
PART IV: ASSIMILAT ION EFF ICI ENCY, EGESTION, AND
EXCRETION OF ZOOPLANKTON AND BENTHOS

I ntroduction

203 . Assimila t ion (A) i s t he f ood absorbed f rom a n i ndividual 's

digestive sys t em. Assimilati on efficiency (A/G) is the proportion o f

co ns umption (G) act ual l y ab sorbed (Sushchenya 1969 , Odum 19 71, Wetzel

1975 ) . Although the t e rm A/G i s usua lly used in reference t o i ndividual

o r ga n i sms , it al so can be app lied to popu lations. Egestion i s food

that is not as s imi la ted by the gu t a nd whi ch is elimi na ted as feces

( Pe nna k 1964 ). By co n t r as t , excretion is a waste product formed from

assimilated f oo d a nd gene r a l ly i s e l imi nated in a d i s s o l ved form.

204 . Energy f low refe r s t o the as simila t ion of a population and

i s desi gnated a s t he s um o f produ ct i on (P) and r espira tion ( R) , i .e . ,

A = P + R (Sus hchenya 1969 ; Odum 1971) . The e ffi ciency o f energy flow

in a popul ati on, p ~ R , may be approx ima tely e qua l t o the assimi l a 

tion efficiency of an i nd i vidua l in t hat po pula tion (Sushche nya 1969) .

However , since A/ G o f t en de pends on age (Sch ind ler 1968, Waldbaue r

1968 , Winberg et al . 19 73 , McDiffe tt 1970, Lawton 19 70 , Fis cher 19 72 ,

Pilarska 19 77b ) , t he A/G of an i ndivi dual may d i f f er significantly

from t hat o f the populati on . Population A/G is essentially the mean

A/G of t he i ndividuals co mposing the population a nd t herefo re depends

on the a ge-class s t r uc t u r e o f the population. At the commun i t y level,

the e f fi c i ency of e ne r gy flow t hrough t r oph i c webs ultimately influ

e nces the r ate s o f fi s h produc tion and eutrophi cation , both of whi ch

are important t o ma n .

205. The i mpor tance o f ass imil a t i on efficiencies in t he modeling

o f z ooplan kt on and bentho s i s pa r amoun t , pa rti cu larly whe n mod e l s

a pp roa ch t r ophi c dynamics by way of feed ing equa t i ons . Assimila t i on

effic iencie s may be us ed in feedi ng equations to modif y co nsump tion

and to yi e l d the qua nti t y o f e ne r gy e nte r i ng a n i ndividua l or popula

ti on . I n most models , a cons t a nt A;G va lue is used to modify cons ump

t i on (e . g . 0 . 70 , Menshutk in a nd Umnov 19 70; 0 .70 , Umnov 1972;
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0 . 57 . HacCo rmic k et a l . 1972; 0 . 80 , Male 1973; 0. 70. S tee le 1974; 0 . 20,

Thoman n et a l . 1975; 0 .20 a nd 0 . 50, Scavia e t a l . 1976) . bu t i n o t he r

mode l s A/ G r a t i o s were var i e d (e .g . , 0 .50 t o 0 .76, DiToro et a l . 1971;

0 . 50 to 0 .70 , Ba ca et al . 1974 ; 0 .64 t o 0 .90 , Ro s s and Ni va l 1976) .

As s im ilat i o n wa s determi ned by t he d ifference i n consumpt i on a nd the

q ua n ti t y: excretion ( E) plu s eges tion (F), in mode ls by Zahorcak ( 1974)

and Ha cCo rmi ck et al . ( 1974) . A potentia l d r awb a c k to t his met hod i s

t ha t l i t erature data o n E and F a re re la t i v ely scarce . Howe v e r . i f

assimi l a tion efficiency a nd cons ump tion data are u s e d to est i mate E a nd

F , a fa ir l y l arg e d a ta bas e i s a va ilable i n the litera tu re . As simi l ation

e ffi cienc i e s ha ve be e n u s e d t o d e te r mine t he qua n t i t y o f ma tte r or ene r gy

e n t e r i ng a de trita l pool from e ges t ion or e xc re t ion (Me ns h utkin a nd Umnov

1970 , Patten et a1 . 1975, Swa r tzman a nd Bentley 1978 ). The d i f f erenc e

i n cons umption (i .e ., whe n G ; 1 ) a nd A/G repres e nts t he f ra c tion o f

c ons ump t i o n tha t is egested a nd excreted. We ha v e used t h i s method to

es timate E a nd F l o s s e s from zoop lankton a nd bentho s .

206 . Our approa ch to ass imilation. egestion. and exc retion wa s t o

tabulate A/G (Append i x C) and to set up f reque ncy di stributi ons of A/ G
F + E

and G fo r po tential model comp a r tme n t s (Figures 26-35) . I n doing

s o, we h ope d t o attain the l a r g e s t poss ible data base a nd determi ne t he

d e g r ee of variation a mong v alue s within potent ial model compartmen ts .

The f o ll owi ng di scussion prima r ily concerns a s s i milat i on efficiencies
F + E

a nd factors i n f l uencing A/G . Be c a u s e A/ G a nd ---G-- a re a dd itive inve r s e
. . A (F + E)

funct10ns (1 .e . • G+ G ; 1), the discussion al so i nd irect l y

a pp l i es t o egest ion a nd e x c r et i o n (i .e ., a s A/G c h a nges in response ~o

e nv i r o nmen tal condi tions, F ~ E a lso mus t exh i bit c ha nges tha t a r e o f

e qua l ma gn i t ud e but o ppos i te i n d i r e c tion) . Thus. Figu res 26 and 27 a re
F + E

mir r or i mages o f Figures 34 and 35, r e spe ct i v ely . Both AI G a nd ---G-- ,

f rom fre quenc y d i s tr i but i ons , a re t o be us ed a s mul t i p l i c a t i ve mod i f i e r s

of cons umption t o yie ld t he q uan ti ti es of c a r bon a ssimilated a nd l o s t,

respectively .

