
PART VI, NONPREDATORY MORTALITY OF ZOOPLANKTON AND BENTHOS

Introduction

299. The mortality rate of a population may be expressed as a

ratio of total deaths to total population per unit of time (Pennak

1964). In aquatic models, mortality is often subdivided into predatory

and nonpredatory categories . This app~oach separates two processes

which differ significantly in their effects 00 aquatic ecosystems.

Predation primarily results in a flow of energy to higher trophic levels

and may act t o control population size. Nonpredatory .artality (NPH)

may also act t o control a population but primarily results in the addi 

tion of organic matter and nutrients to the detrital pool . The two

cat egor i e s are indirectly related. Environmental conditions that in

crease NPH also weaken organisms and may increase their susceptibility

to predation. Natural mortality is a term occasionally used to refer

to NPH (e.g., Otto 1975). We prefer the usage NPM because predatory

mortal ity (PH) may also be considered natural.

300. When acquiring NPM data, we limited our review to literature

data that were obt a i ned under typical environmental conditions, i.e .,

conditions which would normally prevail in temperate reservoirs . Simi

larly, we discuss those factors most likely t o influence NPM i n temper

ate reservoirs, although many factors (physical, chemical, and

biological) potentially affect NPM.

Previous Models

301. The differential equations for biomass in most aquatic

model s treat NPH as a l oss from zoopl ankt on or benthos compartments.

Nonpredatory mortal ity may be treated as a single negative term (Chen

and Orlob 1975, DiToro et al . ·1971 , Scavia et al . 1976), as)a constant

proport i on of the biomass in the donor group (MacCormick et al. 1974,

Zahorcak 1914, Waters and Efford 1972, Henshutkin and Umnov 1970, Umnov

1972 ), o r in combi na t i on with other losses . Ross and Nival (1976)
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combined NPM with metabolic losses. Nonpredatory mo r t a l i t y was i n cluded

with egestion and molting losses by Patten et a1 . (1975) and with res

piration and s i n k i n g by Parker (1973). Baca et al. (1974) and Steele

(1974) discussed the i nadequacy of this approach for most e nv i r onme n t a l

situations. Steele also proposed t he alternative assumption that mortal 

ity tends primarily to occur during certain critical periods, i.e ., NPN

is a function of age .

302. Although the magnitude of NPM is variable and a fun ction of

a multitude o f c hemi c a l , physical, and biologica l fa ctors , NPM often i s

an empirical constant in aquatic model s (e .g., 1 . 5 percent/day , DiToro

et al. 1971; 0.5 percent/day, MacCo r mick et al. 19 74; 0.14 to

0 .34 percent/day, Ro ss and Nival 1976; 0 .1 percent/day, Dmnov 19 72) .

Attempts have been made to make NPM a function of season (Dmnov 19 72),

t emperature (Scavia e t a1 . 1974, Zahorcak 1974 , Park e t al. 19 74), dis

solved oxygen concentration (Zahorcak 1974, Henshutkin and Dmnov 19 70),

and density (Scavia et al. 19 74 , Za ho r c a k 1974, Park e t a 1 . 1974).

Experimental Estimate s

303 . The con s t a n t NPM va lues cited above are wi thin t he range of

value s we tabulated in Appendix E, Part I. Though values potent ially

range f rom 0 t o 100 percent of biomass per day, g i v e n ideal a nd c a t a 

strophic c on d i t i o ns , respectively, NPM normally i s less than 1 percent /

day in both zooplankton and benthos (Figure s 57 and 58, Appendix E :

Part I ) . Welch (19 76) could not demonst rate chironomid mo r t a l i t y until

their last yea r of larval life , when fi sh predation began . Howeve r ,

Thornton and Wilbm (1975) observed two c r i tica l p eriods of i nc r e ase d NPM

in larval Ch i r on omu s attenuatus. Daphnia e x h i b i t e d an e stimated 0 .12

and 0.17 percent/day NPM during April -June and July-Augus t, respec

tively, i n Canyon Ferry Reservoir, Montana (Wright 1965). Nonpredatory

mortality was probably underestimated in most field studies bec ause of

initial assumptions. For example, Wrigh t (1965) a ssumed that Leptodora

kindtii was the sole predator and that predation was negligible when

Leptodora popula tions were low . Hall (1964) s ug ges ted that the
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physiol ogi c a l morta li t y r a t e o f Daphn i a gal eata wa s p rob a bly l e s s t h an

3 p e r cent p e r d a y th r ougho ut the y e a r . Hi s sug g e s tio n wa s b ased o n

o b s e r vat i ons o f the labo r a t o r y s u rv i v a l o f th i s s p e c ie s .

30 4. Estima tes o f NPH are d ifficult t o obtain i n t h e f ield and

whe n obta i ned us ual l y i nvo l ve ques tionab le ass ump t ions o r un certa in

co r r e l a t i ons of populat i on phenomena ( Ha l l 1964 ) . Fo r exampl e, Dodson

(1972) assume d t h a t Ch aob o r us s p p . a nd s a lama n de rs we r e t h e o n l y

p reda tors of Daphnia~. Aft e r es t i mati ng PH he ob t a i ne d NPM by

d i f f ere nce , i .e . • NPM = t ota l mortal i ty - PH. Cl a r k and Ca r t e r ( J974 )

cons i dere d p r edati on o n c l a d oce r a n s i n Sunf i sh La ke. Ont a r io , to be

i n s ignif ica nt beca use t he l ake la c ke d pla n k t on i c p reda tors , a nd fis h

s upp o s e d l y were r e st ri c t e d t o t he l i t t o r a l z on e . A di r e c t app roa c h i s

t o c age a nimal s and el im i na t e predators a lto g e the r (e . g . , Ot to 19 74 ) .

