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PART V: RESPIRATION OF ZOOPLANKTON AND BENTHOS 

Introduction 

245. Respiration is the sum of all physical and chemical pro

cesses by which organisms oxidize organic matter to produce energy. 

During aerobic respiration. oxygen and organic matter are consumed and 

carbon dioxide and water produced (Pennak 1964). Components of respira

tion include specific-dynamic action (SDA). basal-respiratory rate (BRR). 

standard-respiratory rate (SRR), and a respiratory component for activ~ 

ity. Specific-dynamic action refers to the energetics of digestion and 

is the s~allest component of respiration--e.g., 15.4 percent of the 

total in the plecopteran Acroneuria californica (Heiman and Knight 1975). 

Basal-respiratory rate is the minimum energy expenditure required to 

sustain life. Standard-respiratory rate (SRR) is equal to the sum SDA + 

BRR. The activity component is highly variable and accounts for most of 

the variation in total respiration (Calow 1975). 

246 . Respiration is a very important parameter in energy budgets. 

Maintenance energy constitutes a major portion of energy expenditures by 

populations of aquatic invertebrates (80 to 90 percent) and therefore 

can be used as a first approximation of total assimilation (Moshiri et 

a l. 1969). Respiration was 92.7 percent of assimilation in the cladoceran 

Leptodora kindtii (Moshiri et al . 1969) and 81.8 percent in the isopod 

Asellus aquaticus (Klekowski 1970). Since maintenance costs must be met 

for survival, respiration may exceed assimilation under unfavorable 

environmental conditions. Under such conditions, biomass may be 

catabolized to meet the increased demand for energy . 

Methodology 

247. Respiration rates of aquatic invertebrates usually are 

estimated directly by monitoring oxygen consumption, since the estima

tion of heat loss from ectotherms is impractical by direct calorimetry 

(Hughes 19 70 ) . By multiplying 02 consumed by an oxycaloric coefficient. 
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e .g . , 4 .83 c a l/ml 0 2 (Wi nberg et a l . ) 9 34 ) , respiratory r a t e c a n be 

es t i ma t e d . Some de g ree o f e r r or i s inherent t o the a ppl i ca t ion o f an 

oxy c a lo ric coeffi c i e nt because the c oe f f i c i e n t v ar i es wi th t he type o f 

body c ompo n e n t ox i d i z e d . Winb e r g e t al . ( 1934 ) found di ffe rent o xyc a lo r ic 

coe f f icien t s f or oxida t i o n o f c a r b oh y d r a t e (4. 68 6 ca l / ml 0 2 ) ' pro t e i n 

( 4 .72 1 cal / ml 02)' a n d f a t ( 5 .04 3 c a l/ml 02) . With out measu r ing n i t rogen 

e x c r e tion and CO p rod uct i o n du r i n g experime n t s , on e h a s no way o f d e 
2 

te r mi ning wha t type o f mater i al is bein g o x idize d and t h e re fo re i s u nab l e 

t o app r opr i ately a d j us t t he oxyc a lori c c oe f f icie n t. As a res ul t , t h e 

oxy c a lo r i c c oe f f icie n t s fo r the th r e e body c ompo nents us ua lly are a ver

a ged ( i .e . , i t is a ssumed tha t s pec i me ns b u r n pro tein, f at , and c a r bo 

hydra t e s e qua l l y) . Hug h e s ( 1970) s t a ted t hat the e r ro r i nvolved in 

a pp l y i n g a mean coe f f ic ien t wa s s ma l l - - ce r t a i nly s ma lle r t ha n the e rro r 

i nh e r e nt to an ex t ra p o lat i o n o f lab r e s u l t s t o a fie ld s i t u a t ion . 

248 . Manome tri c methods ( e .g . , t h e use of Warburg , Gi lson , and 

Car t esian d iver resp iromete rs ) r e quire a manometer t o me a su r e d e c r e a s e s 

i n gas p ressu re wi t hin a c los e d c ha mb e r . In the r e sp iratory c h a mbe r , 

s p e c i me n s cons ume 02 a nd produc e CO Be c aus e t he experimental med ium
2

. 

i s a l kal i ne and a b s o r bs CO , the ga s pre s sure i n the c h amb e r d e c r e a s e s 
2 

i n proportion to the r ate of 0 2 c o ns ump t i o n (Urnbreit e t a l . 196 4 ) . There 

a r e two disadvanta ge s t o manome tric t e chn i que s : ( a ) al ka l ine so l u t i o n s 

ma y affe c t r e s p i r at i on i n some s p e c i e s ( Su s h ch e ny a 19 6 9 ) and (b) s ha k i n g 

(often e mpl oye d t o ensur e abs o rpt i o n o f CO ) may exc ite s pecimens a nd
2 

eluc i d a te a r ti f i c ia l ly h i gh rate s o f r e spira t i o n ( Rueger et a l . 1969 ) . 

I n cont ra s t t o Wa rbu r g a n d Gil son r espiromete r s. Ca r t es ia n d ivers ha ve 

e xt reme ly s ma l l c h a mb e rs f or s pec i me ns a nd , con s e q u e n tly, a r e t he o n ly 

res p i r ometers s u i t ed t o mea s u r e r e s p irati o n rates o f ind i v idual zoop l an k 

t ers . Diffe renc e s i n t he r e spiratory r a t e s o f i nd i v i duals o f the s ame 

s pec ies o f ten be c ome apparent in Car tes ian d i vers ( I v a n ova a nd K1e kows k i 

19 72 ) . Suc h d i f f erenc e s are u sually mas ke d i n o t h e r me tho d s where ma ny 

s p e cime ns are e nc l o s e d c o ncomi t an t l y i n o ne c h amber . 

249 . Chemi c a l methods . u sual l y Wi n k l e r t i t r a t i o n ( Ame r i can Pu b lic 

He a l t h As s o c ia t i o n 19 71 ) , Mod i f i e d- Wi n k l e r t i t r a t i o n , o r Mic ro -Wi n k le r 

titra t i o n, me a s u r e 02 co n c e n t ra t ions i n a c los e d s ys t e m befo re a n d a f ter 
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a suitabl e exper i mental p e riod . Th e p e r i od must b e l ong enough for a 

detectable differen ce i n 0 2 c o n c e nt r atio n to deve lop but short enough to 

prec lude s i gn i f i c a n t development o f b a c t er i a l populations or starvation 

of experimental s pec i me ns (Marsha l l 19 73 ) . The di f f e r e n c e between the 

initial a nd final 02 concentration i s ta ken to r ep r e s e n t oxygen c on s ump 

t ion by t he enc l o s e d s pec i me ns. Th e combined use o f a c l o s e d bottle and 

Wi nkle r titration has been the most pop u l ar means of determini ng r e s p i

r at i on i n a qu a tic i nvertebrates (Appendix D, Pa r t s I and I I). Part of 

t he popularity is due to t h e fact that t h e s ys tem is s i mpl e and c a n b e 

u s e d i n the f ield o r laboratory . 

250. Polarographi c me thod s require the me a s u r e ment o f c u r r e n t 

f l owing i n the externa l c ircu i t of a polarographic c e l l (Linga ne 1961). 

These methods are advantageous in that t hey p rovi d e c o n t i n u o u s mo n i t o r

ing of 02 t ens ions ( Rue ge r e t a l . 19 69 ) . E l ec t r odes are mo s t o f t e n 

e mp loyed i n a f l o w- t hro ug h c h a mbe r (e .g ., J ona sson 1964, Berg a n d 

J onasson 1965, Rueger et a l . 1969 , Ca low 19 75 ), but t hey may be used in 

a close d bo t tle (e .g_ , Br i n kh u r s t e t a l. 19 72, Roff 19 73, Fou lds and 

Roff 19 76 , Swiss and Johns t on 19 76 , Wel ch 19 76 ) when a s t i r r i n g mec hanism 

i s p r e sent . F low- t hrough s ys t e ms r emov e an ima l wa s t e s whi ch may af fe c t 

results i n l o ng- t e r m e x pe r i me n ts (Rue ge r et al. 19 6 9 ) . 

