zooplankter i s difficult to define. In temperate

fresh waters, cyclopoid copepods, the cladocerans Leptodora kindtii and

Po lyphemus pediculus, and several rotifers, part icularly Asplanchna, are

usually c on s i de r e d predators. However, as Fryer (1957) has pointed out,

many o f t h e so-called predatory zooplankters should more appropriately

be classed as omnivores. The problem in definition partly arises from

the mode of feeding employed by most o f the "predatory" species. Almost

without e x c e p ti o n thes e speci es are raptorial feeders; that is, they

grasp or seize t hei r prey, whether it be animal or plant material. In

the past, most raptorial feeders have been automatica l ly cons idered

predators, the assumption being that raptorial f e e d i n g i s c h a r a c t e r i s t i c

o f carnivori ty. The f e w care ful ly executed food studies that are ava il­

able have revealed that this assumpt ion i s not always warranted.

166. The central question relevant to th is review i s whether or

not the form of the feed ing response by predatory zoop lankton species

differs from that of herbivorous f ilter feeders. Quantitative i n f o r ma ­

tion on the feeding of predatory zooplankters is scarce. The scarcity

i s partly due to problems in designing experiments to measure food con­

sumption by raptorial fee de r s . For example, when a carnivorous copepod

such as Cyclops captures a prey i t em, possibly Ceriodaphnia, not a ll of

the prey is consumed. The process of raptorial feeding often leaves

prey dismembered, with a resultant loss in biomass. Brandl and Fernando

(1975) estimated that the three species of cyclopoid copepods they

studied ingested only about one third o f the prey biomass that they

attacked. Similar results have been found for the carnivorous marine

amph ipod Calliopius laeviusculus (Dagg 1974).

167. Because data are poorly detailed for predatory feeding, we

85



have included a sununary o f reported values for d a i l y ration for both

omnivores and p r e d a t o r s (Table 10). Daily rat ion, when e x pre ssed as a

percentage of body we ight, i s a goo d approximation of g r a z ing ra te. A

synopsis of the literature for fre shwater p r e dato ry zooplankters fol lows .

Literatu r e synops i s

168 . Shushkina a nd Kl ekowski ( 19 68) examine d how t he daily ration

of Macrocyc!ops albidus varied with fo od co ncentration. Although their

results a re not directly convertible to c a r b on units, t h e y do show t ha t

unde r c onditions of sho rt- t erm fo o d a c c lima tion , cons umption i ncreased

wi th i nc rea s i ng food c on c e n t r a t i on until a max i mum rate wa s r e a che d ;

thereafter, consumption remained constant with further increases i n f o o d

concen t ration (Figur e 25 ). This re l at ion appeared to be t r ue fo r all

deve lopmental s tages when fed Parameci um a urel i a at concentrations f r om

60 +--+--~-_-""---4~--4-_---+---+--+--t--_-_--+

,...
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I-l 40
~

~
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I:Q

t)
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~

MACROCYCLOPS ALBIDUS FEEDING ON INFUSORIA

0
0 2 4 6 8 10

FOOD CONCENTRATION (g/m3)
12 14

Figure 25 . The daily ration of Mac rocyc lops a lb i dus f emales
as a fun ction of f ood co ncen t r a t i on. Based on the d a t a of

Shushkina a nd Kle kows ki (1968)
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Table 10

Published Values f or the Daily Ration of the Pl anktoni c Omnivores and Predators

Taxon

Order : Cladocera
Family : Lept odor i dae

Leptodora kindt!i

Leptodora kindti i

Order: Eucopepoda
Family : Cyclopidae

Food

Natur al as sembl age of
zoop l ank t on

Zooplankt on

Daily Ration
(% of We t Body Wei ght )

30-48

5-20

Ref erence

Hillbricht-Ilkowska and
Karabin ( 1970)

St epanova (1972)

Cyclops vicinus

Macrocyclops albidus

Mesocyclops leuckarti

Mesocyclops leuckarti

Acanthocyclops vernalis

Family : Tortanidae

Tortanus discaudatus

Chilodonel l a sp .
Styl onychi a pus tula t a
Paramecium ca uda tum
Askenas i a sp.

Parameci um aurelia

Zooplankt on

Ceriodaphni a re ticulata
Artemia sa l ina

Stylonychia pus t ul a t a
Parameci um cauda tum
Askenasia sp .

Calanus paci f i cus

9.6-79 .2(X=29 .3)

12-240

10-34

63-113
30-200

27 .4-64.8(X=41 . 2)

ca 4-98*

Korniyenko (1976)

Kl ekowski and Shushkina (1966a)

Stepanova (1972)

Gophen (1977)

Korniyenk o (1976)

Ambler and Frost ( 1974)

* Marine species . These values are probabl y over es t i ma t es because t he aut hors assumed that any Calanus
attacked was inges t ed .



