




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
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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
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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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