25 1. No previous i nv e stigations f ound signif i can t differenc e s a mong 

r espi rat i on methods . Law ton and Ri chards (19 70) found n o signif i cant 

d ifference b e t we e n r e s u l ts p roduced by Ca r t e s i a n d ive r and Winkl er 

methods , no r between Ca r t es i a n d iver and Gi l s on me t h od s . Richma n ( 1958) 

ob ta i ne d s i mil a r result s whe n he comp a r e d rate s f or Da p h n i a pulex de 

t ermi ned from Winkler and Warburg me tho d s . Po larograph ic and manome t ri c 

methods were deemed suitable f o r measuring the 0 2 c o ns ump t ion of aquatic 

invertebrate s (Rueger et al . 1969 ) . Results p roduced by a Scholande r 

r e spirome t er (manometr i c ) and Mi c r o-Wi n k l e r for Le p t od o r a kindtii were 

not s i gnifica n t l y d ifferent. Ca l ow (19 72 ) demons tra ted that c h emica l , 

manometr i c, and pola r ographi c te chniques a ll me a s u r e d s i mi l a r rate s of 

re spira t i on in t he mol lus c Planorbis contortus a n d An c y lus fl uv i at i l i s. 
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Varia t ion Due to Expe rimental Co nd i t ions 

252 . Labora tory condit ions unde r which meas urements o f 0 2 con

sump tion a r e t a ken s e l d om approximate conditions in the fi e ld. No ne 

t hele s s , ov e r 95 percent of t he r e spi r at i on s tud i es h a v e been conducted 

in labo ra tories (Ap pendix D) . Thi s f a c t r e s u l t s f rom t he tech n ica l 

d iff i cu l t i e s of iso lat i n g a n d determining the r esp ira t ion of a n ind i 

vi dual o r po p u l a t i on i n a natu r a l commu n i t y. 

253. La boratory s pecimens of ten a r e s t a r v e d 24 to 9 6 h r p r i o r t o 

e xper iments, e .g., 2 4 h r for t he mo l lus c He l i s oma trivolv is (Sheanon a nd 

Trama 1912), 96 hr f or t he plecopteran Ta rn iopteryx nebulosa ( Na ge l l 

1973 ) , 24 hr for the c l a d o c e r a n Daphnia pulex ( Ri c hma n 19 5 8 ) . When f ed 

during e xpe r i me nts , Diaptomus sicilo ides (Comita 19 6 8 ) and Ca l a n us 

hyperboreus (Conover 1962) exhibi ted h i ghe r rates of r espiration t han 

when sta r ved . Acco rdin g t o Sa tomi and Pome r oy ( 1965), sma ll bentho s and 

mo st zoop l a nkton are s ub jected to s ta r v a t ion if he ld wi thou t f o o d for a 

f ew hou r s , a nd af ter 24 hr o f sta rvation, s mall s pecimen s appa rent ly 

exhibit a significan t dep ression i n respiratory r ate . [ n c o n t r as t , 

Ikeda ( 197 1) found that Ca lanus cristatus exhibi ted i n c r ea s ed rates o f 

r e spiration during the first f ew days of starvation . In general, most 

researchers probably would approve of the recommendation by Cumm i ns 

(1975) t ha t specimens be fed during or immediately before experime nts . 

254 . Re s e a r ch of Conove r ( 1962) , Ha r shall ( 1973), a nd Sus hche nya 

( 1969) i ndica ted that increased f ood c oncen trations i n creased rates of 

r e s pi r ation i n Cr us t a c e a . Pi la rs ka ( 19 1 7c ), howe v e r , observed i ncre a s e d 

respiration in t he rotife r Bra c h ionus r ubens whe n f o od concentrations 

were below or above a n optimum . When exposed to change s in food conc en

t r at i o n , aqua ti c invertebrates e xhibit r espiratory rate s that may depend 

o n their present level o f feeding and o n the degree of previous s t arv a 

tion (Marshall 1913 ) . Obviou s l y , more research is neede d . Estimates 

s ho u l d be made ov e r a broa d range of food c o nce n t r a t ions a n d taxa . 

255 . Another ma jor c a us e of va riatio n i n respira tion rates is 

inade q ua t e a cclimation t o test temperature . Vnacclimated s pec i me n s may 

be exposed to tempera t u re c hanges t hat e x c e e d a ny i n t heir n a tiv e 
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habitat . In many studies , collected specimens were acclimated to test 

temperatures for 24 to 28 hr (Appendix D, Parts I and II). These speci

mens may have been accIiaated in the sense tbat they overcame tbe initial 

shock of capture and handling (Marshall et al . 1935, Bishop 1968, Roff 

1973), but they were far from accliaated to temperature in te~s of 

respiratory rate . According to Geller (1975), the rate of temperature 

acclimation in Daphnia pulex was proportional to its growth rate, and 

acclimation required 6 weeks at temperatures of 7° to 10°C and 4 weeks 

at temperatures above 15°C. Blazka (1966) observed that Daphnia hyalina , 

acclimated to 20 DC in the laboratory, exhibited higher respiratory rates 

than did f ield populations at various ambient temperatures . This dif

ference probably resulted from sufficient acclimation to temperature by 

field populations . To avoid acclimation problems, Cummins (1975 ) aug-, 
gested that specimens be studied at tbe ambient temperature of their 

native habitat. Some rates in AppendiX D, Part I, are . for specimens 

studied at 5° to IOoe above or below their acclimation temperature in 

the field. These data undoubtedly increase the variance of our data 

base, but since we have no way to consistently correct aberrant rates , 

we must consider the error as part of the random variability affecting 

all estimates. 

256. Hany of the existing data are conflicting. For example ; 

Roff (1973) and Siefken and A~itage (1968) found no effect of ligbt on 

the metabolic rates of the copepods Limnocalanus macrorus and Diaptomus 

sp., respectively . In contrast. Harshall (1973) found that bright light 

stimulated respiration rates in the copepod Calanus finmarchicus, and 

Buikema (1972) found that light inhibited respiration in tbe cladoceran 

Daphnia pulex. Bishop (1968) observed depressed respiration rates in 

zooplankton as pressure increased, but Roff (1973) observed no signifi

cant effect of pressure on the respiration of Limnocalanus macrurus. 

Crustaceans exhibited three potential responses to increased salinity: 

(8) no effect , (b) increased respiratory rates at hypertonia and " 

decreased rates at hypotonia, and (c) increased rates at both hype~tonia 

and hypotonia (Sushchenya 1969) . When pH was shifted beyond the com

pensation limits for a crustacean species, metabolism was either 
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depress e d or d isrupted completely (Sushche nya 19 6 9 ) . The p r obl em i s 

t hat compensation limits v a ry s igni fica nt ly amon g freshwa ter an i mals. 

I n c ontrast t o the re sults of Satomi and Pome r oy ( 1965) for e stuari ne 

zoop lankton , r e s e a r ch on o l igochaetes ( Brin kh u rst e t a l . 1972) a nd cope 

pod s ( Mar s hal l and Orr 19 58, Conover and Co r ne r 1968 , S ie fken a nd 

Armi t a ge 1968 , Roff 19 7 3 ) failed to demonstrate any effect of crowdi ng 

o n ra te s of r e sp i r a t i on. Al t ho ugh i t is known t hat a s i g n if i c a n t c o r 

relation ex i sts betwe e n r e spi r a t ory r ate s a nd activi t y, f ew i nv e s t i g a t o r s 

h a v e effectively qua ntified act ivity a n d ce rtainly n o t i n a manne r c om

parabl e for a wi de variety of aqua tic animals. 

25 7 . Seasona l trends in metabo lic rates a re d i f f i c u lt to explain 

in t e rms o f a nyone e nvironment a l c ha r a c t e r i s t i c. Sweeney (19 78) poin ted 

o ut t hat diel and seasonal shifts i n me t a b o l i sm , as a res ult o f tempera 

t ure c h a n ges , may i n c rease efficiency o f r esource allo c a tio ns a n d e nergy 

partitioni ng. Sie fken and Armitage ( 1968 ) suggested that seasona l t r ends 

we re t he result o f s ea sona l c h a n ge s i n we ight and p revious thermal h i s

tory . Some au thors h a ve note d seasona l trend s i n me t abo l i sm a n d cor

re lated these trend s with f ood concentra t ion ( e . g ., Co n ov e r 196 2 , Blazka 

1966, Marsha l l 1973 . La row e t al . 19 75 ) . By contrast , Roff (19 73) fa i led 

to observe a ny seasona l trend s in the metabo l ism of Limnoca lanus 

ma cru r us . Seasona l t r end s p robably eme rge as a c umu l a t i v e effect of 

seve ra l variab l es o n respirat ion (e . g . , t emp e r a t ure , bo dy weight , a nd 

o xygen c once n t r a t i o n ) . 

258. Exper i me nta l cond itions tha t a ffect resp iration rates o ften 

differ in laboratory a n d fie ld e xperiments - - fo r examp l e , tempera tu r e 

(Moshiri et al. 1969, Hughes 1970, Po urriot 1973) , p r e s s u r e (Bis hop 

1968, Ro f f 1973), l i gh t ( Bu ikema 19 72 , Mars ha l l 19 73 , Sigmo n e t a l . 

1978) , oxyge n concentration ( Jonasson 19 6 4 , Pa l me r 19 6 8 , Nage l l 1973), 

sa l inity (Lance 196 5 , Sus hche n ya 1969) , pH (Sus hc henya 1969), s i z e com

position (Appendix D, Par t II ), c rowding ( Sa t omi and Po meroy 19 6 5 ) , in

t e r spe c i f i c in t e r a c t i o ns ( Brinkhur s t et al . 19 72 ), a nd r eproduct ive 

condition ( Berg and Jonasson 19 65, Moshi r i et a l. 1969, Bur ky 19 71 ) . 