0.1 to 10 g/m 3
wet weigh t. Their r esu l t s clearly s howe d that t he

grazing rate of this p redato r y zoopla nkter c a n be d e f i ne d by an Ivl ev

function i dentical to the construct used to describe herb ivorou s zoo­

plankton graz i ng . Data pre s e n t e d s howe d that daily g r a z i ng rates for

Ma c r o cy c lops a l b i du s may b e as h igh as 2 40 percen t of body we ight , de ­

p end ing on zooplankter age and f o od concentrat ion (Klekowski and

Shushkina 1966a, 1966b) .

169. McQu en (1969) f ou nd that the p r edator Cyclops b i cuspida tu s

thomasi f e d mos t extensiv ely on cop e p od naup l i i, both its own a nd t hose

of Diaptomus , and on rotifers. Few cladocerans and diaptomid copepodids

were eaten . Laboratory r e s u l t s showed that as prey dens ity increased,

p r e d a t i on r a t e also incre a sed, usually linearly or with a max imum feed ­

ing rate being reached at high prey den s i t i e s . Field measurements of

p r e d a t i on r ate s on naupl i i of Diaptomus oregonensis , Q. h sperus, and

Cyc l ops b i cusp i datus thomas i, i n Ma r ion Lake, Br itish Columbia , ag r e e d

wel l with labora tory results . The predation r a t e i n c r e a s e d l i nearly

with i ncre a sing p r ey dens ity . The cotife r K ra te l l a cochlea ri s was

readily eaten in labo r a t ory studies but was seldom p r e ye d upon in t h e

fi eld, s uggest i ng selec t i ve grazing by Cyclops.

170. Confer (1971) examined predat ion rates of Mes o yclops edax

on natural dens ities of the prey Diaptomus fl oridanus . When fe d

Diaptomus copepodite sta ges V and VI , Meso cyclops showed an increas ing

predat ion ra t e with incr easing prey density. Th i s relationsh ip was

linear.

171. Stepanova ( 1972), who discuss ed the da ily rat ions of

Mesocyclops leuka r t i and Le p todora kindti i, s howed (al though poo r ly)

tha t Mes o cy clops approa c he d a max imum g raz ing r a te of about 34 pe r c e n t

of body weigh t per day as food c o nc e nt r a t i on i n c r e a s e d . Leptodora, on

the other hand, rea ched a peak grazing rate o f 20 percent o f wet we ight

per day a s food conc e n t r a t i on i n c r e a s e d ; th rate t he n decli ne d at high r

food densities. No explantion was o ffe red f or this o c currence.

172 . Fedorenko ( 19 75) found t ha t p redation ra t e s of the larval

phantom midges Chaoboru s ame r i c anus a nd C. trivi t t a t us on t he c opepod

Di ap tomus tyr ell i i n c r e a s e d as prey dens i ty i nc r e a s e d . The rel a ti o n of
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predat ion to prey density followed a satura tion curve. When Chaoborus

was fed Diaptomus kenai and Diapha nosoma, the resu l ts were similar. In

one expe riment, Chaoborus showed a linear feeding response to increasing

density of Diaphanosoma.

173. Korniyenko (1976) found in laboratory studies that

Acanthocyclops vernalis, when fed various concentra tions of four species

of infusorians, cons ume d between 27 .4 and 64.8 percent (mean = 41 .2 per­

cent) o f its body weight pe r day . Cyc l ops vicinus ate between 9 .6 and

79.2 pe rcent (mea n 29 .3 pe rcent) of its wet we i ght per da y . The au thors

noted that t he i r results were i n agreement with daily ra tion values given

by Bogatova (195 1) for Cyc lops s trenuus and f. Vi ridis .

174. When adult fema le Mesocyclops leuc ka r ti were fed Ceriodaphnia

reti culata, the daily ration ra nged from 63 to 113 percent of the wet

body weight per day, depending on t empe r a t u r e (Gophen 1977) . As t empe r­

ature increased from 15 ° t o 27°C, so did the dai ly ra tion . Similarly,

the rat ions of adult male and female Hesocyclops a lso increased when

they were fed Artemia salina nauplii at various temperatures. Hale

daily rations (3 0 to 200 percent of their body weight) were greater than

those of female s (30 t o 130 percent). These results are generally higher

than values reported by Stepanova (1972) under similar temperature

regimes .

175 . Similar feedi ng responses to t hose outlined above have been

found fo r predaceous marine zoop lankton (Ambler and Frost 1974, Landry

1978).