Stil l . researc hers must a ssume t h a t co n d i t i on s with in fie ld c a ges

c lose l y a p p r ox i mat e the c on d i t i on s o u ts i de t he c a g e s wi t h res pe ct to

fa c to rs s u c h as f o o d , density , l igh t . Given the problems i nhe rent ~ n

a c c urate l y samp l i n g z oop l a n k to n ( Bo ttre l l e t a l . 19 7 7 ) and be nt h o s

(Br i n kh urst 197 4 ), a n d the b r o ad a s sumptions requ i red in mo ~t f i e ld

es t ima tes o f NPM, o ne mus t conside r fie l d d a t a t o b e c r u de approx i ma 

t i ons at bes t . By con tras t , l a b o r ato r y s t udies p rod uce a n a l y s e s that

o f t e n yie l d a c cura te knowl edge o f f unda menta l p op u la tio n g row t h . Un 

f ortunately, labo ra to r y work i s oft e n l imited t o con d i t ion s tha t a r e n o t

found i n natu r e ( Ha l l 19 64 ) . Fu r t he r more . s tudy s pecime ns a r e s e l d om

g i ven s u f fi cien t t i me to a cclima te t o exper i me nta l condi t i ons (e .g . ,

t emperatu r e. f o od con c e n t r a t ion , a nd den s ity) . In s ho rt . i n vest igato r s

oft e n are t o rn b e twe en p o t ent i ally ina c c u rate es tima tes of NPM from

f i eld s t u d i e s a nd a c c u r a t e e st i ma t e s o f NPM f r om unnatura l l a bo r a t ory

e xperime nts . Ne v e r thel e s s. some NPM da ta from l abora t ory a nd f ie ld

e x perime n ts are su r p r is i n g l y c los e ( Appe nd i x E , Part I). Hall e t a l .

( 19 70 ), who con s t r uc t e d l ife t ables f or Ce r i odap hn ia r e t icu l a t a a nd

Simocep ha l us se r r la t us f rom both l abo r a t o r y a nd f i e l d data, f ou n d that

a l t hou gh tempera t ures fluctua t ed f r om 2 0 ° t o 26°C i n t h e f ield and we r e

con s t a n t at 23°C in the l a b. r ate f u n c t ions produced b y l a borato ry and

f i e l d e x p e r i men ts we r e simi lar .
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Factors Affecting Nonpredatory Mortality

Chemicals

305. The concentrations of many chemicals in natural waters influ

ence the NPH of aquatic invertebrates, and, though in most cases we lack

sufficient published data to accurately model these effects, some are

worth mentioning. Toxicity models must be highly specific (as to animal

and chemical species considered) and therefore are beyond the scope of

this general ecosystem model. For example, the fairy shrimp Parartemia

zietziana exhibited tremendous NPM as a result of mild increases in

salinity (Marchant and Williams 1977). By contrast, Thornton and Sauer

( 1972) found a high optimum salinity near 68.4 millimoles per litre in

Chironomus attenuatus. Willoughby and Sutcliffe (1976) found that a

combination of low pH, low cation concentration (especially K+). and

unsuitable food supply prohibited Gammarus pulex from colonizing a

stream . Apparently, osmoregulatory mechanisms were insufficient to main

tain bomeostasis at extreme ion concentrations. High concentrations of

organic chemicals may indirectly affect NPM by way of low dissolved oxy

gen concentrations that result from increased biological oxygen demand

(Lieberman 1970). High concentrations of some chemical may be directly

toxic to biota (e.g., copper sulfate. pesticides. herbicides). Heavy

sedimentation of tripton (Willoughby and Sutcliffe 1976) may result in

increased mortality, especially in the headwaters of some reservoirs.

Diet
~

306. Seasonal fluctuations in the quantity and quality of foods

may produce seasonal variations in the NPM of Gammarus pulex (Wil~oughby

and -Sutcliffe 1976). Paffenhofer (1971, 1976) found that the quality or

digestibility of foods, as well as its concentration. influence the NPM

of Calanus helgolandicus. Similar observations were made for Rhincalanus

nasutus (Hullin and Brooks 1970). The diversity of food types in natural

waters and the diversity in invertebrate diets combine to ~ke impossible

any realistic attempt at modeling the effects of diet.
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Age and dens ity

307 . Non p r e da to r y morta lity depends o n t he age structure of a

popul at i o n b u t does n o t affec t all species in t he same manner . For

e xamp le, 85 .9 percent of t otal HPM occu rred i n the n a up l iar s tages of

Cala n us helgolandicus ( Paffen ho f e r 1976 ) a n d Diaptomus c l a v i p e s (Gehrs

and Roberts on 19 75) . By con t r as t , you ng Daphnia pul ex s u rvived t he

ef f ects o f high temperature better than did mature s pec i me ns (Cra d doc k

1976) , and , in the bivalve mollusc Sphaer i urn striatinum, the o l des t

gene r a t ion e xhib i t e d the highe st NPM (Avolizi 19 76 ) . Simi l ar r e sults

we re obta ined f or the tricbopt era n Potamophylax cingula t us (Otto 19 75 ),

the mol l usc Anodonta a na tina (Negus 1966) , a nd t he c ladocera n Dap hnia

pulex (Frank et a l. 19 S7 ) . Beca use the e ff e ct of age o n HPM va ries

a mon g s pecies , we mad e n o attempt to model this paramete r .