These v a r i a ble s a l so ma y affec t activi ty , a n extreme ly i mportant fac to r 

dire ct ly inf l uen cing r e s pi r a t i on r ate ( Mo s h iri et a l . 1969, Sus hc he nya 
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1969 , Ulanoski a nd HcDi f f e tt 1972, Trama 19 72 , Foulds and Ro fC 1976, 

Wyc l i f fe a nd Job 19 77) . Absence of substra te i n l a boratory experiments 

incr e ased t he res pira tion ra t es of the e phemerop terans Hexageni a I imba ta 

and Ephemera s imu l ans (Er i ksen 1964). The respira t o ry r ate o f the 

chi r onomi d Lau t e r bo r nia sp . dec r e ased 31 percent when a s ubs t ra t e wa s 

provided ( We lch 1976) . 

259 . The above li st of factors that influence r ates of respira 

tion is not e xhaus t i ve, nor a r e the e f f ects of all o f the factors simi l a r 

for di f fe ren t spec i es . Of t he fa ctors li sted, only the effects o f t em~ 

perature, body s ize, a nd oxygen concent ra tion are s uffic i en tly documented 

t o allow us t o deve lop construct s. Fo r t una t e ly, the s e fac tors p r ob a bly 

a r e t he mos t important , and model co ns t ruc t s f o r the s e fac tors s hould 

g rea tly r educe t he va r i ance of pre di cted rates . 

Va r i at ion Due t o Conversion of Units 

260. Si nce r espiratory rates of a qua t i c invertebrates have been 

exp r esse d in a mul titude o f incomparabl e units ( s e e "Original Unit s " in 

Appendix D, Pa rt II ), we co nve r t e d a ll literature r ates to a s tandard , 
- 1 -1 we ight- spe c i f i c un i t (mg ca rbon -mg carbon 'day ) . 

26 1 . Facto rs f o r the conve rsion of wet weigh t t o d ry we i ght and 

f or dry we i ght t o ca r bo n a re given i n a t able at the f ron t o f Append ix 

D. Hos t o f the conversions used were obta i ned from the percent - " 20 

Co l umn i n Table 2 of Cumm i ns and Wuyche ck (1971 ) . Conve r s i on fa ctors 

for dry we igh t to carhon were obtained from various sou r ce s (Appendix A). 

When pe:rcent - H data were lacking f or a taxon , we used data for a
20 

c los e l y al lied group or that of the next higher taxon f or which percent

a ge s we r e available . Since water content und oubtedly varies signifi

can t l y among speci e s , we i n t roduced an error by us ing mean fa ctors to 

conve r t wet t o dry we i ght f or b road t a xonomi c ca t ego ries . Fortunately, 

au t ho r s who l isted 02 co ns umption pe r unit wet weight were in the minor

ity . A d is t u r b i ng number o f papers from international j ou r na ls gave no 

indication o f whether their data were in terms of wet, dry, o r a sh- free 

weight. Had researchers who used wet weights included data on percent· 
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" 20 f or e ach s p ec i e s , the magnitude o f e r ro rs a s s o c i ated with wet t o dry 

we i gh t convers ions c o u l d have be en g rea t l y r educ ed . Th o u gh s ome e r r o r 

e xis t s i n t he conv e rs i on of dry we igh t t o c a r bo n (Par t I I ) , i t i s i n 

s i gnif i can t c ompa r e d t o that i n vo l ved i n c o nv e r s ions o f we t t o d ry 

we i g h t. 

262 . To conv e r t ox y g e n cons ume d t o ca rbo n meta bo l i z ed, we applied 

a n o xy - c a r bon c o e f f ic i e n t der i v e d b y comb i n i n g the me an o x yca l o r ic coe f 

fi cient of Winbe rg e t a l . ( 1934) ( 4 .83 c a l/ml 02) with t he e nerg y t o 

carbon r elat i on f o r aquatic invertebrate s ( 10. 98 c a l / mg ca r bon) d e r i v e d 

by Salonen et al. ( 19 76 ). The r e sul t i s 4 . 83 c a l mg c a r bon = 0 . 44 
ml 0 2 10 . 9 8 c a l 

mg c a r b on/ml O , Sources of erro r due t o the us e of o x yc a l oric coeffi~
2 

cients are di s cus sed in t he s e c tion "Methodology ," p a ge 127 . The varia

tion o f e nergy pe r unit organi c c a rbon i s ins ignif i cant (i .e . , c a o ne 

third l e s s v a ri a ble than energy per un i t ash - f ree d r y we i ght ( Sal onen e t 

a l . 19 76 » . The conv e r s i o n o f o xygen c o ns ume d t o c a r bo n r e spi r e d prob

a b l y rep r e s ent s a n i nsigni f i cant error , i n proport i on t o t he t o t al e rror 

pre s ent i n l abora t ory e xp e rime n t a t ion and e x t rapo lati o n t o r e al a q ua ti c 

s ys t e ms . 

263 . The wors t poten t ial e r ro r i n o u r conv e rs ions wa s t he ext rap 

o l a tion o f respi ra tion per hou r t o r espira tion pe r d a y. To mak e t h i s 

extrapolat i o n we a s sumed that a q uatic i nve r tebra tes res p ire at a con 

s tan t r ate throughout a 24 - h r period . Some aquat i c i n ve r t e b r a tes may 

beh a v e in th i s fashion . For example, n o die l cyc l e s o f me t a bol i s m hav e 

been obs erve d in the plecopteran Ac r oneuria c a li f orn i ca ( He i ma n a n d 

Knight 19 75 ) , the ephemeropteran Ste no ne ma f usell S (Ulansok i and MeDiffe tt 

1972) , the o d o nate Anax j unius (Pe titpren a n d Knight 19 70) , t he mys i d 

My s i s r e l i cta (Fou l d s and Roff 1976), the dipteran Chao bo r us pun ctipenni s 

(S igmon e t a l . 197 8 ), o r t he c l a d o c e r a n Leptodora kindt i i ( Mosh i r i et 

a l . 1969 ) . On the o t he r hand, d i el cyc l e s in metabol i sm ha v e be en ob 

serve d in the e pheme r op t e r a ns l s onychia bicolo r ( Swe ene y 19 78 ) and 

I s ooychia s p . ( Ul a nos k i a n d McDiffe t t 19 72 ). There is no wa y t o q ua ntify 

the e r ror i nvo l ved , b u t whe n we extrapola t e d f r om a n hourly t o a daily 

r a te f o r s pecies e xhibit i ng a d i e l cyc l e of metabo lis m, we may h ave s i g 

n ific an t ly undere stimat e d o r o v e r es t i ma t e d da i l y r e s p irat i on. 
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Overe stimates wou l d resu l t when e xpe r i me nts were con d uc ted du r ing 

p e r iods o f maximum diel respi ratio n a n d undere s timate s when experiments 

were conduc ted during periods o f l ow re s p i ra tion. 

Model Con s t r uc ts 

Liter ature s y n opsis 

264. P r evious res p i r a tion const r uc ts range f r om unmodifie d con 

stants t o consta nts modif i e d by severa l f ac t o rs. In all mode l s , respi 

r ation t e rms r e p r e s en t e ne rgy l oss a n d e ither are l ine a r funct i ons of 

comp a rtment b iomass o r a pe rce n tage o f c omp a r t men t cons ump tion . Ro s s 

and Ni va l ( 19 76 ) i nc l u de d resp i r a tion i n a term f o r d eath r a t e ( a 
2

-1 - 1= 0 . 4 2 mg ca r bon -mg ca r b o n - d a y ) that wa s determined from b atch e x -

per i ments o n t he r e spirato r y r a tes o f starved z o op lank to n . In t he 

zoop lank ton model s by Scavia e t al . (1 976 ) and Ch e n and Or l ob (1975) a nd 

in t he z o oplank t on a n d bentho s model s by Ha cCormi ck et al . ( 1974), 

r e sp irat ion rates were mo d i fied e xcl usive l y by t empera ture . Re sp ira t i on 

r ate s were mo d i f i e d solely by t he body s i z e o f zooplan k ton i n a mode l by 

Mens hutki n and Umnov (19 70 ) . Const r uc ts of resp i ra t ion rates a s f u nc 

t i o n s o f tempera ture a nd body siz e have b e en d e v e l ope d ( DiTo ro e t a l . 

19 71 , Umnov 19 72, Baca e t a l. 1974, Kr eme r 19 75, Patten et al . 19 75 ) . 