Mo de l construct

176 . Little quantitative work on feeding by p r eda t o r y zooplankton

has been undertaken . No data are avai lable for fre s hwa t e r predators to

a llow the ca l culation of g razing in carbon units. We have t herefore

based our prop osed model construct f or predatory zooplankton grazing on

three assumpt ions:

a. For short~term feeding experiments, the available evi­
dence indicates that graZing f ollows a linear or satu­
ration curve response t o increases in prey density. We
assume the saturation cu r ve response to be characte ristic
and that this response can be described by an lvlev
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f un ction (Equation 3 ). This t ype of response has b e en
p reviously demonst r a t e d for herbivorous filter f e e de rs.

b. Under fiel d conditions, wherein zooplankton p opu l ati on s
are a c c l imated to ambient conditions, we as s ume t hat
g r azi ng by preda t o ry species is linearly related t o food
concent r ation (Equation 9) . There is currently no lit ­
erature do cumentation to support this assumption.

c. Daily rations (Table 10) of predatory zooplankters are
an approximation of grazing rates and are within the
range of daily grazing rates reported previously for
filter-fe eding zooplankton. We assume that the entire
range of grazing rates is similar for herbivorous and
carnivorous zooplankters. Metaboli c similarities among
herbivores, omnivores, and carvivores support this
assumption .

177. We believe the as sumptions outl ined above are reasonable and

will be documented as additional information becomes available. The

acceptance of these assumptions will allow the modeler to design a pred­

atory zooplankton grazing function, if desired . Predators could be

assigned about 20 percent of z o op l a n kt o n biomass in the event that

herbivorous and predatory zooplankton are diVided. This figure was based

on ecological growth e f f i c i en c i e s tabulated by Welch (1968).

Seasona l Changes in Grazing

178. Seasonal changes i n grazing are highly variable a nd dependent

on the species c omp osition of the z oop l ankt o n community, availab l e f ood

s upply, temperature , and many other e nviro nmental va r iabl es. Generally ,

i n temperate l a kes minimum grazing rates o c c u r du r ing t he winter, f o l ­

l owed by increas e d g razing i n the spr ing a n d p e ak rate s i n ear l y summe r.

A gradual de c l ine may follow through late summe r to fa ll . Often anothe r

mino r fall pea k in g razing i s obse rved . Ma j o r pulses in g r az ing activity

are us ua l l y well co r r ela t e d wi th pea ks in t he population densi ty of the

predominate zooplankte r s. A summa r y of several field studies is p re ­

sented in Table 11.

Synergistic Ef f e c ts of Environmental Variables

179. With many model processes, such as grazing, the understanding
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Table 11

Seasonal Changes in t he Grazing Ra te of Zooplankton Communities

Mean Graz ing Percent of
Rate (% of Wet Total Annual

Lake Season Year We i ght Per Day) Grazing Refe rence

Hear t Lake. Canada Jan- May 1969 19. 2 17.4 Haney (1973)
Jun-Sep 80. 1 61.7
Oct-Jan 35.2 20.9

Lake Vechten. Mar-Apr 1976-77 9. 8 22.0 Culati (1 978 )
The Netherlands May-Sep 24.0 69. 0

Oct -Nov 5 .5 4. 5
Dec-Feb 2 . 1 4.5

'" Lake Krasnoye. USSR May 1973 4 1 Andronikova (1978),...
Littoral zone J un 32 1l

Jul 120 43
Aug 80 28
Sep 32 1l
Oct 16 6

Pelagic zone May 1973 0. 6 0.6
J un 12 12
J ul 37 36
Aug 35 34
Sep 14 14
Oct 4 4

Lake Bal a ton . Hungary Spring 1974- 75 30 Zankai and Ponyi ( 1976)
SUmmer 46
Fall 20
Winter 4



o f system dyna mi c s results from t h e interpretation o f studi e s t hat a re

o f t e n designed t o examine sing l e va r iabl e e f f ec ts (e .g . , t h e ef f ec ts o f

foo d con cen t r a tion or t e mpe r ature on g razing) . As a r e s ul t . we e nd up

mathemat i ca lly de s cr i bing model p r o ces s e s by a ser i es o f va r i ab l es t ha t

we as sume are independent . In ma ny s ituati ons th i s is no t a va lid a s -

s ump t ion . Hos t mode l ers r e al i z e the i n he r e n t prob l ems in attemp t ing t o

c omb i n e expe r i me n ta l r e sults for variabl es t hat may no t be i ndependent .

Unfortunately, few data are available o n s y ne r g is t ic e ff e ct s t o c l a r i fy

these relations hips .

18 0 . Ha yward a nd Ga llup (l 976 ) are the only wo rke r s who h a ve

e xami ne d potenti a l syne rgis tic eff ec ts o n zoop la n kton f eed i n g . Their

obj ec tive wa s t o iden t ify how feed i ng wo uld b e affected when two o r

three parame ters we r e al t e red s i mu l t a neo usl y i n o ne experiment . A p a r ­

tia l abs t r a c t o f t hei r wor k fo llows .