207 . Energy equations o f individuals or populatio ns are essential

t o a t horough understandin g of ass i mi l a t i on efficienc y . A c omplete

ene r gy equation may be e xpres sed a s :
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G = p ( ) .. R + F + E
g + r +ev +s

(1 8 )

where G =consumpt ion; P = produ ct i on, eleme n ts o f whi ch are g rowt h (g )

r ep r oducti on (e) . ex uv ia (ev) . a nd sec re tion ( s ) ; R = respira t ion ; F

=egestion ; E =excretion . As simila t i on ef f iciencies ca n be es tima ted
. f h b . . . A P + R d A
1D two way s r om t e a S1 C e ne rgy equa l 10n . 1 . e . , G =~ a n G=
G - F - E

G
2 08 . In the l a s t t wo deca d es , radioa c tive-i s otope me t hods t h a t

directly measur e upt a ke have been app li ed (see App endi x C f or a tabula 

tion of methods) . These met hod s u s e radioisotope mov ement s to e v a l ua te

e nergy pa r ame t e r s i n Equa t ion l B. Conove r ( 1966a ) devel ope d a n a s h

ra t io method t hat did not r equ i r e qu ant ita tive me a surement s o f G a nd F.

Al l methods have techn ica l probl ems , and results produced by t he vari ous

me t hods are o f t e n far fr om s i mi l a r ( Conover 1966a, St r e it 19 76, Pechen' 

Finenko 1977) . To better unde r s t a nd why the assimilat i on eff i cienci es

c i t e d i n the literature are so variable ( ca 2 t o 99 percent, Figures 26

and 2 7), we have e xamine d t he method s a nd environmental fac t o rs whi ch

influence them.

Methodology

209 . One o f t he e a r l i es t methods was t.o ev a l ua te :

A
G

=
P + R

G
(19 )

Product i on ( P ) i n Equat ion 19 , o fte n i s me a sured i n t e rms o f g rowth ( Pg )

(Czeczuga and Bobi atyns ka - Ks ok 19 72 , Fis che r 19 72 , Trama 19 72 ) or pe r 

haps as growth and exuvi a l production ( Pg + Pev) ( Lasker 1966) o r as

growt h and r eproduction (Pg + Pr) (Richman 1958 , Kryutchkova a nd Ryba k

1974, Duncan e t al . 19 74) . However, rarely are a ll componen ts of pro

du ction, i nc l ud i ng e stimate s o f sec re t ion ( Ps) , determine d.

21 0. Sec re tion s l ost t o t he env i ronmen t during f eeding a nd up on

egestion may c ons t i t ut e a signifi cant portion o f product i on ( HcDi f fe t t

1970) . Ot to (1975 ) e stimated Pg, Pev , and Ps i n larval Po tamopby l ax
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c i ngu latus (Trichoptera) and found tha t Pe v and Ps constituted

16 . 3 per c ent ( 4. 1 a nd 12 . 2 p e r cent , r e s p e ctiv e ly) of t o t a l production .

Had h e neglec ted t hese parameters, A/G would hav e been s i gnif i cant ly

undere s t ima t e d .

(20)

(2 1)

G - F - E
G

A
G

Howeve r , mos t a u t hors omi t the e x c retion t erm [ E} , bec aus e it i s diff i cul t

to qua n t i fy a n d is s ome times con s i d e r e d negligible (La wton 19 70 ,

McDiffet t 19 70, Da born 19 75 , Sweeney a nd Schnack 19 77 ) . Techn ica l l y ,

the f ol lowi ng e q uat i on mea sure s abso r p tion eff i c i ency (Ri c ke r 19 68 ) o r

inco r p orat ion (La sker 1960, Be ll a n d Ward 1970) a n d n ot assimi lation

e f f i ciency :

2 11 . Potentia l er r o rs i n t he est i mation of r espi ration or con 

s umpt ion a re d i s c us s ed un der t heir respec t ive h e adings. I t i s s u f f icien t

t o c on c l ude t ha t potential e rro r s a re n ume rous, and the y a ll de c rease

the ac c uracy of A/ G es timates .

21 2. When A/G is c a l c u l a t e d wi th th r ee independent ly dete rmined

parame t e r s ( i .e ., P , R , and G) , re s e archers may e nco unte r fair ly h igh

varia t ion among r e sult s. Th i s v a r i ab il i ty o f t e n r e s ult s b e c a use ind e 

pendent de termi natio ns of P , R, a n d G are co nduc t ed un der differe nt

e xper i mental c on d i tions . Fo r e x a mp le , Comi ta ( 1964) e st i ma t e d the

con s ump t i o n o f Di ap t omus s ic i lo i des by mea s u r ing c hanges i n the c on c e n 

t r at i on of one f ood item ( Pa nd o r i na or Chlamydo monas) be fo r e a n d af t er

f e e d ing, in 5 0 ml o f pon d water . Re spira tion wa s dete rmined in s ma ll ,

2 - ml vi a ls whi c h conta i ned no a l ga e . P rod uc tion wa s est i mated b y e v a l 

uat i ng r e product i on (P r ) e xcl usive ly . This estima tion wa s made by c om

pu t ing the d a i ly egg p r odu c t i o n o f fema l es t h a t we re co l l ecte d f rom the

f ield 8 y e a rs ear l i e r.

2 13 . The equation used t o c a l c ul a t e a s simila t i on e ffic iency

(Z i mme r ma n e t a l . 19 75) i s :



214 . The e xc r e t i o n component (E) s ome t i me s appears t o b e i nsig

nificant and probably c o u l d b e eliminated from assimilati on e s t i ma t es .

When Daphnia pulex swa llowed algae whole, it lost on l y 4 percent of its

ingested c a rbo n a s d iss olved o r g a nic ca r bon (DOC) ( La mpe r t 1978 ) . Ex 

c r e t ion by He xa genia l i mb a t a wa s gene r al ly les s than 1 perc ent o f c on

s umpt ion (Zimmenman e t al . 1975 ).