Wate rs a n d Efford ( 19 72) deve loped cons t r uc ts with r e sp i r at i on ra tes as 

func tions o f t empera ture , body s ize , and food i ntake . Stee le ( 1974) 

conside red body s ize a n d food i ntake effec ts but omi t ted a f unction f or 

t e mp e rature effects , s i nce temperature wa s essent ia l l y c ons t a n t i n the 

North Sea. The mo s t elabo r ate respirat ion cons tru c t s were tho s e f or 

z ooplankto n and ben t hos in a mode l by Pa r k e t al . ( 1974) a n d t hose fo r 

benthos by Za horca k (1974) . Pa r k et al . ( 1974) modeled t he e f fec ts o f 

temp e rature, body s ize , a nd b e havio r o n r ates o f resp i r at i on . Za horca k 

( 19 74 ) conside red the s a me fac to rs as Pa rk et al. ( 19 74 ) but, i n a d d i 

t i on , deve loped c o n s t r uc t s fo r t he e ff e cts o f c r owd i ng and oxygen 

concen t ration . 

265. The i mpo rtance o f f ood c ons umpt ion as a f acto r a f f ect i n g 

r a te s o f r e sp iration is controve rs i al . Wa t e r s a n d E f fo r d ( 1972) and 
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Stee le ( 19 14) conside red cons ump t ion e ffe cts i mpo r tant e nough t o wa r r an t 

mode l construc ts . We do not believe t hat s u f f i c i e n t da ta are yet avail 

able t o permit us to accura tely model t he effec ts of c ons ump t i o n on 

resp iration . Steele (1974 ) ma d e res p i ratio n of copepods a l ine ar func 

t i on of cons ump tion . Howe v e r, o t he r d a t a for copepods ( I keda 197 1) a nd 

for r otifers ( Pi larska 191 7c ) i n d ica t e d t hat the r el a t i onsh i p may not be 

l inea r . I n f a c t, Swa r t z ma n and Bent l ey ( 1978 ) noted t ha t r a t es p r e di c t ed 

by St e ele (1 9 74 ), for c opepods at high co ncen t ra t ions of food, were 2 . 7 

t ime s h i ghe r than tho s e observed i n laboratory popul at i ons o f Mul l in and 

Brooks ( 1970). Ma y f l y a nd s t one f l y nymph s (Nagel l 19 73 ) did not exhibit 

s i gn i f i c a n t decreases in metabo l i s m d u ring brief periods o f s t a r v a t ion . 

2 66 . Ou r first appro a ch to modeli ng respiration was t o cons i de r 

it as a p roportion of consumption (RIG, Table 14 ) . F i gu r e 38 s hows the 

fre que n cy h is togram o f RIG r a t i o s f o r a wi de r a n g e o f t a x a . Un fort u 

n a t ely, o n l y a limi ted number of s tud ies h a v e d e t ermined both r esp ira t i on 

and cons ump t i on , and , therefore, l i t t l e i s known about h ow t he rat i o RIG 

r e sponds to c h a n ges i n t he e nvironmen t. Beca ~se r e sp ira t i on and c on

s ump tion gene r al l y are af f e cted simi l a rly by tempera ture, oxygen c on 

centra tion , a nd body size , t he ra tio RIG s houl d be l e s s va riab l e t han 

other expressions o f respiration . Mo re research is required before the 

potential of RIG r at i o s in e c osystem model s c a n be fu lly realized . 

Figure 3 8 p rovi de s some insight i nto t h e range o f potential val ue s f or 

a quat i c i nverteb rates . The p roduc t of consumptio n ( mg C ' mg C- 1 ' d a y - l 

Par t III ) and RIG ( F i gure 38) yie l d s we ight- spe cifi c r e sp iration fo r a 

commun i ty. As mo r e data are co l l a t e d , freque n c y d is t r ibution s f or ma j o r 

t a xa s uch as Cladocera , Copepoda , Rotato r ia, a n d Diptera c o u l d be 

f o r me d . 

261 . Our secon d a pproa c h t o r e sp i r a t i on i nvo lved t he co n v e rs ion 

of literature data on o xy ge n con s ump t i o n to rates of we i g h t- s pe c i f i c 
- 1 - 1 

respiration (mg c a r bon ' mg c a r bo n ·day ) . Respiration r a t es were 

t a bu l a t e d for taxa (Appendix D, Pa rt I ), and fre q uency di stributions o f 

r a t e s were constructed f or vari ous t a x on omic ca tego ries and weigh t 

c las ses. Resp irat ion l os s e s are p ropo r t i onal to t he b i oma s s of t he 
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Tabl e 14 

Re spiration as a Perc entage of Consumpt ion for Aquatic Inve r tebrates 

Tro phi c Res pi ra t ionTaxon x 100 Condi tion Cons uf!l..Q.tion Reference 

Mollusca 
Scrobi cul ar i a plana Fed 47.9 Hughes (1970) 

Ple copt era 
Acroneur ia ca li f ornica St arved 51. 0 Heiman and Knight ( 1975) 

Pteronarcys scot ti ? 6.9 McDif fett (1970) 
Ephemer opt era 

Stenonema pulchellum Fed 37.6 , 37.0, 41.2, 38. 6 Trama (1972).... 
w 
~ Odonata 

Pyrrhos oma nymphula ? 43 . 5, 41. 6, 42. 9 Lawt on (1971 ) 

Megal optera 
Corydal us cornut us St arved 25. 7 Br own (1978) 

Is opoda 
As e l lus aquat i cus ? 25. 0 Prus (1 972 ) 

Mysidacea 
My s i s re H cat a Fed 69 . 3, 63 . 7 , 70. 6 , 70. 5 , Lascnby and Langford (19 72) 

70 . 6 , 73 .7, 70 . 2 

Copepoda 
Ma c rocyclops albidu s ? ca 20 Klekows ki and Shus hki na (1966a) 

Di aptomus s ic i lo i des ? 53 .7, 76.3, 53.0, 38. 8 Comita (1964) 

( Cont inued) 



Table 14 (Conclud ed) 

Trophic Resp i rat ion x 100 
Taxon Condition Consumpt i on Reference 

Rotatoria 
Brachionus rubens Starved 45 Pi l ar sk a (1 977c ) 

Brachionus ca l yciflorus Fed 7- 13 Gal kovskaya ( 1963) 

Brachionus plicat i l is Fed 8 Doohan (1 973) 

Cladocera 
Daphnia pulex Starved 4-14 Richman (958) 

Simocephal us vetulus ? 11.5-19. 5 Klekowski ( 1970) 

.... 
w 
cc 
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Figure 38 . Frequenc y h i stogram o f r e spirat i on (R), a s a p e r centage 
of consumpt ion (G), f o r aquati c i nv e r teb r a tes. Ba sed on the data 

in Ta b l e 14 

donor c omp a r t me nt. In oth e r words, the product of compartmen t bioma s s 
- 1 -1

(mg carbon ) and respiration ( mg ca r bon'mg c a r b o n 'day ) i s the weight 

of c a r bon re s p ired daily by that comp a r t me nt . 

268 . F req ue n c y histograms were c onstructe d from r e spirat i on rate s 

i n Appendix D (Part I ) for major taxa of z oop l a n k t on, i. e . , Cladoc era 

(Figure 39) , Copep od a (Figu r e 40), and Rotato r i a (Figure 41). All rate s 

in t h e frequency hi stograms were co r rec t e d to 20 oe. Rotifers g e ne r a l l y 

e x h i b i t higher r ates (~ = 0 .430 ; range ; 0 .20 - 1 .10 mg c a r b on' mg 
- 1 - 1 -

c a r bo n - da y ) t h a n e n t omos t raca n s (Figure s 39 a n d 40; x = 0. 240 ; r a n g e 

= 0 .050 - 0 .800 units ). Cl a d oce r a e x h i bi t slightly h igher rates (x 
=0 . 250; range = 0 .050 - 0 .800 units ) than Copepoda ( x = 0 .232 ; range 

= 0.050 - 0.800 units ) . These data a re generally within the range of 

we ight-specifi c rates used in othe r phytoplankt on and zooplankton model s 

( e .g ., 0 .096 - MacCo r mi c k et al . 1972; 0.16 - Bierman e t al . 1973; 

0 . 20 Thoma nn et al . 1975 ; 0.23 - Kremer 1975 ; 0 . 50 - Steele 1974) . 

269. F requen cy h i stograms o f r espira tion rate s al s o were con

s t r uc ted f o r t he maj or taxa of benthos . Rates of b enthic Crustacea, 
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Figur e 39 . Frequency hi stogr am of r e sp ira t i on rates for Cladoce ra . 
Bas ed on data in Appendix D, Part I . T = t empera ture (OC) 

I nse c t a . Ol i g o c h a e t a . a n d Mo llus c a ( F i g ures 4 2 -45 . r e spe c tively ) are all 

o f e qual magni t u d e but c o ns i de r a b l y l ower than tho s e o f z o op l a n kton 

( F igures 39 - 4 1). We a n t i cipa ted t he s e results , howe ver , based o n t he 

rel a tion of weight - s p e cifi c r e s p i r at i o n t o b ody weig h t . 