308 . Denisty i s a n o ther populat i on p aramete r whi c h may i nf l uence

the magnitude o f NPM. Thoug h data a re l imited, Frank e t a l. ( 1957 )

f ound that increased density o f Daphnia pulex incre a s ed i ts s u rviv a l.

Be c ause population density modifies s uch important va ria bles a s meta

bol ic r ate s, intraspec i fi c competition , and f ood avai lab i l i ty, d ens ity

ma y e ventua l ly (i . e . , a fter f u r t her r e s earch ) be a c kn owledged a s a

p rincipa l facto r a ffe c t ing NPM. P resently , h oweve r . s cie n tific data t o

s ubs tantiate hypotheses of densi t y dependent o r independen t mo rtali ty

f o r zoopla nkton an d ben t hos are lacking .

Temp e rature

309 . Me cha nisms . There a r e seve ra l me chani sms b y wh ich t empera

t ure c a n affe ct the survival o f aquati c ec to t he r ms (Goss and Bunt ing

1976) . First , animals h ave upper and l owe r temperature toleranc es. above

and below wh i ch mortal ity occu rs . Second , within t oleranc e limits, high

r ates of t emperature change can produc e s h o ck and i ncrease NPM . Third ,

t he f irs t t wo mech a nisms c a n f u nc tion toge the r. p r oduc i n g a n emergen t

effec t .

3 10 . Upper limit s of therma l t o l eranc e have been exa mi ned t o a

grea t e r e xtent than o t her aspec t s of t empe rature response , prob a b ly d ue

t o a gene r al conce r n f or the e f f ects of thermal p ollution o n a quati c

biot a. Uppe r lethal t emperatures (ULT' s ) and lowe r l ethal t empera ture s
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Bec ker e t a l . ( 1977) , Sprague (1963) , and Gos s and Bunting ( 19 76 ) , a s

s hown in Append i X E , Pa rt II . Su rpr i sing ly , the range o f ULT's , even

fo r s uch a dive r s e g roup o f animal s a s aq ua t i c i nvertebra t e s i n var ious

(LLT' s ) a r e t abu la ted in Appendi x E, Part I I . Unf ortunately , we f ound

f ew da ta on the LLT's o f aquatic inverteb r ate s.

3 11. The ULT' s and LLT' s bo t h depend on the acclimat i on tempe r a t u r e

of s t udy s pec imens . Fo r exa mpl e , the LLT o f Co r b i cu l a manilensi s was 12°C

when t he c l ams were a cclimated t o 30° C, and on l y 2°C when t he y wer e accl i 

mated t o 15 ° C. Cl ams a ccl ima t e d t o 5°C a nd 30° C exhibited ULT 's of 24°

and 34°C , r e s pecti vely (Hatt i ce and Dye 19 76 ) . Fi gure 59 i s a graphica l

r epre s enta tion o f t he s e r esults . Compa r ab le results were ob t a i ned by



sta tes o f acclimat ion , i s fai r ly nar r ow ( Figure 60) .

3 12. In a reservoir, an i mals no rmally have e nough time to a c cli 

mate to s l owl y changing t e mpera t ure s . Rapid ch a n ge s in t emp erature s uch

as tho s e produc e d by e n t rainment i n t he effluent o f a power plant,

h oweve r, may e xceed the ra te a t whi ch a s pecies can a c c limate a n d t he re

fo re res u l t in h igh NPM. Gos s and Bunting (1 9 76 ) f ound t ha t the NPM of

Daphn i a pulex i n crease d s i gn i fica n t l y with a n increas ing r a t e of c ha nge

i n temper a t u re between 20° a nd 35°e . Unfortuna te l y , the i r expe r i men t

d id not demonstra te t he exac t cause of the h i gh NPM. The i ncreased rates

o f t emp e rature ch a ng e (~T) ma y ha v e be e n the c a us e , b ut a be t t er hypo the

sis is t ha t increased NPM r esul ted f r o m l o n ge r e xpo sure t o letha l tempe ra 

tures after water reached the ULT . There was not suffi cient informati on

a vailable to a c c ura tely mo de l NPH as a f unction of ~T . Be cause r api d

tempe rature c h a n ges o n t he order o f 3°e pe r hou r are ra r e in na tu r e , the

lack of s uc h a c ons t r uc t p r obably wi ll no t a f f e ct the performance of t he

model, unles s it is a p p l ied t o a thermally polluted reservoi r .

3 13. Mod el c on s t r u c t. We f ormed a con s t r u c t for t empera tu r e

e ffects (Figu r e 6 1) by us i n g d a t a tha t re Lated NPM t o tempera ture (Ap

pendix E, Pa r t I) a n d d a t a for up pe r a n d l owe r l e tha l t empe r a tu r e s

(Appendix E, Part II ) . Ac cording to Fi gu r e 6 1 , NPM i n c r e a s e s exponen

tially towa rd a sympto tes l o cated at about 0° and 35°( . However, be t wee n

5° and 25°C inclusive , NPH i s ve r y low ( ~2 percent/day ) . Previ ous

resea rch corroborates th i s r ela t i o nship ( see Coo pe r 19 6 5 , Ma t t i c e 19 76.