Feeding and f i l t e r i n g ra tes of Daphnia schoe d le ri were
mea s u r e d at different temperatures. light intensitie s , f oo d
c o n c e n t r a t ion s , crowding c o ndi tions, a nd with different di et
s p e c i e s . The r ate s were compared a s we l l f or d i ff e r ent
sizes , sexe s , and r e product i v e s ta t es o f the experimen t a l
animal s . All of the a b ove f a ctors we r e f ound to af fect
f e e ding rates in a sign ifi cant f a sh i on i n sing le va ri a t e
e xpe rimen ts . Howeve r , when t wo or mo r e e nvi ronmen ta l pa­
rame te r s we r e va r i ed s i mul ta neously, t he p revious l y d e f i n ed
r ela t i o nships did no t hold , and indeed were obscu r e d a s
ex tremes of t e mp e r a t u r e s o r c e l l c oncentrations were ap ­
proached . The e f f ec t s of thes e parame ters wh i c h most dra­
matica lly al tered feeding ra t es we r e t h e n de t ermined f o r
ass i mila tion r ate s a n d dige s t i ve efficiency e stimates . . . .

Re sult s s howe d that a chang e i n o ne e n vi r onme n tal parameter
can s igni f ica n t ly a lte r Daphn i a schoe d le r i' s r e spo n s e t o a
ch a n ge i n a sec o nd paramete r . The i nci p ien t lim i t ing f oo d
c o n c e n t r a t i o n wa s foun d to be s i g nifi can t l y d ifferent at
different temperatures . Similar l y , differen t s h a p e d tem­
perature c urves were o b tai ned as food c o nce n t r a t ion s we r e
c h a n g e d , the most d ramati c al terations being e v i d e n t in the
e x t remes . When comparable experiments were performed with
14 C-Ia bel e d al g a e , no inc ip i en t limi ting level wa s observed
f or assimi la t ion rates, but r ather , peaked c urves beca nle
eviden t . Th ree e nv ironme ntal parameters : temp e rat u r e , f ood
c o nce nt r a t ion , a nd di e t s peci es , were f ound t o a l ter r e ­
s pon s es t o other parameters i n a me a su r ab le ma n n e r . Thi s
would seem t o i ndica te tha t f e e d ing b eha v i or of t h e z oo­
p lankton must be t h oroughl y un de rstood be fo re r e sults f rom
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laboratory o r f ie l d s t u d i es c a n be appli ed t o even approxi­
mate es t i ma tes of secon dary production in natural
con ditions.

Hode l cons truc ts t o handle s y ne r gis t ic effe cts are generally u na va ila b l e .

Cle a r l y , f u r t her res e arch on th i s subj ect is n e e ded.

Se ction B: Benthi c Grazing

181 . The bentho s of fre shwa t er lakes and r e s erv oirs i s highly

divers e . both taxonomi ca lly and f uncti ona l l y, c omp l ica t i n g the modeling

pro ces s. Cu rrent understand ing of t he ro le o f the benthi c c o mmun ity in

t he energy and n u t r i e n t dynamics of lent i c ecosys t e ms is poor . Indeed ,

l ittle informat i on is a v a i l a b le o n the basic l i f e h is t ory of most spe-

cies .

18 2 . Litt l e quantitat ive i n format i o n e x is t s on food consumption

by benthos. We were unab le t o f ind a s ingle r e fe ren c e that do cumented,

in unit s c onvertible to c a r b on , the c ha n ge in benthic g r az i ng as f ood

co ncentra ti on inc r e a s e d .

183 . Th e functional dive r sity o f benthic organi sms c o n t r i b u t e d to

t he prob lem o f def ining feeding r elati onships . F ilter f e eders. pred­

a lors , d epo s it fe eders, a nd s u r f ace grazers a r e a l l repre sented i n most

benthi c commun i t i es .

18~. Be cause o f t h e lack o f quantitative feeding data, it is our

opini on that benthi c communities a re better treated a s a whole in any

mode l ing effort. Da ily rati ons ( a n approximation of the daily graZing

r ate) o f some benthi c spec ies are li s ted in Tabl e 12. Unfortunately,

the va l ues listed in thi s t ab l e i nc l ude most of what is quantitatively

kn own of c onsumption by benthic organisms .