2 15 . I n con t r a s t , J o hann e s and Salomi (1967 ) f ound that

Pa laemonete s pugio (an es tua r i ne decapod) lost DOC one t hird a s f a st a s

i t c o n s ume d partic ulate organi c c a r bon (POC ) . Thi s e stimate i s p roba b ly

high, beca use some of t h e DOC mea s ured undoubtedly was derived from food

items ruptured d uring i nges tion (Conover 1966a) . Up to 17 pe r cen t o f

t he a lga l c a r bo n fi l tered by Da phn i a pu l e x was l o s t a s DOC from r uptured

ce l l s ( Lampert 1978) . Pe r haps t he best q uantitative approa c h is to

combi ne F a nd E a nd simp ly me a su r e a ll l o s s e s (Jo h a n n es and Satomi

1967 ) . Until mo r e r esea rch i s con d uc t e d , researchers c a n no t be c e r t a i n

zooplankton, i s pe rhaps the mo st ser i o us problem with the

of t he magnitude o f e r ro r involved when E i s not evaluated . Apparently

it varies among taxa. Fo r the purpo se o f th i s model, t h is potential

ov e r es t i ma tion o f A/ G is co ns i dered a s part o f the random e rro r affect

ing all values.

2 16 . Qua n t i ta tive co llec t ion of f e ces, especia l l y from s mal l
G - F - E

G
method . In macro be ntho s , however, t h e q uantitative col lec tion of fece s

i s no t a l wa y s a p r ob lem (Lawto n 1970 , HcDif fett 19 70 ). Torn f e ca l

pellets and the subsequent l o s s o f f eces, as DOC or POC , u sual ly r esults

in a n overestimation of AjG (Conover 19 6 4, 19 66 a ) . Th e situation is

complicated by t he s uspen sion a nd rec ons umpt i o n o f z oop lan kton feces .

Coprophagy result s in u nderestimates o f F and G and overe st imates of A/G

(Co n over 1966a, S c hind ler 196 8 ) . Unless p recautions are taken ( e.g . ,

s ho r t feeding periods ), t hese e r r o rs c a n be v e r y significant . Though

the los s o f f e c es i s t he most co mmo n sou rce of e r ro r , the co l lectio n o f

f oreign matter s uch a s algae, e x uvi a , bacteria, fungi, o r detritu s with

the fe c e s , especi a lly in prolonged e x pe r i me n ts , ma y r esu l t in a n

u nd e r es t i mation of A/G (C onov e r 19 6 2, 19 66b) . Lawton (1970 ) d i s cus s ed
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in some detail the potential sources of error in determinations o f AIG

by Equation 21. He conc l u de d a s d id Cono v e r (1964) t hat most o f the

potentia l errors t e n d to ove restimate A/G .

2 17 . Si nce p revious metho d s fa i l ed t o yie l d c omp a r a b l e res u l t s ,

Conover ( 1966a ) d evelo ped a n a sh- r a tio metho d . Hi s me thod does not

require qua n t itat i ve c o l l e c t i on of f e c e s n o r mea su r e ment s o f c o ns ump t i on .

The method is based on the assumptio n t ha t the inorgani c Ere c t.ton (ash )

o f ingested f oods is unaffec ted during gu t passage . As s i mi l a t i o n ef

f i c iency i s defined a s

A
G =

F' • E'
(I-E ' ) (F')

x 100 (22 )

wh e r e F ' and E ' are t h e fracti o ns o f o rgani c matte r (i .e . • a s h-free d ry

wt :dry wt ratio ) i n the i ngested f ood and fe ces . respective ly .

21 8. P r us ( 19 7 1) , who calculated the A/G o f As ellus aquat i cus
G - F

( Isopoda) b y the ash·ratio and G me t ho d s , found that Asellus

aquat i cus excreted mi n e r a l s in e xcess du r i n g t he win t e r and a bsorbed

t hem d u ring t he summe r . The d i f f e r e n t ial use o f min e r a ls by th i s spe cies

t h u s re nd e r e d t h e as h - rat io metho d un r e liable ( P rus 19 71 ) .

2 19 . At on e t ime , the most promising me tho d s appea red t o b e t ho s e

in whi ch f o od s were labeled with radioi sotopes o f phospho rus (Hars ha ll

and Or r 195 5a, 19 56 ; Cohn 1958 ) o r c a r bon (Mon a kov a nd Sorokin 19 60,

Sc hi nd l er 1968, Vannote 19 69 ) . Using t h e s e methods, investigators c a n

d i rec t l y mea sure the a c cum ulati o n o f isotopes i n t he body , excre ta , a n d

fe ces of a n an i ma l , as we ll a s p rovide an est i mate of con s ump t i on .

Though many varia t ions e xis t , the b a si c s t e ps o f t he method a r e a s

fo llows : ( a) labe l f ood i tems a nd co r r e l a t e t h e radioa c tivi ty, in co u n t s

pe r minut.e (cpm) I to the c a lo r ic value o f the f o od; ( b ) feed animals

l abeled f o od ( p r e f e r a bly fo r a s ho r t peri od o f lime so that defe cation

a nd e xcretion o f iso t opes a re min imal ) ; and ( c) feed an imal s unlabeled

food un t i l a l l r a dio i s o t o pe s i n t he gut ha v e bee n e limi nated . By meas ur·

i ng t he di f f e r ence in rad ioa ctivi t y a c c umul a t e d in the b o dy of the a n i mal

b e f ore a nd after the e limi nat ion o f radi o i s o t op e s , a resea rche r c a n

e stima te cons ump t ion a nd assimi lati on. respe c t ive ly. Radioact ivi ty of
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11 2

b e a single c omp a r t me n t s ys tem in wh i c h the r e is i ns ta n t a ne o us a nd c om-

19 6 4, Co nover and Franc is 19 73. Lamper t 19 75 ). Co nove r ( 196 1)

r e s u lt i n signi f 
14

a mo del o f C

I n addition, l a be l e dplete mixing o f l a b e l e d and unla bel ed c omp o u nds .

( Lampe r t 19 75 ) . Unmon i tored l o sses o f t hi s ma gnitude

i cant ove restima tes o f A/G . Lamperl ( 19 75 ) developed

c ompou n d s are supposedly evenly distributed a nd d o not recycl e . Unfor

tunate ly, seve r a l poo ls o f ca r bo n and phosp ho r us wi l h d i f fere n t turnover

rate s hav e b e en demons trated a n d trd c e r recycl i ng d oe s occur (Co nov e r

l o s s f or Da p hn i a pulex.