Gi nn e t a l. 19 76 ) . Hall ( 1964) fou n d t hat the medi a n l i f e span of

Da phn i a ga leata wa s 30 days at 2 5°( , 60 to 80 da y s a t 2 0°C , a nd 150 da ys

a t 11 ° C. At 5 ° C no mortal i t y was o bserved i n 2 months .

3 14. When a mbient t e mpe r atu r e s are l e s s than So C o r grea ter t ha n

25 °C, amb ien t tempe ra t u re s ho uld be substituted f o r T i n ,

NPH = [ 10 ( 1.1 21 - 0 . 26 1T} + 10 ( 0 . 145T - 2 .9 781 .,00

- 1 -1
whe r e NPH ; no npredatory mor t al i t y ( mg C'mg C ' day ) and T

ture (OC) . The e quation s hou ld be so lved f or NPM.
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Oxygen c o ncen t r a t i o n

3 15 . Effects. Low dissolved o xygen (DO) c oncentrat i ons have a

profound effect on the survival of aquatic inv e r t e b r ate s . Above a

critical concentration, however, NPM i s un a f f e c t e d (Berg and Jonasson

19 65) . The e ffe cts of low DO conce ntra tions h a v e been mo dele d i n two

ways . Mens hutkin and Umnov (1970) i ncreased NPM when DO conce n t r a t ions

were less t han t h o s e needed to meet t he respiration of the t ota l c ommu n

i t y. MPH was increased to a point where the r ema ining an imal s cou l d me et

their respiratory demand . In the Lake Geor ge model ( Za horca k 1974 ), a

c o ns t r uc t "BE HAVE" s t e ppe d mortality above a ba s e l evel, when DO fell

be low some c r i t ica l concentration fo r seve ral days . Wi t h the data c u r 

r ently a vailable, t hese construct s probab ly a r e t he mo st sophis t icated

ye t applied.

316 . Cri ti ca l c o n c e n t r a t i o ns o f DO ma y vary among individua l s of

the s a me species. This is e s peci a l l y true when the durat i on o f e x posu re

is varied (Berg and Jonasson 1965 ) . Tab l e 16 shows the conce n t ra t ions

o f DO at which 50 percent mortality of insects occu r r e d in 9 6 - h r a nd

30 - d ay experiments . Al l species listed, wi t h t he e x c e p t ion o f Ta nytarsus

diss i milis, whi ch exhibi ted no d e tecta ble mor t al i t y i n e ither case, s how

more t olerance for s h o r t - t e rm t han f or long-te r m exposure to c r i t i c a l l y

l ow leve l s of DO.

3 17 . Anima l s may be abl e t o a cclimate o r behaViorally adj us t t o

low DO tens i ons . Evidence pre sented in the s e cti on on "R e spira t i on o f

Zooplankton a nd Be n t h o s , " page 127, showed t hat an imals limit their

metabol i c r a t e s dur ing pe r i o d s of l ow 02 c o ncentration . These t ype s of

a dj us t ments al t e r t he rate of NPM when o xygen bec omes l im i t i n g . To date,

t he re is n o method of acc urately mode ling t hese phenomena .

3 18 . Model c o ns t r u c ts _ Using data for various inse cts ( Neb e ke r

19 72 ), esp ec i a l l y f or the burrowing mayfly Ephemera simulans and f or the

limnetic c ope p od Limnocalanus macrurus ( Ro f f 1973 ), we devel oped a model

construct (Figure 6 2) t hat e xpo ne n t i a l l y i ncreases NPM above a normal

rate, as 02 f alls below a criti cal concentration . A b a s e rate of NPM ( 4

percent per da y) wa s c h o s e n f r o m Ap pendix E, Part I, because it r ep r e s e n t s

max i mum NPM under optima l environmenta l c o n d i t ions . We let NPH
no

equal

1]0



Table 16

Concent r a t ions

(29)

30 da ys

4 . 6

5 . 0

<0 . 6

4 .5

0 2 concent r at ion . The

When DO co ncent ra tions

Exposure Time

3 . 9

96 hr

2 . 2

3.5

<0 . 6

cor rec t ion and 02 ; ambient

the c r i t ica l co nce ntra t ion .

Comparison of Critica l Concentra t ions ( rog/i) o f DO (i .e .! Those

Prod uc ing 50 Percent Mortality ) f o r I ns e c ts Exposed

to The s e Condi t i ons fo r 96 hr and 30 days

( Ber g and J ona s s on 1965 )

where NPM
DO

= oxyge n

result , 2 .9 mg/ i, i s

2
r = 0 .80

Insect

f our a nd solve d t he f o l l owing exponential equa t ion for 02 :

fa ll below 2. 9 mg/i. NPH s houl d be i nc reased above t he s e l e c t ed rate

( i . e . , t he r a t e ob t a i ne d from f r e que ncy his tograms ; Figures 57 o r 5 8 ) by
- 1 -1( NPMno - 4 ) + 100 mg C· mg C oday Rat e s of NPH may be obt ained by

s ub st i t uti ng t he ambient oxygen conc en tra t ion f or 02 in Equa t ion 29.
- 1

After t ens i ons drop t o zero fo r 24 h r , we assumed that NPH = l omg Comg C
- 1

- da y

Pterona r cys do r s a ta

Bae tisca l aure nt ina

Ta ny tarsus dis simi lis

Ephemere lla spp .

