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Vöorwoord

In de periode 01/05/89 tot 31/12/90 heeft de Vrije Universiteit Amsterdam
(VUA) in opdracht van de Dienst Getijde Wateren van Rijkswaterstaat (KWS/DGW)
in het kader van het project SAWES (systeemanalyse Westerschei de) onderzoek uit-
gevoerd naar modelvorming voor het opname/eliminatie gedrag van xenobiotika in
dieren in de Westerschelde. In het bijzonder betrof het 2ware metalen, PCB's,
mosselen (Mytilus) en de wadpjer (Arenicola).

Het doel van het onderzoek was een theoretische achtergrond te geven voor de
samenhang tussen concentraties van xenobiotica in water en weefsel zoals die in
de Westerschelde worden gemeten. Deze inzichten zouden worden vertaald in een
model, dat onder het programma SENECA van RWS/DGW als module moest
kunnen doorgerekend worden. De noodzaak van het onderzoek werd duidelijk op
grond van een voorstudie van Drs.RJ.F. van Haren, uitgevoerd bij RWS/DGW,
waarbij bleek dat een klassiek één-kompartimenten model ontoereikend was om
de bestaande metingen aan mosselen in te passen. De oorzaak werd gezocht in het
fysiologisch gedrag van mosselen, dat een duidelijke seizoens-periodiciteit doorloopt,
hetgeen ondermeer terug te vinden is in grote fluctuaties van het lipide gehalte.

Het onderzoek werd uitgevoerd door Drs,R. J.F. van Haren, in de periode 01/05/89-
31/08/90, en Hr.H.E. Schepers, in de periode 01/09/69-31/12/90, onder leiding van
Prof. Dr,S. A.L.M. Kooijman. Het project werd vanuit RWS/DGW begeleid door een
commissie waarin de volgende mensen zitting hadden: Drs.J. van der Meer (pro-
jectleider eerste halfjaar), Drs.J. Marquenie (eerste paar maanden), Mw.Drs.J.van
Buuren (eerste periode), Dr.B.van Eek (volle periode, projectleider na eerste half
jaar), Ir.J.P.G. van de Kamer (tweede periode), Drs.J. Schobben (tweede periode).
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De probleemstellingen van de verschillende deelonderwerpen en de resultaten zijn
neergelegd in de volgende manuscripten .. „ ' M

• Application of a one-compartment toxico kinetic model to artificial and en-
vironmental contaminated marine mussels (Mytilus edulis) in the Werstern B
Scheldt. Dit is het rapport op grond waarvan besloten is tot aanvullend on- J |
derzoek en wat als referentie dienst doet voor het op fysiologische processen |
gebaseerde model. M

• Energy Budgets can explain body size relations. Dit artikel verscheen in i
J, Theor. Biol 121 (1986): 269-282. Het is op verzoek van RWS/DGW ^
toegevoegd omdat het de theorie geeft voor de opname en gebruik van energie •
bij dieren in het algemeen, die het mogelijk maakt verschillende soorten op ba- ™
sis van parameterwaarden te vergelijken en de waarden, als eerste benadering, ^
in elkaar om te rekenen op grond van de lichaamsgrootte. M

• Application of a dynamic energy budget model to Mytilus edulis (L.). Dit i
concept-artikel zal na bijschaving en commentaar van specialisten worden aange- •
boden aan Functional Ecology. Het bevat de model formulering, de toetsing P
en de parameter schattingen van het physiologisch model voor de mossel. •

• Animal energy budgets affect the kinetics of xenobiotics. Dit artikel js versch- ' I
enen in Chemosphere 21 (1990) 681-694. Het bevat de model formulering van
het opname-eliminatie gedrag van xenobiotica fe

• Energetics affect xenobiotic kinetics in Mytilus edulis (L.). Dit concept-artikel T
zal na bijschaving en commentaar worden aangeboden aan een nog nader vast f|
te stellen tijdschrift. Het bevat de toetsing van het opname-eliminatie model, I
gecombineerd met het fysiologisch model op mosselen.
- De parameters van het DEB model voor de wadpier Arenicola marina in M
relatie tot die van de mossel Mytilus edulis 'M

• Effects of feeding conditions on toxicity for the purpose of extrapolation. Dit
artikel zal verschijnen in Comp, Biochem. Physiol. Het staat buiten het
contract en moet gezien worden als een "toegift", ten einde zichtbaar te maken
welke rol de gedane modelvorming kan spelen in toegepast eco-toxicologisch to
onderzoek. Het gaat in op de relatie tussen opname en effecten. Het kan een M
basis zijn voor mogelijk vervolg onderzoek. ]

t Computer handleiding voor de bij RWS/DGW geïnstalleerde software die on- I
der SENECA draait om de modelvoorspellingen door te rekenen. De verdere y
"calibratie" en toepassing op andere diersoorten 2oals de bot, zal door Drs.J. ±
Schobben worden uitgevoerd. •
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APPLICATION OF A ONE-COMPARTMENT TOXICO KINETIC MODEL
TO ARTIFICIAL AND ENVIRONMENTAL CONTAMINATED

MARINE MUSSELS (Mytilus edulis).
IN THE WESTERN SCHELDT

R.J.E van Haren, H.E. Schepers & S.AJ-.M, Kooijman
Theoretical Biology, Free üniversity

De Boelelaan 1087,1081 HV Amsterdam
The Netherlands
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1. Introduction

The Western Scheldt in the Dutch Delta area is a polluted ecosystem by heavy metals and organic
micropollutants. Main source for xenobiotics entering the Scheldt estuary is the river Scheldt
itself.

Marine mussels, Mytilus edulis, reflect to some extent in their tissues the external xenobiotic
concentrations. Monitoring programs as the Mussel Watch are based on this phenomcnon
(Goldberg, 1975,1986).

The Dutch Government started in 1987 the SAWES project to investigate the distribution and
behaviour of contaminating substanccs in the Scheldt estuary and its organisms. The final result
will bc a Water Quality model which relates discharges and loads to Chemical distribution of the
contaminating compounds in water, sediments and organisms. In this paper some results are
shown on the analysis of the uptake / eliminatton kinetics of xenobiotics in mussels with the
simplest possible model, the one-compartment model, which has also the advantage that it is
frequently used (Opperhuizen 1986).

In section 3 the l-compartment model is applied to laboratory and field conditions in order to
estimate the parameters of this model. The influence of energy dynamics and size on the
accumulation and elimination of xenobiotics cannot be handled with the ordinary 1-compartiment
models as presented in section 2. A discussion and deriviation of a uptake / elimination model
which do account for changing physiological rates is presented in Kooijman & van Haren (1990).
A comparison of the l-compartment model and the physiological uptake / elimination model is
discussed in Schepers et al, 1991.

Figure 1 K vs Kow for PAH's.
(from esümates -sec appendix)
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2. One comparjfment modej

The one-compartment accumulation / elimina-
tion model is widely used in toxico ldnetic
studies (Bruggeman,1983; Opperhuizen, 1986).
For an extensive discussion on special
properties of this model see Opperhuizen 1986.
The model is:

Q > k c ( t ) - - Q givenQo (2.1)
x

With Q is the concentration in the organism,
c(t) is the compound concentration in water, k
uptake constant t and elimination time. When
the mussel is in equilibiium, the product kx can
be interpreted as the bioconcentration factor K.
Equation 2.1 can be solved when c(t) is cons-
tant and rewritten with K*kt, which results in:

Q(t)» Qoe-^ + Kc(l - e-*) (2.2)
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Figure 2(from Opperhuizen)
Dependence of ki and ki on KQW .

The uptake constant k, can be interpreted in
terms of membrane pcrmeation with a diffusion
type of kinetics (van Haren et al, 1990).
In bioaccumulation studies the n-octanol-water
partition coëfficiënt is most often used as an
indicator for the bioavailable fraction (see e.g.
Geyer et al, 1982; Esser, 1986, Opperhuizen,
1986 and Malhot & Peters, 1988). Between
aqueous solubility and octanol-water partition
coefficients exists clear empirical relationships
(Miller et al, 1985). In figure 1 the
bioconcentration factor K is plotted against
octanol water partition cocfficicnts.Sec fig.2 for
plots of the dependence of k (called kj in the
legend) and l/t (called ki in the legend) on the
Kow (from Gobas et al. 1986), Recall that the
bioaccumulation factor K « ki / ki. Fig 2
shows that ki is almost independent of the W
and k% decreases as a function of the koW, thus
K will increase (fig 1) with the kow

When the mussel is in equilibrium with surrounding water and there is no significant trend in
external concentrations c, during a time interval T (T > 3x), the bioconcentration factor K can be
interpreted as the equilibrium fraction of xenobiotics taken up from the ambient water. Fig. 3
shows how K (the slope of the line) is estimated from data for cadmium and chromium.
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Figure 3 Estimation of Bioconcentration factor K for Cadmium and Chromium.
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3 Estimatinn of the parameters of the one - fnmnnrtment model
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The parameters of the 1-compartment model are estimated by means of a least squares criterion,
fitting accumulation / elimination curves from laboratory experiments or active biomonitoring |
programs in field. The results for each pollutant component are given in the appendix. In Table 1
all estimates for both metals and organic micro pollutants.are listed together with parameter values fe
from the literature. *

3.Ï Metals p
The estimations for metals are carried out with the experimental data of Adema (1981). The L
estimated parameters are listed in Table 1. The estimated values of the biological halflife T1/2 J
(« x In2), are compared with other estimates from literature, see Table 1. The biological halflifes
for Cd, Cu and Zn are within the parameter range found by others. Large differences of at least •
one order of magnitude, between reported halflifes for Cd are conspicuous. According to
Borchardt (1983) Cd elimination might be increased with decreasing food availabüity. This trend M

contradicts our findings (T1/2 « 16 days) of fast elimination rates for Cd under conditions of *
starvation. At this moment no explanan'on is available. te
The bioconcentration factor K, reflects the pardüon of the pollutant compound over organism and p
water. K values can be compared when the physiological conditions of the mussels are equal.
Estimated bioconcentration factors K, for mussels in the field, based on yearly mean environ-
mental and tissue pollutant concentrations can be seen in figure 3. The estimated K for Cd in the
field is a factor of two higher than the estimated K in the laboratory. For Cr we see a factor of
four. This difference might be caused by different metal speciation in field and laboratory duc to
different chemical characteristics of water and the slib which influence concentrations of ionic or
chloride complex fractions of metals, see also van Haren et al (1990). Reported bioconcentration
factors for Cd in field based on mussel dry weight are 10000 - 20000 (Talbot, 1985; Cossa 1988).
Assuming a dry weight fraction of 15%, our estimated bioconcentration factor of Cd based on
field measurements is 9200.

The essential metals Cu and Zn appeared to be independent of environmental Cu or Zn
concentrations. Figure 4 (left) shows that there is a Cu concentration in the organism even when
the concentration in the water is zero. The same is true for Zinc,(fig. 4, right) An internal
mechanism of regulation might be the reason for this phenomenon (Amiard et al, 1987). The site
of regulation is probably located in lysosomes in kidney cells (George & Pirie, 1980; Oeorge,
1980). The recent discovery of an unique low molecular weight (around 1000 dalton) zinc-binding
ligand in the kidney (Lobel, 1989) corroborate these findings. Comparison of bioconcentration
factor for essential metals is therefore useless.
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Figure 4: Intemal concentration vs extemal concentration for Copper Qeft) and Zinc (right) 'in
equilibrium' A clear intercept with the y-axis means that some intemal regulation for these tracé
metals exists, which is not incorporated in the model.

?.2 Organic micro
Estimaüon of the parameters of the 1-compartment model for organic compounds are carried out
with transplantated mussels along a pollution gradiënt in field, Unfonunately the site of origin of
the transplantated mussels was more polluted then the pollution gradiënt itself, so & nett
elimination occurred with a rate dependent on the environroental compound concentrations

OSPEC, 1989).
'i he mean environmental compound concentrations which are used as input for the model, are
expressed on the fraction organic carbon of the suspended matter. The measured particulate
adsorbed pollutant concentrations are more reliable then the measured dissolved pollutant
concentrations (NOSPEC 1989). For this reason alone we prefer to use particulate adsorbed
concentrations (g metal per g Carbon (Q), Physiological changes due to differences in feeding
conditions in time are removed by expressing the intemal compound concentrations on the fat
content of the mussel. In this way we obtain a bioconcentration factor K with dimensions gC.gfat1

which differ in dimensions from most other studies.

The compounds B(a)P and B(b)F give in figure 1 an underestimation of K when compared with
the other compounds. Biotransformation of B(a)P and B(b)F mjght bc the reason for die observed
dcviation. At least for B(a)P it is shown that biotransformation in Mytilus occurs (livingstone et
al, 1989) at considerable rates, in vitro cstimated to bc 1.1 jig.d-l in pils (gill tissue dry wright 0.1
g; mussel 6-7 cm; temp. 29° C).
More estimates however of the bioconcentration factor K are necessary for obtaining a reliable
empirical relationship between K and octanol water partition coefficients.
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5.Appendix
CADMIUM IN MYITLUS EDULIS, ADEMA 1981.

Least squares fit of cadmium concentration in tnussel based on dissolved cadmium in natural
Oosterschelde water (Dutch Delta area).
Laboratory experiments peiformed in contineuos flow systems with following spedfications
(Adema, 1981. report TNO, MD-N&E 81/3):

15* C15* C
28 7oo
8
237 - 242 l.per 24 hours
4 - 5 cm

- temperature:
-salinity:
-pH:
- flow velodty:
- length mussel:

Fitted model,

with:
Q
t
t
K
c

Three exposurc regimes with the following mean dissolved concentrations:
none: 0.8 ng.H (between 0.01 - 2.2 ng.1"1)
low: 1.0 ng.I-1

high: 3.4 ng.W

Due to the high variance in the none and low cxposures, a weighted simultaneous least squares
fitted procedure is carried out. Weight coefficients resp. 0.3,0.6 and 1 for accumulation, 0.3t 0.5
and 1 for elimination.

estknates Standard deviation dimension
K 0.636 0.121 l.gwetw.-l
T 22.9 9.03 d

concentration in mussel (ng.g wetw."1)
time, d
elimination time constant, d
concentration factor, (l.g wetw.'1)
dissolved concentration, 1

2 . 2

1.B

in

I

E

3
0.2 , * • •

Time•

l t i
Time• d

Simultaneous least squares fitted accumulation /elimination curves, respectively 25 and 8 days,
of cadmium concentration in mussel after aqeous exposure to three different cadmium
concentrations.
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CHROMIUM IN MYTCLUS EDULIS, ADEMA 1981.

Least squares fit of chromium concentration in mussel based on dissolved chromium in natural
Oosterschelde water (Dutch Delta area).
Laboratory experiments perfonned in continuous flow systems with following specifications
(Adema, 1981, report TNO, MD-N&E 81/3):
- temperature:
-salinity:
-pH:
- flow velocity:
• length mussel:

Fitted model,:

15* C
28 7oo
8
237-2421.per24hours
4-5cm

with:
Q
t
i
K
c

concentration in mussel Qig.g wetw.-1)
time, d
elimination time constant, d
concentration factor, fl.g wetw.-1)
dissolved concentration, (p.g.1*1)

Two exposure regimes with the following mean dissolved concentrations:
low: 1.0 iAg.1"1

high: 9.4 Hg.H

K
x

estimates
0.179
28.3

Standard deviaa'on
0.0304
8.38

dimcnsion
l.g wetw.-1

d

ï 1.2

e.B
*

Ut B - B

C 2,4

3. e.2
e

30

Simultaneous least squares fitted accumulation / elimination curvcs, respectively 25 and 8 days, of
chromium in mussel after aqueous exposure to two different (dissolved) chromium
concentrations.
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ZINC IN MYTELUS EDULIS, ADEMA 1981.

Least squares fit of zinc concentration in mussel based on dissolved zinc in natural Oosterschelde
water (Dutch Delta area).
Laboratory expenments performed in continuous flow systems with following specifications
(Adema, 1981, repon TNO, MD-N&E 81/3):
- temperature:
-salinity:
-pH:
- flow velocity:
- length mussel:

Fitted model,:

15'C
28 7oo
8
237-2421.per24hours
4-5cm

with:
Q
t

x
K
c

concentration in mussel (ng.g wetw/1)
time, d

elimination time constant, d
concentration factor, (l.g wetw.*1)
dissolved concentration, (ng-1*1)

Three exposure regimes with the following mean dissolved concentrations:
none: 2.9 (ig.H
low: 48 jig.H
high: 146 |ig.W

K
esnmates
0.552
56.6

Standard deviation
0.259
37.9

dimension
l.g wetw/1

d

32

a, 24
v)

c

u

e 4 e is ie 2e

Simultaneous least squares fitted accumuladon /elimination curves, respectively 25 and 8 days, of
zinc in mussel after aqueous exposure to three different (dissolved) zinc concentrations.
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COPPER IN MYTÏLUS EDULIS, ADEMA1981.

Least squares fit of copper concentration in mussel based on dissolved copper in natural
Oosterschelde water (Dutch Delta area).
Laboratory experiments performed in continuous flow systems with following specifications
(Adema, 1981, report TNO, MD-N&E 81/3):
- temperature:
-salinity:
-pH:
- flow velocity:
- length mussel:

Fitted model,

with:
Q
t
T

K
c

15* C
28 700
8
237-2421.per24hours
4-5cm

concentration in mussel (Hg.g wetwr1)
time, d
elimination time constant, d
concentration factor, (l.g wetw.-1)
dissolved concentration, (|ig.H)

Three exposurc regimes with the following mean dissolved concentrations:
none: 0.9 (ig.H
low: 3.0 H
high: 8.5

estimates
K 0.456
t 11.2

Standard dcviation
0.0235
2.41

dimension
l.g wetw.'1

d

Simultaneous least
of copper in mussel

squares fitted accumulation /elimination curyes, respectively 25 and 8 days,
I after aqueous exposure to three different (dissolved) copper concentrations.
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PCB52 IN MYTTLUS EDUUS, NOSPEC DATA spring 1986.

Least squares rit of concentration of PCB52 in mussel based on PCB52 in suspended matter
expressed on its organic carbon content (ng.gC*1).
Input concentration c = Ec(t)
Fitted model, :

with:
Q
t
T
K
c

concentration in mussel (ng.g far1)
time.d
elimination time constant, d
concentration factor, (gC.g far1)
concentration on suspended maner, (ng.gC*1)

Estimates based on following mean input concentrations, ng.gC1:
mean Standard deviation

C2km 28.1 16.5
cioion 17-5 12.5
C60km 4.9 3.7

Q(0)
K
T

*•
0)

01

c- 25e
a
i/i
VI

3

P
C

B
52

 
In

 m
U

I
SI

58

estimate
237.6
6.4
13.9

;

• \

-

e ie

Standard deviation
12.5
0.4
3.9

*

D *

e o

^ ^

20 30 48 50

T i m e , d

dimension
ng.g far1

gCg far1

d

Simultaneous least squares fitted concentrations in mussel at Noordwijk, coastal distances are 2,
10,60 km, with input concentrations c = Ec(t), ng.gC'1 suspended matter.
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PCB 153 IN MYTILUS EDULIS, NOSPEC DATA spring 1986.

Least squares fit of concentration of PCB 153 in mussel based on PCB 153 in suspended matter
expressed on its organic carbon content (ng.gC*J).
Input concentration c «= Ec(t)
Fitted model, :

with:
Q
t
t
K
c

Q(0 • Q(0) e-* + cK(l - e-^)

concentration in mussel (ng.g fat"1)
time, d
elimination time constant, d
concentration factor, (gCg far1)
concentration on suspended maner, (ng.gC*1)

Estimatcs based on following mean input concentrations, ng.gC*1:
mean Standard devian'on

c2km 49.3 32.0
ciokm 35.3 16.3
C60km 5.0 3.8

Q(0)
K
T

estimate
1482.5
14.1
46.9

Standard deviation
29.6
2.0
5.0

dimension
ng.g far1

gCgfar1

d

Ü 1500

13BB

OJ

C HEB

•o
9
•o
c
a
a
VI
3
VI

in
5

500

700

500

10 20 30 48 SB

T i m e . d

Simultaneous least squares fitted concentrations in mussel at Noordwijk, coastal distances are 2,
10, 60 km, with input concentrations c * £c(t), ng.gC4 suspended matter.
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B(a)P IN MYTILUS EDULIS, NOSPEC DATA spring 1986.