222 . Some o f the a s sumptions o n wh i ch the i s o t op e met hods a re

based a ppa rently a re i nva lid . Fo r e Ka mp le , t h e s pecimen i s a s sumed l o

the respi red CO
2

and f e ces provide s es t ima tes o f E a n d f, r e spe ct ive l y .

Thus, A/ G can he ca l c u l a t e d by using the t erms A (cpm in t he body a n d

CO
2)

o r ( cpm c o n s ume d minus c pm i n F a n d CO
2)

in t h e nume r a t o r , and G

= (cpm consumed) or ( cpm in t he b o d y , F , a n d CO
2

) in t h e denominator .

2 2 0 . Radioi sotope methods o f t e n are cons i de red to b e s ign ificant l y

more a c cu rate than the o t her me thods o f determining A/ G ( Ma r s h a l l and

Orr 1955b, Sorokin 1966 a , Pe chen' -Finenko 19 77 ) . The basis fo r th i s

b e l i e f is that radioi s otope moveme n t s into a n anima l con s t i t u te t he o n ly

d i r e c t mea s urements o f con s umption and assimilation . By contras t, a

number of r e searchers s e rio us l y qu e st i on the va lue o f most t r a cer s t ud ies

cond uc t e d to d a t e .

221. Joh a n nes and Satomi (1967) s t a t e d that most A/G values de 

term ined by r ad i o carbon me t ho d s are ove r es tima t es . Ove res timat es res ult

from l osses o f unla bele d ma t e r i a l s from t he gut wa l l t o the gut lumen .

Unle s s t h e worker i s abso lute ly s ure t hat n o 14C is e xc r e ted , respired ,

or l ost t o the env i r onment, the expe riment is un i n terp r e table witho ut

deta iled i nfo rma tion o n r ea ct i on k inet i c s ( Conov e r a nd f r a n c i s 197 3 ) .

Lamper t ( 1975) d e mons t r a ted that 14C l o sses ( i .e . , a s 14C0 2 ) c a n be

a ccurately measured o n l y du ring f e eding experiments . Ca r bo n losses as

14 CO usually are negligible whe n me asu r e d at the end of feeding perio ds
2

(Sch i n d l e r 19 6 8 , Kibby 19 71 b ) ; h owe ver, i n Daphnia pulex monitored

d u r i n g f e e d i ng, 14C l osses were a bout l a , 20, and 30 percen t o f a s 

simila ted carbon i n 10 - , 60 ~, and 300- min experimen t s , respe ctively



r e cognized two phosphoru s pools in Ca l a nus finmarchicus. a nd Lampert

( 19 75) s t a t e d that Daphnia p ulex was not a sing le c omp a r t me n t sys t e m.

Cono ve r and F r a n c i s ( 1973). who devel oped a mult i compartment model t o

accoun t f o r trac e r r e cycling among comp a r t men ts . s t a t e d .

Unles s it is known that no r e cycl ing o f i s otope h a s o c c u r 
red, the ass umption of line ar uptake . when i n fa ct the sys 
tem i s not linea r. even f or s ho r t periods , can l e a d t o
s igni f ican t e r r o rs in the e st i mati on of inge s t i on or
fee ding.

223 . I n s umma r y , no ne o f t he me tho d s of assess i ng a s similation.

e gestion , a nd excreti o n are inva ria b ly f oolproof. bu t o ne me t h od may be

signi fi can t ly mo r e a c curate than ano the r f o r a pa rticular s p e c i es or

u nd er s pec if i c e xperime n t a l co nd i t ions . Although assimi lation ef f ic i e n 

c i es have be e n ca l cula t ed f or many animals ( Append i x C) , many o f the

es timates are probab ly o f l i mited va lue . Variat ion i n e xp e r i me n t a l

results i s a f unc t ion o f a mul t i t ude o f fa ctors. b ut maj o r di s crepancies

prob a b l y ~e su l t from var i a ble exp e rimen t al c o nd i t i o n s ( Ma rs h a ll 1973 ) .

Apa rt f r om va r i a t i on amo n g s pecies. age gro ups , and sex , f a cto r s s uch as

t e mperature , l i gh t. containe r size , anima l dens ity, anima l size. a nd

qua lity o f f oo d al l exe r t a marked inf luence on e xp e r imental r e s ult s

(Marsha ll 19 73). Thu s , metho do l ogy is n o t the o n l y c ause of var i ability

i n Aj G e s timate s .

Factors Af fecting As s imi l at i o n Efficien c y

Food type

224 . Undoubted ly t he most s ign if i can t f a ctor af f e cti ng a s simi la

t i on e f f ic i e ncy i s f o od type . The e f f e ct i s not v e r y apparent i n

ca r n i v o r e s , l ike the o do n a t e Pyrrho s oma nymphu l a (La wton 19 70 ) , t he

p l e copte r a n Acro neur i a ca li f o r n i c a ( Hei man a n d Knight 19 75 ) . and the

amphipod Ca l l iopius l a e v ius culus (Dagg 19 76 ; Append ix C) . be cau s e the

f ood typ e , energy con ten t . a nd d i ge stibility o f anima l f o ods do not

vary grea t l y . For example . mos t bent hic c a r n i v o r e s have Aj G r at i o s

be tween 0 . 80 a nd 0 . 9 5 (Figure 28). By con l ra st , ranges i n Aj G a re wide

in herbivo r e - det ri tivo res (Figu r e 29) because these a n imal s o f ten

c ons ume f oods o f vary i ng e ne rgy con ten t a n d di ges t ib i l ity - - e .g ., the
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c l a doceran s Da p h n i a l ong i s p ina ( Schindl e r 19 71 ) and Si d a c rys t a ll i na

( Mona kov and Sor o ki n 19 72) and t he a mphipod Ga rnmaru s ps e udo l i mna e us

( Ha rlache r a n d Kendr i c k 19 75 ) .