Ef f ects o f Body Wei gh t 

270 . The fa c t that r o tifees e x h i b i t h i ghe r me t a bo l i c ra t e s t h a n 

e ntomost ra c a n s e x emp l i f ies the wel l-documente d ob serva t ion tha t we i ght 

spec i fi c r e sp ira t ion i s a n e ga tive e xponen tial f u nct i on o f b ody wei g h t 

(App e n d i x D , Pa r t I I ) . Fo r e x a mp le , Figu r e 46 illu s t r a t e s the re la t i o n 

s h ip of r e sp iration t o body weigh t f or a qua t i c i nve rtebrate s . The fit

ted lin e i s l o g R = l o g 1 . 47 2 - 0 .285 l o g W, where W = we igh t (carbo n 
-1 - 1 

unit s ) a n d R = re s pirat i on rate ( mg ca r b on · mg c a r bo n · da y ) x 10 0 . 

This e q ua tion h a s an R
2 

o f 0 . 9 6 and wa s fit t ed t o da ta co l l e c ted at 20 0 e 
( Appendix 0 , Par t I ) . 

2 7 1 . Re spiration as a func t ion o f b ody we i g h t i s described by t he 

gene ra l equa tion : 

( 23) 
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Figure 40. Frequency histogram of respiration rates for Copepoda. 
Based on data in Appendix D, Part t. T - tempertature COC) 
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Figure 41. Frequency histogram of respiration rates for Rotatoria. 
Based on data in Appendix D, Part t. T - temperture (OC) 
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Figur e 42. Frequency h i s t o g r am o f r esp i ration rate s f or benthi c 
Cr us tac ea . Based on da ta in Appen dix D, Par t I . T ~ tempera t ure 
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Figure 43 . Fr e que n cy histog ram o f res p ira t i o n r ate s fo r aq ua t i c 
Insecta. Based on data in Appendix D. Part t. T .. temperature 

(OC) 
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Figure 44. Frequency histogram of respiration rates for 
Oligochaeta. Based on data in Appendix D~ Part t. T
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Figu re 46. Respiration (R) a s a funct i on o f o r ga n ism weight ( W) 
f or aqua t. i c i n v e r teb ra tes a t 20Ge . Ba s e d o n data i n Append i x 0 , 

Pa r t I 

where Y ; r espiration rate (mg C/ day) , W =weight (mg e) , and a a nd b 

a r e constan t s . To obtain weig h t- s p e c i f i c r espi rat ion ( R), both s i d e s o f 

Equa t i on 23 mu s t he divided by t he s pe c i men 's we i ght : 

Y/W = aWbJ W t o yie l d : 

Y/II ( 2 4 ) 

- 1 - 1
where R =weight - specific r e sp ira tio n ( mg c a r bo n -mg c a r b on -d a y ) . 

Append i x 0, Part II. is a tabulati on o f e q ua t i o n s relating we i ght 

spe ci fi c respi r a tio n t o body we i ght f or va r i ou s taxa o f aquati c 

144 



i nve r teb r a t es . Wei gh t d i stributions for various aquati c t axa c ou l d be 

used in t hese respiration equation s to stochas t ica l l y describe the e f 

fe cts o f body s i z e on re s pi ration . Unfortuna tely, wei ght d i stributio ns 

fo r a q uat ic i nv e r t e b r a t e s are v irtually nonex i stent , owi ng to t he 

dyn ami c na t u re o f s u ch di st ribut i ons and t o tec hnical d i f f i c u lti e s a s

soc i a ted with measuring t he d ry wei ghts o f smal l individuals . 

27 2. Since yo ung a ni mals of large s pecies overlap i n si z e with 

adult s o f s ma l le r spe cies, the u se o f taxonomi c c a t e go r i e s may b e un 

j us t ified to sep a r ate a n i mals i n to group s a c c o r ding t o the ir ra t es o f 

r esp i rat i on. To j ustify using t a xon omic c a t e go r ies , one mus t perc e i v e 

e ac h t axon a s a gro up o f a s t a t i c mean weight , rather t h a n a s a continuum 

o f wei ghts . Perhap s a mo r e reali s tic approa ch i s to c l a ss i f y a ll s p e c i es 

a ccording t o weight, wi t hout rega r d t o the ir phy l ogeneti c aff i n i ties . 

We originally f o rmed s i x we ight c las s e s o f a quat i c inve r t e b ra tes but 

la t e r r educ e d t he number t o t hree, sinc e t he me a n rate s o f the thre e 

heav iest groups were e ssent ia lly i d en t i ca l . The we i gh t r a n ge of ea ch 

c l a s s i s : 0 < Cl ass I < O. I mg dry wt ( F i gure 47); 0 .1 < Clas s II c 1. 0 

mg dry \o' t (Fi g u r e 48 ) ; 1. 0 < Cla s s I II ( F i g u r e 49 ) . Cl as s I con s is t e d 

e xclusively of zooplan k to n a n d Cl asses I I and II I e xclusively o f b entho s . 

273. Be rtalan ffy ( 195 1) c l a s s i f i e d aquati c i nv e r t e b r a t e s into 

thre e c a t e gor ies ba s ed on the va lue o f b e xp o nen ts (Equation 23 ). Ac 

c o r d i ngl y , Type I a nima l s have metabolic rates propo r t ional t o the 2/ 3 

power of the i r body we ight (b = 0 . 67 ; b - l = 0 . 33 ) . Si n c e s u r f a c e area 

ge ne ra l l y i s related t o the 2/3 p o~er o f b o dy weight , Type I s p e c i me n s 

s up p osed l y have metabol i c rates that a r e di rect ly p o r por t i on a l to 

s u r f ace a r e a . Ber t a lanffy c i t ed isop o d c r u s t a c e a n s a s a n example o f 

Typ e 1 orga n isms . Type 2 a n i ma l s (most l y inse cts ) have meta bo lic rates 

p r opo r t i onal t o the ir body weight ( i. e . , b = 1. b-l = 0). Type 3 o r ga 

ni sms . p o nd s n a il s f o r e xample , h av e b va lues b e t we e n 0 .67 and 1 (b -l 

val ues b e t ween - 0 . 33 a nd 0) . Th e b - l exponen t s in Appendix D (Pa r t I I ) 

i l l ust r a te t h e arbit r ary nature o f Bertala nffy ' s c l a s s i f i ca tion . Many 

s pec i mens ha v e b - l e xponents b e t we e n - 0 . 33 a nd 0 ( F igu re SO) . but the r e 

i s n o signi f ica n t c or re latio n between t axa and the magnitude o f t he b-l 

e xponen t in Eq u a t ion 2 4. 
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Figure 4 7 . Frequen cy histogram of r e s p i r a t i on r ates f or aquati c 
invertebra tes of ~eight c l as s t . Based o n data i n Appendix D, 

Par t I. T = t emp e r a t ure ( Oe ) 

274 . The exponent b or b- l illustrates the e ffe cts of body siz e 

on oxyge n cons umpt i on (Bi shop 1968 ) and probably i s un r el ate d to phyl o

genetic position . Zeut hen ( 1970) s tated tha t he ha d a lways observed 

invertebrate resp iration to be a fun ction of body s i z e , regardless of 

whether t he variation of rates was due t o phy l o ge ne t i c or on toge ne t i c 

increases in s i ze . Al imov (Winb erg e t al . 1973 ) found s i mi l a r r ates o f 

respirat i on among mollus cs o f the s ame s i z e , although t hey were o f 

diffe r ent t axa . 

2 75 . Values o f b or b-l ( Equa t i ons 23 and 24 , respectivel y) a r e 

influen ced by sev e r a l fa ctors bes ides surfa ce a rea . Knight and Ga uf in 

(1966) f ound that body shape affected b even when re spiration was 
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Figure 48. Frequency histogram of respiration rates for aquatic 
invertebrates of weight class II . Based on data in Appendix D, 

Part I . T = te.perature (DC) 
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t he equation : R = 3 10' where R = r espi ra t ion ( mg e'mg• 
-e I -1

C -day ) x 100 a n d w = we ight ( mg C) 

propor t iona l t o s u r f a c e area . Th i s find ing s u gges ted that su rfa c e area l 

volume r atios influence the value of b . The r atio of living to i ne r t 

protop l a sm may affect b exponents (Kni gh t a nd Gau f i n 1966) . Ca l ow 

( 19 75) fo und that the b exponents of p ond s na ils we r e i nfluenced by the 

type of we i gh t measured (i .e . , wet, d r y, o r a s h-free dry weight ) . 

Edwards ( 1957) obse r v e d that b had no cons tan t value when we t wei ght 

wa s u s ed as a me a sure o f body size for Chirono mus riparius . On t he 

o t h e r h and , h e f ound t h a t l o g trans f o rmat i ons o f d ry we ight da ta s ug

gested tha t b values were co n s tan t . Hi s r e sults further s u g ge s t e d t ha t 

0 2 cons ump t ion wa s not proportional t o s urface a rea. al t hou g h it varied 

with d r y we i ght t o the 0 .7 p ower . Bu ikema (1 9 7 2 ) dete r mi ned that b 
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e xponent s we ~e highee in unacc l i mated t h an in a c clima ted zooplan k ton . 