Least squares fit of concentration of B(a)P in mussel based on B(a)P in suspended matter
expressed on its organic carbon content (ng.gC*1).
Input concentration c « Ec(t)
Fitted model, :

with:
Q
t

T

K
c

concentration in mussel (ng.g fat*1)
time, d
elimination time constant, d
concentration factor, (gCg far1)
concentration on suspended matter, (ng.gO1)

Estimates based on foUowing mean input concentrations, ng.gC"1:
mean Standard deviation

C2km 249.8 98.4
ciokm 868.3 712.9
C60km 190.1 118.2

Q(0)
K
T

L 55a
K

m

3

" 3S0

in
Ê 250
c
Q.
<•« 1 5 0
D

E

se

estimate
517.1
0.161
18.0

• V •
V\

\ ^
* ^w

•
•

0 10 20

Standard deviation
29.9
0.0765
3.62

*

30 / 6 SB

Time , d

dimension
ng.g far1

gCgfar1

d

Simultaneous least squares fitted concentrations in mussel at Noordwijk, coastal distances are 2,
10,60 km, with input concentrations c = Ec(t), ng.gC'1 suspended matter.
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FluA IN MYTTLUS EDULIS, NOSPEC DATA spring 1986.

Least squares fit of concentration of FluA in mussel based on FluA in suspended matter expressed
on its organic carbon content (ng.gC*1).
Input concentration c = Ec(t)
Fitted model, :

with:
Q
t

z
K
c

concentration in mussel (ng.g far1)
time,d
elimination time constant, d
concentration factor, (gC.g far1)
concentration on suspended matter, (ng.gO1)

Estimates based on following mean input concentrations, ng.gC1:
mean Standard deviation

c 2 k m 673 167
Ciokm 1928 857
C60km 711 349

Q(0)
K
T

esümate
6951
1.33
50.2

Standard deviation
313
0.830
12.5

dimension
ng.g far1

gCg far1

d

en 650B
3

C A 5B0

35BB

250Ë

ie 2e sa se
T IfTlG , Ö

Simultaneous least squares fitted concentrations in mussel at Noordwijk, coastal distances are 2,
10,60 km, with input concentrations c * Ec(t), ng.gO1 suspended matter.



Table 1
Least squares esttmated bfoconcentration factors, K, and biological halflives, T1/2. wilh their Standard deviations between brackets of anorganic and organic pollutant compotmds in Mytilus
cduHs* under non-equifibriom conditkms. For metals Adema (1981) is used and for organic tnicropotlutants NOSPEC (1987) is used. For Cd and Cr the bioconcentiationfactois K, under
equiübrium field conditkms are printed cursive (data from Duld» contribuüon to ICES/JMG and kitidly provided by the Ministry of Public Woikd and Transport.
Model applied is: Q(t) = Qoer* + cK(l- e"*1), with Tm = t In2.

PAITs are benzo(a)pyrene B(a)P; benzo(b)rhioranthene, B(b)F; fluoranthene, FluA; chrysene, Chr Polychlorobiphenyls are named acconüng to their IUPAC numbers.
tog(Kow)areresp.: 6 .1 .6 .4 ,7 .0 ,6 .9; Shiu & Mackay.1986;

6.5,6.57,5.22, 5.91- Hawker & Connelt. 1986)

Metals

Cd

Cr

Zn

Co

Btoconcentrauon
factor, K
Lg wet weighr*

?

0.636(0.121)
138 (0371)

0.179 (0.0304)
0J851 (0J36)
0.552(0.259)

0.456(0.0235)

Oreanic compouffds

PCB52

PCBI53

B(aJP
FhiA

*PCB118
•PCB138

*B(b)F
•Chr

K,(g.CgfaH)

6.4 (0.4)

14.1 (2.0)

0.161 (0.0765)
133 {0X30)

63 (0.5)
103 (1.4)

0.203 (0.112)
3.60 (1.52)

Biological halflife,(d)
Tl/2
thisarücle

15.8 (6^6)

19.6(5.81)

3r2(263)

7.76 (1.67)

9.63 (27)

32J (3.47)

1Z5(Z51)
34.8(8.66)

27.8(2*4)
32.6(3^6)

16.0 (l/>7)
55.0 (49.0)

Tl/2
olherarticles

M.cdulir. 14-29; 300; 96-190;
14-35
M.galloprovindalcr. 21; 125

M.edulis: 1.3-60; >50
Mxalifondanus: 76
M.gattoprovittciales: 4; 9-10

M.edulir.
Mjmaragdinus: 53
(PemavsrüËs)
M.edulir.ll.l-i2.i;45.6
Mjmaragdinus: 8.8
M.edulir. 15.4
Af.«rrf«/«: 29.8; 7.6 -11.1

Msmaragdinw. 6.8
Rerfafc: 8.3-11.8
Mjmaragdinw: 8.3
Mxduüs: 16.9
M.edulix. 14.2

lefeiences

(Schob, 1980; George. 1980; Borchardt, 1983;
Koek A. Groenewoud, 1985)
(Majori et al, 1973a; Viarengo et al, 1985)

(Ceorgc, 1980; George et al, 1980)
(Youngetal, 1976)
(Majori et al, 1973b; Viarengo et al, 1985)

(Tanabeetal, 1987)

(Koek & Groenewoud. 1985; PïueÜ et al, 1986)
{Tanabeetal, 1987)
{Pnielletal. 1986)
(Pruell et al, 1986); McLeese & Burridge,)

(Tanabeetal, 1987)
(Koek & Groenewoud. 1985)
(Tanabeetal, 1987)
(Pnielletal. 1986)
(Pnielletal. 1986)

* Notpresented as a figure.
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S. A. L. M. KOOIJMAN

TNO Division of Technology for Society, P.O. Box 217,2600 AE Delft, The
Netherlandsi

{Received 27 February 1985, and in final form 24 January 1986)

The size-dependence of some 20 phystological variables has been derived from a
rather sitnple model for energy budgets. This nine parameter model is bascd on
delailed observations on the growth and reproduction at varying food densittes, and
has the state variables size and storage. The size-dependence of some variables
works out to be different for animals of the same species as opposed to animals of
different species. The reproductive rate, for tnstance, tends to tncrease with size for
animals of the samc species, but to dccrease with size for animals of different species.
This is because the parameter values are constante within a species, but vary in a
size dependent marnier for animals of different species. Although growth at constant
food density is assumed to be of the von Bertalan&y type, and routine metabotism
to be proporttonal to size, respiration turns out to be about proportional to size to
the power 3/4, both within and between species. The value of about 3/4 has
frequently been found, but it has always been thought to be incompatible with von
Bertalanffy growth.

1. Introduction

he aim of this paper is to show that, starting from assumptions on the quantitative
spects of energy budgets, we can derive in a systematic manner the way in wfiich
lany phystological and ecological variables, such as ingestion, growth and reproduc-
on, depend on body size. These types of relations have recentty come to the
>refront, (McMahon & Bonner, 1983; Peters, 1983; Schmidt-Nielsen, 1984; Calder,
984) and are used to predict, e.g., food chain efficiencies in ecology. Body size
:lations are invariably taken to be of the allometric type, i.e. Y = aWb, where the
arameters a and b are estimated by linear regression in a log-log plot of the
ependent variabie Y against body size W. The parameter b has become particularly
opular, and will be called the scaling parameter. Apart from heat production, only
:levant for endothcrms, the most important body size relation concerns respiration,
e. rate of oxygen consumption or carbon dioxide production, where the scaling
arameter bas the value 0-66 for unicellular organisms, 0-88 for ectotherms, and
-69 for endotherms, (see Phillipson, 1981). The exact value of the scaling parameter
tffers among authors who take their data from the literature. The variations are
ue in part to differences in the species included and in the experimental conditions
nder which respiration rates were measured. For crustaceans Vidal &. Whitledge
1982) quote values of 0-72 and 0-85, and Conover (1978) gives 0-74. If the regression
avers a great many species, from bacteria up to elephants, the scaling parameter

t Present address: Biological Laboratory. Free University. P.O. BOK 7161,1007 MC Amsterdam, The
•fhcrlands.
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i s found to be 0-75, an almost magie number in scaling relations. Since it is less
than unity, it has often been concluded that large animals use cnergy more efficiently
than small ones, even though this bas not been substantiated for ectotherms. An
implied assumption in this conctusion is, however, that respiration rate corresponds
to routine metabolic rate, which includes energy investment in the reconstitution of
enzymes and membranes and in routine movements, but not in growth, reproduction,
digestion and differentiation. We shall see that this assumption does not bofd in
the foliowing simple model for energy budgets. Together with routine metabolism
energy in vestments in the other processes mentioned prove to contribute substantially
to respiration iate. The model is formulated in terms of the state variables size and
energy storage as functions of ftuctuating food density. The relevance of the model
has been checked for the water flea Daphnia magna (Kooijman & Mctz, 1984), and
Kooijman (1986a) on the basis of a wide variety of experimentat data and for egg
developntent in fish and birds (kooijman, 19866). Only a minor part of the data
will be considered in this paper for illustrative purposes. We shall confine the
discussion to ectotherms. For the extension of the model to endotherms, see
Kooijman (1985). Here we shall first derive the model on the basis of a set of
assumptions, and then consider scaling relations within and between species.

2. Ewrgy Budgets

The energy budget model is based on the assumptions listed in Table 1. It regards
an anima) as an input-output system, as illustrated in Fig. 1, with state variables

TABLE I

Assumptions of the energy budget model

1. Energy utilized for mainlcnance M, for growth W, and for reproduction or diffcitntiation is at the
expense of slored energy.

2. For given size, the size-speciftc storage and its dynwnics do not depend on any partitioning rule for
eacrgy utiltzed.

3. Maintenance cnergy is proportional to size: M = (W.
4. A unit increase in size consumes a fixed amount i> of energy.
5. Assimilation A is proportional to ingestion ƒ: A = / M „ ] / [ / „ ] .
6. l^gsstica starts ai fcsrth sbe W», so .* = 0 fer W< Wp.
7. For W> Wb, ingcstioD is proportional to Wu3: / = [ / . , l / ï t 'v ï , where/ïsarunctioii of food density.

dennedon(O.l).
8. The scated fimctional response ƒ depends hyperbolicatly on food density X: ƒ = X/{K+X), where

K is a constant -
9. Differentiation stops and reproduction starts at size W,.

10. lititially, size and storage are (0,5,,), whcre the initiai egg storage, So. is a number such that no
assumption is violatcd.

11. Toe animaJ dies as soon as assumption 3 has to be violated.
12. At constant food density, growth W is of the von Bcrtalanffy type after birth, i.e. W = pW2li - 3yW,

where p and y are positive and constant.
13. At constant food density, the ultimatc size, W„, is proportional to f3.
14. Al constant food density, l / r is linear in ƒ
15. Energy expenses on growth are non-deereasing with increasing size-sperific storage for an animal

of a ceriain size.

bNfcRüY UUUUbfS ANU BOUÏ

FIG. 1. Energy flow ihrough an aaUnat. Rates: I. ingestion, 2. dcfecation, 3. assimilation, 4. mobilit-
ation, S. demobilization, 6. utilization. 7. reprodaction, 8. growth, 9. maintenance, 10. heating (only in
endotbetms). Symbols: -» energy Bow, - * infonnslion flow, O decision valve,' heat loss rate, Q state
variable, £ 3 source or sink.

size, W, and storage, S. The basic idea is that:

—the tissue celis use energy, which is distributed by the blood at a rate that depends
on the energy content of the blood.

—the blood circulates through the body at a rate that is high with respect to the
change in the energy content of the blood.

—the mechanism that determines the energy content of the blood (which will be
low, anyway) only depends on the energy content of the blood and on the amount
of energy kept in storage in certain tissues (which may be considerable).

This process is summarized in assumption 1.
Two key assumptions are that food intake is proportional to surface area, so to

W2n, and that growth is of the von Bertalanffy type (assumptions 7 and 12 in Table
1). The validity of the assumptions is illustrated in Figs 2 and 3 for Daphnia magna.
These two results pose a fundamental problem for any detailed quantitative descrip-
tion of the energy budget. Gbservations on these daphnids reveaï that individuais
larger than 2-5 mm produce young at each moult, and that the amount of energy
involved in this process is qutte substantial (see Kooijman, 1986a). Since there is no
significant reduction in growth (Ftg. 3), nor any notable increase in food intake
(Fig. 2) around 2-5 mm, we are faced with the problem of the destinatton of an
energy flow in animals less than 2-5 mm, which corresponds to the energy spent on
reproduction in larger animals. This is the basis of assumption 9, where this
destination is called differentiation. It is a direct consequence of the assumption 3
that routine metabotic rate is proportional to size W. The basis of this assumption
is two-fold. First we have the results of Smith (1957) and Vleck et al (1980) that
respiration in eggs of fish and birds is well described by a weighted sum of size and
observed growth of the embryo (these results are more conclusive than results for
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FIG. 2. Measuicd ingestion rate / of ChioreUa pyrenoisoda celh as a functton of body length {. of
Daphnia magna at 20°C mnd 10* cells per ml. The measurements are based on connts of resin partictes
(±5 |un 4>) in resuspended faeces of indïvidual daphnids by means of laser opties. The concentratton of
restn paitides is 4 to 7 times lO3/™'- The fnnction / - d t has been fitted by least squares. The value
obtained for b = 1-8! (95% ei.: 1-59, 2-03), not significaotly different from 2. this leads to ! = aL2 with
a = 0-81 (95% ei.; 0-76. 0*5) cells/(hxmm2).

antmats aftcr birth, because the (relative) size increase is much larger before birth
than aftcr, and because the interpretation of respiration data before birth is not
complicated by the process of feeding and reproduction). The second basis for the
assumption that routine tnetaboltc rate is proportional to size is that only if it is so,
can the scaling parameter for the respiration rate be somewhere between 2/3 and
1. This wilt be clarified in the next section.

In the appendix, it is shown how the cfaange in the state variables, size IV and
size-specjfic storage [ 5 ] , can be derived from the assumptions given in Table I, the

• F l G rf T h C measund c h a n 8 * »»length L 'm tndividuab of Daphnia magna at 20*C, in 40 ml, supplied
wta 10" celli of Scaiedamus subspicona a day. The curve is of the von BeitalanSy type: £.(() =
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result being

W =

W„)X/{K+X)~l

wherc X is food density, the dots indicate rates or derivatives with respect to time
and ( W > Wb) has a value of 1 or 0 if truc or false. The parameters, which are
assumed to be constants for a species in a constant environment (apart from, possibly,
a fluctuating food density), are described in Table 2. The initial size is a model
parameter, Wb and the size-specific storage at birth has to be equal to that of the
mother at the moment of egg formation, if it is to be consistent.

TABLE 2

Parameters of the energy budget model

Symbol Dimension Interpretation Symbol Dimension Interpretation

length1 Birth size

K biomass- Food density resnlting in
lengtlT1 half the max. input

[Im] biomass • Surface area specific
length"

[A.1 energy -
length"1 -
time"1

maximum ingKikm rate

Surface area specific
maximum assimilation

energy *
length"* •
time"1

energy •
lengtlT> •

energy-
length 3

Proportioo , of utilized
energy channelted to
growth and routine nteta-
boiism

Sïze specific routine meta-
bolic rate -

Energy rarairement for a
unit increase in s i »

Size specific maximum
storage

In Kooijman (1986a), the energy content of an egg has been derived on basis of
the assumptions given in Tabie 2. This is necessary for the calculation of the
reproduction rate, i.e. the energy channelled into reproduction ( ( K - 1 ) times the
utilization rate in situations of growth), divtded by the energy investment per egg.

The energy content of the gut has not been modelled as a state variable, because
its relaxation time is assumed to be small with respect to that of the storage. This
seems to be reasonable for animals like daphnids, in which the gut residence time
at WC can be as short as 20 min. For animats with a large stomach, this assumption
may not be appropriate, but the model would still apply in comparing different but
constant food inputs.

The state variable energy content of blood only appears implicitly in assumption
1 because of its low energy capacity and small relaxation time. For the purpose in
hand, we only have to deal with the utilization rate, and not with the mobilization
and demobilization rates indicated in Fig. 1. Substitution of the equations for the
assimilation rate and the storaee charme rate from the arroendix. shows that thr-
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utilization rate in situations of growtb equals
ENERGY BUDGETS AND BODY SIZE
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This equation will be used in the next scction.
The different types of energy losses in the fonn of heat indicated in Fïg. 1 are

supposed to be fixed fractions of the energy flows involved. (This is in contrast to
endothenns, where there is also another type energy drain to heat production for
the purpose of heating the body. This flow rate is an order of magnitude larger (see
Kooijman, 1986a).) Therefore there is no need to model them explicitly. They only
show up in the values of the parameters. The parameter ij, for instance, will be
larger than the energy releascd in the decomposition of a unit of body tissue, partly
because of its entropy or "information content", and partly because of the heat loss
involved in growth. ,

Energy losses in movements Jiave not been modelled explicitly here. In fact they
are considered to be negligible'as com^ared with the other energy Bows. If they do
not happen to be negligible, it may be that average energy losses in movements can
be written as a weighted sum of size and surface area. ïn that case, the formulas
do not change, but only the parameter values of { and [Am], which increase and
decrease, respectively.

The present paper does not deal with the estimation of parameter values from
experiments (this is dealt with in Kooijman, 1986a), but some remarks on the von
Bertalanffy growth curve might be appropriate here. There is a lot of literature
showing that von Bertalanffy growth curves fit experimental data on a wide variety
of species very wet). This is in itself remarkable because most of them concern data
on animals in field situations, where food density is usually not constant nor
abundant. Computer simulation studies which will be reported elsewhere show the
energy storage, as introduced here, flattens out rather wild fiuctuations in food
density. This (partially) explains the fit.

First, we will consider how a number of variables depend on size within a species,
and, sccondly, how they do so between species.

3. Body Size Relations ia Animals of the Same Species

Energy is normaUy stored in the fonn of carbohydrates, proteins and, especially,
lipids, The utilization of the energy involves oxygen consumption and a carbon
dioxide production. In animals with empty guts, ( 4 = 0 ) , the respiration rate there-
fore corresponds to the utilization rate in previous section. As shown in Table 3, at
constant food density, it can be written as a weighted sum of W2/3 and W, which
can appear almost linear in a log-log plot with a slopc somewnere between 2/3 and
1 (Fig. 4). Although we have assumed that routine metabolic rate increases Itnearly
with size, the increase in respiration rate with size is less steep, owing to the decreasi ng
amount of energy invested in growth and reproduction. In the case of ectotherms,
there is no reason to believe that these fiows are negligible in short term measurements
of respiration rates. Although the actual size increase during this measurement may
be negligible, the energy invested in (the overhead of) this increase may not. In

Some quantities Y expressed as a function of size W and the best fitting scaling
parameter b in the allometric equation lnY=a+blnW. Where this relation is not

strictfy linear, the maximum range for b is indicated

Quantity

Max ingestion rate
Max filtering rate
Saturation constant
Max assimilation rate
Routine mefabolic rale
Threshold food density
Thresh. ingestion tate
Max size
Max storage
Threshold storage
Max starvation time
Abundance
Max growth rate
Max respiration rate
Birth, adult size

Min pre-rcprwl. period

Max egg storage
Min water loss in eggs

Min incubation time

Max reproductive rate
Max pop. growth rate

Equation

/ • ï t 1U/^^
#•" im f ƒ 1 W^^l tC

K = ïmfrm
[Am\ wvl

* W 1,3

wj[ /„l/L A ,̂!