22 5. Many workers have cor r e l a t e d A/G with t h e c a lo r ic va lue o f

fo od s (Odurn 19 71 , Wetze l 19 75) . Schindl er (1968) f o un d that t he ass i mi 

l a t ion e fficien cy o f Daphnia magna increa sed from a bout 10 t o 9 9 p e r c e n t

a s t he c a l o r i c content o f i t s d ie t increa sed f r om 1.3 to 5.3 c a l o r ies/mg

dry we i ght . Th erea fter, fu r t her increas es i n c a lo r ic value r esu lte d in

decrea siag A/ G--pe r haps du e to decreas e d d igest ib i l ity o f these f ood s .

S i mil a r co r r e l a t i on s have been c i t e d fo r p lankton ic c r us t a c e a n s

( Pechen ' -Fi nen ko 19 71 ) a n d sugges ted for Asel lus s p. and Gammarus s p .

( Swis s a nd J ohnston 19 76 ).

226 . Assimi lation e f f i ciencies also depe nd d i r e c t l y up on t h e

q ua li ty and d i ge stib i l i t y of f oods (McDiff e t t 19 70, Fi scher 19 70 . Odum

19 7 1 , Wetzel 1975 ) a nd apparently are i nvers e l y related t o the ash con

t ent (Co no ver 1966 a , Schindler 19 6 8 ) . By c on t r a s t , La wt on (19 70 ) found

t h a t t he A/ G o f Py r rhosoma nymp h u la was not c o r re l a t e d t o a s h co ntent nor

to c a l o r ic c ont e n t .

22 7 . I n ge nera l , t he A/G o f an i mals fed liVing or senesce n t p lant

matter i s les s than that o f animal s fed l i Ving or dead a n i ma l ti s s u e

(S ushchenya 19 6 9 . Monakov 19 72 , Monakov and Sorokin 1972) . This o bs e r 

vat ion wa s sub stantiated by most o f the l iteratu re va lues for be nth i c

c a r n i v o res and he r b i v ore- de t r i t i v o r e s ( cf F i gu r e s 28 a nd 29 ) . Certain

phy t op lankte rs) howe v e r , ma y b e a s s imilated v e ry effi cie n tly b y zoopla n k

t on ( e . g . , see Schind ler 19 7 1. Monakov and Sorok in 19 72 , lla yward and

Gal lup 19 76) . Diges tib i lity i s probably more re lated to the hig h caloric

a nd l ow ce l l ulo s e c o n t e n t s of s ome phytop lankters t h a n t o increa sed

eff icien cy o f d igestion by z o op lankton . We s e parated z ooplankton ass i mi

l a t i on effi c iencies o n t h e basis of d i e t . Blue-gre e n a lgae a nd detritus

a r e apparen t l y assimilated l e s s efficie nt ly t ha n are green algae (F i g 

ure s 36 and 37, r e spectively) . Th e data fo r t he assimilation of g reen

a lga e a re h igh ly variable, p e rha p s r eflecting the tremendous dive rsi ty

o f s t r u c t u r e wi th i n the Ch lo rop hy t a .

228. Though the us e of de t r i t us and /or microf lora as food by
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he n t ho s is wi dely accepte d (Cummin s e t al . 19 66, Hyne s 19 70 , F i s h e r a nd

Likens 19 72, Ma r z ol f 19 6 4, Bar loc he r and Ke ndr i ck 19 75, Rod i na 196 6 ),

t he u s e o f the s e items b y zoop lankt o n is n o t ge nera lly a cknowledged . I II

mo s t mode l s, zoop l a n kt o n a nd bent ho s d epend p rimari ly upon phytopl an kt on

a s a food sou rce . Th is b a s i c pre mi s e probably is ina c c urate f or res er

v o ir bentho s a n d zooplan k t on . A d e t a i l e d d i s c u s s i o n o f t hi s top ic wa s

g i ven i n t h e sec t.ion "De tri t u s a nd Microf lo ra a s Fo od" in Pa rt I II o f

t.h is repo r t , pa ge 53 .

Fo od concen t.ration and f eeding r ate

229 . Assimila t. ion effi ciencie s h a v e b e e n o b s e r v e d t.o d e c r ease

significa nt. ly wi t.h increa sing f o od c oncent r a t i o n o r rat. ion in f il t.e r

f e eding zoop l an k ton, e .g. , Dap h n i a magna (Ry t he r 19 5 4 , Schindler 196 8 ) ,

Da p hn i a p ulex ( Richman 195 8 ) , Brachionus pil c a t i l i s (Dooha n 19 7 3),

Dia p t omus g ra ci l o i des ( Kr y utchkova and Ry bak 1974) , a nd seven species o f

Entomo s t r a c a (Wi n be rg e t. a I. 19 73 ) . The s a me t rend al s o h a s been o b 

served in other a n i ma ls s uch a s the n ema t o de Plec t u s palu stri s (Du nca n

et a l . 19 74 ), the ga s t r opod Gon ioba s is c l a va e f o r mis ( Elwoo d and Gol d st.ein

19 75 ), a nd variou s Cr u s tacea ( S us hchen ya 1969) . Th e a bove findi n g s s eem

to s u pp o r t t he the ory o f s up e r f l u ous f e e d ing ( Harvey et a l . 19 35 ,

Bek l e mi s he v 19 6 2 ), wh i c h hol d s t hat a nimals ass i mi la te f o o d most e f f i 

c ien t l y wh e n it i s pres ent in sma l l quantitie s . Whe n f o od i s a b un d a n t

a nd c o ns ump t i o n exceeds the ani mal' s f o od requireme nt , t he e f f i c iency o f

di gest i on d e c r e a s e s be caus e of t h e a n i mal' s i na bi li t y l o e f fic i e ntly

pro c e s s t h e la rge quantities of food . In fi l t er - feeding Cl a d o ce r a ,

Copepoda , and perhap s Rota t ori a, fi l tra tion ra tes c a nn o t b e r educe d

e nou gh t o l imit the intake o f food , whe n the food i s pre s ent at v e ry

h i gh concen t r a t i o n s . Unde r the s e con d i t i ons e x t r a o r s upe rfl uo us f eed

ing can o c cur (Mon a kov a nd So rokin 1961 , a s c i t e d b y Mo nakov 19 72 ) .