Effe c t o f Fo od Concentration

185. So ro k i n (1966b). who rev iewed data o n the filt er ing rate o f

Dr eis s ena polymorpha o n bacteria, s howe d that the re l a t i ve f eeding in­

t ensity increas ed n early l inearly with increasing bacterial c o ncen t r at ion .
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Table 12

Dai ly Rat io n of Bent hic Or gan isms

Taxon

PHYLUM : NEMATODA

P1ectus pal us t r i s

Ap he1enc hus avenae

PHYLUM : MOLLUSCA

Dreissena polymorpha

Coniobasis clavaeformis

Food

Acinetobact er sp .

f ungal mycelia

bacteria

aufwuch s

Daily Ration
(% of

Wet Body Weight )

650

26

1-12*

l -24U

Referenc e

Duncan et al . (1974)

Soyae (1973)

Sorokin (1966b)

Malone and Nelson (1969)

PHYLUM:
Cl as s :
Order :

ARTHROPODA
Cr ustacea
Amphipoda

Hya l ella azteca surface sediments

Pontogammarus robus t oi des Cl adophor a sp .
Tubifex sp ,

Order : I sopoda

17-1 03

7. 4- 98.0
18. 7-1 63.0

Hargrave (1 970)

Ki titsyna (1975 )

I t is unc l ear whe t her the se values a re f or live wei ght , she l l - f r e e we i ght, or dr y
She l l - f ree , ash- f r ee dr y weight based on a shel l - f r ee weight of 68.S mg/snail.
Based on ene rgy uni t s of f ood and organi sm.

Asellus aquaticus

•
••

t

Alnus glu t i nosa
(Continued )

Pr us (1972)

weight .

(Shee t 1 of 3)



Table 12 (Con t i nued )

Taxon

Order : Podocopa

Herpe t ocypris r eptans

Heterocyris incongr uens

Food

Spirogyr a sp.
Zygnema sp.
Mougeotia sp .
Ch i r onomus pl umosu s
Asel l us aguaticus
f i sh fry

Spi r ogyr a sp.

Daily Ration
(% of

Wet Body W.i ght )

128
93
93
66
66

109

240

Reference

Yakovleva (1969)

Liper ovskaya (1948) as
ci t ed by Yakovleva (1 969)

Class :
Or de r :

Insectatt
Dip tera

Chaobor us flavicans

Procladi us choreus

Chironomidae

Order : Eph meroptera

Stenonema pul chellum

Natur a l plankton
assemblage

Chironomidae and Cr us t acea

Variable

Navi cul a min ima

(Continued)

3.6-1 1. 4

7-11

100- 300

23.4- 21.4t

Kajak and Dusoge ( 1970)
I

Kaj ak and Duso ge (1 970)

Resul t s of sever al Rus s i an
studi es repor t ed by Olah
(1976)

Trama (1972)

tt Lar va l f orms onl y
t Based on dry wei ght s of f ood and organ i sm. (Shee t 2 of 3)



Tabl 12 (Concluded)

Taxon

Order : Plecoptera

Acroneur a californica

Food

Hyd ropsyche sp.
Simulium sp .

Daily Ration
(% of

Wet Body Weight)

0 . 2- 8 . 7t
1. 1-9.0t

Reference

Heiman and Knight ( 1975)

t Based on dry weights of food and organism.
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Horton ( 197 1) s t ud ied the fi ltering ra te of Q. p o l ymo rpha on

va r ious co nce n t r a t i o n s o f sever a l alga l and i n f usorian species . We

co nve r ted h i s results to feed ing ra tes a n d comp a red t he n umb e r of c e l ls

per an i mal per day t o cel l concen tration . Fo r a ll of the six f ood s pe­

c i e s o ffe red, t he n umber o f cells c o n s ume d increa s e d linearly o r almost

linearly as ce l l concent ra tio n increased. These res u l ts ( Ta b l e 13 )

sugges t t hat f i l t er- f e e d i n g benth i c mollusks may h a ve the same f unctiona l

rela tionsh i p to c ha ng e s i n f oo d concent ration a s d o f il t e r - f e ed i ng

zoo p l a n k t on . At e x t remely l ow f o od co nce n t r a t i on l e ve l s, fi l t e rin g

con t i nue d with no thre sho ld f ood co n c e n tra tion appare n t . Morton' s

e xp e r i me nts a l lowed fo r s ho r t - te r m a cc l i ma t i o n t o t h e vary i n g fo od

concen t r a t ions . Be c a use t he r e s u l t s indi ca t ed ne a rl y l i near res p onse s

t o inc r e a sing f ood conce n t ra tion , it may b e r e a s o n a b l e to a s sume t hat

t he f o od de nsi t ies t e s t ed ~e re below t he i nc i p i e nt l im iting food

c a ncentra t i ons .

Effect of Tempera ture

186 . Altho ugh da ta a re limited , it may be reasonabl e t o a ssume

tha t benthic o r ga n i s ms s how the s ame grazing r e spo n s e to t empera ture a s

t hat s h own by zoo p l a n k ton . Kiti t syna ( 1975) fou nd tha t the amp h ipod

Pontogammarus robas toides increa sed i ts dai l y ra t i on l i n e a r l y a s tem­

p e ra ture ~as i ncreased f r om 9° t o 29 °C . El wood and Go ldstein ( 1975)

accl i mated t he s na i l Go n i obasis c lavaefo r mis fo r 1 we e k t o I 3 . 8°C

before tes t i ng t he s nail's graz i ng r espons e ov e r t he t e mpera t u r e r a nge

o f 10° t o 19 . 3 ° C. The temp e r ature at wh i ch t h e ma x imum g razing r ate

occ u r r e d wa s 14 ° C. Th e se r e sul t s i ndicate a s hort-term g r a z ing response

t o temperatu re s imila r t o t h a t d e mo nst r a t ed f o r z oopl a nkto n ( s e e

"Eff ects o f Tempera ture o n Consumption," p age 66) .