[sZ)w
w*/:>(ismy[Am]
W/s{[$m]/[AmJ) In {[Am]/lï W1'1)}
(max/threshold ingestion)'1

(4/27) W„Uf* )/(f S~l + V " )
Ó„ — ( Wvi H'^'iy/jt + W?[Sm]}i/{ii + i[Sm

5*- WitS-Hl-lMWi/W1-)"1}'1

2? \ML/

X \ 2 ° I I I - D V 2 ~ + Ï " 1-t»1/

where «={4( WJ Wb)l/l -1}""*
^». = (1 — «)<^»/'So
«„/(l+^/)

Scaling parameter

within
speciet

2/3
2/3

0
2/3

1
al/3

1
0
I

4/3
-1/3 to 1/3
-1 lo -2/3

0
)) 2/3 to I

0

u
0
0

0

2/3 to 1
—

between
species

1
2/3
1/3
1
1

1/3
1
1

4/3
4/3
1/3
- 1
2/3

2/3 to l
1

1/3

4/3
4/3

1/3

-2 /3 to -1 /3
-2 /3 to -1 /3

endotherms, routine meiaböüsm, inciuding heat production, dominate. (An
endotherm eats ten times as much as an ectotherm of comparable size (Farlow,
1976).) It foltows that large endothenns are more efficiënt than small ones, because
they lose relatively less energy in cooling. The routine metabolic rate betng propor-
tional to size, the fact that the scaling parameter of the respiration is less than one
does not necessarily imply that large ectotherms are more efficiënt users of energy
than small ones, and we should seriously consider the possibility that they are not.

In the literature, it has been observed sevcrat times that there exists a negative
corretation between the von Bertalanfiy growth parameter y and the ultimate size;
see e.g. Duineveld & Jenness (1984). This observation has been used by Knight
(1968), to assautt the von Bertalanffy model as a reasortable model for growth. In
order to remove this correiation, GaUucci & Quin (1979) suggested the transforma-
tion 3y = kW%3. In the appendix, the ultimate size at constant food density is found
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F i c 4. Respiration rmte of Daphnia puiex with few eggs at OTC « a function of length. Data are
frotn Richman (1958,Table 5). The fitled cntve is00336i 2+001845L 3 , and is iitdistinguishable from
the curve 0-0516L2"0'.

to bc W^- (MAmyi)3. Substitution in the expression found for y gives (3y)~' =
i)/f + W ^ S . ] / ^ . , ] . Apart from ij/f, which has a small numerical value
(Kooijman, 19866), the proposed transformation indeed renden y independent of
Wl£\ Based on the present model, this dependence is caused by the dynamics of
storcd energy, and it by no means detracts from the von Bertalanffy model as a
model for growth at a constant food density. (The parameter f/-» can be shown to
the so-called maintenance rate constant, which appears only in the microbial
literaturc, but which deserves wider attention (see Kooijman, 19866). There are
indications that the maintenance rate constant increases in the sequence bacteria,
daphnids, fish and birds, and decreases in the sequence bacteria and algae, suggesting
Unes of evolutionaiy development.)

The reasoning set forth in the previous section has many additional consequences.
We shall briefly consider starvation processes, because these are ecologically interest-
ing. Suppose that an anima) experiences a period of starvation after a period of
constant food supply. From the storage balance equation for the dynamics of the
size-specific storage, together with growth being zero, we see that the storage
decreases exponentially until the utilization rate equals the routine metabolic rate.
Any further decrease in storage would cause death by starvation. When the animal
is about to die, we can calculate the minimum storage, the time to death by starvation
and the threshold food density (see Table 3), i.e. the food density at which the
animal is just able to survive for a long period, (or A = C =* M, growth and reproduo
tïon being zero), as functions of the parameters and the size of the animal. The
threshold food density is a hyperbolic function in W1/3. Therefore, small animals
can survive at food densities at which large ones cannot Since size tends to increase
with age, (which trivially holds at constant food density), the average age of the
population decreases in periods at the beginning of starvation. The effect of a
temporary drop in food density refiected in the time until death bv starvation denends
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ones tend to die a little earlier than the small ones, but the differcnces are slight.
This has been verified experimentally (Kooijman, 1986a). As we shall see, this
behaviour constrasts with that of animals of different species.

From the energy preservation law it follows that the energy spent on reproduction
equals C- M~ rj W, Substitution of the energy investment in growth shows that the
reproductive rate is simply retated to the utilization rate, viz. ( f f a W,)(l -K)CfSa

in the growth region of the state space and ( W > Wj)(C - M)/So in the no-growth
region, ( W > Wj) taking the values 1 or 0 if true or false, and So being the initial
storage, i.e. the energy investment per young. The expression for $,, given in Table
3 is derived in Kooijman (19866). As storage at birth is in assumption 12 laid down
to be Sb = lS„]fWb for a mother feeding at (constant) input level ƒ the energy
consumed during the egg stage, W< Wb, equals S0-Sb. In animats like birds, this
use of energy corresponds to the loss of water in eggs, because the metabolic
degradation of yolk, releases water that would drown the chicken if it did not
evaporate. This water includes water arising from the metabolism of energy-rich
chemicals, as well as water deriving from the watery matrix in which these chemicals,
are embedded for the purpose of degradation and transport. The obscrvation that
loss of water from bird eggs corresponds to the i»se of energy, and so with 50—Sb

will be used in the next section. The derivation of the incubation time is given in
Kooijman (19866). In the growth region of the state space, the reproduction rate is
thus proportional to the utilization (or respiration) rate. So their size dependences
are similar. See Kooijman (1984) for a test against experimental data.

The pre-reproductive period at constant food density is obtained from the inverse
function of size as a function of age, which is a rather simple function due to the
von Bertalanffy growth from size Wb (see Kooijman, 1986a).

4. Body Size Relations in Animals of Different Species

Within a species, the nine parameters listed in Table 2 are assumed to be constant
in a constant environment (apart from, possibly, a ffuctuating food density). This
is because the energy budget model is basically a model for growth. Any change in
the parameter values would immediately result in a violation of one of the assump-
tions (in particular of assumption 12). The maximum size Wm an individual can
reach (at a high age and with an abundance of food), can be written as a function
of three parameters (see Table 3). Species that dtffer in this maximum size therefore
have to diffcr in one or more of these three parameters. Consistent with the basic
model formulation, we shall assume that the size specific routine metabolic rate and
the fraction of the utilization rate channelled into differentiation or reproduction
do not depend on the (maximum) size. This implies that the parameter for the
assimilation, [Am]t scales with W'J,3. The maximum assimilation rate itself, which
is given by [ A„ ] W2'3 (see Table 3) therefore scales with Wm, so the scaling parameter
i s l .

Since the ingestion rate is assumed to be proportional to the assimilation rate,
the ingestion rate aiso scales with W„. Farlow (1976) irives a scating parameter of
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rate as well as the threshold value scales wïth Wm, so wc may expect the abundance
of species of body size Wm to scale with W^\ yeiy neariy what was found by Peters
(1983). For filter feeders, where filtering rate F is ingestion rate / divided by food
density so that i ? = [ / m ] W r V V ( ^ + ^ ) , the shape parameter K of the Holling
functional response can be interpreted as the quotiënt of maximum ingestion rate
and maximum filtering rate, i.e. in absence of food so that K = I„/Fm. If the filtering
rate is dependent on the surface area of the filtering apparatus, it scales with H^3

(see Brendelberger & Geiler, 1985), so the shape parameter scales with W'J,3 and
the threshold food density with W%\ This means that a constant environment tends
to select for smal! species, because they are able to outcompete the large ones.
FTuctuating environments, on the other hand, tend to select for large species because
the time until death by starvation scales with W"3. (Thretkeld (1976) found a scaling
parameter of 1/4, but 1/3 also fits the data well.) In contrast to what has been found
in the previous section for animals of tht same species a large specimen of a large
species is thus better equtpped to survive a period of food shortagc than a small
specimen of a small species. Brook & Dodson (1%S) observed that in the absence
of predators, the larger species of zoöplankton dominate. On basis of the present
theory, the explanation does not He in the size dependence of the threshold food
density as they suggested (because this would operate the other way round), but in
the length of periods during which no anima] can find sufficient food. This has been
confinned experimentally by Goulden & Hornig (1980).

In order to coupte the maximum storage capacity to the maximum energy intake,
we assume that the size-specific maximum storage, [Sm] scales with the parameter
[Am]t i.e. with W'J? and that the birth sizc as well as the size at the end of the
pre-reproductivc period scales with Wm. These two assumptions complete the scaling
relations for the parameters of the energy budget model collected in Tabte 2. We
can now derive expressions for a variety of observable quantities such as maximum
growth and minimum pre-reproductive period, write them as functions of the
parameters and size and judge how they would behave in a log-log plot against
size. In making this judgemcnt» we must rememberthat the parameters are constants
within a species, but allometric functions of size between species. Some of the
expressions for the quantities collected in Table 3 then result in proper allometric
functions, and so they are linear in a log-log plot against sïze. Some of the other
expressions are not quite linear, but only approximately so (see legend to Fig. 4).
In that case the maximum possible range of the scaling parameter is indicated in
Table 3, if one nevertheless wishes to fit a linear relationship (in deference to
tradition in biotogical literature). When comparing the results with data from the
literature, we should bear in mind that, if the energy budget model really holds, the
reported values for the scaling parameter should fait somewhere in this range,
depending on the species included. From an anatysts of the equations given in Table
3, it folfows that the respiration rate scales witb about W%4, as we also found within
a species, a result that has frequently been found (see introduction). It also follows
that maximum growth scales witb W2J?, which fits Calow & Townsend's data (1981)
very well, that the minimum pre-reproductive period scales with W'J,*. which very

per young, which correspond to egg size, scales with W%3 in ectotherms; that the
water loss from bird eggs scales with W^*, i.e. with (egg size)1; as found by Rahn
et al. (1979), that incubation time scales with H ^ \ i.e. with (egg size)1'4; as found
by Rahn et al (1974) and by Kooijman (19866); and that maximum reproductive
rate scales with W""1, the exponent being close to the value of - 1 / 4 given in e.g.
Peters (1983), (in view of the data). It is interesting to note that, the maximum
reproductive rate Rm deercases with increasing species size, not, as many authors
have suggested, because size-specific routine metabolic rate, but size-specific storage
depends on size. The same holds for the duration of the pre-reproductive period,
whicb increases with species size. Since only the age of the mother when she gives
birth for the first few times is relevant in the population growth rate and the duration
of the pre-reproductive period J is small, and reproduction once started, soon
reaches its maximum rate, the population growth rate can be approximated by
Rm/{l + R\j), and consequently scales with W~^n. Considcring the proliferation
in microbial populations, we can assume that division occurs at given cell size (see
Kooijman, 1986a). The division interval then corresponds to the expression given
for the pre-reproductive period. Since the population growth rate is inversely
proportional to the duration of this interval, it scales wtth W^fi. This fits the
protozoa data of Fenchel (1974) well, who gave a scaling parameter of —1/4. Basic
feature of this scaling is that ingestion rate is proportional to the surface area W2J?.
This appears to be particutarly relevant for ciliates feeding by phagocytosis, but
perhaps less so for bacilli, which changc their shape during growth, because the
rod diameter remains constant. In the latter case, the population growth rate is
independent of cel) size and ingestion rate scales with size. This relates to the findings
of Banse (1976,1982) who found a scaling parameter of - 1 / 4 and 0, respectively.

CosclusioBS

Central to the reasoning outlined above are the Holling functional response, the
diagram of Fig. 1, and the von Bertaianffy growth equation (von Bertalanffy, 1934).
Though popular several decades ago, this growth equation has lost a great deal of
its appeal, primarily owing to the observed scaling of respiration rate with body
size. This argument does not appear to be a valid one; the scaling parameter of the
respiration rate is smaller than that of the routine metabolic rate owing to less and
less energy being invested in growth and reproduction with increasing size. The
reason lies in the assimilation rate scaling with surface area for animals of the same
species. In the considerations given above, 1 have not attempted to predict the value
of the scaling parameter in body size relations correctly to two decimal places. Such
an attempt at accuracy is bound to fait, because of the many biological exceptions
to genera! tendencies in body size relations, and because body size relations are not
necessarüy of the allometric type. With reference to the aim of this paper, the gist
of the reasoning is, in fact, that many of the relations between physiologicat variables
and body size can be predicted simultaneously from an elementary knowledge of
energy budgets. I have not devised my energy budget model to explain body size
relations corre-ctlv hui to descrihe detailed observationsof the feeding, growth and
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reproduction behaviour of daphnids. In exptaining body size relations, storage
considerations have proved to be more essential than has been recognized. These
relations work out to be different for anïmals of the same species than for animals
of different species. The most striking dtvergence is in the reproductive rate and in
the starvation time. The energy budget model suggests that the environment selects
for body size as a compromise between, on one hand, smal), because smalf animals
can better survive low food densities and, on the otfaer, large, because large animals
can better survive periods of starvation. If starvation periods last too long, ho wever,
the population numbers will follow the fluctuations in food density more closely.
In that case, the environment will select for smali species because of their large
population growth rate. Conversely, the model indicates that there is an optimum
relation of body size to the time scale in which fluctuations in food density take place.

The author would like to thanfc Professor Dr J. A.). Metz and Professor Dr O. Diekmann
for their stimalating interest, Ms A. de Ruiter for the experimentat work underlying Figs 2
and 3 and Professor Dr P. Calow for nis comments.
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APPENDIX

DeriratkM of the Energy Budget Model

The change of the state variables, size and W and stze-specific storage [S] can
be derived from the assuroption listed in Table 1 as follows.

The energy channelled into dtfferentiation or reproduction (cf. assumption 9) can
(always) be written as a fraction \~ie(Wf S) of the uttlization rate C, This fraction
may be a complicated funetion of the state variables. So the fraction channelled
into maintenance plus growth equals K(W, S)C = M + ifW, where the maintenance,
M, is given by M = f"/, and W stands for growth, i.e. the change in size, W.
Assumption 1 states that the utilization rate, C, equals Ó = A-S, where Ê is the
change in storage, 5, and the assimilation rate, A, is proportional to the ingestion
rate, / (assumption 5), which is given by assumptions 6, 7, and 8. So we have
A = {AmyWVi. On the basis ofassumpüoa 8, this type of (ngestion rate is known
as the Holling functtonal response (see Holling, 1959).

At constant food density X, the storage after birth can be written as a funetion,
S*, of size, W, and the scaled input f=X/(K+X) (see assumption 8), so S* =
WdS*/dW. Substituttng this and the von Bertalanffy growth, W=pW2/3-3yW
given in assumption 12, in the equation obtained above, K(W,S)(A-Ê) = £W+r}W,
we can solve dS*/6W, obtaining ~

dS*/aw=(ƒ,+gj . with ƒ, i£= M/h

From assumption 2 we have that the size-specific storage, [ 5 ] ~S/W,is independent
of the partitioning mie K, SO affP/iBic dW)=0 for all values of W. For primes
denoting derivation with respect to K considered as a funetion of time we have that

has to vanish for all values of W, from which it follows that (ft/f2Y=0 and
(gi/«2)'=0. Thisgives

(>Xf) = p{f)2n/{flA~.W) and (3y(/))' = (3y(/))2n/(^)-3y(/)/K.

Solution of these differential equations gives p'[f)=lAm]f/(ri/K+dS*/dW) and
3r(f) = (i/K)/(v/*+dS*/dW). Since p' and y are independent of size W, and so
the ulttmate size W ,̂ which from H^=0 is given by Wr»3 = p/(3y) = [J4m]>k/f, we
have that K is independent of size. From assumption 13 we also have that K is
independent of ƒ so K is the same for different constant food densities. Since p and
y are independent of size, we also have that dS*/3W is independent of size, W, so
5* has the form S* = h( f)+g(f) W. Assumption 1 states that growth utilizes stored
energy, not dtrectly assimilation energy. Therefore 3S*/dWt which is equal to gif),
in p and y has to be replaced by S*/ W—h(f)/ W, which ts only independent of ƒ
and W for h<J) = 0. So we have S* = g{ƒ) W or [S*] = gif) for fS*] = 5*/ W. In
accordance with assumption 1 f in p has to be written as a functinn of S. sa f is
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I, where g l is the inverse function of g, i.e. g~'(#(ƒ)) = ƒ We
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replaced by
now obtain

Growth dcpcnds on stored energy, S\ as tbe only variable that is changing (it
changes even when food density is constant), and it does so on its momentary value
and not on carlicr ones. We can tbercfore drop the asterisk and apply the equation
for growth in situations of fluctuating food density. If however, the food density is
fluctuating, the state variables can attain values they cannot attain at constant food
density. These values correspond to growth bccoming negaüve in the equation
abovc. Assumption 15 in fact means that, in those situations, priority is given to
differentiation or rcproduction over growth, which ceases. The dynamics of the
size-specific storage, [5] = SW-SW/ W\ is now found fiom the balance equation,
S=A-Ó, to be [Sl-iAjW-Wlf-g-'aS})}-

Assumption 14 states that l / f is linear in ƒ so g is proportional to f, say
gif) = [Sm]f, which implies that g~' is proportional to [5 ] and vice versa. In other
words: the size-specific storage obeys a simple first-order process if and only if i/j
is linear in ƒ To summarize the final result, we have that the changc of the state
variables is given by

Wb)X/(K + X)~
where (W& W )̂ has value 1 or 0 if true or fake, in accordance with assumptions
6 and 5. The model would be much simpler to derive if we assumed that K is
constant, in which case we can drop assumption 12 that growth at constant food
density is of the von Bertalanffy type. The reason for not doing this lies in the
experimental testtng of the assumptions. It is very difficult to measure the different
energy flows to growth, maintenance and reproduction directly. Among other thtngs,
we have to disentangle the heat losses involved in these processes and measure
other forms of overheads (see text).
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Abstract. Filtering, ingestion, assimilation, reepiration, growth and reproductioa
of the blue mussel Mytilus edulis were sucessfully described in terms of a dynamic
energy budget (DEB) model, which previously had been applied successfully to a
variety of other species. Parameters of the DEB model, estimated for laboratory
6ituations, were applied to field data. The varying growth rates in the field could
be described by taking account of changes in food density and quality, and tem-
perature, on the basis of the Arrhenius reJation. The concept Scope For Growth
is discussed and interpreted in terms of the DEB model. The energy conductance
is found to be close to the mean of many species: 1.64 mm.d"1 at 15°C.

Kty-words; Energy budget, Mytilus edulis, feeding, growth, starvation, reproduc-
tion, energy conductance

Introduction
The dynamics of the energy budget of Mytilus edulis (L.) are of interest for
severaï reassons. It is an important species in estuarioe environments. This
calls for a close analysis of its role in terms of energetics. It is commer-
cially yielded, so it is useful to elaborate harvesting programs tbat can be
maintained ïov long periods. Also, the species is used as a monitor organ-
ism for environmenta! pollution. The uptake and elimination behaviour of
xenobiotics, especially the lipophyllic ones like PCB's, depend on feeding
conditions, and so on energetics (Lassiter k Hallam, 1988, Kooijman & van
Haren, 1990). Results of environmental monitoring programs such as the
"Mussel Watch Program" (Goldberg, 1975) are therefore dimcult to inter-
pret without a toxico-kinetic model based on pbysiology whicb can handle
fluctuating conditions in the environment.

Modelling physiological energetics in M. edulis is usually based on the
widely applied Scope For Growth (SFG) concept and allometric relations be-
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tween body size and physiological rates (Bayne, 1976; Bayne k Newell, 1983;
Verhagen, 1983; Baretta k Ruardy, 1985; Klepper, 1989). The SFG concept
is based on the energy balance of a mussel in steady state conditions. The
amount of energy gained by the individual under such conditions equals the
amount of energy lost due to maintenance, growth and reproduction . The
SFG is the difference between energy gained by feeding and energy lost by
respiration (supposedly a measure of maintenance). When this difference is
positive energy is available for growth and reproduction, when it is negative,
tbere is a (dry) weight loss due to the utilization of energy reserves (Bayne
k Newell, 1983).

One problem with this approach is that it does not distinguish storage of
energy reserves (».e, lipids, glycogen) from 'structural biomass' in its stan-
dardization for body weight. The basic difference is that storage materials do
not require maintenance and are readily available for use for maintenance,
growth and reproduction. Structural biomass on the other hand does re-
quire maintenance, t.e. energy used for recycling of proteins, regulation of
chemical composition and circulation. It is not as readely available as an
energy source for production. Another problem in the application of SFG
concerns the interpretation of respiration rates. Although measurements of
the energy balance of a particular individual take such a short period that
the change in size is negligibly small, the energy invested in growth can be
substantial. So part of the respiration measured with a standard conversion
to energy is connected with growth, while in the SFG, it is fully assigned to
maintenance, This problem can be solved by using a dynamic energy budget
(OEB) model, which considers an individual as an input- output system with
size and stored energy as state variables.

