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Voorwoord

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 (RWS/DGW)
in het kader van het project SAWES (systeemanalyse Westerschelde) onderzoek uit-
gevoerd naar modelvorming voor het opname/eliminatie gedrag van xenobiotika in
dieren in de Westerschelde. In het bijzonder betrof het zware metalen, PCB's,
mosselen (Mytilus) en de wadpier (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.R.J.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 01/09/89-31/12/90, 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 half jaar), Drs.J. Marquenie (eerste paar maanden), Mw.Drs.J.van
Buuren (eerste periode), Dr.B.van Eck (volle periode, projectieider 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 - '

-

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

o Energy Budgets can explain hody size relations. Dit artikel verscheen in
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.

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

o Animal energy budgets affect the kinetics of xenabiotics, Dit artikel is versch-
enen in Chemosphere 21 (1990) 681-694. Het bevat de model formulering van
het opname-eliminatie gedrag van xenobiotica

¢ Energetics affect xenobiotic kinetics in AMytilus edulis (L.). Dit concept-artikel
zal na bijschaving en commentaar worden aangeboden aan een nog nader vast
te stellen tijdschrift. Het bevat de toetsing van het opname-eliminatie model,
gecombineerd met het {ysiologisch model op mosselen.

- De parameters van het DEB model voor de wadpier Arenicole marina in
relatie tot die van de mossel Mytilus edulis

¢ 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
onderzoek. Het gaat in op de relatie tussen opname en effecten. Het kan een
basis zijn voor mogelijk vervelg onderzoek.

o Computer handleiding voor de bij RWS/DGW geinstalleerde software die on-
der SENECA draait om de modelvoorspellingen door te rekenen., De verdere
"calibratie” en toepassing op andere diersoorten zoals de bot, zal door Drs.J.
Schobben worden uitgevoerd.
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L. 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, Myrilus edulis, reflect to some extent in their tissues the external xenobiotic
concentrations. Monitoring programs as the Mussel Watch arc based on this phenomenon
{Goldberg, 1975, 1986).

The Dutch Government started in 1987 the SAWES project to investigate the distribution and
behaviour of contaminating substances in the Scheldt estuary and its organisms. The final result
will be a Water Quality model which relates discharges and loads to chemica!l distribution of the
contaminating compounds in water, sediments and organisms. In this paper some results are
shown on the analysis of the uptake / elimination 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 1-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
accumnulation 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 1-compartment mode! and the physiological uptake / elimination model is
discussed in Schepers et al, 1991,

Figure 1 K vs Kow for PAH's, 2..One compartment mode]
{from estimates -see appendix)
The one-compartment accumulation / elimina-
tion model is widely used in toxico kinetic
2L ] studies (Bruggeman,1983; Opperhuizen,1986).
X o For an extensive discussion on special
.8 B properties of this model see Opperhuizen 1986.
[ The model is:
+ | Q'=kc(:)--:-q given Qo @.1)
e IL° With Q is the concentration in the organism,
c(t) is the compound concentration in water, k
a | uptake constant 1 and elimination time. When
the mussel is in equilibrium, the product kt can
o R be interpreted as the bioconcentration factor K.

5.2 S.6 B b.4a 5.9

log n-octano ! /wataer part. coef.

Equation 2.1 can be solved when c(t) is cons-
tant and rewritten with K=k, which results in:

Q) = Qoetr + Ke(1 - etk) (2.2)
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Figure 2(from Opperhuizen)

Dependence of k; and k2 on Kow-

The uptake constant k, can be interpreted in
terms of membrane permeation with a diffusion
type of kinetics (van Haren et al, 1990).

In bioaccumulation studies the n-octanol-water
partition coefficient is most often used as an
indicator for the bioavailable fraction (ses 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
octano} water partition coefficients,See fig.2 for
plots of the dependence of k (called k; in the
legend) and 1/« (called k3 in the legend) on the
Kow- (from Gobas et. al. 1986). Recall that the
bioaccumulation factor K = k; / kj. Fig 2
shows that k) is almost independent of the ko
and ko 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 ¢, during a time interval T (T > 31), 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.

8.4 e.a 1.2 L]
Disspived &cagdmium,
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Figure 3 Estimation of Bioconcentration factor K for Cadmium and Chromium,
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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
from the literature.

3.1 Metals

The estimations for metals are carried out with the experimental data of Adema (1981). The
estimated parameters are listed in Table 1. The estimated values of the biological halflife Ty
( = 1 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
Borchard: (1983) Cd elimination might be increased with decreasing food availability. This trend
contradicts our findings (Ty/2 = 16 days) of fast elimination rates for Cd under conditions of
starvation. At this moment no explanation is available.