Ef fect o f Oiel Variati ons

187 . Although quantita tive d ocumenta t ion of d i el c h a nges in

gra zing rate is vi r tual ly no nexistent , o t he r evi de nce ( p r i ma r i l y f or

9 7



Tabl 13

Filtering Ra t es of Molluscs Reported i n th

Tempera-
Length ture

Mollusca Taxon (mm) (OC) Type of Food

Sphaerium rivisola 19 ? ?

R ngc of Food
Concent ra tions Tes d

(cell/ml )

up t o 2400

Refe rence

Alimov (1965) a s re ported by
Hi t r opol' sk i i ( 1966)

~~~~ polymorp ha 1. 6- 3. 5

\0
00

Sphaeriuln corneum

Dreissena polymor pha

7

2- 30

13-15 Chiorella sp. 7.35 xl03-3xl06 0.23-4976

20-2 2 Chlo rella sp. 7 24-1536
bacter ia 4 7 6 72- 1080
detr itus- Chl nre l l a sp , 5xl 0 - 1.5x l 0 par t i cl e 72-158/,
reservo i r--s~o~ " 7 3-1200

collo id a l graphite
lxl04 ?

8011 104 c 115- 1800
colloidal graphite and ca t o c 460 3530

Chl amydomonas globo sa
1. 6xl 03 to 1.4 x105colloidal graphite and ca ca 450-106 0

Pedinomona s minar
colloidal graph ite and ca 4 t o 160 c 265-720

Pediastrum bor yanum
colloida l graphi te and ca 3 to 1.30 ca 185-11 20

Euglena sp irogvra
Colloidal graphite and ca 56 to 2820 ca 670-1700

Cosmarium botryt i s
Colloida l gr aphi t e and ca 6 to 640 c 300-1300

Pleodor i na illinoiensis

Mitropol 'skii (19 66)

Hik he v (1966 )

Mor t on (197 1)

-- • •_ 0_ _ __ .. ~ a · ._ • _



stream macrobenthos ) ind icates tha t some benthic invertebra tes feed more

at n i gh t . Kroger ( 1974) suggested t hat n o c tur na l acti vi ty may have

evolved, in some aquatic insects, a s a protective mechanism against

trout predation. El l i o t t (1968) documented a significant diel foraging

pa tte rn fo r t he mayfly Ba e t is rhodan i . Nymphs moved to t he upper s u r ­

faces of stones to feed at night, and foraging apparently peaked right

after sunset. Baetis flavistriga, collected 2 hr after sunset, con­

tained significan t l y more fo od b i oma s s than those nymphs collect e d 4 h r

earlier (Plos key 1978). Although we realize t hat s ome species are da y

active (e.g., some caddisfl ies), for modeling purposes we recommend that

diel grazing constructs for z o op l a n k t on be t ested in benthos simulations

t o de t ermine whether s u c h a construc t imp roves r esults. On l y f u t ure

work on diel grazing o f reservoir benthos will unequivocally jus tify

such a formulation.

Section C: Model Constructs

188. A s o und data base does not exis t on which t o e s tabli s h fi r m

mode l constructs f o r ben t hic g r a zin g , and much more r e sea r c h is n e e ded .

Con sequently, we propose to model benthic grazing in the same manner as

described for zooplankton. The only major change is that food concen­

t rat i on should be expressed on a squa re meter basis, and a d i el g r a z ing

co rrection should no t be employed un l ess its use improves s i mu l a t i ons .

We again recommend the use of Equation 9, which corrects for the effects

of f o od c oncentration i n acclimated ani mal s , and Eq uation 12, wh i ch

corrects for the effects of t emp era t u re i n a c c l ima t ed a n ima l s . We base

this grazing proposa l on the same assumptions outlined under the model

construct of consumption by p reda tory zooplankton . Most modelers have

used t hi s a p p r oach when s imulating t h e b enthi c c ommun ity.

Summary of Constructs

189. The constru cts des c r ibe d below are e q ual l y app licable to

zooplankton a n d ben t ho s except a s no t ed. Consu lt the text for analyses

and details.
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De f init ions

b z ooplankton o r b enthos bioma s s

. f f d . t (mg C om- 3
concentrat~on 0 00 a t t 1me - zoo -

-2
pla n k ton ; mg Com - b e nthos )

B.
1

-3= con cen t r ati o n of f ood o f t y pe i (mg Com - z oop la nkt on;
-2

mg Com - benthos)

p refe rence factor f or fo o d of t ype i ( unitle s s; ranging

f rom 0 to 1)

-1 - 1
G = obse rved g razing r ate ( mg C-mg C -day )

-1 - 1= max imum grazing r ate (mg C-mg C - day )
- 1 - 1= d i el g r a z ing rate (mg e-mg e oday )

- 1 -1= diu r na l graz ing r a te ( mg C-mg e -day )
-1 - 1

nocturnal g razing rate (mg C-mg C - day )

G
max

G
d i e l
G

day

G . hn1 g t