The purpose of the present paper is to show how the DEB model can
be apllied to M. edvlis. Originally, the model was developed for Dapknia
magna Straus (Kooijman, 1986 a, Evers k Kooijman, 1989) and sucess-
fully applied to Lymnaea stagnalis (L.) (Zonneveld k Kooijman, 1989) and
micro- organisms (Kooijman et c/M 1991). It permits the description of em-
bryo development (Kooijman, 1986c, Zonneveld k Kooijman, 1991), growth
(Kooijman, 1988) and body size scaling relations (Kooijman, 1986b, 1988).
Ross k Nisbet (1990) argued that it is necessary to modify the model to
obtain consistency with published data on mussel physiology. We reanalyzed
these data and used additional ones to test the unmodified DEB model. We
will first present a brief description of the model and consider the different



processes which are relevant for the energetics. Subsequently we wül test it
against data from the literature and some unpublished data.

The DEB model
We wil] restrict the present discussion to the post-larval stage, which can be
splitted into a juvenile stage which cannot reproduce and an adult one. In
these stages, the musse] does not change its shape to any significant extent.
The chemical composition of the structural biomass and of stored materials
is taken to be constant. A list of frequently used symbols is given in Table 1

Two state variables, volume, W (lenght3), and storage, S (energy) are
distinguished, The choice for storage as a state variable is motivated by the
observation that animals undergoing a sharp change in food density adapt
onJy gradualJy to a new growth rate. This implies that there is an energy
buffer (Kooijman, 1986a); see also the section on growth.

Uptake is assumed to follow a type II Holling functional response and is
taken proportional to surface area (of the filtering apparatus and/or gut), so
the ingestion rate is

1 = {/m}fW2'2 with ƒ « Xj(K + X) (1)

where X is the food density, K the saturation constant and {/m} the maxi-
mum surface area-specific ingestion rate. The filtering rate is F = 1/X, on
the assumption that there is complete retention of particles. The maximum
filtering rate is thus W2/s{Im}/K. If the djgestive system remains filled with
processed food, and has a capacity of V, the gut passage time is V/l (Evers
& Kooijman, 1989). The food-energy conversion is taken to be constant,
{j4m }/{ƒ„,}, so the assimilation energy, t'.e. the total energy input, equals
•MmJ/W2/3, where {Am} is the maximum surface area-specific assimilation
rate, The incoming energy adds to the reserves. When expressed as density,
[S] a= S/W, so energy reserve per volume of body, the reverves follow a first
order process. The relaxation time is taken proportional to length, so that

^ - » W - 1 / S ( / - e ) (2)

where e = [5]/[Sm], where [Sm] is the maximum storage density and t; *=
{Am)/[Sm] is the energy conductance (length.time*1). The rate at which



Table 1: Variables, primary and compound parameters

syrabol di men si on interpretation

variables
t
X
W

s

time
weight.length"3

length3

energy
energy.length"3

energy

primary parameters
Wb lenght3

Wj length3

K weight.lenght3

{An} weight.length"2.time"1

{Am} energy,length~2.time~I

[5m] energy.length"3

C energy.length"3.time~1

q energy.length*3

compound parameters
v length.time"1

m time"1

a

time
food density
body volume
energy storage
scaled energy storage density: S/[Sm]W
cumulated energy investment into reproduction

volume at birth
volume at start reproductive stage
saturation constant
maximum surface area-specific ingestion rate
maximum surface area-spedfic assimilation rate
maximum storage density
volume-specific maintenance costs per unit of time
volume-specific costs for growth
fraction of utilized energy spent on
maintenance plus growth

energy conductance: {Am)/[Sm]
maintenance rate constant: (/T)
energy investment ratio: »7//c|5m]



energy is utilized from the storage, is

(3)

A fixed fraction K of the utilized energy is spent on growth plus maintenance.
The latter quantity is taken to be proportional to volume, £W. So KC «
(W -f *? f̂, where T} is the volume-specific costs for growth. Substitution
gives

dW W2'3ev - Wam ,...
dt e + a

where the dimensionless investment ratio, a = y/K[Sm)> and the maintenance
rate coëfficiënt, m = (/r; are compound parameters. Growth ceases when the
energy reserves drops below e = Wl^majv.\ï the food density is constant
long enough, (2) states that e tends to ƒ and remains constant as welh This
turns (4) into the well known von Bertalanffy growth equation, having the
solution

(5)

where WU% = ƒ«{/!« }/C is the ultimate volume1/3 and 7 ( / ^ /
the von Bertalanffy growth rate. The maximum volume1'3 is thus W^/3

«{^m}/C> which can only be reached at prolonged exposure to abundant
food. The von Bertalanffy growth rate is then minimal and equals ^ Y+;-

Back substitution of (4) into the storage utilization rate (3) gives

C = ^ 2 i (VWV3 + mW) (6)
t + a ^ '

In the absence of feeding and digestion, respiration is taken to be proportional
to this utilization rate.

The maximum starvation time, i.e. the time until death by starvation, is
found by setting the utilization rate in (2) equal to the maintenance rate for
ƒ — 0. Neglecting the small size increase, for a well-fed individual, we arrive
at a starvation time of ~-^ In



The energy drain to development plus reproduction equals (1 — K)C. The
maintenance of a certain degree of maturation is taken to be ^fminfW, Wj).
This choice, which is an alternative way of defining «, makes the costs of
development independent from the feeding conditions. The impHcation is
that the cumulative energy drain to reproduction in adults, i.t. in individuals
of a body volume larger than Wj, amounts to

When the energy reserves would no longer suffice for maintenance, i.e. when
e < amW^fifv, growth will cease, so that ^ = 0. The cumulated energy
drain to reproduction in animals that continue to allocate energy to repro-
duction under these circumstances becomes

^ (8)

In animals like Mytilus, the energy feeding the drain to reproduction accumu-
lates during the non-reproductive seasons inside the animal, but it is assumed
to be not metabolically available for other purposes. Reproduction is upon
some internal or external stimulus. For the calculation of the actual repro-
duction, the cumulated energy has to be divided by the energy investment
into a single sperm or egg. See Kooijman, 1986c, Zonneveld k Kooijman,
1991 for expressions of these costs on the assumptions that the initial embryo
volume is negligibly small and that the energy density at hatching equals that
of the mother at egg formation. At spawning, we assume a reset of Re to
zero.

Size
Frequently used measures of size of mussels are shell length,, wet weight, dry
weight and ash free dry weight, For animals like mussels, wet weight, Ww,
relates in a sirnple way to body volume, assuming a constant specirk den-
sity close to d =s 1 g/cm3. The rationale is that storage compounds replace
water (Pieters et a/M 1979) and have about the same specific density. For
isomorphs, shell length relates to volume as aL = Wlt3, where a is called
the shape coëfficiënt. Fig, 1 confirms this relation. The data represented
imply that the shape coeflFicient a = 0.333 (SD 0.097) g1/3.cm~1. Kooijman
(1988) estimated a shape coëfficiënt of 0.394 based on the intra shell volume.



Figure 1: The relation between fresh
(wet) weight, W*,, and shell length, L.
Data from Borchardt (1985); Pieters et
al (1979); Dutch contribution to ICES,
Copenhagen. The least squares fitted
curve is Ww = d(aL)3 with <f=I g/cm3, o3

= 0.03692 (SD 7.59 10*5). It is does not
differ significantly from the best fitting al-
lometri c one W~ 0.02774L3157 on the ba-
sis of the likelihood ratio test (p =0.096).

* 19

2 •

Sha 11 en

The advantage of length above wet weight is that it allows an easy and
accurate measurement which is not destructive. Dry weight or ash free dry
weight of the soft parts is a weighted sum of volume, W, storage materials, 5,
and cumulated reproductive material, üc. Both latter compounds vary with
habitat and season (Pieters et a/., 1979; Zandée et a/., 1980). Dry weights
of the soft parts of a 4.0 cm M. edulis take values as extreme as 130 mg and
630 mg, and beyond (Jtfrgensen, 1976).

The largest musseis found in nature tend to occur in subarctic and arctic
regions because of the high food densities. Thiesen (1973) and Thompson
(1984) report mean shell Jengths of 9,2 and 9.4 cm in Greenland and New-
foundland respectively. Thiesen reports shell lengths exceeding 9.2 cm. Un-
fortunately he gave no actual lengths because these sbells went lost during
the meal. The theoretical maximum will doubtless be higher, because plank-
ton densities fall in winter.

Temperature
Acute and long-term responses of M. edulis to temperature changes have
been described by several authors; for a review see Bayne (1976, p 141).
Knowledge of long term-temperature responses is ceeded for comparing ex-
periments carried out under different temperature regimes. The long-term
temperature response is also needed for applying the model to field conditions
with seasonally fiuctuating temperatures.

The way rates depend on temperature is usually well described by the Ar-
rhenius relation within a species-specific tolerance range (Kooijman, 1988).
In M. edutis the range is 5-20°C (Widdows & Bayne, 1973; Widdows, 1973a,b).



Figure 2: Arrhenius plot for length
growth rates of juvenile mussels at 2, 5,
10, 20 and 40 cells Dunaliella/>1. Data
from Sprong (1986). The Arrhenius tem-
perature is 7579 (SD 167) K. lnv»r«i •eaolut* t»«e. .

At lower temperatures, the actual rates are Iower than expected because the
animal remains in a kind of resting phase until the temperature rises again.
At higher temperatures, animals usually die. Lethal temperatures for M.
edulis vary from 27°C to 40°C as a function of the exposure regime (Bayne,
1976 pl81)

The Arrhenius temperature is estimated using growth rates of larval shell
length; see Fig.2. We assume that, as a fïrst approximation, all physiological
rates are afFected in the same way with deviations at temperatures exceed-
ing 20°C. This may be caused by irreversible effects of temperature on the
filtration rates. Nielsen (1988) reports decreasing growth rates of juvenile
mussels with increasing temperatures, which is in contrast with the expected
increasing growth rates of mussel larvae, see Fig.2. The explanation might
be in the depletion of food for the juveniles at higher temperatures due to
elevated metabolic rates.

Results of Widdows (1978a) and Widdows et al. (1979) suggest that there
is no long-term effect of temperature on filtration rates of M, edulis when
rates are corrected to a Standard weight of 1 g dry weight. However, during
the season, food tends to covary with temperature, so does the reserves and
thus the dry weights. Standardization on the basis of dry weights therefore
obscures the effect of temperature. For this reason an Arrhenius temperature
correction is applied to filtering rates as well, the Arrhenius temperature
being TA — 7600 K. The rate at absolute temperature Ti is thus obtained
from that at TQ according to vTl = vToe

T*WT°-ltTlK

Food
Since energy uptake depends on food availability and quality, some remarks
on food for mussels are in order, because it is hard to characterize,

Suspended particles in natura! conditions are mixtures of organlc and
inorganic compounds which vary in size. If larger than 4 fan in diameter,
they are fully retained by M. edulis whereas a 50% retention is reported for
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particles of 1 /*m in diameter (Vahl, 1972; Molenberg & Riisgard, 1978).
Partides less than lfttn are poorly utilized (Wright et al, 1982; Gorham,
1988). Field monitoring programs frequently use the 0.45 pm mesh eieve
to distinguish 'dissolved' from particulate or suspended matter (SM). This
criterion is also used in the following sections. Thus M. edulis will be able to
retain most of the particulate matter suspended in the water column.

Particulate organic matter (POM, defined as SM minus its ash weight)
is the major food component for M, edulis. Laane et al. (1987) distinguish
a refractory fraction which can not be utilized by metazoans. The non-
refractory fraction of POM mainly consists of phytoplankton and detritus.
POM in estuaries originates from autochtonous production and allochtonous
sources, vs rivers and coastal waters. The detritus concentration in estuaries
and coastal waters far exceeds the concentration of phytoplankton (Laane et
al, 1987). Rodhouse et al. (1984) explained high length growth rates of M.
edulis in winter by allochtonous detritus input into the estuary.

The nutritive value of POM can be estimated by the protein, carbohy-
drate and üpid contents (Widdows et al, 1979; Laane et o/., 1987). The
nutritive value expressed as energy per mg SM varies considerably amoung
estuaries and seasons. Typical yearly ranges are 22.2-24.8 J.mg SM"1 (Lyn-
her estuary, U.K., Widdows et al, 1979), 0.29-15.9 J.mg SM"1 (Giroode,
France, Laane et a/., 1987), 0.18-5.9 J.mg SM"1 (Ems-Dollard estuary, the
Netherlands, Laan et al, 1987). The nutritive fraction of SM follows a sea-
sonal cycle, similar to that recorded for percentage ash- free material of SM
(Widdows et al, 1979). The POM concentration in water can be used as a
measure of food energy for M. edulis after conversjon of POM to its mean
energy equivalent of 20.3 J.mg POM"1 (Bayne, 1987).

Feeding, ingestion and assimilation
High SM concentrations (> 5 mg.1"1, Widdows et a/., 1979; 3.2-7.4 mg.1"1,
Bayne et al, 1989) induce the production of pseudofaeces, consisting of ma-
terial cleared from suspension but rejected by the mussel before ingestion.
Selection for the digestible fraction of SM is demonstrated by Ki0rboe et
al (1980), who used mixtures of resuspended sediments with cultured algae
in their experiments. However, Foster-Smith (1975b) and Widdows et al.
(1979) found no selection. The labial palp plays a róle in sorting inconüng
material, which is conveyed to the roouth or to the rejection tracts (Bayne,

9



1976 pl43-144). Thiesen (1982) has shown that palp size increases with in-
creasing SM concentrations in water. He suggests that large palp size is an
adaptipn to live in turbid waters.

Food intake is a function of body size, partiële concentration, and pseudo-
faeces production {Winter, 1978). A retention efficiency of 100% for POM is
assumed in the DEB model. This is realistic under most field conditions. We
also assume that the fraction of POM in pseudofaeces is negligibly small. Fil-
tration and ingestion rates are closely related for food densities low enough to
prevent pseudofaeces production. At such densities, all the filtered material
is ingested.

Foster-Smith (1975) found that the square root of the gill area is pro-
portional to shell length. Fig.3 shows that filtering rate is proportional to
squared length. Since no pseudofeaces occurred, ingestion is likely to be
proportional to squared length as well. Winter (1977) and M0hlenberg k
Riisgard (1979) reported scaling parameters for wet weights of 0.73 at con-
stant food density of 40 106 cells.1"1 and 0.66 at different food densities. In
Winters' review (1978) scaling parameters are reported to vary between 0.27
and 0.82 for dry weights.

At high food densities, the food handling organs (cinï, gill filaments,
mucus strings, labial palp and gut) become saturated. Foster-Smith (1975),
Riisgard k M0hlenberg (1979) and Riisgard k Randl0v (1981) observed de-
creasing filtration rates at increasing food densities. This decrease has ob-
viously the function of providing the ingestive system with limited amounts
of food it can handle. Fig.4 shows the fitted filtration rates at four different
shell lengths as a function of food density. The rates are corrected to 15°C.

In very dilute suspensions M. tdulis ceases filtering (Bayne, 1976 pl39).
Riisgard k Randlpv (1981) reported a threshold food concentration of 1.5 106

Phaeodactylum tricomutum cells.1"1, below which no filtration occurs due to
shell closure. After a period of 24 days at a constant low or high food level,
M, tdulis reacts within an hour to changes in algal concentrations by opening
or closing its shell.

Fig.5 shows the ingestion rate as function of food density at different shell
lengths. It suggests that the maximum ingestion rate equals the threshold
SM concentration of 7.43 mg.l~l at which pseudofaeces production starts.
This amounts to 1.8 mg POM.h"1 for a 2.5 cm mussel at 14°C (Bayne et
al, 1989), which is close to the calculated value of 1.64 mg POM.h"1 based
on the fitted curves in Fig.5. So the assumption of 100% sorting efficiency

10



Figure 3: The filtration rate as function
of sheU length, Z, at constant food den-
sity (40 106 cells.1"1 Dunatiella marina) at
12eC. Data hom Winter 1973. The least
squares fitted curve is {f1}(ai) ï , with
{F}= 0.041 (SD 6.75 10~4) Ur1 .cm"8 ,
which is does not differ significantly from
the best fitting allometric one O.O39X2'03

on the basis of the likelihood ratio test
(P «0.66).
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is corroborated by these results. Fig.6 confirms that the gut passage time is
inversely related to ingestion rate, which implies that the food loading of the
digestive system remains constant.

The assimilation efficiencies of food in the gut are usually calculated by
the method of Conover (1966), *•*>'• (fS$F, where F is the ratio of ash free
dry weight and dry weight of the ingested food and E that for faeces. This
method is based on the assumption that the ash fraction is not assimilated.
Other methods are based on incorporation of UC atoms in tissue or on the
difference of energy content of food and faeces.

Some authors argue that the assimilation efficiency depends on food den-
sity (Bayne, 1976 p457) or ingestion rate (Foster-Smith, 1975b; Borchardt,
1985). When data from several sources are combined, these dependencies
are not obvious, see Fig.7, The presented assimilation rates were obtained -
by multiplication of the assimilation efficiency of Conover with the ingestion
rate and the 'mean1 energy equivalent of POM. This leads to an average
food-energy conversion of {Am}/{Im} ~ H-4 J-mg POM"1, which is 0.56
times the 'mean' energy equivalent of POM.

Respiration and maintenance
The oxygen consumption rate as function of length at constant food densities
is shown in Fig.S. On the basis of the DEB model, we expect a proportionality
of the oxygen consumption rate to W + W^^v/m, which dosely resembles
frequently postulated one to Won (Kooijman, 1986a, Evers & Kooijman,
1989). The scaling parameter for Af. edulis varies between 0.595 and 0.930
at different temperatures and dry weights (Bayne, 1976 pl61). Hamburger
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Figure 4: The filtration rate, f, as func-
tion of food density, X, for different shell
lengths, L. Rates are corrected to 15°C
and shell lengths are (from botton) to top)
resp. 0.85, 2.65, 4 and 5.65 cm. Data
from Winter (1973) and SchuJte (1975)
(4 cm only). The siraultaneously least
squares fitted curves are F = " ^ '

with {Fm} = 0.83 (SD 0.098) Urn
and K = 16 (SD 42) 106 cells.1"1.

<•• « • i ze
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Figure 5: The ingestion rate, ƒ, as func-
tion of food density, X, for different shell
lengths, L, Food is added as mixtures of
algae or organic matter with silt (anor-
ganic particles). Eates are corrected to
15°C and the shell lengths are resp. (from
bottom to top) 1.75, 2.5, 4.25, 4.8 and
4.8 cm, data from resp. Kierboe et o/.,
(1981); Bayne et ai (1989); Bayne et
al. (1987) and Smaal et ai (1988). The
simultaneously least squares fitted curves
are I = {Im}(aL)*X/(K + X), with {ƒ„,}
= 3.0 (SD 1.0) mg POM.cm-'.h"1 and K
- 2.4 (SD 1.3) mg POM.1"1.