319 . Data in Fi gu r e 62 are from aquatic o r ga n i sms t ha t are f ai r ly

into l eran t o f low DO concent rations . The re fore , t his fi gure i s ta ke n t o

r e pres ent zooplankton a nd li ttora l bentho s . Though the c r i t i c a l co ncen 

t r a t ion (2. 9 mg/i ) s eems l ow, ev i dence s uggests t hat i t is r easonable .

Fo r exa mple He xagenia limba t a had a 96- h r LC50 of 1 .4 mg/ i ( Nebeker

19 72) . Roff ( 1973 ) ob served that Limnoca lanus macrurus began t o se ttle
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62. Nonpreda tory mortality (NPM) a s a f unct ion o f di ssolved
conc e ntration (02) f or zooplan kton and l i t t o r a l bentho s .

Based on data lrom Nebeker ( 1972 ) and Roff (19 73 )

ou t a nd die at 2 mg 0z /Q . Moin a brachiata survived DO c once n tra t i o ns

approaching zero for extended p eriods o f time ( Lieberman 19 70) . Some

tol erant to low concen t r a t i ons t han ou r

hi gh NPM at c o n c e n t r a t i ons above

mg/~ . On the other ha nd, someof 2.9our c r i t i c a l 02 c o n cen t r a t i on

spec ies probably will be more

hyp o t het i c a l average species.

320. Figure 6 3 depicts t he NPM o f profundal benthos as a f unct ion

zooplankton undoubtedly wi l l exhibit

of DO conce ntrat i on. Figure 63 i s s i mi l a r t o Figure 62 i n that iL st ill

contains data points for Epheme r a s imulans . The r etenti on of the s e da t a

po ints was essential t o provide sufficient data on NPH at nonlethal

co ncentrations . Figure 63 diff e r s from Figure 62 to t he ex t e nt that we

added data points for Chaoborus flavicans (Berg and Jonasson 1965 ) ,

Tanytarsus dis s i mi l is ( Nebeker 19 72 ) , and Planorbis contortus (Calow

19 75) and deleted data points fo r the i ntolerant specie s i n Figure 62 .

By manipulat i ng t he data in t h i s fas hion, we obtained :
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Figure 63 . Nonpredatory mo r ta li ty (NPH) a s a fun ction o f d issolved
oxy ge n concentrati on ( 0 2 ) f o r pro f und al benthos . Based on data

from Berg and J onasson (1965). Calow (19 75). and Nebe ker (l972 )

( 30 )

2
r = 0 . 8 1

We again le t NP~ = 4 perce nt / da y (ma x i mum NPH unde r op t i ma l e nv i ron ·

menta l cond i tions) and s o l ved for °
2

" We ob t a i ned a c ri t i ca l CODce nt r a 

t i on of 1 . 7 mg 02/ ~. When 0 2 con cen t r a t ions drop below 1 . 7 mgt !, NPH

s ho u l d be incre ased by (NPH
no

- 4 ) + 100} .

32 1 . Observa tions ind i ca t e that many s pe c i es of pro fundal benthos

are e xt reme l y t o l era n t o f l ow DO conce nt r a t i ons . Cu r ry ( 1965) i nd i cated

t ha t some midge s (Chi ro nomidae) can t ole r ate concen t ra tions a s low a s

1 .0 mgj £ for indefinite periods . Ta ny t a rs us dis simili s exhibited no NPM

in 30 days at conce nt r a t i on s l e s s than 0 . 6 mg/£ (Nebeker 19 72) . Tub ifex

tubifex and Ily odri lus hammoni ens i s were a b le t o l ive i n anox i c wa t er

f or 1 month, a nd Chi r onomus anthrac i nus and Proc1a dius pe c t i na tus lived

f o r 3 weeks at ze r o mg j £ ( Berg and J ona s son 1965 ) . Chaobo r us flavi cans
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survived for a few days without oxygen but then exhibi ted 50 percent NPM

in 2 weeks (Berg and J on a s s on 1965) . S i mi lar observat ions we re made for

c hironomi ds by Co le ( 192 1) . Calow ( 19 75) fo un d t ha t Planorbi s contort us

and Ancy l us fluv i a t ilis exhib ited 5 0 pe r cent NPM o nly afte r 9 a nd 4 .5

days , respec t i vely, i n a noxic wa t e r. To make our construct c o ns is t e n t
-I - I

with these da ta , we assumed t ha t NPM = l 'mg C' mg C 'day after 24 days

of anoxia .

Summary of Constructs

3 22 . Nonpredatory mortality represents los s o f biomass from a

model co mpa r t me n t . Zooplankton and benthos NPH, co r r e c t e d f or the

effects of t empe r a t u r e a nd oxygen c o nc e n t r a t i on , are readily o b t a i ne d

from t he fo l lowing s t e ps.

Step 1

323 . Conver t fre q ue nc y h i sto g r ams o f zooplan k ton and benthos NPM

( Fi gu r e s 57 a nd 58, respectively) to probabili ty d i stribut i ons .

Step 2

324 . Sele ct a series o f r ate s f r om the a ppropr iate p r oba b i l i t y

di stribut i on ( z ooplankton o r benthos) . Users ma y s e t confide nce l imits

on t he dis t r i bu tion t o r e st r i c t the s e lection range t o the mo r e probab l e

ra tes .