w. =

1

k a nd Z = proportionality con s tan t s

y = s ca la r of t he max imum graz i ng r ate , G ( unitle ss ;
max

ranging f r om 0 t o 2 )

T = t empe rature (Oe)

Step 1 - Food Concent ration

190 . To obtain a basel ine g r a z ing ra t e tha t is corrected f or t he

e f fects of food concentra tion, solve f or G i n t he e qua ti on :

(9 )

where B
t

is measured i n the f ield , Z i s defined by:

Z = 10(-3.2295 - 0.0678 l o g B
t

) (0)

k is de fi ned by :

k 10 ( - 2 . 9664 - 0 .9787 log G )= max (6)

G i s defined by:
max

G = ZB
tmax

(8)
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e assume that most natural popula tions are fu lly acclimated t o foo d

co ncen trations and t herefore r ecommend t he us e of the above construct

(Equa tion 9). However, o ccas i ona lly popu l ati ons may be incomple t ely

accl i mated and , i n such ca s e s, solve fo r G i n the equation :

G== G (1 - e - kB)
max

where B is measu red i n the fi eld, k is de ined by:

k - 10 ( -2 .9664 - 0.9787 log G )
- max

a nd G is defined by:max

G == 0.0788 + 0.0003105Bmax

(3 )

(6)

(7)

The rate o f consumpt ion obta ined above (G) may also be ob tained for

zo opla nk ton and benthos co mmuni t ies that have mo r e t han one food s our ce.

This procedure is given in St ep 2 . If on ly one food type is ava i l able ,

p roceed to Step 3 .

St ep 2 - Food Se lectivity

191. The grazing rate of zooplankton or benthos on a particular

food item (i) i s gi ve n by t he equa t i on:

G == ZB
i t

[
- kBi

1 - e
(11)

where Bi measured in the field , k is defined by Equat i on 6 (S tep I) , Bt

== concent r at i on of f ood a t t ime t (measured i n the fie l d), Z is de fined

by Equation 10 (S tep I), and W. is the s ame f or a l l potential food
1

sources , excep t f or f i lament ous blue-green algae (whe re W. = 0 - 0 . 3) .
1.

When data are available on t he fractional compos i t i on of food s i n the

e nvironment , W. s hould be s et eq ual t o the fraction that a pa rticular
1.

10 1
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Step 3 - Temp erature

S Lep 5

G
d i e 1

i s Lhe a verage d i el r ate ,

f rom Method 3 ( pa r a g ra p h 162 ) .

194 . Grazing ra tes o b t aine d f r om S teps 1-4 above must be mul t i ­

pl i ed b y t h e b i omass of the model c ompa r t me n L t o yield Lh e weight of

Step 4 - Die l Var i ations

where y is a sca la r and T = temperature (aC) . Equa t i on 12 is based o n

t h e assump tion tha t mos t n a t ura l popu l at i ons are fu l l y a c clima t e d t o

t emperature . Fo r incompletely a c climated anima l s, r efer to F i gure 20 i n

the t ext and to Tho r n ton and Le s s em ( 1978) . Pro c e ed t o Step 4 .

y ; 0 .67T - 0 .33 ( 12)

193 . To co rrect zooplan k ton g r a zing r a tes for the effects of die l

var ia t i o ns i n consumption, we r e c ommend Method 3 . This me t h o d ass umed

tha t the g r azing r a t es obta ined from Equati on 9 ( St e p 1) a n d Equ a t i on 11

(Step 2 ) repre s ent me an daytime rate s a n d a s such s ho u l d be multip l i e d

b y a co r rection facto r to a ccou n t f o r increased nigh tt ime grazing

192 . Afte r ob tain i ng a gra z ing rate G that ha s been corrected

f o r the effe cts o f food conce n t r a t i o n (from Equa ti on 9, S t e p 1 ) o r f or

the e f f e cts o f f o od c o n c e n t r a t i o n and selec t ion ( Eq uat ion I I , S t ep 2),

t he r ate mus t a l s o b e co rrected fo r t he effects of t e mpe r a ture . Thi s

co rrec t i o n may b e a c complished by mult iplying G by a scala r (y) that is

defined by:

( G
d i e l

= Fac to r x G
d a y

= Factor x G).

and the c o r rec t ion fa ctor i s obta ined

f o od co n t rib ut es t o t he t otal . The baseline grazing r a te G, c o r r ec t e d

f or food concent r a t ion , i s g i ven by t he s um of the g raz i ng ra tes on al l

i nd iv i dua l food i tems o b t ained f r om Eq ua tion I I. P r o c e e d to S tep 3 .
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Se ction D: Conclusions

-I
c a r bon) times G (mg c a r bon ' mg c a r bon

-I
daily (mg c a r b on ' da y ») . For u se in

cen t r a t i on , and particle size of f ood. Other factors include water