Figure 6: The gut passage time as afunc-
tion of Ingestion rate for a 2.5 cm mussel
feeding on a mixture of Isochrysis galbana,
Phaeodactylum tricomutum and ashed silt
at 14*C. Data from Bayne et ai (1989).
The least squares fitted curve is T = V/I,
with V s 1.48 (SD 0.077) mg POM.
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Figure 7: The assimilation rate as a func-
tion of ingestion rate for mussels ranging
from 1,75 to 5.7 cm. Data froxn Bayne et
al (1987); Bayne et ai (1989); Borchardt
(1985); Ki0rboe et al, (1981) and Hawkins
k Bayne (1984). All rates are corrected to
15°C. The fitted line is A - J{Am}/{Im}
with {Am}/{Im} » 11.4 (SD 0.29) J.mg
POM"1.
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ei a/. (1983) found a scaling parameter of 0.903 for veliger larvae and 0.663
for adult mussels. They based their calculations on dry weight instead of wet
weight or shell length which bias the estimation of the scaling parameters
by the fact that energy reserves do contribute substantially to dry weights,
while not requiring energy for maintenance,

Three different levels of oxygen consumption rate of M. tdvlis have been
empirically indentified by Thompson & Bayne (1972) in relation to changes
in food density. The standard oxygen consumption rate is defined in the ab-
sence of food when the oxygen consumption rate declines to a steady state.
The active oxygen consumption rate is reached when a starved mussel is
fed. Between the limits of standard and active oxygen consumption rates the
mussel can show several routine oxygen consumption rates (Bayne, 1976).
Thompson & Bayne (1974) showed that the oxygen consumption rate de-
pends hyperbolically on the ingestion rate. This is consistent with the DEB
model, if the contribution of ingestion and digestion to respiration is cegli-
gible. Substitution of (1) into (6) leads to Vot = ^ r /vffiStffi) where tiie

proportionality constant Vt (ml Oj.h"1) stands for the standard oxygen con-
sumption rate. This is so because a prolonged ingestion rate of {ZmJt^Wm1'3

just balances the maintenance costs W(/K. At maximalJy prolonged in-
gestion, when I = {/mJW3/3, the oxygen consumption rate thus becomes

. This corresponds with the active oxygen consumption
rate of Thompson k Bayne (1972). In Fig. 9 the oxygen consumption is
related to ingestion for mussels of different sizes. The estimated parameters
are not very useful because a slight deviation in the shell JeDgths causes a
large deviation in the parameter estimates.

After the cessation of growth, oxygen consumption, Vba, during starvation

13



Figure 8: The oxygen consumption rate
as function of shell length, Z, at constant
food density at 15°C Data from Kruger
(1960). The least squares fitted curve is
VOi = w(l* + %L3) with w e 0.022 (SD
0.0074) cm3.cm-3.h-x and £ = 26.5 (SD
14.8) ram.
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is proportional to the energy spent on maintenance plus reproduction. It
decreases exponentially at a rate proportional to body length (Kooijman,
1986b; Evers k Kooijman, 1989) in animals tbat do not change their storage
dynamics and continue to allocate energy to reproduction :

Vo.it) = {V0}W"3txp{-vtW-1'3} (9)

where {VQ} is the proportionality constant (ml 02.cm~ï.h""1) which depends
on the food history at the start of the experiment. The scaled oxygen con-
sumption rate as a function of starvation time at two different body sizes is
shown in Fig.10. The estimated value of the energy conductance v at 15°C,
0.24 (SD 0.048) mm.d"1 is close to the value of 0.22 (SD 0.018) rnm.d-1

estimated with data of decreasing lipid weights during starvation (Adema,
1981).

Growth
Age is usually determined in the field on the basis of rings in the shell (Lutz,
1976; Richardson, 1989), size frequencies (e.g. Bayne k Worral, 1980), or it
is known in experimental setups {e.g. Kautsky, 1982). When food density
is constant or when food is abundant, the von Bertalanffy growth curve (5)
should fit. The fit is mostly satisfying, see Fjg. 11 and Tab.2. This implies
that the yearly means of food density and temperature remain more or less
constant at the sites of sampling (exposed rocky shores in Yorkshire, U.K.,
Seed, 1969).

Sigmoid growth curves, like the Gompertz growth curve, sometimes fit
available data better (Thiesen 1973; Bayne k Worral, 1980). Variations
in food density and/or temperature affect growth such that the solution of
(2) and (4) can take almost any shape (Kooijman, 1988). Kautsky (1982)
measured the mussels individually in cages (010 cm) at a depth of 15 m 'm
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Figure 9: The oxygen consumption rate
as function of ingestion rate, ƒ, for
the ehell lengths, L, 2.5 and 4.5 cm.
Data from Bayne et al. (1987, 1989).
The simultaneously least squares fitted
curves are VOi ~ ot+v/m with
V,(a£)~3= 0.056 (SD 0.025) ml O2.lT1,
u/m= 5.3 (SD 6.5) mm, a{Jm} = 0.16 (SD
O^JmgPOM.cm-^h-1 .
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Figure 10; The oxygen consuraption rate
and the carbohydrate weight in starving
4.5 cm mussels at 15°C. Data from Bayne
k Thompson (1970). The least squares
fitted curves are Vo3(t) = Voe~vt/al

t with
Vb a 0.39 (SD 0.014) ml C^.h-1 and v
= 0.34 (SD 0.026) mm-d"1 and W(t) e
Woe-v ' / a L , with Wo=23.4 (SD 1.18) mg
and v- 0.25(SD 0,026) mm.d"1.
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the Baltic at 7°/00. These data, see Fig. 12, dearly show the annual cycle
in growth. Assuming that the rates depend on temperature in an Arrhenius
way and that the change in food density is slow enough to approximate the
energy reserves with e - f, (4) can be used to reconstruct the (not measured)
food density. So, the predicted length is found from

where m15 denotes m at 15°C. We used cubic spline functions to desdbe
ƒ(*) and T(t). The reconstruction of f(t) from the length-time data then
amounts to the estimation of the knot values at chosen time points, In view
of the scatter, which increases in time in the upper size class in the original
data, the fit is acceptable. This illustrates that there is co need to modify
(4) to describe sigmoid growth curves, The von Bertal&nffy growth rate at
ƒ = 1 is 0.42 y~l at 15CC on the basis of the parameter values given in Fig.
12.

Strömgren & Cary (1984) found decreasing shell length growth rates dur-
ing starvation. This can be described by (2) and (4). During the experiment,
the mussels in the range of 12-22 mm grew 0.75 mm. When we neglect the
change in length, (2) gives e{t) = eoexp{-^j}. Substitution into (4) gives

I 1 F 1 3 shows a good fit. The parameter values loose

a bit of their value by the broad length range of the mussels and the way
they are selected for measurement.

We finally consider growth in situations where temperatures and food
availabilities changed and have been measured; see Fig. 14. A length data
set of M. edulis is chosen from the available data in the Oosterschelde (Dutch
Delta area). The predicted shell lengths as function of time is shown, based
on a conversion of 0.4 mg POC.mg POM"1, see Fig 15.

The deviation of the measured shell lengths from the prediction approxi-
mately amount to a factor of 2. This deviation is mainly aiused by differences
in food qualities between laboratory and field. The energy content of algae
cultured in the laboratory is generally lower than from those grown in the
field. It is difficult to mimic the nutritive quality of POM in the laboratory
unless fresh seawater is used. Values of the saturation constant K and the
energy conductance v are affected by differences in food quality. When a free
fit of these parameters is allowed, the length growth curve fits satisfactorily
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Figure 11: The von Bertalanffy growth
curves fitted to length-time data, as re-
ported by Seed (1969) on itertidal North
Sea mussels. The parameter values are
listed in Tafcle 2.
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with the measured shell lengths. The adjusted parameter value for the satu-
ra-tion constant K is 1.69 (SD 0.628) mg POC.1"1 (which is equivalent to 4.23
mg POM.1"1) and for the energy conductance v is 0.73 (SD 0.052) mm.d"1

at 15°C. The calculated maximal shell length, maximum starvation time and
threshold food densities are now 42.1 cm, 36.3 days fot a 3 cm mussel and
0.18 mg POM.1"1 for a 1.8 cm mussel, respectively. Although the measured
shell lengths are wel! described, the predicted maximal length is probably
too high.

Reproduction and spawning
Seed (1969a) reports lengths of fully mature mussels of 6-7 mm in areas
of rapid growth and lengths of 2 mm in areas of exceptionally slow growth.
Kautsky (1982b) reports that maturity in the slowly growing Baltic M. edulis
is reached at sizes smaller than 6 mm. Zonneveld h Kooijman (1989) ob-
served that the si ze at first maturity in the pondsnail L, stagnalis depends
on day-length. Simultaneous changes in growth and reproduction could be
used to deduce that day length only affects the partition coëfficiënt K and so
the energy available for maturation.

M. tdulis has a pronounced annual cyde for gametogenesis with one or
several spawnings in spring and surnmer (Bayne, 1976 p22). The annual cyde
is usually described by discrete stages of gonad development, wc. resting
stage, the ripe gonad and the spawning gonad. Observations by Zandée et
al. (1980) and Pieters et al. (1980) showed that energy investment into
spawning is a continuous process. They found that the lipid level in mantle
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Figure 12: The reconstruction of food
density since 1 august from mean length-
time data as reported by Kautsky (1982),
given a cubic spline descriptjon of the
measured temperature. Initial lengths
were 4.3, 10.4, 17 and 26 mm. Parame-
ters: Lm = 100 mm, a = 0.13, m^ = 0.03
d"1, TA - 7600 K.
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Figure 13: The growth rate in starved
mussels at 21.8°C. Data from StrÖmgren
& Caxy (1984). The fitted curve is jtL =

with the shape coëfficiënt

a t= 0.333 and £ - 1.7 cm. The least
squares estimates were ^ = 12.59 (SD
1.21), m = 2.36 (SD 0.99) I0"3 d"1 and v
= 2.52 (SD 0.183) mm.d"1.
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Figure 14: The measured temperature (left) and POC concentrations (right) in
the Oosterschelde estuary (near the Storm Surge Barrier) during 1985 and 1986.
Data from the Ministry of Public Works and Transport, Tidal Division. The curves
are a least squares fitted sinus and a cubic spline

Figure 15: Predicted and fitted 6hell
lengths in the Oosterscheide estuary dur-
ing 1985 and 19S6 based on measured tem-
perature and POC con cent rat ion. Data
from the Ministry of Public Works and
Transport, Tidal Division. The pre-
dicted parameters based on laboratory re-
sults were K= 0.95 mg POC/1, t»is=0.27
mm/d, a=1.03 and mna~ 0.0052 d"1.
The deviating least squares estimated pa-
rameters were ür= 1.15 (SD 0.38) mg
POC/1 and t>i6=0.59 (SD 0.07) mm/d.
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Table 2: Ultimate shell lengths and von Bertalanffy growth rates (with SD).

source

Rodhouse et al. (1984)

Page & Hubbard (1987)
Bayne & Worral (1980)
Seed (1969)

sample
methodf

c
c
c
b
a
c
c
c
c
c
c
c

temp.
°C

11
11
11
14.8
10*

cm

9.60
7.46
6.01
9.07
10.8
3.46
4.70
3.97
7.48
6.19
12.2
7.68

(0.157)
(0.296)
(0.429)
(0.043)
(2.61)
(0.282)
(0.360)
(0.461)
(0.313)
(0.485)
(1-74)
(0,245)

7
d"1

2.95
3.45
3.39
5.26
3.74
2.56
2.24
4.14
2.48
3.52
2.05
5.44

10-4

io-4

ÏO"4

10"3

io-4

io-"
io-4

io-4

io-4

io-4

io-4

io-4

(1.13
(2.53
(4.38
(5.45
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tissues, where the gonads are locate, increases steadily after spawning. Total
lipid accounts for up to 30% of the egg dry weight (Pieters et «/., 1980).

Bayne et al (1975) carried out experiments with labeled 14C to measure
carbon incorporation in mantle tissue of mussels fed a low and high ration
(non-growing and growing mussels respectively). Their results show that
more HC was transferred to the eggs at low than at high rations. Bayne
et al. (1982) suggested that development of the gametes stops when the
carbohydrate content in the mantle tissue is high and gametogenesis is at
an early stage. The carbohydrates are then used as eoergy sources for the
mussels when food conditions are poor. This means that energy is mostly
allocated to the gametes. Only during early development and under poor
feeding conditions allocation of energy to gonads may be stopped. This is
consistent with (8).

The ration level of adults is apparently important for the condition of
their offspring. Bayne et al. (1975) observed that larvae developed from
the gametes of adults fed a low ration had a lower growth rate than larvae
from well fed adults. This is qualitatively consistent with the DEB model
(Kooijman, 1986c)

Somatic production has an optimum at an intermediate age of the mussel
while gonadic production increases with increasing age (Bayne & Worrall,
1980; Thompson, 1981; Rodhouse et «/., 1986). The DEB model implies
that, at constant food density, the maximum body growth occurs at ^«,8/27
(Kooijman, 1986a). Fig. 16 shows the data and the curves fitted on the basis
of the DEB model for three populations, in Stony Brook Harbour, New York
(USA) (Rodhouse et o/., 1986), and in the Lynher and Cattewater estuaries,
Morecombe Bay (U.K.) (Bayne k Worrall, 1980). The fitted curves represent
the shell length and yearly somatic and gonadic production which are fitted
simultaneously with four free parameters. The trends in the data are well
described by the DEB model.

The fraction K shows marked regional differences. The value of K in the
Britisb populations are 0.94 (SD 0.0067) and 0.99 (SD 0.0095) respectively,
while the population in Stony Brook Harbour has a value of 0.71 (SD 0.050).
These differences might be explained by a genetic control of fecundity as
demonstrated by Rodhouse et al, (1986), Hilbish & Zimmerman (1988) and
Gardner & Skibinsky (1990). There is DO concensus in literature about which
external or internal factor induces spawning (Bayne, 1976 pl9), In the next
section, we assume that spawning occurs at the first of May. For the Dutch
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Figure 16: Somatic and gonadic yearly production in tnree populations. Data
from Rodhouse et al. (1986), left, and Bayne k Worrall (1980), right. The estj-
mated parameters in the left ngure at an roughly estimated temperature of 15°C
are a = 1.01 (SD 0.19), ma = 4.2 (SD 0.7) 10"3 d"1 and K « 0.71 (0.074), given
V15 = 0.23 mm.d"1 and ƒ = 0.49, a dry weight-wet weight conversion of 0.12, with
e(0) s 0.46, W(0) = 1 cm3 at 12°C. For the right figure: a = 1.05 (SD 0.073), ma
= 5.0 (SD 0.1) 10~3 d"1 and «i s 0.94 (SD 0.01) and K3 SB 0.99 (SD 0.01) with
eo,i = 0.4,Wo,i = 6-16 mm3, fx - 0.59, co,s - 0.3,tVb,j - 4.36 mm3, / 2 = 0.51
and «is = 0'19 mm.d'1.

Delta area, which we will discuss, this is a realis tic assumption.

Discussion
The DEB model provides a framework to describe a wide variety of pbysi-
ological processes. Many data from the literature could not be used to test
the theory and estimate the parameters, because essential information for
their interpretation had not been provided. Differences in parameter values
obtained from data taken from the literature are due to differences in exper-
imental methods, temperature, salinities, water depths and food conditions
and, to some ex tent, genetic variation. The following parameter estimates
summarize the results for the tests against experimental data: a = 1.03, m =
0.00517 d~\ and v = 0.23 mm-d"1 at 15°C. This gives a maximal length of
13.3 cm and a maximal starvation time of 67.7 days for a 3 cm roussel. It is
not known to which extend populations differ genetically in their parameter
values or how the parameter values depend on environmental variables Hke
salinity.

The early budget studies simply describe growth as proportional to the

I
I
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difference between assimilated and respirated energy (Winberg, 1956). The
SFG concept conceives growth as the sum of somatic and gonadic production.
These approaches do not allow for variations in internal states such as stor-
age, which makes it impossible to accomodate results like those presented in
Fig.13. When SFG is expressed on a dry weight basis, changes in the energy
buffer do result in a positive or negative SFG which give a false impression
of actual growth in transient situations such as recovery £rom starvation.

The models developed for mussel or filterfeeder growth are usually based
on allometric scaling relations and SFG calculations. Ross & Nisbet (1991)
modified the DEB model in order to predict spawning of M. edulis. They al-
tered the von Bertalanffy size-based growth equation into the sigmoid Gom-
pertz age-based one and dropped the proportionality of assimilation rate to
surface area. The data here tested against the DEB model gave no reason to
alter the underlying assumptions. Sigmoid growth curves are expected on the
basis of the DEB model when food densities and temperatures vary through
the seasons. It would be hard to explain non-sigmoid growth curves, which
are also frquently observed, on the basis of the Gompertz curve. The second
one is the basic measure for body size, No other concept seems so simple
at first glance and proved to be so difficult afterwards. The DEB model is
based on volume, in which case the custom of standardization to fixed dry
weights gives misleading results.
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ANIMAL ENERGY BUDGETS AFFECT
THE KINETICS OF XENOBIOTICS

S.AX.M.Kboijman ie RJ.F.van Haren
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ABSTRACT
On the basis of a model forenergy bndgets, whieh includcs lbo dynamirs of stored
energy, a model has been propowd for the kinetics of non-metabolized xenobiotk
compounds, tthich may be Hpophilic. The surfaces area coupled uplakr is via Tooit
and/or water through the aqueous fraction of the anima). The partittoring to noit-
aqaeoas stmctural body mass and to stored matcriais (i.e. lipids, rarbohydralos
and proleins) is taken instantaneoiisly. The rcsull is a simplo first order fcinrtics
with variable coeffidetlts. The bioconcentration factor has been evaiiiatcd. Modr]
predicttons have been testcd against data frorn the literalure.

INTRODUCTION
The kinetics of xenobiotics is of imporlancc in connection with environmcnlaJ
monitor programs, as preamble for undcrslanding cflects of toxir compoiinds
and, as a special case, for medical purposes wh™ the xcnobiolic concerns
a pharmaccutic. One compartroenl models do not *3ways givc a .tatis/ac-
tory fit with experimental data. For this rcason more roni|>artm<<nl mo<lcls
has been proposed (see e.g. Curlis af at (1977), Ruzie {I!>72)). Ucraiisc
of their larger number of parameters, the fit is botter, bilt an arcrptablc
physical identification of the compartments is osually not possible. These
models therefore contribute little to oor understanding of the kinetics as a
process. The purpose of thia paper is to moorporate elemcntary knowledge
about chemical exchange that is not compound-specific and about animal
physiology that is not species-spccïfic into a model for the kinetics of non-
mctabolised componnds-

For terrestriat animals, theitsual uptake of xenobiotics from the environ-
ment is via food. Sometknes, uptake is via the tong or directly through the
surface. In the aqnatic environment uptake directly from water is cspeciaily

important for hydrophilic organic compounds (Bruggernan ei al., 1981) and
metaf (Dorchardt. 1981, Riisgard et al., 1987)- In aquatic animals that are
cheftiicaliy isolatcd from Iheir environment, Üke aqnatic rnsocts, birds and
mammals, the usual uptake is through food only. Sec e.g. Walker (1990)
for a discussion of uptake routes. Excrclion is through the surface directly,
via cxrrction products and via gamcles. Accumulation of lipophilic com-
pounds and parlitionïng belwewt different organs can be expJained by ihe
occtirrrnce of stored lipids. Schneidcr (1982) fotmd targe diflerences of PCB
concentrations in differmt organs of the cod, but they did not differ when
basod on the phospholipid-fn-e fraction of rartractable lipids. Models for the
feeding conditions dcpendcnl kinctics have been proposed by eg. Lassitcr fc
fralfam(1988), ffatlam k de Luna(198-S), Hallam et <rf.{1989). The models
presettted in these papers have * large mimber of parameters. The present
paper aims at mocielling the kinetics of xenobiotics in a. parameter sparse
way, asstiming instantaneous parlitionïng of the compound in the organism,
as proposrd by Jïarber et o/.(1988). ft differs from their model by the cou-
pling to a. model for the uplake and allocation of energy, which has been
extensivcly testcd. Evers tz Kooijman(1989), Kootjman(19S6a, b, c, 1988),
Zonneveld & Kooïjman(1989). One of the kcy features of ittis model is that
food uptake, and so exerction, is proportional to surfare aroa, rcsulting in
rclativply stmplc kinflics of xenobiotics allowing several uptake and exerction
routes. Olher features are a cyciic change in lipid rich compounds, due to the
reproductive behaviourand predictions forconcentration-body size relations.