Step 3

3 25 . Based o n ambien t t empe r a t ure s in t he r eservoir , de termine

whethe r a temperatu re correction i s r e quired .

a . Not r e qu i r ed - Ambi en t tempera t ures are b etwee n 5 ° a n d
25°C, i nc l usive. Pro c e ed t o Step 4.

b . Required - Ambient temperatures are be l ow 5 ° or above
25°C. Substitute ambient temperature f or T in :

NPM = [ 10(1.121 - 0 .26 1T) + 10 (0 .14ST - 2 .9 78)J 7 100 (28)

whe r e T = tempera~yre (~r) and NPN = nonpredato r y mor 
tali ty ( mg C-mg C 'day ,an d s o l v e for NPH. Pro c eed
t o S t e p 4.
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Step 4

326 . Ba s ed on t he conce nt ration of 02 in the pela gi c or pro fundal

zone o f t he rese rvoir , de t ermine whethe r an 02 cor rection is requi red

for zooplankton or bent hos. r e s pecti ve l y .

3 . Not required .

(1) Zoop lankton ~ 02 tensions i n the pelagic zone
exceed 2 .9 mgt! .

(2) Benthos - 02 t e ns i on s i n the p ro f unda l zo ne exce ed
1 .7 mg/fl .

Use rates ob t a i ned f rom Step 3a o r 3b abov e a nd p rocee d
to Step 7.

b . Requi red.

( 1) Zoop l ankt on - 02 tens i ons in the pelag i c zone are
l e s s than o r e qual to 2. 9 mg/fl . Proceed t o St ep 5 .

(2) Bent hos - 0 2 tens ions i n the profundal zone a r e
l e s s than o r e qua l t o 1 . 7 mg/ fl. Pro ce ed to St ep 6 .

Step 5

327 . Substi tute 02 i n the pe l a g i c zone f or 02 i n:

(29)

whe r e NP~1)Q ~ 0 2 co rrect ion

NP~. Add I ( NP~ - 4)1 >

3b above. I f 02 tensions ~

Proceed to St ep 7 .

Step 6

and 02 =ambient concentra t ion a nd s o l ve f o r

100 t o NPM rate s ob t a i ned from Step 3a o r
-I - 1

a mg/ fl fo r 24 hr. NPM ~ 1 mg C' mg C 'day

328 . Substitute 02 co nce nt ra t ion in the profunda l zo ne f or 02 in :

NPH = 10 (0 . 77 - 0 .1 1 O2)
DO

(30)

whe re NPH
no

=02 co rrection and 02 ~ ambien t oxygen co nce nt ration . ·

So l ve fo r NPH
OO

' Add [ ( NP~ - 4) + 100) to NPH ra t e s obtai ned f rom

Step 3a or 3b ab ove. If 0 2 tensions = a mgt! fo r 24 days. NPH ; I mg C
- 1 -1

' mg C ' day Proceed to Step 7 .

St ep 2
329 . Multi ply co mpart men t bi omass ( mg C) and NPM (mg C' mg
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s hould be subtracted from a ssimi lated carbon: ; b [G(A/ G) - NPH

biomass of carbon l ost t o nonpredato r y mortal 
- 1 - 1

(mg C ' mg C 'day )Equation I, t h e NPM rate
db
d t

Ac cording toity daily.

- R - PH I .

Conclusions

330. Nonpredatory mortality i s important bec ause it r epre sents

the l o s s of biomass from mo del compartment s to a detrital p ool . I n

prev i ous mode l s NPM often ha s been designated a s a n e mpi r ical co ns t a n t ,

although i t may vary significa n t l y i n respons e to e nv i ronmental f a ctors

such as o xyge n concen t ra tion , temperature. and chemi cal s o r t o biol o g i c a l

factors such as diet, age . and density. Attempts h a ve been ma d e t o

e xp r e s s NPM as a fun ction o f sea son. temperature , o xy g e n c oncentrat i on,

and density . I nvestigators are o f ten t orn b e tw een a c curate estimates o f

NPM under potentially unrealistic c o n d i t i o n s in the labora t o ry a nd po

t entially i naccur ate es tima tes f r om fie l d expe r iments .

331. Th ough many fa ctors infl uenc e NPM , we on ly f ound s u f f i c i e n t

data to model the e ffect s of dissolved oxygen co n c e n t r a t i o n a nd t empera 

ture . Oxygen c o r r ect i o n s mus t be ma d e whe n 02 i s less t h a n or equa l t o

2. 9 mgt! in the pelagic o r 1. 7 mgt! in the pro fundal zone of a res e r voir .

Temp era t ure c o r r e c t i o n s must b e ma d e when amb i ent temperatures a re l e s s

tha n 5 ° o r g r e ater t ha n 25°C .
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PART VII: RECOMIIENDATIONS

General

332. The present model represents a framework that should be

tested, refined. aDd calibrated prior to use as a predictive tool.

New data should be added when appropriate, and old constructs should

be modified or new ones developed. Modelers should use new data from

research to improve the model, and the improved .odel should in turn

be used to direct research - thereby completing a cycle that efficiently

advances the science .

333. We strongly recommend that published literature on zooplank

t on and benthos production be reviewed to provide a check for this

model.

334. Literature and data on the skewed-horizontal distribution of

aquatic animals in reservoirs should be examined in detail . Greater

numb~rs, biomass, and diversity of animals in headwater areas may be

related to significantly greater energy flow through detrital pathways.