276 . The r ela tive ra tes o f respi ra t ion by animals o f equa l size 

is given by t he coe f fi cient a i n Equa tions 23 and 24 (Bisho p 1968 ) . 

Severa l a ut ho rs ( e .g . • Comita 1968 , Hugh e s 1970, Calow 19 75 . Green 19 75, 

Sweeney a nd Schnac k 1977) have co r re lated a coe f f ic ients with t empera 

ture . Fi gure 51 i s a freque ncy h i stogram o f a value s for vari ous 

aquati c inv ertebrate s as t a bu lated in Appendix D ( Pa r t II ) . Ou r regres 
2

s i o n o f a coe f f ic ien ts o n t e mp e r a t u re (Fi gure 52 ) wa s s i g n i f ica n t ( e 

= 0.45 ; t (O. OI, 38) = 5 . 48). 
2 77 . Frequency dis tr ibu tions o f "b-T" a nd " a " val ues a re of limited 

ut i lity unless the mean we i ght of each model compa r t men t i s known (e .g . , 

S t e e l e 19 74 ) . Never t heless , we ha v e provid e d t hi s i n fo rm a tion wi t h the 

hope t ha t i t wi l l be more use f u l in t h e future. Ho pefully, when b i o mass 

and sepa r ation t ech niques imp rove f or s ubca t ego r ies of z ooplankton and 

bentho s, mea n bioma s s wil l be ea sier to quantify . Once a me a n weight i s 

quant i f i e d f or a mod e l comp a r t me nt , t h e we ight ca n be s ubstituted f or W 

i n Equa t i on 24. Randomly se l ec t e d b-l and a value s, fr om their r espec 

tiv e fre q uenc y dis t ri b u tions ( Figu res 50 and 5 1), modify W t o yield a 

w eig h t ~ speci fic ra t e o f res p i ra tion (R) . Th is r e spira t ion r ate is that 

of a n average i ndividual wi t hi n t he compa r tmen t . The p r oduc t o f R a n d 

tota l bi omass y ields da i l y respirat i on f or t h e e n ti re mo del compa r tm e n t . 

Ef f e cts o f Di sso l ved Oxy gen Co ncen t r a t ion 

2 78 . Dissolved oxygen concentrations may s ign i f i c ant l y affec t t h e 

rat e o f r e spira tion o f aquati c invert ebrates . Two types of anima l s have 

b e e n r e c ognized, a c c ording to their r e sponse to c ha n ges i n oxyge n c o n 

cen t ra tions (P ros ser and Br own 19 61 ). Regul~t ors are a ble t o maintain 

t hei r metabo l i c r ate s a t f ixed level s , r elative ly i ndepen d e n t o f oxygen 

con c e n tra ti ons. The ra nge ov e r wh i c h a n a n i mal c a n r egulate va ri e s a mong 

s p e cies a nd wi t hin s pecies , d epending o n thei r physi c al condit ion a n d 

hi story o f acc l i ma t i o n . Con fo r mers a r e animal s that faithfully track 

c once n t ra tions of di s solved oxygen (i. e ., me t a b o l i c rate s a re dire ctly 

propo r t i ona l to oxygen c on c e n t r a t i on). 
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279. Whether a species is a conformer or regulator may depend on 

its history of acclimation to dissolved ° 2" In contrast to most 

conformers that exhibit some degree of regulation at high or low 02 ten

sions, the decapod Pacifastacus leniusculu! was a conformer over all 

concen t r a t i ons of 02 (Moshiri et al. 1971) . Apparently the metabolic 

response of this species was characteristic of animals living in waters 

with con~inually high levels of oxygen. Such organisms would gain 

little selective advantage by having respiratory systems capable of 

regulation (Hosbiri et al. 1971). 

Z80. Generally, all poikilotheras must confo~ when concentrations 

of oxygen fall below a critical level for that species (i.e ., the 

incipient-limiting level of Calow (1975). The gastropods Ancylus 

fluviatilis and Planorbis contortu8 were able to regulate down to 0z 
concentrations of 4.7 mg/L and Z.7 mg/t, respectively (Calow 1975). 

Palmer (1968) found that the oligochaete Tubifex tubifex was a regulator 

down to ca 1.5 percent of saturation. Below this concentration metabolic 

rates declioed sharply. Even diffusion of 0z ioto worms at this con

centration was insufficient to meet oxygen demands for respiration. 

Critical concentrations also have been recognized in the ephemeropterans 

Hexagenia limbata and Ephemera simulans, i.e., 1.Z and 0 .80 ml 0zlt 
(Er i ks en 1964). Interestingly, these species regulate when a substrate 

i s provided but conform when none is present . The decapod Caridina 

fernandoi maintained rates of respiration independent of 02 concentrations 

down to approximately 1.4 mg/£ (Wycliffe and Job 1977). The oxygen con

tent of water affected the metabolic rate of the copepod Calanus 

finmarcbicus only when it ~as low (Marshall 1973). Below 3 mg 0ZI£, 

respiration decreased very rapidly (Marshall et al. 1935). Susbchenya 

(1969) "f ound that the respiration of most Crustacea decreased linearly 

at 02 tensions below ZO to 60 percent of saturation. , 
281. Some aquatic invertebrates are extremely tolerant of low 0z 

tensions and exhibit little change in aetabolis. as 0z tension. decrease. 

Chaston (1969) found that Cyclops varicans could withstand deoxygenated 

water for up to 36 hr by building a lactic acid debt. Respiration rate 

doubled. however, after specimens were returned to water of normal 02 
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tensions. Th e 02 c o nsump t i on of Glypto t endipe s poly t omus l arvae 

(Chi ronomidae) was sev e r a l hund r ed t imes l owe r a t low than a t high 

concent ra t ions o f oxy gen . Ti s sues of specime ns c o l lec t e d from anoxi c 

mud c ontained t caces o f l actic a cid whi ch indi cate d tha t t h e c h i ro nomi ds 

had me t the ir metabol i c requirements by a nae robi c pa thwa y s ( Kamler and 

S rokosz 1973 ) . 

282 . Few mode l s have c o ns t r u c ts fo r the effe c ts of o xygen conce n 

t r a t i on on r e spira t i on, a l t hough o xyge n o f t e n may b e limi t i n g t o orga

ni s ms i n aqua ti c e cosys t e ms . Za horc a k ( 1974 ) dev e l op e d the s t e p wi s e 

c o n s t r uc t "BEHAVE" wh i c h reduc ed r e sp i r at i on as 02 conce n t r a t ions de 

c r e a s e d . The func tion f inal l y reduced r esp iration t o z e ro when the 

field concen t r a t ions o f 02 fe l l bel ow t h e c r i t i c a l leve l f or the 

comp a r t men t . 

283 . Ou r oxygen cons t r uct d e c r e a s e s the r e s p i r a t i on o f a l l in

ve r tebrates l ogari t hmica l l y as 02 t e n sio n s d e c r e a s e. We ass umed that 

most a qua tic i nve r teb ra tes i n r e s e r v o irs a re c a p a b l e o f s ome de g ree o f 

r e gulati on ove r 02 con c e n t r a tions i n the range o f 4 t o 14 mg!t . At l ow 

concen t r atio ns « ca 4 mg! ! ) , we a s s ume d tha t most aqua ti c animal s must 

c on f o r m, i . e. , e xhi b i t dec r ease d metabo li sm wh i ch i s p r o portiona l to 

c oncomi t a n t de c rea ses ~n 0 2 c o n c e n t r a t ion . Wh en R = 0 , the t erm db in
d t 

Equat i on 1 : :~ - [G(A jG) - R - NPM - PM ) • s ho u l d no t i ncrea s e s i g -

ni f i cantly b e caus e another oxygen co nstruc t i n crea ses n onp r eda t o r y 

mortality (NPM ) when 02 tensions decre a se ( see " Ox y g e n Conce n t r at ion , " 

page 170 , Part VI). Ta b le 15 l i s t s logar i thm i c equ a t i o n s which des cribe 

the relation of r espiration to 0 2 c o n c e n t r a t i o n f or seve r a l benthi c macro 

inve rtebra t e s . Unfortu nately, s i mi l ar da t a fo r zoop l a nkton wer e few . 

Data f rom App endix D ( Pa r t I) f o r ea c h o f t h e s peci e s in Ta bl e 15 

were co r rec t e d t o 2 0 °C before r egres si on a na lys i s . 

28 4 . Ba sed o n the equations i n Ta b le 15 , we c a lcu l a t e d a n oxygen

c o r r ec t ion fa ctor ( F ) for r espirat i on a s a f u n c tio n o f ambi e n t concen 
o 

t ratio ns o f 0 2 ' We l et resp iration (R) e q u a l o ne at 14 . 6 mg 02 / £ 

( satura tio n at O°C and 760 mm Hg) a nd c a lcu l a t e d F , a c c o rdi n g t o the 
o 

last e q uation i n Table 15, f o r 0 2 t e n s i ons rangi ng f r om 0 t o 14 . 6 mg / t . 