MODEL SPBCIFICATION
The tissue is divided into four compartments;1 the aqueous fraction of vol-
ume V„ the non-aqueous fraction of the stru<£aral component of tïie body
of volumo Vv, the non- aqoeous fraction of the stored energy reserves avail-
able for utiiization of volume V„ and the non-aqueous fraction of the energy
reserves set apart with the destmatkm of reprodvction of volume VT. Energy
rich compounds likeglycogen, proteins and Irpidfs are assumed lo be replaccd
by water when food conditions grow poor. Tfais has been found for mus-
scls by Pieters e* «/.(1979) and for snails by Zonneveld & Kooijman(1989).
We assume that tbc anima] remains isomorphic during its development, from
which follows that éach organ occtipies a fixed fraction of the structural body
mass. Morcover we assume homeostasis, t.e. the chemical composition of the



non-aqueous fraction of the structoral body mass and the cnergy reserves rc-
main constant. However, we allow for chemical differences between these two
compartments. The aqueous body volume is therefore a fixed fraction of tlio
strtietural component of the body plus the part of the cnergy reserves Ui at
is not filled with energy rich compooents. So Va = {1 - a„)W + nf{l — c)W
for W denoting the structuraf body mass, e the energy reserves as a fraction
of the maximum cnergy reserves, aK the non-aqueous fraction of the body
size and at the maximum volume of energy reserves as a frartion of body
size. The volume occopied by non-aqueous biomass, energy reserves and rc-
production reserves are tatctti to be VK = owW, Vc = atcW and Vr = ntr\V,
where r denotes the cumuiative energy investment into reprodnetion sincr
ihe last reptoduclive output as a. (raclion of the maximum enrrgy rrserves.
At reproduction it is reset to zero. Wet weighl, Wwt of an individual is taken
tobe

= d,(V. Vt + Vr) = d,(l+ ore(l + r))W (1)

whcre d, is the specifie density, which is close to 1 g/rm3. The rcdfstrilmtion
of the xenobiotic over the fpiir compartrnents is asstimed to bc fasi with re-
spect to the exchange with the environment (sre th« section on time scali-s).
Thïs assumption is supported by the study of the eliminalion ratc of 4,4'-
dichlorobiphenyl (PCB15) in the pond snail Lymnaca slagnali.o by Wilbrink
et <z/.{1989), who found the dfmination ralcs to bc e<]ual for different organs.
The fact Ihat structural biomass consists of organs differing in partition co-
cflicients for the xenobiotic, is covered natiiratly ihrough the asstimptions of
isomorphism and homeostasis together wiüi instantaneous partUioning. We
can therefore relate the total number of moles of xenobiotic insido the animal,
C+, to its concentration in the aqueous fraction, c«, which is asstimed to be
the only compartment which communicates dtrectly with the environment.
We hive

atrP„
(2)

where the C s denote the amount of xenobiotic compound in moles and the
e's the concentrattons in mol/volume; Pm = c^/c, is the partition coëfficiënt
of xenobiotic between the non-aoueous structural biomass and the aqueous

phase; Pra = Cc/e, that of the cnergy reserves and the aqueous phasc. The
partitiort coefBcicnts are assumed to be fixcd values. 7 ss 1 + Q~ ] 4. (ƒ>,„ —
IJ^ur/o, and

h = 7 + (/"„ — 1 )e + P„r f3>

are introdured to shorten the notation. Sre lable 1 for a list of the parameters
and - ïain variables.

The uptakc as well as eliminalion are assnmrd to be proportional to the
surface area of the isomorphic animal, thus proportional to W1/3. See eg.
Evers & Kooïjman (1989) for a discussion on the proport ionality oftngestion
with surfarc arca. Uptake via walrr is proporliona! to snrface arca, r>ccausc
isomorphïsm lies surface area of e.g. gills to total surface arca. Wc assumc
that water is locally well mixed, such that the animal will not dcplcte its
iinmedialc stirrotmdings from xenobiotic. So we do not follow e.g. Norstrom
r.t a/.(1976) by rclating uptakc to oxygen cottsumption. The absence of the
connection bclween oxygen uptakc and accumnlation of PCB in guppies has
boen cxperimcntatly supported by Oppcrhuiïon & Schrap (1987). Whcn a
simptc diffilsion type of kïnctics applies, wc arrivr at

H)
whrrc tfie r"s denote the transport ralcs from the rompartment tndicalcd in
the first in<l<~x \a the srcond onc and ƒ denotcs the scalcd fanctional response
ƒ = -Y/{ A' + -V), for K being the saluration constant and X the food densily.
From (2) wc oblain *

(5)

Substitution into (4) resulls in

(6)

where T^ = r^/at, r^ = r^la^ and r„rf = r^/at. Although this equation
dffincs, together with an initial condition, the dynamics of the xenobiotic in
the animal, it wil) be diffrcult, if not impossiblc to measure the concentration
in the aqueous fraction. More relevant seems the concentration m the wel
weighl c„w = C+/W„. Substilulion of (1) and (2) gives



Tabfe 1: The parameters and main variables of the xenobiotic and the enorgy
budget model.

Par. Var. Dimension

Cé mol- length- 3

e , rad-lengtlt"3

Cam md.WWght~ l

Tpa length.time"1

ria length.time-1

length-titnc-1

7

ƒ
W
e
T

d.
v
K

length3

weight.tcngth
length.time"1

time'1

tengtn3

length3

time

Interpretation

tonc. in the water
«me. in the food (as volumo)
cCTic. on the basis of wet weiglil
tiptake rate from food
tiptake rate from water
eliminatie»! rate
partition («fT. ™.T«ervrs/su]iicoos frartion
compoiimi parameter
fotid density/satttration ronsl. plus fornt dcnsity
body size
energy rcservcs/max.cncrgy reserves
cum.onerjry to roprod./inajt.enerKy drtisity
max.vol.reBervcs/v6!-bf«ly

"3 specifir HcBsity of the body
energy condectanoe
fraclion tttilized energy to growtit + maint.
«wts of grewtfe/*c maxjsnergy densily
tnaintenance costs/tt max.energy density
body size at hatehing
body size at first maturation
time at spawning or teprodaction, s = 1,2,..

c.k

Aft er snbstitution into (6) and application of the chain rule for diffcrentiation
again, we arrtvr at

4,0 4 o,"1 + r)W>P
/ r.j W

(8)

Tliis drsrription of tlic kinelics of a xenobiotic has thtis 6 free parameters: rj,,
r,,, and raj of ditnrnsion irngth prr time and the ditncnsionlcss parameter!;
cr, 7 and ƒ'„. Scr table 1 for a list of primary parameters and variables.

To rompJetc the model, tl is n<rcssary to sptxïfy the processes of feeding,
storage, growth and reprodurtion. Following Kooijmanf 1986), food intake is
lalcen to hf, a hyperbotic funclïon of food density and proportional to eurface
area. Assirnilation energy stocks the energy storage. Expresscd as a density,
so a ratio of stored energy and body volume, energy storage foltows a shnple
first order dynamïfs, with a rat<* inwrsïely proportiona? to body tength. A
fixrd frartion of the enrrgy utilizrd from storagc, is spent on growth plus
maïnlenancc. The lalter is taken proporttonal to body volume. The rest of
the iititïzcd energy is spent on development plus reprodoction. The latter
drain is first collccted in a buffer, which is empticd at spawnings, triggered by
mvironmontaf factors. Development stops and reproductton starts as soon
as a cerlain cnmulatcd amount of energy is spent on increastng the state of
maturity, which hcreoccurs wpon readiing a certain body size, Theetiergetic
costs of maintaining a certatn degree of tnaturation is taken proportional to
the minimum of the aclual body volume and that at first maturation, at the
expense of the «•ftcrgy (ïow to development and tepfodiiction {soe Zonneveïd
& Kooijman, 1989). Here, we will exprcss,the stored energy dcnsïty and
energy ailocaled to Kproduction as fraclions of the maximum stored energy
density, which thus become dimensionlcss qüantitics. These model elements
result in the following dynamics for body volume, scaled energy density and
scated energy allocation to reproduction:

W' =

ir =

a
- c)

+ bW) - (1 - K)bW,

(9)

(10)

01)



fbr e > Wl/3b/v and W > IV,
(12)

)
for e < W>/36/« and IV > W,

Now, r = fl/IV and R = ƒ,', # A , wbere tT denotes Ihe time of latest re-
productkiii, which should not bc earlier than the time at firsl maturation,
t.e. when W = IVj. The change in reproductïon energy density, r', is found
through its definition r' * R}W - RW/W'

For spawning occurring at (,, we stïll have to define the brhaviotir of c„„
araund this time potnt. Kooijmanf 1986c) argued thal a frcshly laid egg ran
be realistically regarded as materials representing an amounl of stored cnrrgy,
with a negligibte size of structural biomass. Litttc chemical transformalion
is required to transform energy set apart for reproduetion into that of cggs.
Therefore it seems straightforward, at least for females, lo let transducc the
xenobiotic that rests in these reserves to cggs. We can relate Ihe wot weight
concentration just after spawning, i.e. at tj", to that ]nst brtore spa-wning,
i.e. at t~, arriving at

For PM < 1 + (Pvn ~ l)a»/(l 4 oe(l — e)) this mearis a dpercasc in cmw. So,
for a well fed anima] for which e = 1, ƒ>„, < 1 +(Pm, -1 )or„ tnrans a decrease
in cu,„ at spawning. Independent from a change in t w al („ the prodnrtion
of eggs niakes up an elimination route which can bc substantlal.

When reproduction occurs as soon as cnough energy ha.s brrn arcutnti-
lated for a. single egg and the energy investment in an cgg is small, tlwis r is
negtigibly small, we can not simply put r = 0 in (8), despite the fact that
according to (13) &_„ doe» not change at (,. The reason is that the time
bctween subaequent spawnings can in thts case redtice as wel!. Tliis mrans
that the elimination ratcof siae P„acR?c., which should then be introduced
into (4), need not be negligibly small. As a consequente, k'jk 'm ihe second
term of (6) and ,+,^,-i in the second term of (8) should be replaced by
Pc*r'fh. After these substitutions, we can safely put r = 0 and still obeying
the preservation law for the xenobiotic. Spedes differ widely in the timing
of the reproduction process. Small animals, tike those in plankton usnally
reproduce more or less continoously, while the larger ones in tempetate cli-
mates usually reproduce once a year only.

H is also possibiW is that no xenobiotic is transduced through the repro-
duclion process, as has been found by Wilbrink e* a/.(1989) for 4,4'DCB in
Lymnaea. In that case the last factor in (13) should be omitted, resutting in
an incroasc of c^, due to the reductton in wet waght.

Figures 1 fe 2 iHustrate the performance of the model to describe the ac-
cumulation ƒ dimination behaviour of the compoonds hexachlorobenaene
(logA™, = 5.45, Rnssel k Gobas, 1989) and 2- monochloronaphthalene
(log Kov = 3.90, Opperhuïzen, 1986). The rmtssel and fish, respectively,
were not fed during the experiment, which impiies that thetr energy reserves
decreased during the experiment. As a consequence the smatl fish kept at a
bit fcighcr tempcrature than the Urger mussel, depleted its energy reserves
reiatively faster, so that it starts to climinate during the accUrmilation phase
of the experiment. (Sce Kootjman, 1986b for a theory on the retalion be-
tween body size and energy reserves.) The model succesfully describcs this
phenomenon. The experiments have been short enough to assume that the
sizc ot the test animals did not change and that the energy allocalion to repro-
duction has been negligibly small during the experiment. The concentration
in water changed during accumulation. Wc therefore fittcd a cubic splinc to
these concentrations and used thts splinc in (8) to obtain the concentrations
in the wet weighl. The free parameters have been estimated according to the
Wast squares criterion.

INITIAL CONDITIONS
Although the concentration in the halchling contributes littie to that later
on because of the factor W"1/3 in (8), consistency requires its evaluation-
If the xenobiotic is transferred from mother to hatchling, the iniltal value
of c,™, depends on the contents of xenobiolic in the mother and her feeding
condition. Experience with chronic toxicity tests learns that most eifecis
occur at hatching, meaning that an egg must be considered as chemically
t&thcr isolatcd from its envitonmcnt, apart from gas exchange of course.
Neglectïng the contribution via sperm, the Cm, of the hatchling therefore
equals the ratio of content of xenobiotic of the egg at formation in the mother
and its wet wcight <ƒ,(! + ac)Wi. The energy content of an egg as a Iraction
of maximum energy reserve of the hatchling is according to Kooijmanf 1986c)
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Figure 1: The measured concentration of hcxachlorobrnzeno in the water
and 'm the 6-03 cm3 freshwatcr mtissef EUiplio crnnplannia at 20°C duriiig ati
accumulation / eliminatïon experiment. Data from Hnssrl & Gobas (19S9).
The least squares fitted curves are the cubic spltnc futtctton for concentralions
in the water and the model based expectation for that in the wel wight. The
parameter values with s.d. were r^j{\ + o;1 + r) = 43.38 (2.«) cm.tr\
P„/S = 0.3 (0.89), T^fSv = 1.16 (0.46) for v = 0.01 cm.lr1 wilh f = -y+P,«,r.

Figure 2: The measured conecntralion of 2-monochioronaptilhalpne in the
water and in the 0.22 cm3 fematc guppy PoecUia Tetictdata at 22"C during an
accjimuJation / eliminatïon experiment. Data froni Opperhoizen (1586)- TJic
least squares fttted curves are the cubic spline function for the conccntrations
in the water and the model based expectation for that in the wet weight. The
parameter vahies with s.d. were r^ftl + o~' + r) = 20.47 (5.20) cm.h"1,
Pm/S - 3.33 (17.95), r^/Sv = 0.44 (0.56) for v = 0.014 cm.fr' wïth 6 =
7 + P,*r.

(M)

whrrc the scaled reserve encrgy densily of the batchling, e^ equals that of
the mother at egg formation and the maximum body sizc Wm = (u/6)3. The
initïal content in the egg is in accordancc wilh (2): catPweöWi, where c,,
is the roncentration in the aqueons phasc of the mother at egg formation.
Substilution of (7) resnlts in

where e » e and r refer lo the values of the molher at the moment of egg
formation.

TIME SCALES
From (8), we observe that the reiaxation time of e ^ equals

W

lts maximum value is obtained for W = Q, T' = 0, W •= Wni c = 1 just
iwfore spawning, where r — rm = $ r'dt. The maximum rclaxalion time is
then W^/%-1 + P,.a(\+Tm)}r£. Itsminimam valae is obtained for W = Wt,
which impties, r' = r = 0. The rrlaxation time reduces to ^(rvhr + ^-r1). for

jv , o = ^* and 0 = &*=1. ïu minimum value is obtained for

k + « - <"• ± 0 -

For inercasing 1ipophilicityT so f̂ . and thns 0 increase, tbe relaxation time
increases. The minimum value tends to ^ j ^ , which completdy depends on
the cnergy budget. This minimum relaxation time sets the time frame for
the present model. AM processes wilh mtich smaller relaxation limos. üke the
kinetics of the xenobiotic and slorage materials in the blood compartment
(c.f. Bruggeman et <t/.(1981)) can bc regarded as being in pseudo equilibrium.
So, the assumption of instantaneous partitioning of the xenobiotic compound

10



can be telaxed to the cotidition that the relaxation time of the redistribution
process issmail in comparison with this minimal valuc.

When the rater.éfhW"3 is Jarge with respect to W'/W+r'/V+a-1 + r),
the model reduces to a simple first order kinetics, but the parameters stilt
depend on the stze of the organism.

BIOCONCENTRATION FACTOR
The bioconcentration factor, BF, ïs an important concept in the Vinctics
of xenobiotics. It is usuatly defincd as the ratio of the conccntralion in the
organism and the concentration in the environment, which both are laken
constant. This impties that food density is taken constant as weli. In (lic
strict gense, the present model does not have such a factor, bccause the
energy set apart for reproduction shows a cydic bchaviour, so does the HF.
We can approach the concept BF for anitnals that ceased growlh, so W = 0.
At constant food <lens»ty this occurs when they reach Utcir ullimatr sizo
W„ = {fv/b)3. The cnergy density then becomes e = ƒ. The energy drnsity
set apart for reproduction is r = ir', wherc t represents the linie sincr hst
spawning. For this particolar values for W and e wc have frotn (II) r' =
(I - K)b{\ - WjjW«,)+. Therefore wc have

(13), which we rewrite as <w.(t;) = c„{t+)j(t,-) with r = <r', we can solve
cunnU, ) and obtain

k{t) =

which is linea* in (. This simplifies (8) to an exlent that tl can be. solved
explicitly, giving

whcre

U(x) =

xr- \k(x)J

When ', is the period between subsequent broods or spawnings and t, is time
al spawning, in equilibrium we must have that c „ , ( ^ + tt) = (^„(t'). Using
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</.(!+ a-' (16)

In order to arrive at the B F , we have lo dividc by the concenlration in
the environment, Somclimcs, the water concotttration is taken for aquatic
organisms, tut it soems more lucid lo includc the xenobiotic ïn the food in
the environment as well. In that case, the BF just aftcr spawning is given by
c«,»(C)(cj + XCf,)-\ while thal just before spawning is g{tt) times as large.
In any case, the BF stilt depends on the concentration in the environment
as long as uptake via food contribules significant]}'. This grcally reduces the
nsefnlncss of this concent.

CONSTANT ENVIRONMENTS
When food density, as wcll as the conccntralion of xenobiotic in the water
and in the food do not change since long, the concentration in the food will
bc proportional to Ihat in the water, let us say e, = PTjci. The energy
density will bc constant at e = ƒ. When we ehoose the maximum length,
W l " = "/* as o u r «»it 'M length /, 6~* as unit for time (°, and cj as unit
for concentration in the wet weight c, we effectively remove alt dimensions of
the problcm and obtain a maximum rcduction of the number of parameters.
Scalcd length as funetion of scalcd age ts found from {9}:

l3(/ + «)'
The energy drain to reproduction rate as a fraction of the maximum stored
energy reduces for small amonnts of accumulated energy for reproduction to

(18)

The dynamics of the scaled concentration in the wet weight now reduces for
l < Ij from (S) to

12



where the new dimensionless compound parameters are rj^ — T*B , ' -IT.

r fotf') and r"<1 = wüJ1" For ' > '•»• lhus after aT1 s c a W aEp of

3(a + ƒ) In £^J, the dynamics depcnds on the times of spawning. For short
pcriods between subsequcnt broods and small atnounls of energy acciimulaied
for reproduction we have:

K }
f/l(t°)-i

(20)

The initial scaled concentration depcnds on the size of the mothrr. Whcn we
consider * young bom from a fully grown mother, which thus has a scal«nl
Jengthof/ = ƒ, ascated energy draïn loreproducttonofr' = (1— K)(1— f}/f3),
and a concentration of

(21)

The scaled tnittal concentration becoirws from(15):

(22)

The concentration in the wet weïght wïtl increasc during the iifrlimr of
an individual when

5
c(0)

> 1 (23)

Depending on the exchange rates relative to the growlh rate, the concentra-
tion irill first drop aftcr Jiatching because of the diïutkm through growth.
At mattiration, the arculumation in females can decrease doe to eltmination
through reproduction. As an example, c ra given as a functïon of /" Fig.3.
An important conclusïon from this figure » that the Tact that a xenobiotic
slowly accnmulates into an animal not only depesds on the proporties of Ihe
xenobiotic, but abo on the changing physioiogy of the animal.
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Figtire 3: The ronccnlration of
xenobiotir o» the basis of wet
wciglil as a fraction of that in the
watrr, as a tunctkm of scaJcd age
in a constant environment. The
xtmobiotic parameters are rja =
20, r% = 1000, r°rf = 50, 7 = 30
and P„ — 100- Thecncrgctic pa-
ramcl<Ti! are ^ = 0.1, t} — 0A,
n = 0-2, K = 0.3 for ƒ = 1 (upper
curve) and ƒ = 0-4 (lower curve).