F i eld obse r v a t ions a lso seem t o substantiate s upe r f l uous f eed i n g . King

( 1967) noted tha t und i ge ste d a l g ae appea r ed i n t h e fe c es o f the r ot. i f er

Eu c hlanu s d i l itata o n ly when t h e a lgae were p r e s e n t a t very hig h concen 

t r a t i o ns. A s i mi l a r ob se r v a tio n also wa s ma de for Da p hnia ma gna ( Ryth e r

1954 ) .
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230. Some authors ha v e ob served consta n t A/G with increasing f ood

conce n t ra tion a n d the r efore di sagree wi th the theory o f s up erf l uous

f e edin g . Pechen ' -Finenko ( 1973) noted tha t i n raptoria l z oop lankters

(mos t ly p red a to rs) , A/ G r emains cons t a n t over a wid e r ange i n foo d c on 

c e ntra tion. Pres uma bly, thes e t ypes o f an i mals c a n regulate c on s ump t ion

a nd therefore o p t i mi ze A/ G. Pyrrh osoma ny mp hu l a, a c a r n i vo r o u s o do n a te

(Lawto n 19 70 ), and Neanthes v irens, a c a r n i v o r o us p olychae te (Kay and

Braf i eld 19 7 2 ), a lso e x h i bi t fair ly uniform A/G r ega rd l ess o f the quan

tity of f ood cons umed . Even t he fi lte r - fee d i n g copepods Diaptomus

g r ac i l is ( Kibby 19 71b ) a n d Calanus hyperboreus (Conover 1964 , 1966a )

exhibit fair l y uniform a ssimilat i on eff i c iencies (64 .2 t o 68 .4 percent

and 39 .6 to 7 1 . 1 percent, respe c tively) when food con c e n t ra t i on s are

var i e d s ign i f i cant l y .

23 1. Pechen' -Finenko ( 1973 ) argued t hat the c o nce nt r a t i on at

wh i ch s upe r f l u o us feeding o ccurs e xce eds t h e concentrati ons o f f o od

found i n na t u r e . I n a dd i tio n, he suggeste d that automatic f ilter feede r s

can regul a te as s i mi l a t i o n by alter ing their f iltration ra t e and A/G .

Pe chen '-F i nenko ( 19 7 7) expressed the belief that the a p p a rent dis-

c repanc ie s i n pre vious r e s u lt s o f experiments on food conc e ntra tion were

entire l y due t o v a r iatio ns in me t h odolo gy . Fo r example, he v iewed the

downward trend i n the A/G o f Daphn i a pul ex (Ri chman 195 8 ) a s an a rtifa ct

gene rated by Ri chman's us e o f the t ~ R me thod . However , Sch i n d le r

( 1968) a nd Ha ywa r d and Ga llup (19 76 ), us i n g rad i ocarbon techniques , also

obse r ved dec reas i n g A/G a s f ood c o nce n t r a tio ns we r e increased . S ch i n d l e r

( 197 1 ) be l i eve d that s up e rf l uo us feeding may b e come evide nt on ly when

z ooplankton a re f eeding on cer t a i n type s o f food . He conc l ud e d t hat

a ss imilation effi ciency va ri e s inverse ly with t he ingestion ra t e , when

dif f ere nt f oods a r e co n s ume d .

232 . Firm c onclus i ons c a nnot b e made regarding t he relation of

ass i mila tion e f f ic i e ncy t o foo d c oncentration. Lawton ( 197 0) noted t hat

the A/G o f Pyrrhosoma nymphula may increase, decrea se, or r ema in con

s t a n t a s f e e d i ng rates i nc r e a s e . He s ugges t e d that all three responses

are pos sible i n nature. Hayward and Gallup (19 76) pointed out t hat the

situa t i on i s even more c omp lica t e d t h a n mos t p e op l e believe. Ac cording
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to t heir work , A/ G is a fun ction o f f ood concen t r a t ion, but th i s func

tion var i es wi th t emperature . They s t resse d t he need f or multi var iate

i n fo r ma t ion on a s s imilation a nd suggeste d tha t grea t ca r e be exerc i s ed

in the i n terpretat i on of r e sults .

233 . Pra c t i cally a l l mod el s we r e vi ewed us ed gr azi ng c ons t r uc ts

t hat we re dependent on f ood dens i t y . I n ot he r words , t he s e authors

be l i eved tha t a s similat i on e f f i ciency r ema ins cons t a nt at a l l food con

ce n t r a t ions , where a s cons ump t ion cha nge s a t l ow t o moderate food conce n

t r a t i ons . This premise may o r ma y not be co r r e c t , but i t i s p ract i cal

in that the e f f e cts of co ncen t r a t ion on grazing are ea s ie r t o examin e

a nd s imula t e than are thos e s ame e f fe ct s on as simi lation e f f ic i ency .

Di Toro e t a l . (1 9 71) used a density i ndepe nde nt (i .e . , l i near ) grazi ng

r e l at ionship ba s ed on the i dea of s upe r f l uou s f e ed ing and made a s s imi

l ation efficiencies vary with food conce nt ra t ion . The r ela t i on o f

f eed ing rate t o food conce nt r a t ion i s es s entially linear ove r mos t foo d

co ncen t r a t i ons a nd though a linear f un ct i on may be app r opria t e i n most

cases, d i f fi cult i e s i n dete rmini ng the e xa c t effect o f f ood concent ra

t i on on as simi l ation e f f i c i enc i e s r ende r th i s a pp r oa ch les s appea ling .