Chemical Composition

335. Carbon, nitrogen, and phosphorus data, as determined for

broad taxonomic categories of aquatic i nve r t eb r a t es (e.g., zooplankton)

or for preserved specimens, should not be used in the data base.

336. Carbon, nitrogen, and phosphorus data as determined for

marine plankton (except for medusoid forms) should be used in the data

base.

337. Frequency histograms of C:N and C:P ratios for macrobenthos

(Figures 1 and 5, respectively) and similar ratios for zooplankton (Fig

ures 2 and 6, respectively) should be used to estiaate Nand P ~vements

through model compartments. When greater resolution is desired ;' zoo-,
plankton biomass should be divided as follows: 60 percent Cladocera and

40 percent Copepoda, with Figures 7 and 8 used to dete~ine appropriate

ratios.
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Consumption by Zooplan kt o n a nd Bentho s

338. We r e c ommend the u s e of the I v l e v function (Eq ua t ion 3 f or

acclimated s pec i me ns or Equat i on 9 f or una cclimated spec i me ns) t o

des cribe the r elation between z ooplankt on and bentho s graZing rate s a n d

f o od concen t r a t ion .

3 39 . We sugges t tha t a th r e s ho l d f o od c o ncen t r a t ion n o t be i n ·

e luded i n the grazi ng construct .

340 . Equa tion 7 s hou ld be tes ted a s an es timate o f the graZi ng

r a te f o r a n y a mbien t food con c e n t r a t i o n. Re su l t s s h o uld be c ompa r e d t o

s i mu lations based o n Equations 3 a nd 9.

34 1 . The grazin g c o ns tru c t s h ou l d only all ow the zoopla n k t o n

c ommu n i t y to f eed on part i c l e s o f 10 0 ~m or l e s s.

342 . We recomme nd tha t food p refe rence be con s i dered e qual a mo ng

a l l potential f o od s excep t filamen t ous b l ue-gree n algae. A pre ference

factor (Equation 11) s h o u l d be introduced t o mo d i f y the grazing equation

whe n z ooplankton are feeding on the s e s pec i es .

343 . We believe that a linear model should b e us ed t o des crib e

t he r elat i on between grazing r ate and tempera ture f o r fu lly a c cl imated

a nimals (Figure 19 ) . We rec ommend that the r eaction r a t e function o f

Th orn t o n and Le s sem ( 19 78 ) be used t o define t he re la tion betwe e n g raz i ng

ra te and t emp e r a t ure f or i ncomp letely a c c l i mated a nima l s .

344. We recomme n d t ha t a c o r r e c t i o n fa c t or for d i e l va ri at i o ns i n

graz ing be tested in i n i tia l simulations to see whe the r such a t e rm i m·

proves mode l per f ormance . We s uggest u sing Method No. 3.

3 45 . Th e s ame model c o ns t r uc ts u sed t o d e s c ri be graz i ng by f il t e r

feeding z o oplankton s hou ld be us e d t o desc ribe g razing by p r e dato r y

z oop lank t o n a n d b enthos. When z oop lankto n a re t o b e s p li t i nto herbi 

v o res a nd p r e dato r s , we r e commend tha t preda t o r s be a s signed 20 pe r c en t

of t ota l z oop lan k t o n b i oma s s , ba s ed o n t he e cologi ca l growth e f f ic ien

c i e s ci t e d by ~el ch ( 1968 ) .

3 46 . ~e need accu r a te me t hods f o r determining the pe r cen t c om

po s i t i o n a n d turnover o f detri tus, ba cteria , a nd phytop l ankton i n seston .

In addit i on, more s t ud i es are ne eded o f assimilati on a n d s u r v iva l whe n
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zoop lankton are fed protozoa , detritus or bact~ria, o r va r i ous combi na

t ions , for several generations .

347 . Hare res earch is ne ce s sary to determine what type s of animals

i n r e s ervoirs, i f any, can dire ctly ( by uptake) o r i nd i rec t l y ( t h ro ugh a

bacterial trophi c l ink) utilize the energy available i n dissolved organi c

matter (DOM).

348 . Fur ther resea r ch i s needed t o des cribe synerg is t ic effe cts

among variabl e s inf luencing grazing rates .

349 . Considerably more research needs to be done t o des cribe t he

feed i ng r e l ation ships o f zooplankton and benthos i n a quantitat ive

manner ( i .e ., a s ca r bon o r energy co nsumed) . Special attent i on must be

dire cted toward stUdyi ng the respons es of a cclimated an i mal s t o flu ctua 

tions i n food co nce nt r a tion and temperature .

Assimilat ion Efficiency (A/G), [gestion (F ), and Excretion (E)

350 . Al thou gh phys i ologi cally incorrect, F and E s ho u l d be con

s i de red as a single los s in the model and ca lcu l a ted as 1 - A/G. Re

s ea rch tha t accura tely quantifies exc r e t i on by aquati c invertebrates i s

needed t o fill a tremendous void i n publ i shed data .

35 1. Method s used t o determine A/G have not produced s i mila r r e

su l t s and therefore s hou l d be exper imenta lly compa r ed so t hat results

can be standa r d i z ed . When a ccurate methods are perfected, researchers

s hou ld i nves t iga t e how A/G i s af f e c t ed by factors s uch as t empe rature,

f ood concent r a tion , f ood type, deve l op ment, co nsumpt ion, and reproductive

cond i t i on .