BODY SIZE RELATIONS
Since energy budgets depend on body size, wc can expect that the BF based
on (16) as wel) depcnds on the ultimatc body size a species can reaeh-, The
thcory bchind this rcasoning is presenled in Kooijman (]986b). For siady'mg
the /ÏF-body size rclation, wc assume that reproduction takes place-, once
a yrar for atf species. Since r^ is proportional to the surface arca-spccific
ingrstton rale, the thcory slatcs that it is proporlional to the cubic rooi of
the body stzc. This also holds for the maximum storage density (Kooijman,
1988), lh«s for ft"1, which makes '*r^/3r' independent from body size. At-
lho»igh th<" maximum storage density scaies with the cubtc root of body size,
it does not imply Ihat the volume of the reserves as a fraction of that of the
body scalcs in this way. Large atiimals seem to utilize storage compounds
with a higher energy capacity more frequently. Nonethdess, ac wtll inercase,
thus 7 wiU decrease with body stee, but we ejtpect that this is of minor in-
finence on the HF. The olher parameters, r^', r^, P^, f „ , o t t , K, WjfW^,,
d, do not depend on body sïze. Therefore we expect that the BF at high
food dcnsitics i's linear in the cubic root of body size, wïth a slope depending
on the nptake via food, em ï.e. BF oc r ^ + r^Pyt. Note that we did not
assume any interference of uptake and elimination (or transfonrotion) wïth
the metaboïisrn of the anima). Figure 4 itlnstraf es that the BF for the highly
tipophyllic componnd 2,4,5,2',4',5' hexachlorobiphenyj (PCB153) for aqnatic
animals depcnds on body size indeed, and that this cao be explatned on the
basis of tbc present reasomng.



Figure 4: The bioconcentration
factor for PCB153 in aquatic or-
ganisms in the field, as given in
OKver & N>imi(1988), Nümi &
Oüver (1989) and from the Dutch
Ministry of Public Works and
Transport. The curve reprcsenls
the least squares fit of the linear
rctationship between the BF and
the cubic root of the body size.

7 . 1
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DISCUSSION
The results presented in this papw support the already widcly acccpled view
that the kinetics of at least somc compounds depend on the lipid eontrnt.
thus on the feeding condilion of the animal. The tindcrslandig of the kinetics
thereibre requires a notïon of the energy uptake, tise and allocation by the
animal. Wilh a well tcslcd and relat iidy simpie model for the latter at
hand, we are able to cope wilh a rirh variety of kincttcs on the basis of
very simple uptake and etimïnation bchavioiir of the compound. lt dors nol
scem feasible (o use data on the kinetics of xcnobJolics to obtain parameter
values related to the energy budgft of the anïmais under th<* test conditions.
This should be done more dircclly. Sinrc litllr atlenlion haan been givrn in
the literature to the physiology of the experimenta) animats, this modrl for
the kinetics, as well as cotnpeting ones, can not bc tcslcd rigoronsty at tbr
moment. The large standard deviations of the parameter eslimatcs is a rcsult
of this problem. We ihink thai the present exercisc does make ciear that it
is teally hard to test mtkJds assuimng complex uptake mechanisms as long
as obvïous physiological changes related to the nutrition are not considerrd.

The usual effect of metabolism on xenobiotic organic componnds is a
reduction of the lipophilicity. It is not difficult to incorporate e.g. Michaclts-
Menten kinetics for this transformation. The rcsult will be a deercase in thp
overal) level. The logic behind thïs mechanêm can be secn whcn loxic effects
occur upon accumulation beyond some threshold value. Some LC50-timc
curves could well be described this way (Kootjman, 1981, 1983). Becaiise
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of the instanUureous partitioning, cressing a threshold value in the aqueous
phasc corresponds with Crossing some other threshold vaJtte in another phase.
It therefore does not matter where we place the threshold, as long as it is
a free parameter, to be estimated from observed effects. This is obviously
a pleasant property of a model that is not compotind spectfic. When the
mctabolïtcs are more toxic than the original compound and reach significant
levcls, the whole process is of coursc much more complex.

In Kooijman & Metz(19S3), a toxic compound is asstimed to affect pa-
rameter values of the energy budget model. Although this hnplies a highly
time varying effect for dynamïcal popnlalions, it is basically a static »p-
proach. The present formulation allows a dynamica) approach. Since the
concentration of a wide class of chcmicals is predicted lo inercase with si?e,
so usually wilh agc, the model offers onc possible explanation for Hfetime
rcducing etfecls of chcmicals.
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Energetics affect xenobiotic kinetics in
Mytilus edulis.

H. E. Schepers, R.J.F, van Haren l h S.A.L.M. Kooijman

Free University, Faculty of Biology, de Boelelaan 1087, 1081 HV
Amsterdam, The Netheriands.

Abstract
Data from the literature are used to estimate the parameters of a model for the
dynamics of xenobiotics, which includes the dynamics of stored energy, The model
has been proposed for the kinetics of a non-metabolized xenobiotic compound,
which may be lipophilic (Kooijman & van Haren 1990 [9]). The surface area
coupled uptake is via food and water through the aqueous fraction of the animal.
The partitioning to non-aqueous structural body mass and to stored materials (i.e.
lipids, carbohydrates and proteins) is taken instantaneously, The result is a simple
first order kinetics with variable coefficients.

1 Intro duet ion
The interpretation of environmental monitoring programs for xenobiotics,
like the Mussel Watch, is hampered by locally fiuctuating conditions of food
density, temperature and xenobiotic load. These are known to affect the
accumulation and elimination kinetics. Feeding history and body size also
influence the uptake and elimination of xenobiotics by organisms (Kooijman
& van Haren 1990 [9j. This is important in the interpretation of long lasting
experiments which may span several seasons.

A physiologically based xenobiotics model was derived in Kooijman &
van Haren (1990) [9], which builds on a pure physiological model that was
applied to Daphnia by Evers and Kooijman (1989) [4], and Lymnea , by
Zonneveld and Kooijman (1989) [15]. The model was then applied to data
concerning the physiology of the mussel Mytilus edulis, in van Haren and
Kooijman (1991) [13]. Now that the main parameters for physiological pro-
cesses (including growth, energy dynamics and reproduction) are known, the

'Present address: Research Institute for Plant Protection. P.O. Box 0060, 6700 GW
Wageningen, The Netheriands.



aim of this paper is to apply data from several uptake - elimination experi-
ments to the xenobiotics model, using the parameter values estimated in van
Haren and Kooijman (1991) [13], and estimate the new compound-specific
parameters. A cornparison of the model and a one compartiment model (with
constant coefficients) is given in the Discussion.
Although the xenobiotic compounds may have efFects on the physiology of
the organism, in the present model it is assumed that this is not the case.
In the model structural biomass and energy density are the two core vari-
ables, reproduction is a derived variable from those two, and the dynamics
of the xenobiotic compound depend on those three physiological variables.
Furthermore, all parameters are considered to be independent of the xeno-
biotic concentration. For a particular compound and animal, it should be
evaluated if this assumption holds.

2 Model description

A dynamic energy budget (DEB) model for the description of growth and
energy dynamics was derived in Kooijman (1986a) for Daphnia magna [5],
The model predicts scaling relations between body size and physiological
parameters over a wide variety of organisms (Kooijman 1986b, 1988 [7, 8]).
The study of scaling of physiological characteristics with body size [7] and
the successful description of of growth in animals [8] and of egg development
in birds and fish (Kooijman 1986c [6]) suggest that this model might have
wide applicability. We only give some key assumptions and relevant formulae
her e.

Uptake of food is proportional to the surface area of the organism. Main-
tenance is assumeed to be proportional to volume. At constant food density
growth and respiration are then proportional to a weighted sum of surface
area and volume (von Bertelanffy growth). It is assumed that the organism
does not change in shape during growth (isomorphic growth).

Energy from assimüated food is first stored in the storage compartment.
Mobilizes energy is allocated with a fixed fraction to growth and mainte-
nance, while the remainder is spent on reproduction, see figure 1 (left) for a
schematic representation of the energy flows. When the energy reserves run
low, growth ceases.

These assumptions boil down to the following system of differential equa-
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Figure 1:
Schematic representation of the compartments through which energy flows.
(left) Body compartments to wich the xenobiotics are partitioned (right).

tions for body size expressed as the volume of the structural biomass, energy
reserves expressed as a fraction of the maximum energy reserves, and scaled
reproduction, which is the cumulative energy allocation per maximum energy
density and is thus a volume:

W' =

e' = - e)

(i)

(2)

R' = (3)

for e > W^ath/v md W > Wó

R! = evW2/3 ~ namW - {l - K)amWj (4)
for e < W^am/v and W > ïy,-

To include the dynamics of the xenobiotics, four seperate body fractions
are distinguished, i.e. the watery fraction (blood), the structural component



of biomass, stored energy reserves and energy stored in the gonads, see fig.
1 (right). The xenobiotic compounds are, once take up, instantenuously
partitioned over these body fractions. The resulting differential equation for
the concentration on basis of wet weight is:

where h = 7 + (Pea — l)e + Pear and 7 = 1 + a~l + (Pu» — l)aw/ae.
See table 1 for a Hst of the frequently used parameters and variables and
Kooijman &: van Haren 1990 [9].

In equation 5 r = R/W which is the reproduction energy density (dimen-
sionless), where R = J/r R'dt, tr denoting the time of latest reproduction,
which should not be earlier than the time at first maturation, i.e. when
W = Wj. The change in reproduction energy density, r', is found through
its definition r' = R'w^w'

3 Parameter estimation

3.1 Estimation procedures
The data were obtained from tables in the literature, or by means of a
x,y tablet from figures. We used a fourth order Adams Predictor-Corrector
method (Burden and Faires 1985 [2]) to obtain a numerical solution of equa-
tions 1—5. To calculate the total sum of squares (TSS) we interpolated
between the mesh points of the integration procedure with a cubic Hermite
spline. The derivatives of TSS with respect to the parameters (i.e. the nor-
mal equations) were approximated by the forward difference method. The
roots of the normal equations were solved with the Gaus-Newton method for
systems of nonlinear equations (Richter and SÖndgerath 1990 [12]) Standard
deviations of the parameters were estimated according to the large sample
theory of maximum likelihood estimators (Cox and Hinkley 1974 [3]), where
we assumed a normal distribution for the scatter around the deterministic
model. When data were available for more than one set of external conditions
(xenobiotic concentration, food density, temperature etc), a simultaneous
fitting procedure was used.



The number of parameters of the model will be reduced by one if it is
assumed that Pea » 1 in eq. 5. Because Pta can be interpreted in terms of
the n-octanol-water partition coëfficiënt for the xenobiotic (which are of many
orders of magnitude larger than l t especially for lipophilic compounds) this
assumption seems to be valid. By dividing ród and the compound parameter
h by 7, two new compound parameters are formed (r'ad/y and Peo/7) in stead
of three. The new equation then becomes:

This procedure introduces a large dependency bet ween the two new com-
pound parameters. But it remains necessary as long as few data are available
that describe the uptake / elimination dynamics for animals under different
food conditions that are necessary to estimate these parameters.

The parameters of equations 1-4 were estimated seperately from data
concerning physiology only, in van Haren and Kooijman (1991) [13] and were
set at fixed values when fitting the parameters of the toxicant kinetics.

3.2 Temperature correction
All rate constants are denoted with a dot, for example v. These parameters
depend on the temperature and are continuously adjusted by an Arrhenius
type correction with an Arrhenius temperature of TA = 10000 K, which
would be approximately the same as an correction with a Qio of 3. The
estimates are given for a reference temperature of 15°C. The parameter, p,
is adjusted for a temperature, T, (in K) as follows:

)}

The rate constants v and b in the fysiological equations, and rio, r*p0 and
in the accumui ation equation are thus corrected for fluctuating temper at ures
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Figure 2;

Simultaneous fit for two regimes of concentration for chromium (left) and cad-
mium (right). Physiological parameters: v := 0.1, o = 1.03, am = 0.00517,
K = 0.96, Wj =• 0.067, ae — 0.95. Initial conditions for state variable e and
R: 0.3 and 0.5 respectively. Data from Adema (1981) [1]

3.3 Results

Fig 2 data from Adema (1981) [1] for Chromium and Cadmium together
with simultaneous fits for the model. There were two external concentrations
during the accumulation fase. From day 25 on, no additional metal was added
to the water and only the background concentration remained.

In the plots on the left of fig 3 the simultaneous fits for the model are
given for data from Adema (1983) [1] with three concentrations during the
accumulation fase.

In the upper two plots of fig 4 data from Pruell (1986) [11] were analyzed
for the organic micropollutants Fluoranthene and Benzo(a)pyrene. The data
on two PCB's are from NOSPEC (1989) [10], which are field data from 2, 10
and 60 kilometers from the western coast of Holland in the North Sea (lowest
plots), See table 2 for the estimates of the compound-specific parameters.

4 Discussion

Zinc and copper are tracé metals i.e. most organisms maintain a basal con-
centration of them, since they are necessary for some key enzymes, thus there
are no xenobiotics. When it is assumed that above a certain necessary con-
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Figure 3:
Simultaneous fits for three external concentrations of zinc (upper two) and
copper (lower two). The mussels were starved, adter day 25 the concentra-
tions were dropped to the lowest possible concentration. The plots on the
right are obtained when the model is extended with a basal need (for Zinc:
11.1 j*g.(g wet weight)"1, for Copper: 0.256 /*g.(g wet weight)"1). (data from
Adema 1983 [1]). For physiological parameters see legend of figure 2
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Figure 4:
B(a)P (upper left) and FLU (upper right) ,datafrom Pruell (1986) [11] for the
accumulation / elimination curve, the three other data sets from NOSPEC
1989 [10]), PCB52 (lower left) and PCB153 (lower right) (data from NOSPEC
1989 [10]). The NOSPEC set consists of three sites in the North Sea at 2
(upper curve), 10 (middle curve) and 60 (lower curve) km from the western
coast. Because of missing points in the data set of NOSPEC, the dataset of
10 km and 60 km are shorter). For physiological parameters, see legend of
figure 2



centration the metals are toxic, the present model can be adjusted easily.
This minimal necessary concentration is estimated from the data, together
with the uptake / elimination parameters, and the resulting fit is substan-
tially improved. This is shown in the plots on the right of figure 3. Especially
for zinc the difference is remarkable, since the elimination constant ród/7 ' s

now estimated at a realistic value, which can be seen in the curvature of the
model function.

Fluoranthene and Benzo(a)pyrene are substances that are metabolized.
This bio-transformation is apparent from the data in fig 4 (upper right, low-
est curve, data from Pruell (1986) [11]). Fluoranthene is degraded after some
time, but clearly before the mussel is put in a clean water environment (at
day 40). This effect is not accounted for in the model, unlees the biotrans-
formation is a pure first-order process, which would result in a higher value
of r'ad' In the experiment of Pruell, the biotransformation is clearly an effect
that is not a first order process from the onset of the experiment onwards,
it is only apparent after some days, probably due to the time necessary to
make the appropiate degrading enzymes.

A very elegant aspect of the model for the concentration dynamics (eq.
5) is that it is exactly of the form of a one compartment model:

C' = p-qC (7)

From equation 6 it is clear in which way the coefficients of the one com-
partment model depend on the size of the animal and on the energetic vari-
ables. Fig 5 (left) shows the elimination rate (q in eq. 7, second half of
equation 6) as a function of Pea and rw. When r'ad is zero the elimination
rate is not zero, since the second term of the elimination rate in equation 6
( ^ ) is the dilution of the toxic compound over the body of the organism
due to growth. Fig 5 (right) shows the elimination rate as a function of body
length and (constant) food density. The elimination xate was set to zero
for those combinations of length and food density where it is impossible for
the animal to survive, i.e. when e < ffffiffi. The plus-sign in both plots
represents the common point (the intersection point of the two planes in 5-D
hyperspace).
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Figure 5:
Elimination rate as a function of basic parameters of the rnain model. Left:
Elimination rate (q in eq. 7) as a function of Pea/t and ród/7 f°r a 3 cm
mussel. Constant food condition assumed so that e ~ f = 0.3. The plus-sign
in (right) corresponds to this parameter combination.
Right: Elimination rate as a function of length and constant energy density
with eq. 6. Ptah = 0.1, rórf/7 = 0.05. The plus-sign in (left) corresponds to
this parameter combination.
Physiological parameters: ü = 0.1, arh — 0.00517. a = 1.05, r — 0.5, r' = 0,
ae ~ 0.95

The physiology of the animal is of great importance only when body size and
energy reserves change considerably during an experiment. In an experiment
that, for instance, lasts for several seasons, all the physiological variables
(length, wet weight, glycogen or fat weight and dry weight) should be mea-
sured together with the concentrations of the toxicants of course. Such an
experiment would probably cost a lot of animal lives, but a sound comparison
between the two models requires all this.

More important than the quantitative comparison ('the goodness of fit'
test) is that for animals with different shape, size, food conditions, fat con-
tent, reproductive activity, it is directly apparent what the uptake and elim-
ination rates (jó and g in eq. 7) will be. With eq. 7 only, the parameters
are to be estimated again each time the animal enters a new state of any
physiological variable. Experiments that are done under different conditions
or with different size animals can be compared directly. The different routes
for uptake of the toxicants are distingishable in the model (rpa and rv„), so
that uptake via food en via water can be seperated, which is not possible in
the one-compartment model (eq. 7). The use of multi-compartment models
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in stead of the simple one-compartment model only increases the number of
parameters, without knowing their dependence on other physiological condi-
tions. Also, it is possible to predict some of the effects of the lipophility of a
xenobiotic compound on the uptake / elimination kinetics (via Pea, Pwa and
7).

In figure 7 data are presented from van Haren (1990) [14] together with
model functions from the one compartment model for copper and cadmium.
The input functions are shown in figure 6. Temperature data are fitted
for interpolation by a sinusoidal function quite easily, an exponential decay
was chosen for the concentration of the metals in the environment. It is
remarkable that the concentrations of cadmium and copper are very closely
correlated (see connected data points in the figure), However, in the data
the order of the concentrations for the different length classes is reversed
(see legend). Parameter estimation on these data with the one compartment
model is impossible, because the deviations of the model solution from the
data points is not a known stochastic variable, but are caused by systematic
differences between the data points (the mussels of the points of a length class
do not belong to the same cohort and have thus different histories). Only
when the 'noise' on the model solution is assumed to be a normal distribution
with homogeneous variance, a simple least squares estimation procedure can
be performed.

In van Haren (1990) [14] it was tried to solve this problem, by taking
different age classes as seperate variables, and shifting the mussels between
them, but this approach was not very satisfactory.

In figure 8 data are presented from van Haren (1990) [14] together with
model functions from the present model. Spawnings were set in the model
to take place in the first week of may. The concentration jump due to the
clearance of the reproduction compartment in the animal is given by the
formula (see Kooijman 1990 [9]):

C) j +a-\ " Ut-) ^

For Pea < l + (Pwa — l)aw/(l + ae(l — e)) this means a decrease in c ^ .
The cumulative allocation to the reproduction compartment R is set to zero
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Figure 6:
Forcing functions over the years 1986, 1987 and 1988 for data set of van
Haren (1990) [14], time in days since January 1", 1986.
Left: Temperature with sinusoidal interpolation function:

Middle: Total Cd with exponential interpolation function:
(Cd{i) = 0.49e-0-0012* in /xg L"1)

Right: Total1 Cu with exponential interpolation function:
(Cu(t) = 5.97e-0'00082' in fig L"1)

at the same time. Because the mussels that were collected each year were
put in length classes, some severe problems arise when trying to estimate
the parameters. For instance, the mussels in length class 5 (56-66mm) in
1988 are not to be compared with the ones in that class in 1986, In some
way, a model solution should be fitted to the small mussels in 1986 and the
larger ones later on. Furthermore, the small mussels in 1988 did not exist
in 1986 yet! The best a model can do, is reconstructing with a given set of
parameters what the history of each point might have looked like. In order
to show what the model predicts for the past of each of the mussels of the
data points, 10 simulation for animals of lengths 0.5 - 6.8 cm were done in
an environment obtained from the input functions (see figure 6). The solu-
tions of the metal concentrations in the mussels were plotted in figure 8. Of
course, it is not possible to test the two model against each other, because
jn neither case parameters can be estimated to obtain the best performance
of the models, because any influence of the most important trend (growth)

12
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Figure 7:
The one compartment model together with data from SAWES project also
published in van Haren (1990) [14]. On thex-axis time in days since January
ls<, 1986.
The data were collected according to length classes of the animals. The
length classes are: 25-30 mm, 31-37 mm, 38-46 mm, 47-56 mm and 57-66
mm. The folkwing Markers; • , A, V, X, x denote the length classes respec-
tively. Model solutions for the different classes are shown (solid line: smallest
group, most widely spaced dots on line: Jargest group), for the 1986 group,
with these initial concentrations. Both p and q are corrected for tempexa-
ture, and the total metal concentrations in the water were taken as the input
functions (see figure 6).
Left: Cadmium, parameters: p — 0.635, q = 0.0
Right: Copper, parameters: p — 0.65, q — 0.0

was eliminated by collecting mussels once a year in fixed length classes.
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Figure 8:
Simulations of a group of mussels of different size, starting on the first of
January 1986, according to the present model together with the same data
as in figure 7. Input functions for dissolved and particulate inetal concentra-
tions from the original data set, (not shown in figure 6).
Upper Left: Growth of wet weight in time, for animals of weight .5 (lowest
curve) to 6.8 (upper curve) gram on day 0.
Upper Right: Cumulative allocation of energy to reproduction, reset every
year in the beginning of May,
Lower Left: Cadmium
Lower Right: Copper
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Table 1: The parameters and main variables of the xenobiotic and the energy
budget model.
# denotes the number of molecules, see for further details Kooijman (1990)
[9]

Par.

rpo
ród
Pcc
7

K
V

a
m
K

dt

Wb
Wj
t.