Tempe r ature

234 . Cha nges i n A/ G have be en pos i t i ve l y co r r e l a t ed with wate r

tempe ra t ure fo r Cladoce r a ( Webb and J ohanne s 1967, Sc h i nd l e r 1968,

Haywa rd a nd Ga l l up 19 76), Cope po ds (Conove r 1962), va riou s C ru~ tacea

(S us hchenya 19 69 , Pe chen' -Finen ko 1971) , Insecta (Hei ma n and Kni ght

19 75 , Ot t o 1975 ), and Gas t ropoda (E l woo d and Golds t ein 19 75 ) . Effects

o f temperature on metabo l i sm ha ve bee n de s c ribed by the Q
10

law (Prosser

a nd Brown 1961 ), wh i ch s t a t e s that ec to t he r m metaboli sm increas e s two t o

t h r e e t ime s with a 10° increa s e in temperature . Unde r i dea l cond i t i ons,

A/ G s ho u l d be l ow a t l ow t e mpera tu r es, i ncrease t o a maximum a s t empera

tu r e i ncreases to a species-speci f ic opt i mum , and g r a dua l ly de c l i ne as

t empera ture approa ches the upp er t olerance l imi t fo r t he s pec i es .

235 . Unfo rtuna tely, t he ideal rela tionship o f A/ G t o t empe r a ture

is no t a l ways ob s erved . The A/ G of Ca lanu s hyperboreus (Conover 1962),

betwee n 2° and 11°C, d i d not vary s i gni f i can t l y (64 . 5 t o 68 . 0 percen t ) .

In the ga s tropod Goniobasis c lavaefo rmis A/G r ema i ne d co ns t an t between
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10° and 20 °C (El~ood and Go l ds t e i n 1975) . Assimilation e ffic ienc y a l so

was unaffected by temperature in a number of o t he r animal s (Lawton 1971,

Kibby 1971b , Dagg 19 76).

236 . A po ss ible e xplana t ion for these di s crepancies in publ ished

data is tha t t emperature not on l y affects P and R but also con sumption

( G) thr ough the effects o f fo od concen t r a t i on and temperature on fi l t ra~

tion ra tes (Hayward and Gal l up 1976). There is a good po s sibility that

increa sed t emperature, within a ce r t a i n range, ma y not increase the A/G

of an organ ism . Thi s response could occur if the increas e in a s simila

t ion (P + R) was matched by a concomitant increa s e in consump t ion (G

a l s o increa se s wi th t empera t ure; see " Ef f ects of Temper ature on Cons ump

tion" i n Part I II of this report, page 66) . In sho r t , s eve r a l va riable s

are interrelated and the fina l r esult may ha ve eme r ge nt properties ( i .e .,

propertie s t hat canno t be p red i c t ed by s epara t e l y exami ni ng the e f f ec ts

o f the individual variables) .

Anima l deve l opmen t

237 . Assimilation ef fi ciencies have be en observe d to change s ig ~

nifi cantly a s a n i ma ls deve l op . Whether thi s r esult is a f unc tion o f age

o r wei ght i s not certain, but , in s ome organisms at least, the cha nge i s

c l ea r ly r e lated to l i fe hi story events s uc h a s metamorphosi s (Fi s cher

1966 ) . Hany o rganisms change the i r diet dur ing deve l opment (e.g.,

na uplii o f predaceo us capepods oft en are he r bivorous un ti l they r ea ch a

ce r t a i n size) . Because f ood type probably is t he most s i gni fica nt fa c

tor inf luencing as similation e ff ici enc y , cha nges in diet during the

cou r se of development may s i gni f ican t l y alter A/G ratios (Sc h i nd l e r

1968 , Wa ldbaue r 1968 ).

238 . Assimila tion e f f icienc ies have been obse rve d to decrease,

remain co ns tant , or even increase du r ing the deve l opment o f va r ious

aquati c invertebrates . Decrea sing A/G ratios during development were

no t ed i n the zoopl ankt ers Daphn ia magna (Sch i nd l e r 1968 ) and Mac rocyclops

a lb i dus (S hus hki na et al. 1968), and i n the insects Pyrrhosoma nymphula

(Lawton 1970 ), Pte r onarcys s co tti (HcDiffett 1970 ), Hedr i odiscu s t r uquii

(Stockne r 1971 ), and Leste s spansa (Fische r 1972). However, ass i mi l a t ion

e f fici enc ies rema ined co ns t ant during the deve lopment o f the copepod
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To de t ermi n e t he r ange
-1

c a r b o n -mg c arbon

Macrocyclops albidus ( Kl e kows k i and Sh u s h k i n a 1966b ). the mollus c

Dre iss ena polymorpha (Monakov 19 72 ) , the amp h ipods Gamma rus pulex

(Nilsson 1974), a nd Ca l l i op i us l a e v i u s c u l u s ( Da g g 19 76). Bra chi onus

rubens (Rotatoria) e x h i b ited i ncreased A/G during development (Pilarska

1977b), a nd Lawton (1970) believed that the A/G of Pyrrhos o ma nymphu l a

(Odonata ) cou l d i nc rease , decrea se, or r e main c o ns t a n t under a g iven se t

of environmental c o nd i t i o n s .

Reproductive state

239 . Few data a r e ava ilable that d e s c r i b e the effects o f an

anima l' s reproductive s t a t e on assimilation eff i c iency . Daphnia ma gna

a n d Q. sch o d l e r i b e a r i ng eggs or embryos a ssimilate at a hi g her rate

than nonovigero us f emal es (Schindler 19 68, Ha ywa r d a nd Ga l l up 1976 ).

Th e as similation effi ciency of Ass e ll us aquatic us va ried from 26 t o

44 percent depending on reproductive c o nd i tio n , sex . and populat i o n

density (Prus 1976 ) .