The bioconcentration factor K, reflects the partition of the pollutant compound over organism and
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 due 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 8 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; George,
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: Internal concentration vs external concentration for Copper (left) and Zinc (right) 'in
equilibrium' A clear intercept with the y-axis means that some internal regulation for these trace
metals exists, which is not incorporated in the model.

32 O s llut
Estimation of the parameters of the 1-compartment mode! for organic compounds are carried out
with ransplantated mussels along a pollution gradient in field, Unfortunately the site of origin of
the transplantated mussels was more polluted then the pollution gradient itself, so a nett
elimination occurred with a rate dependent on the environmental compound concentrations
TSPEC, 1989).
't 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 meta! per g Carbon (C)). Physiological changes due to differences in feeding
conditions in time are removed by expressing the internal compound concentrations on the fat
content of the mussel. In this way we obtain a bioconcentration factor K with dimensions gC.gfat!
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 might be the reason for the observed
deviation. At least for B(a)P it is shown that biotransformation in Myrilus occurs (Livingstone et
al,1989) at considerable rates, in vitro estimated to be 1,1 pg.d-1 in gills (gill tissue dry weight 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 MYTILUS EDULIS, ADEMA 1981,

Least squares fit of cadmium concentration in musse] based on dissolved cadmium in natural
Oosterschelde water (Dutch Delta area).

Laboratory experiments performed in contineuos flow systems with following specifications
(Adema, 1981, report 'Iil}()(,}MD—N&E 81/3):

- salinity: 28 */oo -

- pH: 8

- flow velocity: 237 - 242 l.per 24 hours

- fength mussel: 4-Scm

Fitted model, :
Q) = Q(0) eV* 4 ¢K(1 - e-¥7)

with:

concentration in mussel (ug.g wetw.’1)
time, d
elimination ime constant, d
concentration factor, (1.g wetw.'1)
dissolved concentration, (jug.1t)

OW& "'o

Three exposure regimes with the following mean dissolved concentrations:
none: 0.8 gl (between 0.01 - 2.2 ugl-l)

low: 1.0 pgl!

high: 3.4 pgll

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

and 1 for elimination.

estimates standard deviation  dimension
K 0.636 0.121 1.g wetw. 1
T 22.9 9.03 d
2.2 i *

Cadmium in mussel, ug.g wotw.!

T .-
Simultaneous least squares fitted accurﬁglzﬁon / elimination curves, respectively 25 and 8 days,

of cadmium concentration in mussel after ageous exposure to three different cadmium
concentrations.

_‘ - - - -/ -

-\
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CHROMIUM IN MYTILUS EDULIS, ADEMA 1981.

Least squares fit of chromium concentration in musse! based on dissolved chromium in natura)
Oosterschelde water (Dutch Delta area), .
Laboratory experiments performed in continuous flow systems with following specifications
(Adema, 1981, report TNO, MD-N&E 81/3):

- lemperature: 15°C

- salinity: 28 */o0

-pH: 8

- flow velocity: 237 - 242 L.per 24 hours
- length mussel: 4-5¢em

Fitted model, :

Q1) = Q(0) eV® + cK(1 - e'Vr)

with: .

Q concentration in mussel (ug.g wetw."1)
t time, d

1 elimination time constant, d

K concentration factor, (1.g wetw,"1)

c dissolved concentration, (ug.-1)

Two exposure regimes with the following mean dissolved concentrations:
low: 1.0 pgl!
high: 9.4 pgll

estimates standard deviation  dimension
K 0.179 0.0304 g wetw."!
T 28.3 8.38 d
5.z e
g} .
o LS

o

.

m
T

T 5 T L] L ¥ T

Chromium In mussel,

Time, o

Simultaneous least squares fitied accumulation / elimination curves, respectively 25 and 8 days, of
chromium in musse] after aqueous exposure to two different (dissolved) chromium
concentrations.
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ZINC IN MYTILUS EDULIS, ADEMA 1981,

Least squares fit of zinc concentration in mussel based on dissolved zinc in natura! Oosterschelde
water (Dutch Delta area).