Var.

Cd
cp

ƒ
X
w
e
R
r

Di mension

#.length-3

#.!e»gth-3

^t.mass-1

length.time"1

length.time"1

length.time"1

-

-
mass.length"3

length3

-
-
-
mass.length"3

length.time-1

-
time" l

-
-
mass.length"3

length3

Jength3

time

Interpretation

conc. in the water
conc. in the food (as volume)
conc, on the basis of wet weight
uptake rate from water
uptake rate from food
elimination rate constant
partitton coeff. energy reserves/aqueous fraction
compound parameter

functiona] response: ƒ — j ^ y
food density
body siïe
energy reserves/max.energy reserves
cum.energy to reprod./max.energy density
fraction of the energy (volume) / body volume: r = $
saturation constant
energy conductance
costs of growth//c max.energy density
maintenance rate constant
fraction utilized energy to growth + maintenance
m ax. vol. reserves/vol .body
specific density of the body
body size at hatching
body size at first maturation
time at spawning or reproduction, «=1 ,2 , . .
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Table 2: The parameter estimates

compound

Metals
Cadmium
Chromium
Zinc
Zinc 1

Copper
Copper 1

Omico's
PCB52
PCB153
B(a)P
FluA

Tda (CV)

cm.d"1

93.0(14)
22.8(3.4)
23.0(18)
85.7(21)
137.5(13)
149(13)

1000
1000
7100(24)
910(70)

rpa (cv)
cm-d"1

0.00309
2

2

2

2

2

0.20(33)
0.12(17)
0.0025(65)
0.013(20)

rad/f (cv)
cm.d-1

0.0834(23)
0.07(6.1)
0.00865(128)
0.271(23)
0.16(14)
0.20(15)

0.621(38)
0.164(17)
0.58(25)
0,368(23)

J V T (CV)

0.25
0.25
0.25
0.25
0.25
0.25

2
2
2
2

reference

Adema (1981) [1]
Adema (1981) [1]
Adema (1981) [1]
Adema (1981) (ij
Adema (1981) [1]
Adema (1981) [1]

NOSPEC (1989) [10]
NOSPEC (1989) [10]
Pruell (1086) [11]
Pruell (1986 11]

1 Parameter estimates when it is assumed that only above a concentration tracé metals
are toxic (see Discussion). This concentration levei was estimated from the data at 10.56
//g.(g wet weight)"1, for Zinc, and for Copper at 0.256 /xg.(g wet weight)"1

3 No data from experiments with contaminated food were avatlable on cbromium, zinc
and copper.
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De parameters voor de wadpier Arenicola marinai
i

H.E. Schepers Theoretische Biologie, Vrije Universiteit

De Boelelaan 1087,1081HV Amsterdam

In het artikel (Kooijman, S.A.L.M. (1986), Energy budgets can explain body size relations. Journal ofTheo-

retical Biology 121:269-282.) wordt het DEB model opgezet met de parameters K, £ r\, K, {Im}, {Am},

[Sm], Lb, en Lj, waaraan de vomiconctante a nog kan worden toegevoegd.

De maximale lengte Lm hangt als volgt af van deze parameters: Ljn = K {Am) / £. Omdat K en £

procesparameters zijn die niet afhangen van de grootte van het individu, komt een verschil in uiteindelijke

lengte van verschillende diersoorten voor rekening van de parameter {Am}. Zo zal (Am) dus lineair mee

varieren met Lm, Voor [lm], [Sm] en K kunnen soortgelijke redeneringen worden opgezet, zie het genoemde

artikel. De parameters van het DEB model zo als die in de bioaccumulatie artikelen worden gebruikt, zijn

functies van deze oorspronkelijke parameters (a = TJ / K fSm], m * £ / rj, v - (Am}/[Sm3), en hoe zij

afhangen van Lm volgt uit hun defenities, zie de onderstaande tabel.

parameter:
par o= W i:

K

0
C
0

n
0

K
ï

Hm)
1

(A
1

m) [SnJ
1

Lb
1

Lj
1

m
0

a
-1

V

0

Omdat alle parameters waarin lengten voorkomen zijn uitgedrukt op basis van derde machts wortels van

volumes, moet gekeken worden of het volume horend bij de maximale lengte verschillend is voor beide dieren.

Als uitgegaan wordt van een vormconstante van de mossel van 0.33 met maximale lengte van 9 cm, van de

wadpier 0.1 (uitgaande van een cilinder van 30 cm lang en 1 cm diameter) en een maximale lengte van 30 cm,

dan zijn die volumina (W = (ocL)3) voor beide dieren hetzelfde, en dus is er helemaal geen correctie nodig voor

de parameters tussen de mossel en de wadpier.

De shape coëfficiënt a van een bepaalde vorm legt de relatie vast tussen een bepaalde lengtemaat L en het

volume W:

W = (otL)3

De oc voor de mossel is bijvoorbeeld 0.33, voor de langste lengte. Om de cc van de wadpier te berekenen, moet

van een bepaalde vorm (hier bijvoorbeeld een cilinder van L cm lang en D cm in doorsnede, de inhoud (W)

berekend worden, en dan kan de a voor een bepaalde lengtemaat - lengte van het dier of doorsnede -

a berekend worden.

De inhoud van een cilinder is L.(rc(D/2))2. De shape coëfficiënt van de cilinder berekend voor de lengte van de

cilinder is dan:

waarmee je met een lengte van 30 cm en een doorsnede van 1 cm uitkomt op een cc voor de wadpier van 0.1.
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Effects of feeding conditions on toxicity for the
purpose of extrapolation

S.A.L.M.Kooijman
Free University, P.O.Box 7161, 1007 MC Amsterdam

ABSTRACT

1 Mathematical models can be most helpful in attempts to understand the way effects of
toxic substances show up under various conditions. They are essential for extrapolation
and prediction, especially when effects have to be quantified.
2 In some cases, there is a tight relation between effects and toxicokinetics, i.e. uptake /
elimination behaviour of compounds.
3 It can be shown that, at least for some compounds, the toxicokinetics depends on feeding
conditions. This alone makes it necessary to account for energetics in the use of laboratory
observations for predictions and interpretation concerning field data.
4 It can also be shown that, given certain effects on individuals, the consequences for
populations depend sensitively on energetics. This leads to an even tighter link between
ecotoxicology and energetics.
5 A basic problem is that realistic models involve a relatively large number of parameters,
even under the most simple assumptions about kinetics and effects, This constraints pos-
sibilities for extrapolation and prediction.
6 All in all, a close link between experimenta] and modelling programs is necessary.

INTRODUCTION

The aim of this paper is to present some general ideas underlying a joint
technical research program of our Theoretical Biology group, and experi-
mentally oriented groups at the Free University and MT-TNO. For technical
details, one should consult articles in the reference list, which provide ample
discussion of the relevant literature. In this paper, I will focus on animals
although the concepts used are applicable to other organisms as well.

Although ecotoxicology is basically a quantitative science which calls for
a modelling approach, the investment in model based research is small in
comparison with that in purely experimental research. For this reason, it
might be helpful to make a few remaiks on the usefulness of models in an
ecotoxicological context.

Mathematics as a language is very useful in the formulation of quanti-
tative relationships and in the development of concepts. One should real-

1



ize that syntactically (mathematically) correct formulations need not make
sense. The indiscriminate use of P and ra values to underpin quantitative
statements in many papers on ecology reveals a worrying lack of interest in
the statistical backgrounds. Such a costume confuses rather than contributes
to the reasoning.

The first useful application of mathematics is directly connected with
experiments. Within a proper modelling framework, it is much easier to
- set priorities in experimental programs (Kooijman et al, 1987a; Kooijman,
1988)
- design experiments like the choice of the exposure period in relation with
the properties of the chemical and the size of the test animals, the choice
of concentrations and number of test animals to be applied etc. (Kooijman,
1981, 1983; Kooijman et al, 1987a)
- interprete data like the relation between no-effect levels (NEL) and LC50
values (Kooijman, 1981)
- quantify like the estimation of the NEL as affected by the experimental
set-up.

The second type of application relates to the comparison of data obtained
under different circumstances (Kooijman and Van Haren, 1990). Usually a lot
of factors contribute to uptake and elimination rates, concentration factors
etc. Without models it is hard to evaluate the data involved and to obtain
useful conclusions. The interpretation of data from biomonitoring programs
frequently suffers from this problem.

The third field of applications is in relating different levels of biological
organization (Kooijman and Metz, 1983; Kooijman, 1985; Kooijman et al,
1987b; Hallam et al, 1989). For example, effects on individuals have con-
sequences for populations (see Van der Hoeven, 1991) and ecosystems. It is
seldom easy to evaluate these consequences. Without models it is impossible.

A basic problem in ecotoxicology is that ecosystem responses to stress
from pollution are perhaps the most relevant (Kooijman et al, 1987a; Kooi-
jman, 1988; see the Discussion), but also the most difficult to quantify and
interpret. It is easy to understand that people involvtsd in legislation are
pressing for research programs on this topic. It is not always easy to con-
vince them that lack of knowledge on fundamental issues in physiology and
ecology strongly limits the feasability of the short-term programs. Since
mathematical models need to implement such knowledge, tbey can not be
used to generate it without adequate experimental back-up. When one is
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Figure 1: The relation between uptake and survival.

serious in the aim to predict ecosystem responses to pollution, one has to ac-
cept that it is a long term aim which only comes into perspective when one
is willing to support long-term research programs in this field. The practical
problems of today and tomorrow have to be solved in another way (Kooij-
man, 1987), which can only be unsatisfying. In the end, when we have finally
generated sufficient insight into ecosystem dynamics we still might arrive at
the obvious message: don't pollute.

UPTAKE vs EFFECTS

An important link between toxicology and ecotoxicology concerns the rela-
tion between toxicokinetics and effects. Toxicology, which has its roots in
human health problems and pharmacokinetics, has a rather strong focus on
metabolic transformations and suborganismal compartmentation. However,
a compound is of interest to ecotoxicology only through its effects on the
ecological behaviour of organisms.

As a first approximation effects seem to show up as soon as the concen-
tration in the organism exceeds some threshold value, which might scatter
among individuals (see e.g. Tas and Opperhuizen, 1991; McCarty, 1990; and
Fig. 1). When all individuals in a cohort follow the same uptake kinetics
of a toxicant from the environment, the fraction of individuals showing no
effects at a certain exposure period corresponds to the fraction of individuals
whose threshold concentration in the tissue is below the acquired concen-
tration. The log logistic and log normal distribution are popular choices to
describe the scatter of threshold values among individuals (Kooijman, 1981).
Since their motivation is purely empirical, it is a weakness in theory based on
this description. It is perhaps surprising that wben we assume a simple first
order linear kinetics for the uptake and elimination, the observed survival



Figure 2: The ex-
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pattern for simple compounds can be described very well (see Kooijman,
1983; McCarty, 1990).

This even works in the slightly more complex situation where the con-
centration of the compound is not constant {Kooijman, 1981). In a chronic
toxicity test with daphnids, where the media are refreshed every 2, 2 and 3
days, compounds like cadmium absorb to the algae, which settle down. Cad-
mium is thus growing less available after refreshment of the medium. This
process approximately follows a linear first order kinetics. So, we expect a
concentration in the water and in the tissue as shown in Fig. 2. The survival
pattern of the daphnids is well described, see Fig. 3. The point is now that
the disappearance rate of cadmium can be estimated from the survival data.
It corrésponds very well with the one measured in the media, see Fig. 4.
This provides a strong support for'the assumption that toxicokinetics and
effects are coupled.

Besides effects on survival, those on reproduction are of relevance to eco-
toxicology. It can be affected directly, or indirectly via e.g. a change in
growth, maintenance or feeding behaviour. Animal energetics provides a
useful framework to evaluate this indirect effect to reproduction quantita-
tively (see e.g. Kooijman et a/., 1987a; Widdows and Donkin, 1991). The
size of the effect can again be related to the concentration in the tissue.

U P T A K E vs PHYSIOLOGY

Under controlled conditions, many compounds seem to follow a simple first
order kinetics in their uptake and elimination behaviour. The rates frequently
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Figure 3: The observed and expected number of surviving Daphnia exposed
to different exponentially decreasing concentrations cadmium chloride, as
described by a first order kinetics for the uptake-elimination behaviour.
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Figure 4: The measured concen-
tration of cadmium in the wa-
ter after refreshment of test me-
dia plotted against that just be-
fore refreshment. The line is not
based on the points shown, but
on the survival data presented in
Fig.3. '0 20 30

depend on body size (see e.g. Hickie et ai, 1990) and on environmental condi-
tions such as food availability. To explain connections between these factors,
I will discuss the process in more detail (Kooijman, 1981), The assump-
tion that food availability is a major factor modulating effects is based on
three arguments. Firstly, uptake via food can be an important uptake root
(see e.g. Schrap, 1991). Secondly, it is tightly linked to lipid content in the
animal (see e.g. Van den Heuvel et a/., 1990; Van de Guchte et ai, 1990
for its importance), There exists a voluminous literature on the relation be-
tween bio-accumulation factors and KOw values of compound (see e.g. Gobas,
1991). Thirdly, the consequences of effects on individuals for the behaviour
of populations can sensitively depend on food availability (Kooijman et ah,
1983; Kooijman, 1985; Hallam et ai, 1989).

The general idea is presented in Fig. 5, Assume that an animal can be
decomposed into structural biomass (i.e. a certain combination of carbohy-
drates, proteins and lipids) and in reserve materials (i.e. another combination
of carbohydrates, proteins and lipids), which primarily function as energy re-
serves. Suppose that it has control over its chemical composition, such that
structural biomass and reserves do not change in composition, a property
known as homeostasis. We assume further that the partitioning of the xeno-
biotic over the watery fraction, carbohydrates, proteinu and lipids, is fast
compared to the exchange of the xenobiotic in the watery fraction and the
environment. The uptake via food and the exchange with the environment
is taken to be a linear first order process, with a rate proportional to the
surface area. Since the feeding rate is also taken proportional to surface area
and the animal is assumed to be isomorphic (i.e. it does not change shape
during development), this set of assumptions leads to a rather simple kinetics
for the xenobiotic.

!

i
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Figure 5: The toxicokinetics and energetics of an individual. The two-sjded
arrows refer to rapid exchanges.

These assumptions have to be supplemented with additional ones con-
cerning energetics. The following assumptions seem to apply at least ap-
proximately for a wide variety of species: there are three stee-defined life
stages, embryos which do not feed, juveniles which do not reproduce, and
adults; food uptake depends hyperbolically on food density; the reserve den-
sity, i.e. the ratio of the amount of reserves and body volume, follows a linear
first order process with a relaxation time proportional to body length; a fixed
fraction of the utilized energy is spent on growth plus maintenance, the rest
on reproduction plus development; the maintenance costs are proportional to
body volume; the initial size of an embryo is negligibly small and the reserve
density at hatching equals that of the mother at egg production.

The kinetics can be classified as a linear first order kinetics with variable
coefficients. The variation in the coefficients depends on changes in size, re-
serves, feeding rate and reproduction. When the exposure period is short
enough, we are back at our familiar first order kinetics with constant coef-
ficients, So the model represents an extension of simple first order kinetics,
which is an alternative for the frequently appUed more-compartment models
(see e.g. Timmermans et a/., 1990). Since these models have more parame-
ters than the one-compartment model, they usually give a better fit, but it is
hard to identify the different compartments physically. Therefore their value
for understanding the process is limited.



The combination of isomorphism, homeostasis and instantaneous parti-
tioning is a strong one, which makes modelling workable. An important con-
sequence is that when the concentration in one organ exceeds some threshold
value specific for that organ, the concentration in another organ will exceed
some other threshold value. So we do not have to bother about details of the
cause of the effects. We even might relate effects to the concentration in a
non-target organ or to that in the whole body.

The derivation of the model is a bit complicated due to the fact that ex-
change rates depend on concentration differences, i.e. on intensive quantities,
while the mass preservation law involves absolute amounts, i.e. on extensive
quantities. When volumes are changing, this leads to minor complications,
especially with respect to the process of accumulation of reserves and the
way they contribute to measurements of quantities such as wet weight and
dry weight.

The application of the model is illustrated in Fig. 6. The fit is satisfying,
but for the moment it is not possible to use this as a critical test for the
model because too little is known about the energetks during the experi-
ments. This gives too much freedom in the choice of parameter values, This
is a major problem with existing data in the literature: we were not able to
locate sources giving adequate information on both toxi okinetics and ener-
getics.

DISCUSSION

A model like the one presented has to be supplemented with models for the
transport and the fate of compounds in the environment and with popu-
lation dynamics and foodweb considerations, to make it useful in a wider
ecotoxicological perspective (Kooijman et al, 1987a, 1987b). It can perhaps
help to understand why concentration-effect curves based on animals from
laboratory cultures tend to be much steeper compared with curves based
animals collected from the field. The significance of this phenomenon lies in
the interpretation of no-effect levels based on laboratory animals.

The variety of compound-specific kinetics and efFects, and of species-
specific energetics, that have been described is huge. This calls for simplifying
outlines of the main processes that are a common denominator. For many
purposes it is essential to keep the picture as simple as possible. The risk of
loosing the finer details in particular applications will have to be taken for
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Figure 6: The uptake-elimination of hexachlorobenzene (log K0W—bA5) in
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for interpolation. Right: concentration in the tissue with model based de-
scriptions. Data from Russel and Gobas (1989) and Opperhuizen (1986),
respectively.



granted.
Some processes are too poorly understood at the moment to allow a quan-

titative description which is not highly species and compound specific. The
process of metabolic transformation is an example (see Sijm et al, 1991;
Keizer et al. 1990), who point out that the transformatioü is highly species-
specific). At the moment, it is only implicitly incorporated into the present
model-formulation. When it follows a first order kinetics, it only affects the
value of the elimination rate. When it follows a different kinetics, it has to
be incorporated in an explicit way. Another example is that of physiologi-
cal adaptation, which may involve a wide variety of mechanisms (see Calow,
1991). Although is not too difficult to do some wild guesses for model formu-
lations, the result is inevitably that the number of parameters is increased,
which make it more difficult to test it critically,

When a response to a compound is species-specific and when one wants
to evaluate its implications for integrated systems like communities, one has
to realize that models with many parameters have not contributed to our
understanding of the behaviour of such systems so far. I believe that it
is possible to formulate useful and parameter sparse models for integrated
systems on the basis of input/output behaviour. Such models can only be
used to study global problems. The fate of a particular species is not one of
them unless it has a major impact on the dynamics of the integrated system.
The classification of questions into specific ones or global ones is obviously
simplistic. A continuüm would be more realistic. It is not yet clear to what
extent ecosystem models can in the end be used to study less global questions.

When an integrated system breaks down due to pollution, one can rea-
sonably infer that most species cannot survive. On the other hand, when
an integrated system is hardly affected in its global performance by a given
stress, it is surely possible that many species will disappear altogether. De-
pending on the scale in time and space, this is highly undesirable. Problems
of ecotoxicological concern are at a variety of levels of integration (see De
Kruijf, 1991). I hope that problems raised in ecotoxicology stimulate physio-
logical and ecological research to provide a useful framework to interconnect
these levels. Although some progress has been made, much remains to be
don e.
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