352 . Be caus e the d i stribution of A/G va l ues for c l adoce r ans

(Figure 32 ) was es s entially uniform, we recommend that zooplankton be

considered as a s i ng l e compa r t men t (Figure 26) . When greater resolution

is required, the frequen cy hi s t og r ams o f rotifer and copepod A/G (Fig

ure s 30 a nd 3 1, respectively) s ho ul d be use d , bu~ c l ado cer a n A/ G value s

s hould be randomly s elected from a range o f 5 to 55 percent . Bi omass of

zooplankton s ho ul d be arbitrarily assigned a s follows: 60 percent
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Cl ado cera , 35 percent Co p e po d a , and 5 percent Rotato r ia , u n less mo re

a c cura t e da ta a r e a va i l able .

353 . Bentho s s hould be comp a r t men t a l ized into ca r nivores a n d

he rb ivores -de t r i tivores o n t he basis of the i r r espec tive assimilatio n

e f fi c i encies (Fi gure s 28 and 29 ) . Ba sed on t he eco logi c a l growth e f f i 

c iencies o f a nematode ( Dunca n e t a l . 19 74 ), a c hironomid ( Kaj a k a n d

Dusage 19 70), a n d a n o l igoc haete (Ivlev 19 39 ) , we be li eve c a r n i vo r e s

should c ons ti t u te 20 .:t 10 pe r cent o f t otal benthi c bi oma s s when t he

c ompa r t me n t i s divide d .

Re sp irat i on

354 . Oxygen con s ump t ion s ho uld o n ly be con s i d e r e d as a n ind e x to

respira t i o n and s ho u l d b e converted to c a r b o n o r energy equ i valents by

the original invest igators . Be caus e t h e s e inv e stigators c a n mea su re CO
2

evolut i on and N e xc re t ion from r e s pi r ing s pec i me ns , the y c a n a ccurately

adjust oxyca lo r ic and o xy- ca rb o n c o e f f i c i e n t s to a ccoun t f o r t he p r o po r 

t i ons of fat, c a rboh y d r a te , and pro tein o xid i zed .

3 55 . Exp e rimen t al specimen s (especial ly s ma l l ind ividual s ) s ho u l d

be adequately f ed and acc l i ma t e d prior t o r e spiration experiments .

356 . Effects of environmental and b i olo g i cal fa c t ors ( e .g . ,

temperatu r e, sa lini t y , pH, 02 con c e nt r at ion , d ens i ty , c ons ump t i on , and

r eproductive s t a t e) on rates o f r espi r a t ion s hou l d be e x a mi n e d f or mo r e

spe cies of ben thos a nd z oop lankton .

357 . Th e r at i o o f respira tion to c o ns ump tion (R I G) s h ou l d b e

e xper i menta lly e xp lo red t o determine i ts variab il i t y d ue to b i o l o g i c al

a nd env i r onmen t al perturbations and t h e reby eva l uate its p o t en t ial a s a

modif i er of cons umpt ion.

358. During c alibra t i o n o f t h e model, specia l a ttent i o n s hou l d be

dire cted at a chieving a balance betwee n decrea sed resp ira t ion (R) a nd

increa s ed nonpredatory mortal ity (NPM) at cri ti c a lly l ow c o nc e n t r a t i o n s

o f d is so lved o xygen .

359 . Be c ause data that relate zooplankton r e spirati on to ox ygen
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concentrations are few, research specifically designed to describe these

effects should be conducted.

360. Altbough many equations that relate R to individual body

weight have been developed, they cannot be used to correct for body

weight effects in models unless the mean weight of the individuals in a

compartment is known. Seasonal changes in length frequency and the

regressions of body weight on length for zooplankton should be explored

as a method of estimating mean weight.

361. Because we found no realistic way to apportion total benthic

biomass among smaller taxonomic compartments, respiration rates should

presently be selected from a probability distribution formed from Fig

ures 48 and 49. Weight-specific rates of respiration for zooplankton

can be obtained from Figure 47, or from Figures 39-41 provided that

zooplankton biomass is apportioned among groups. We suggested 60 percent

Cladocera, 35 percent Copepoda, and 5 percent Rotatoria (unless better

data are available).

362. Rates of respiration for selected zooplankton and benthos

should be corrected for the effects of temperature and oxygen concentra

tion. as described in "Swmnary of Constructs" (Part IV. page 120).

NOnpredatory Hortality (RPM)

363. Published data that relate RPM to concentrations of natural

chemicals are few. Future bioassay research should examine the effects

of single chemicals over a full range of 02 concentrations. temperatures,

. specimen ages, or any other factors that have potential synergisti~

effects .

364. Hore research is needed to determine the effects of age and

density on the NPH of a wide variety of zooplankton and benthos species.

365. Info~tion on the NPH of zooplankton as a result of de-,
creased 02 concentrations and lower lethal temperatures is mintma~ and,
represents another area for additional research.
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366 . Rates of NPM for z oop l a n kt o n and bentho s s hould b e s e lecte d

f rom Figures 57 a n d 58, respective l y , and se lected r a t e s s hould be co r 

r e c t e d for t he e f f e cts o f tempera t ure and oxygen c o nce n t r a t i o n , as

des c r ibe d in "Summar y of Con s truc ts " (Pa rt V, page 15 8 ) .
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