Summary o f Co ns t r uc ts

240. Firs t. us ers should sel e c t the f requency h i stog ra m (F i g 

ures 2 6-33 . 36 , and 3 7 ) t hat best describes t he mode l comp a r t men t t hey

are cons i d e r i ng. Secon d , the f r equ e n cy hi stog r am s ho u l d be transformed

into a probabi lity d i st r i but i o n of A/G ratios ( r est r ic t e d by the c on 

f i d e nce limits pla ced on t h e p r ob a b i l i t y d i stribution by the us er ), a nd

a range of A/G ra tio s s hou l d b e s e lected . Third, c o n s ump t i on (mg ca r bon .
- ] -}

mg c a r b on -day ) --gene rated by grazin g co n s t r u c ts i n Part II I - -shouid

b e mu l t i p l i e d by the s e lec t e d A/G r atios, a c cord i ng to Equat ion 1 . The

r esult ing products des c ribe the range o f weight-spe c ifi c ass i mi l atio n
- 1 -1

(mg ca rb on -mg carbon -day ) by the c omp a r t me n t .

of weight- specifi c l o ss (ege sti on + excreti o n- -mg
-1

- day ), us e rs s hou l d s ubt r ac t A/G rat i o s from on e and multi ply wei gh t -

spe cifi c c o ns ump tion by t h e res ul ting d i f fe rence . Th e product of t he

we ight- specifi c r a t e s of assimilation o r e ge s t i o n + excreti on ( as de

termined ab ove ) and the b i omass of t he model comp a r t men t (mg c a r b on )

yie l ds t he weight of c a r bo n a ss i mi l a ted or lost. r espe ctiv e ly .
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24 1. Because t he dist r i bution of A/G va lues fo r cladoce r a ns

(Figure 32) was essentially uniform, we recommend that zoopl a nkt on be

considered as a single compar t ment (Figure 26) . Howeve r , when greate r

resolution is r equ i r ed , the frequen cy histograms of rotifer and copepod

A/G (Figures 30 and 31. r es pecti ve ly ) may be used , but c l adoceran A/ G

r atios s hou l d be r andomly selected f rom a range of 0.05 to 0.55. Bi o

mass of zooplankton s houl d be arbit rarily assigned a s follows :

Cl ad ocera = 60 pe rcent, Copepoda = 35 pe r cent, Rota toria = 5 pe r cent ,

un l e s s more accura te da t a a r e ava i lab le . Rot a to ria ass i mi la tion. for

example , may be calcula ted as O.OSh [G(A/ G)], where b = t otal zooplank

ton biomass (mg carbon), G =zooplankton consumption (mg carbon ·mg
- 1 - 1

ca rbon · day ) , and A/G = Rota toria assimilation efficiency (from

Figure 30) .

242 . Bent hos s hould be compartmenta l ized int o ca r nivores and

he rb ivores - de t ri tivo res on t he basis of the i r respective assimilation

effic iencies (F i gures 28 and 29). Bas ed on the eco l ogi ca l growt h ef

f i ciencies of a nema t ode (Dunc an et a l. 1974), a chi r onomi d (Kaj ak and

Dusoge 1970) , and a n oligochae te ( lvlev 1939), we be lieve that carnivores

should cons t i t ut e 20 ± 10 percent of t otal benthi c biomass , when the

benthos compartment is divided . Assimilation by benthic herbivores 

detritivores may be calculated as 0 .80b [G(A/G)I] and tha t of benthic

carnivores as D.20b [G(A/G)2 ]' where b = tota l benthic biomass (mg
- 1 -1

ca r bon), G = be nthos cons umpt ion (mg ca r bon·mg ca rbon ·day ). (A/G)}

= A/G ra tio f or herbivo re-de t r i t i vores (F igure 29) , and (A/G)2 = A/ G

ra t i o for ca r ni vores (Figur e 28) .

Conclusions

243 . Ass imila tion efficiencies are i mpor t ant i n bio logical models

because they can be used to modify cons umpt i on and thereby yield t he rate

of ene r gy flow into model compar tments . Eges tion (F) and excretion (E).

which technica lly diffe r, a r e de fi ned as a s i ngle l os s in the mode l -- the

addi tive inve rse of assimi l at ion efficiency (A / G + (F ~ E) =1) .
244 . Beca use methods empl oyed to estimate A/G are ina ccu r ate, we
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Figure 30 . Frequency hi stogram of Ro t a t or ia as s imilation va lues
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Appendix C

r- COPEPODA

-
- r-t-

- - r-t-

- l- f-

f-

I r

8

6

2

o
o 20 40 60

A/ G x 100
80 100
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Figure 32. Frequency histog ram o f Cladocera ass i milation values
(A) a s a percentage of consumption (G) . Based on da ta in

Ap pendix C

o
o

c-

ENTOMOSTRACA

~

- ~

l- I-
f-- l-

I-
l-

I-
'--

16

12

4

20 40 60
A/G x 100

80 100

Figure 33 .
va2. ue s (A)

Fr equency histogram of Ent omostraca
a s a percent age o f co ns umpt i on (G) .

i n ,Appendi x C

assimi lat ion
Based on da ta
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Figu r e 34 . Freque ncy h i s t o g r am o f zooplankto n e ges t i o n ( F) a nd
excre tion (E) v alue s a s a percen tage o f c onsum p tion (G) . Bas e d

o n data in Append i x C
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Figu re 35 . Frequency hi s togram of bentho s eges t ion (F) a nd
e xcr etion (E) v alue s a s a pe r centag e o f c onsump t ion (G ) .

Based on data in Appendi x C

-
BENnIOS

r-

I
r- ~ r-

-
- r-- -

- -
~

I-- -
I--

~

100BO60
100

40
(E+ FJ ! G x

20o

4

o

12

16



12 BLUE·GREEN ALGAE AND/OR
DETRITUS AS FOOD
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Figure 36 .
percentage

Frequency histogram of assimilation values (A) as a
of consumption (G) when zooplankton were fed blue

green algae and/or detritus
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Figure 37.
percentage

Frequency histogram of assimilation values (A) as a
of consumption (G) when zooplankton were fed green

algae
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d id not deve l op cons tru c ts t o predict c ause-e f fec t r el a ti ons betwe en A/ G

a n d fa cto r s s uch as f ood c o ncen t ra tion , t emperature. a nima l development .

o r r epro duc t ive s ta te. When s i mi la r methods were u s e d . food t ype gen 

e ra l ly was t he mo s t i mp o r t a n t fac to r a ffec t ing A/G (cf Figu res 28-29 and

36-37) , bu t food c on c e n t r a t i o n a n d tempera t u re e ffe cts were incons istent .

Few da t a tha t i l l us t ra t e the ef fec ts o f rep roduc t ive s ta te o r animal

development have been publ i shed.
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