A c u r v e fi t ted t o t h e s e p oint s is des cribed by the e q ua tio n : 
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Fa = 0.426 + 0 .482 l o g 02 (25) 

where 0 2 = O t ension ( mg/!) and F = oxygen c o r r ec t ion . Equat i on 25
2 o 

i s gra p h ica l l y depi cted i n F igure 53 . We a s sume that R = 0 when 02 

tens i ons a r e l e s s t han 0 .1 3 mg/ ~ for 24 h r . The product of F a nd 
o 

we i ght-s p e c i f i c r espi rat ion (from fr equency h i sto g r ams ) yields a ra t e 

corre cted f or o xy ge n effects . 

Table 15 
- 1 - 1

Re spirat i on Rate s (R) (ms c a rbon ' ms carbo n -d a y ), a s a Functi on 

o f 0 2 Con c e n t r a t i o n ( mg/l) , f o r Several Aquati c I nver tebrate s 

Taxon Equation* 

Ol igochae ta 

Tu bifex tubifex R = 0 . 124 + 0 .0062 l o g 0 2 5 0 .78 

P lec op tera 

Ta rn i op te r y x nub u l o s a 

Nemou r a c i n e r e a 

Dirua nanseni 

R 

R 

R 

= 0 .010 

= 0 . 023 

= 0 .002 

+ 0 . 0400 

+ 0 . 0380 

+ 0 . 04 10 

log O
2 

l og O2 
log O

2 

5 

5 

5 

0 .98 

0 .93 

0 .83 

Epheme roptera 

Cl oe o n dipterum R 0 . 025 + 0 .0230 l o g 0 2 4 0 .95 

Cr us tacea 

Pa c i f a s t a c u s l enius c ulus R = - 0 . 0 0 2 + 0 .023 l og O
2 

8 0 .83 

Mean o f c onstan t s R = 0 .030 + 0 .0370 l og 02 6 

SE o f means ±O. 092i ±o .O J6 

* Eq uatio n s were c a l cu l a ted from data o f Pa l mer ( 19 68) , Nagell (1973). 
and Moshiri et al . ( 1970). 

285 . Due t o ins uf ficient data f o r z oo p l ank t on, we were unable to 

calcu l a t e a no t he r 02 c o r rec tion . I n a s much a s the data of Ma r s h a l l e t 

a l . ( 1935) and Su s h c h e ny a ( 1969 ) s how that t h e relation o f zoop l a n kton 

r e spirat i on t o 02 c on c e n t r a t i on i s s i mi l a r to that fo r b e ntho s 

(Tab le 15 ), we de cid e d t o u s e Equation 25 f o r a ll aquat i c invertebra tes . 
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286. The oxygen cor rection (F ) was deri ve d from very limi t e d 
o 

information and s ho ul d be tre a t e d wi t h caut ion . Un t i l furthe r resear ch 

is conduc t e d . especia l l y on the effec ts of 02 tens i on s on zooplankt on 

respira t ion, cons t r ucts like o u rs a n d t hat o f Zah o r c ak ( 19 74 ) arc s ta t e 

of t he a rt . Althou gh s uch con s t r u c ts grea tly simp lify known effe cts. we 

bel ieved tha t some effor t should b e made t o a p p ro x i ma te this important 

rela t ion . 

Effec ts of Temperature 

287 . Tempera t ure p r o ba b ly affec ts t he re s p i r a t i o n o f aquati c 

ectotherms more than a ny othe r s i ng le fa cto r. Tem pe rature exp laine d 

5 6 p e rce n t o f the var i ation i n the r e spirat i on of the mayfly I s onych i a 
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bicolor (Sweeney 1978). The amounts of variation i n respirat i on ex

pla i ned by t emperature r a nged from 49 t o 79 percent f or the copepod 

Diaptomus s p . (Comi ta 1968 ) and from 46 .2 t o 98 .8 percent f or the s tone

f ly Acroneuria californica (He i ma n and Knight 1975 ). Larow e t a l . 

( 1975 ) f ound tha t ro ug hly 34 percent o f t he variance i n zo opla nkto n 

rates wa s exp la i ned by temperature . 

288 . Re spiration ra tes usua lly increase expon e ntia l ly wi th in

c rease s i n t emperature unti l upper l e t ha l temperatures are rea ch ed . For 

e xa mpl e , the metaboli sm of t he co l e op t e r a n Dineutes i nd icus was s l ow at 

l ow t empe r a t u r es . increa sed rapid ly wi th increas i ng t empera tu r e , and 

then sudde nly decre a s ed as upp e r letha l t empe r atu r e s were approa che d 

(Tonap i a nd Rao 197 7 ) . Ivanova ( 1972) note d s i mi l a r t empera tu r e e f f ects 

on al l instars o f t he amphipod Gamma r a ca nt hus la custris . lvanova a lso 

noted a s ha rp de c line in rates at uppe r lethal temperatures ( 150 to 18° C). 

Blazka (1966) , Comi t a ( 1968) , Moshiri et al . ( 197 1) . Gop he n ( 197 6) , and 

o t he r s (AppendiX 0, Pa r t II ) noted s i mi l a r re lat i ons hips of metabolism 

t o t empe r a t u r e. 

289 . Equat ions tha t p r ed i c t r a tes of respira tion at di ff eren t 

t emperat u r es, e . g ., Q f un ctions (P rosser and Brpwn 1961 ) and Kr ogh ' s10 
normal c urve (Krogh 1914), a re rea sonab ly a cc urate for many aquatic 

ec t ot he rms . Better s t i l l are the predi ctive equations derived s pec i f 

i ca l ly f or one s peci es (See Appendix D, Part II ) . Neverthe l e s s , devia

t i ons from predicted ra tes do occur ( Conover 1962, Sushchenya 1969 , 

Hugh e s 1970 , Mars ha ll 1973 , Rof f 1973 ) . Mos t ofte n . devia tions r e s ult 

from acclimati on o r compens a t i on . 

290 . Ac c limation was defined by Pros s e r and Brown ( 196 1) as the 

abili ty o f ectot he rms to mai ntain respiration r ates i ndepe nden t of t em

perature within na r r ow ra nges . Buffington ( 1969 ) def i ned a cclimation as 

a sh i f t in metaboli c rate from that whi ch would be p red i c t ed on the 

ba si s of purely phy si cal and chemica l p rocesses . Accl i mation ha s been 

observed in many aqua t i c inve r t e b r ate s , for exampl e . Mol lus ca (Ca l ow 

19 75 , Burkey 19 71 ) . Decapoda (Moshiri e t al. 1971 ). Di pte r a ( Buffing ton 

1969 ) . Copepoda (Conover 1962 . Sus che nya 1969, Ostapenya e t a l . 1969, 

Marsha ll 197 3 ) , and Cl a doc e r a (Bla zka 1966, Moshi r i et a l . 196 9) . 
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Al though the capab i l i ty of t emperature acc l imatio n a ppa r e nt ly i s common 

amo ng a q ua tic inverte bra tes , it i s not un i vers a l and varie s with sex 

(Ho s h i r i et al . 1969 ) and a mo n g s pec i e s base d o n gene ti c d iffe r e nce s . 

29 1. Be c aus e t e mpe rat u r e greatly i nfl uences resp iration , 

c o n s t r u c t s a re i mperat i v e f or models of a q uati C s ys tems where t e mpera tur e 

f luc tua tes s e a sona l l y. Resp i ratio n was cons i de r e d t o be a l ine a r fun c 

t i o n of temperature i n mode l s by DiToro e t a l . ( 197 1) and Ba ca e t al . 