Laboratory experiments performed in continuous flow systems with following specifications
(Adema, 1981, report TT;OéND-N&E 81/3):
: 15
- salinity: %8 )
- flow velocity: 237 - 242 L.per 24 hours
- length mussel: 4-5cm

Fitted model,:
Q) = Q(0) ¥ + cK(1 — e¥t)

concentration in musse! (ug.g wetw.-1)
time, d

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

°x 0%

Three exposure regimes with the following mean dissolved concentrations:
none; 2.9 pugl!?

low: 48  pgll
high: 146 pgl!

estimates standard deviation  dimension
K 0.552 0.259 lL.g wetw.*!
T 56.6 37.9 d

W 7]
[ o

N
m

N
[

Zinc in mussel, ug.g wetw.!
- N
o n

-
]

I [}

e 4 <] 12 15 20 24
Time, d

Simultaneous least squares fitted accumulation / 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 MYTILUS EDULIS, ADEMA 1981,

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):

- lemperature: 15°C

- sall_llinity: %8 "l00

- pH: - s
- flow velocity: 237 - 242 1.per 24 hours

- length mussel: 4-5cm

Fitted model,

QM) = Q0) e¥s + cK(1 - e¥%)

with:

Q  concentration in mussel (Hg.g wetw. 1)
t time, d

T elimination time constant, d

K concentration factor, (l.g wetw. 1)

c dissolved concentration, (ug.i'1)

Three exposure regimes with the following mean dissolved concentrations:
none: 0.9 pgll
low: 3.0 pgll
high: 8.5 ugl!

estimates standard deviation dimension
K 0.456 0.0235 Lg wetw."1
T 11.2 2.41 d
-i;: 4.% :
£
[+4}
o 2.8
=]
3
» 2.8
g
[ =4
S
o
g
[+]
Y ey

Time, o

Simultaneous least squares fitted accurnulation / elimination curves, respectively 25 and 8 days,

of copper in mussel after aqueous exposure to three different (dissolved) copper concentrations.
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PCB52 IN MYTILUS EDULIS, NOSPEC DATA, spring 1986.

|
Least squares fit of concentration of PCB52 in mussel based on PCBS52 in suspended matter M
expressed on its organic carbon content (ng.gC-1). a
Input concentration ¢ = Ec(t) ll
Fitted model,

Q(t) = Q0) e'V% +cK(1 - &) , S

with: |
Q concentration in mussel (ng.g far!) - ‘
t time, d ]l
T elimination time constant, d ‘
K  concentration factor, (gC.g farl) u
c concentration on suspended matter, (ng.gC-!) ['
Estimates based on following mean input concentrations, ng.gC1: |
mean standard deviation |
Coxm 28.1 16.5 s
Ci10xm 17.5 12.5 .
Cé0km 4.9 3.7 \.
estimate standard deviation  dimension |
Q) 237.6 12.5 ng.g fatl m
K 6.4 0.4 gC.g farl
T 13.9 3.9 d |
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Simultaneous least squares fitted concentrations in musse! at Noordwijk, coastal distances are 2,
10, 60 km, with input concentrations ¢ = Ec(t), ng.gC-! suspended matter.
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PCB153 IN MYTILUS EDULIS, NOSPEC DATA spring 1986.

Least squares fit of concentration of PCB153 in mussel based on PCB153 in suspended matter
expressed on its organic carbon content (ng.gC-1).

Input concentration ¢ = Ec(t)
Fitted model,
Q) = Q) e'V7 + cK(1 - e¥)
with: o
Q concentration in mussel (ng.g fat!)
t time, d
T elimination time constant, d
K concentration factor, (gC.g farl)
c concentration on suspended matter, (ng.gC-1)

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

mean standard deviation
Cokm 49.3 32.0
C10km 35.3 16.3
C60 km 5.0 3.8

estimate standard deviation  dimension
Q) 14825 29.6 ng.g fat!
K 14.1 2.0 gC.g farl
1 46.9 5.0 d
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PCB15S3 in suspended motter,

Time, d

Simultaneous least squares fitted concentrations in mussel at Noordwijk, coastal distances are 2,
10, 60 km, with input concentrations ¢ = Ec(t), ng.gC-! 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 ¢ = Ec(t)

Fitted model,

Q(t) = Q(0) e VT + cK(1 — e-¥T)

with:
Q concentration in mussel (ng.g fat'1)
t time, d
T elimination time constant, d
K concentration factor, (gC.g far'})
c concentration on suspended matter, (ng.gC!)
Estimates based on following mean input concentrations, ng.gC-1:
mean standard deviation
Cokm 249.8 98.4
€10 km 868.3 712.9
Ceokm 190.1 118.2
estimate standard deviation  dimension

Q) 517.1 29.9 ng.g fatl
K 0.161 0.0765 gC.g farl
T 18.0 3.62 d
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Simultaneous least squares fitted concentrations in mussel at Noordwijk, coastal distances are 2,