quality and tempe rature.

19 7 . Pa p e rs that e xami n e d the effects o f food c once n t r a t i on o n

f e eding r a t e mus t be interpreted a s short-term feeding responses o f

i ncomp l e t ely accl ima ted zoop l a n k t e rs . We bel ieve the foll owing hypothe­

s is to be true. For short-term incubation periods, zooplankters respond

to increa sing food c on c e n t ra t i on s by increa sing their gra zing rate in a

c u r vi l i ne a r manner, where f eeding ra t e attains a c o ns tan t maximum value.

I f zoop l a nk ton are a l lowed t o a ccl imate at the t e st concen tra tions fo r

loDger peri od s ( poss i b l e 1 t o 6 day s ), then d i g e s tiv e enzyme a ccl ima t i on

may o ccu r and the f e eding rate response is linear .

19 8 . Threshold food c on c e n t r a t i on s for feeding have not been

demon s t r a t e d for fre shwater z oop lan kt e r s . Further, most zooplankton

f e ed o n pa r t ic les o f 100 ~m o r les s . Little q ua n ti tat i ve da ta ex i st o n

the feeding o f pre datory zoop l a n k ton and vi r t u a l l y nothing s u ita b le fo r

z oop lankton incl ude a n i ma l de n s i t y, s i z e. s e x . reproductiv e state ,

nutritional o r phy siological state , as well a s the type, quality. con -

19 5. The ma t h e matica l formul ation f or feeding is one of th~ most

c r i t ica l elements i n the e qu a t i o n de scribing zooplankton and bentho s

population dynami cs. Filter-feeding zooplankton make up a greater pro­

portion o f the z ooplankton commu n i t y , both numeri cally and a s biomass,

than do the ca r nivores. Consequently. the feeding relations o f f ilter

fe e ders have b e e n more heavily emphasized. More information i s ava i l ­

able on the dynami c s o f zooplankton feeding than i s available for benthos.

Even so. the feeding relati ons of most filter-feeding zooplankters are

unknown and c a u t ion must be used in extrapolating grazing results to all

s pec i es .

196 . Factors whi ch i nf l u e nce food cons ump tion by fi lter-feeding

carbon cons ume d daily {i. e. , b (mg
-I

'day ) ~ b i omass of food c onsumed

Equation I, c on s ump t i on should be left as a weight - specif i c rate G.



model ing purposes could be found for the benthic c ommun i t y .

199 . When detritus is included as a food source i n a gra zing

fo rmulation , i t should be given e q ual preference, ac c o r d i n g to avai l ­

ability, with other suitable f o o ds. Published data g e nerally i ndica t e

that the zooplankton c ommu ni t y , as a who l e, is capable o f f il t e r i n g and

consuming a l l major a lgal groups, i nclu d i n g the blue-green Cyanophyta.

Fi l a me n t ou s a lga l forms a re d i f ficult for most zooplankters to consume .

Rejection and reduced feeding may occur in the p resence of large quan ­

tities of fil a me n t o us algae.

200 . The re are species differences as well as age d i f ferences in

the filter ing response o f zooplankton to temperature . In addition, t he

prev ious t herma l history o f the animal i s extremely impo rtant in deter­

mining the grazing rate. Most reported temperature "opt ima" fo r graz ing

must be cons idered to b e responses of incompletely acc l imated animals to

tempe rature stress. These results are valuable when one i s conside r ing

short-term r e s p o n s e s o f zooplankters to abrupt changes i n tempe rature .

Fully a c c l ima ted a n i ma l s , such as might b e f o un d i n a f i eld populat ion,

show a l inear i n c r e a s e in grazing with t e mp e r a t u r e o ver the tempera ture

range normally experienced i n tempe r ate la k e s and res e r voi r s .

201. Not all zoop lankters Or benthos show d i e l varia t ions i n

grazing rate . For those that do, d iel patterns o f fo raging often a r e

correlated with light intensity and can result i n s igni f icant changes i n

the grazing rate . Graz ing r a t e s o ft en are highest during t h e dark

period .

202 . Synergistic effects of environmenta l variables on grazing

are poorly understood and model c onstructs to handle syne rg ist i c effe cts

are currently unava ilable.
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