( 1974) . Hore o fte n , an e xpone ntia l f u nct i on i s us e d to des cribe t he 

re la t i on o f r e sp i r ati on to t emperature (DmDo v 19 72, Patte n e t a l . 19 75 , 

Chen a n d Orl o b 19 75 , S cavia e t al . 1976) . An e xp onen t i a l form t hat i s 

Widely us e d f or e c ologi ca l wo r k i s t he Q functi on ( P ros se r a nd Brown 
I 0 

1961). Th i s f uncti on i s t he r atio o f t wo r ate con s t a n t s f o r respi rati on 
(T2 - TI l / I O 

at t emperatu r e s 10 ° C apar t . A t yp i ca l e q uat ion i s k = k Q
2 l 10 

where k i s a r a te c o ns t a n t at T (2nd tempe ratu r e ) a nd k is a r a t e con 
2 2 l 

stant at T ( 1s t t e mpe r a t u r e ) . By knOWing T k and t h e QI O f or the
1

, 
l

,1 
temperature range T t o T k may be ca l c u l ated f o r the s e con d t empera 

2
,

l 2 
ture (Lass i t e r 19 75) . Krogh' s n ormal c urve ( Kro gh 1914) ha s b e en us e d 

t o descr i be r e spira t i o n- t empe r ature re lation s f or many a quatic e ctoth erms 

a nd may be app r oxima ted by a se t o f Q c o e f f i c i e n t s (Wi nbe r g 195 6 ) .
I 0 

Ma cCo rm i ck e t al . ( 19 74 ) , Park e t al . ( 1974) , a nd Za ho rcak ( 9 74 ) in t he 

Ea ste r n Dec iduous Fo r es t Biome model s (Internat i onal Bio logical Program ) 

u s ed a respirat i on-temp e r ature f unc tion i n wh i c h r e s p i r at i on incre a s e d 

e xpon e n t i a l l y wi th t e mp e r ature t o a n op timum and the n decrea sed a s t e m

p e r a ture s a pp r o a ched up p e r toleranc e l i mi t s . They a lso u s e d Q va l ues .
I O 

292. Ou r cons t r uct for the r e latio n o f re s p ira tion to t e mpe r ature 

i s ba s c i a l l y exponentia l, with the a dded a ssump t ion t ha t r e sp irati on ra t e 

drops t o zero when the uppe r lethal temperature ( 34°C) is reach e d . Th e 

co nst r u ct is essentia lly a Kr o gh c u r ve (K rogh 19 14 . Winbe rg 19 5 6 ) , but 

was c a l c u l at e d from the data tabulated in Appendix D ( Pa rt I ) . Ra t e s of 

resp i rat i o n for aquatic inve r teb r ate s. r e gardle s s of taxon o r s i ze , we r e 

s elected from Appe nd i x D, Pa rt I . The crite rion for s elect i on wa s t he 

a v a ilab il i ty o f e s t imate s o f me t abol i c r at e s a t a minimum of t h r ee ex-

p e rimenta l temp e r a t ures . Rate s o f t hese s pecimens were averaged fo r eac h 

t empe r a t u r e a nd p lotted (Figure 54 ) . The c u rve fi tte d t o t h e s e points 
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Figu re 54 . Mean rates o f respiration (R) as a function of 
t emperature (T) f or aquat i c invertebrates . Base d on data 

i n Appendix D. Part I 

has the f orm R • 10(0.195 + O.044T) (r2 = 0 . 98), where T i s temperature 
- 1 - 1 

(OC ) and R i s r espiration rate l (mg ca r bon -mg ca r bon -day ) x 100] . 

293. The variance of mean rates of respiration a t different tem

perature s (Figure 54 ) was high . Most o f the variation resulted from 

For exampl e, Brachionus r ubenss i ze d ifferen ces among se lected taxa . 
5 · 41 .4 x 10 mg. P ilarska (1977 c»Rotatoria ex - dry weight = 7.6 x 10-

had we i gh t - specific rates that were ca 60 times those of Ferrissia 

rivu l aris Mollusca (x - dry weight = 1 . 38 - 1. 62 mg, Burky (1971» . For 

th i s r ea s on, we were interested in t he s hape o f the cur ve and not the 

pr edi cted r ate s themselves . 

294 . To ob t a i n coe f f ic i en ts t ha t would permit the conv e r sion o f 

rate s in Appendix D (Part I) to rate s a t 20 0 e , we a s signed the value of 

one t o t he r e spiration rate at 20° (Figure 54) and ca lcula ted the ap

propriate temper a t ur e cor r ec t ion ( F 20) ' t o conve r t ra t e s at 0°, 5°,t o 
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10°, 15°, 30°, a n d 34°e t o r a t e s to 20°C . Th e res ulting fac tors (F 20)
t o 

we r e plo t t e d , and t he c urve was calc ula t ed: 

F 20 = 0.887 - O.045T (26)t o 

where T c t empera t u r e (OC) a n d F 20 = c oeff i c i ent for correction of 
t o 

200erates to (F i gu r e 55). 

29 5. Using Equat ion 26 , we adj usted all respi rat ion rates (Ap 

pendix D, Part I ) to 20 0 e before formi ng f requency hi s t ograms ( Fig -

u r e s 39-41 and 43-49) . Thus , rates from a ny frequency h i stogram a re at 

2 0 0e and must be corrected to a mbient temperatures before t hey can be 

us e d in the mo del. Figure 5 6 illustra tes the ra te of c h a n ge of F 20
f r om 

(a correction factor to conver t rates at 20°C to ra tes at a mbient tem

p e r a t u r e s ) with t empe r atu r e . Th e e q ua t i o n for calculating F 20 is :
f r om 

F 20 = 10 (-0 . 8 8 7 + 0.045T) (2 7)
f r om 

where T = a mbien t temperature a nd F 20 = co rrection fac tor for tem
f r om 

pe r a ture s at 20°C . At t he same tempe rature , t he facto r F 20 i s the
f r om 

r e cip ro cal o f F 20' Th e product of we i ght-s p e cifi c rates of respiration 
t o 

(from frequency histograms ) a nd F 20 yie lds a weigh t-specifi c rate
f r om 

which is corrected fo r tempe rature e f fec ts . 

Summary of Const r ucts 

20 0e296. We ight - s pe ci f i c ra tes o f respiration (R) a t ma y be ob

tained from frequency distributions of rates for major taxa of z oo· 

p lankton and benthos (Fig ures 39-4 1 and 42-45 , r espectively) or from 

s i milar d i st r i b u t i ons fo r thr e e we igh t clas ses o f aquatic invertebrates 

(Figures 47-49). Selected r a t e s must b e mod i f i e d to ra tes at a mbient 

temperatures and oxygen concentra tions . Modif i cat i o n i s accomplisbed by 

mul t i ply i n g R by F 20 (temperature c o r r e c t i o n from Equa tion 27) a nd
f r om 

by F (oxygen co r r e c t i o n f r om Eq ua tion 25 ). Respiration i s s et to zero 
o 

whe n t e mpe r atu r e s a re be l ow zero or a bove 34°C for 24 h r . Similar l y, R 

= 0 whe n oxyge n concent rations fa l l be low 0.13 mg / ~ f o r 24 h r . When R 
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-1 -1
(mg ca r bon ·mg carbon ·day ) . cor rec t e d f o r t h e effec ts of tempe rat ure 

a nd oxygen co nc e ntration , is multipl i ed by the in i t ia l bioma s s of t he 

model co mpa r t men t , the r esult is the t otal ca r bo n respired by the com

partment daily . Accor ding t o Equa tion 1 , r e sp i r a tion rate s s ho u l d be 

s ubtra c ted f rom ass imila t ed carbon : :~ =b (G(A/G) - R - NPM - PM ). 

297. Because we ha d no r eali stic way to apportion t ota l be nth ic 

biomass amo ng s mal l e r tax onomic compartment s . r e s p i r a t i o n r a t e s s hou l d 

b e selected from a probabi lity d i s t r i bu t i o n f o rmed from Figures 48 

and 49 . Rate s f or zoop l a nkton may be ob t ained from F igur e 47, whi ch wa s 

fo rmed exc l us i ve l y f rom zoop lank ton da t a , or from Figure s 39- 4 1 i f the 

u s e r s wi sh to d ivide t he zoop l ankto n comp a r tmen t . When the c ompa rtmen t 

is divided, zoop lan kton bi oma s s s h o u l d b e ass i gned a s fo l l ows: Cl a doce r a 

= 60 p e r cent, Copepoda = 35 percent, Rota t o ria = 5 p e r cent ( whe n no 

b e tte r data are ava ilab l e ) . Copep od respi ra tion ra tes a t 20°C , f or 

e x amp le , may be ca lcu l a t e d a s O.35b ( R) , where b = t otal z ooplankton 

b i oma s s (mg carbon) a n d R = we i g ht- s p e c ifi c resp ira t i o n at 20 °C 

(F i g ure 40) . Th e s um o f t h i s resu l t and s i mi l a r result s f o r Cladoce r a 

and Rotatori a rep resen t s t otal zoop lan k ton r e spi r at i on a t 20°C. 

Co n c l us i o ns 

298 . Becau s e re s piration cons t itut es a major p o rti on o f e nergy 

e xp e ndi t u r es , it i s a very i mp o r t ant parame ter i n t h e e ne r gy b ud ge ts o f 

aq ua t i c i nverteb rates . Method s e mp l oye d t o de t ermi ne r at e s o f r e sp i ra

t i on (i .e . , Wa rburg , Gil s on, Ca r t e s i a n d i v e r , c hemi c a l , and p o l aro 

grap h i c) yie l d s i mi l a r resul t s , b u t diffe rences i n experimen t a l 

condi t ion s (e . g. , whe ther s pec i me ns are f ed o r a c climated ) incre a s e 

varia bil ity amo ng r ate s . Though f a c t ors po ten tia l ly a f f ec t i ng ra tes are 

numerous , only body s i ze , 02 c o n c e n t r a t i on , and tempera t u re e f f e cts were 

we ll do cumen ted by publ i s hed data . App arently , t hese e f fec ts a c c ount 

for most o f the v a r i a b i l i t y a mo n g r e spirati on rates i n fie ld popu l a t i o n s . 
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