Time, d

10, 60 km, with input concentrations ¢ = Ec(t), ng.gC-! suspended matter.
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FluA IN MYTILUS 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 ¢ = Ec(t)

Fitted model,

Q(t) = Q(0) e¥% 4+ cK(1 — V%)

with:
Q concentration in mussel (ng.g farl)
t time, d
1 elimination time constant, d
K concentration factor, (gC.g fatr!)
c concentration on suspended matter, (ng.gC-1)
Estimates based on following mean input concentrations, ng.gC1:
mean standard deviation
Cogm 673 167
Cloxkm 1928 857
Csokm 711 349
estimate standard deviation  dimension
Q) 6951 313 ng.g fat-!
K 1.33 0.830 gC.g farl
T 50.2 12.5 d
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Simultaneous least squares fitted concentrations in musse] at Noordwijk, coastal distances are 2,
. 10, 60 km, with input concentrations ¢ = Ec(1), ng.gC-! suspended matter.



Table 1

Least squares estimated bioconcentration factors, K, and biological halflives, T172, with their standard deviations between brackets of anosganic and organic pollutant compounds in Myfilus

edulis, under non-equilibrium conditions. For metals Adema (1981) is used and for organic micropoliutants NOSPEC (1987) is used. For Cd and Cr the bioconcenirationfactors K, under
equilibrium ficld conditions are printed cursive (data from Dutch contribution to ICES/JMG and kindly provided by the Ministry of Public Workd and Transport.

Model applied is: Q(t) = Qpe ¥t + cK(1- &%), with Typp = tIn2.

PAH's are benzo(a)pyrene B(2)P; benzo(b)fluoranthene, B(b)F; fluoranthene, FluA; chrysene, Chr  Polychlorobiphenyls are named according to their IUPAC numbers.

log(Kowlareresp.: 6.1, 64, 7.0, 69; Shiu & Mackay,1986;
6.5, 6.57, 5.22, 5.91: Hawker & Connelt, 1986)

Biological halflife, (d)

Biuoonceuuaﬁén
factor, K
L.g wet weight-!
Metals
cd 0.636 (0.121)
138 (0.371)
Cr 0.179 (0.0304)
0551 (0.136)
Zn 0.552 (0.259)
Cu 0.456 (0.0235)
K, (gCg fatr'h)

PCB5S2 64 (04)

PCBIS3 141 (20)

B@P 0.161 (0.0765)
FluA 133 (0.830)

*PCB118 63 (0.5)
*PCB138 105 (1.49)

*BMOF 0203 (0.112)
*Chr 3.60 (1.52)

* Not presented as a figure.

Tin Tin

this article other articles

15.8 {(6.26) M_edulis: 14-29; 300; 96-190;
14-35
M galloprovinciales: 21; 125

19.6 (5.81)

3r2(263) M.edulis: 1.3-60; >50
M .californianus: 76

7.76 (1.67) M _galloprovinciales: 4; 9-10
9.63 (2.7) M _edulis;

M_smaragdinus: 5.5
{Perna veridic)

325347 M.edulis: 11.1-12.1; 45.6
M_smaragdinus: 8.8

12.5 2.51) M_edulis: 154

34.8 (8.66) M.edulis: 29.8; 7.6 -11.1

278 (2.84) M _smaragdinus: 6.8

326 (3.26) M.edulis: 8.3-11.83
M_smaragdinus: 8.3

160 (1.97) M.edulis: 169

55.0 (49.0) M_edulis: 142

references

{Scholz, 1980; George, 1980; Borchardt, 1983;
Kock & Groenewoud, 1985)
{Majori et al, 1973a; Viarengo et al, 1985)

(George, 1980; George et al, 1980)
(Young et al, 1976)
{Majori et al, 1973b; Viarengo et al, 1985)

{Tanabe ¢t al, 1987)

(Kock & Groenewoud, 1985; Prucll et al, 1986)
{Tanabe ¢4 al, 1987}

(Pruell et al, 1986)

(Prucll et al, 1986); McLeese & Bumsidge,)

(Tanabe et al, 1987)
{Kock & Groenewoud, 1985)
(Tanabe et al, 1987)

{Pruelf et al, 1986)

(Prucll et al, 1986)
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Energy BmlgetsVCan Explain Body Size Relations

S. A. L. M. KoolsMAN

TNO Division of Technology for Society, P.O. Box 217, 2600 AE Delfi, The
Netherlandst

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

‘The size-dependence of some 20 physiological variables has been derived from a
rather simple model for energy budgets. This nine parameter model is based on
detailed observations on the growth and reproduction at varying food densities, 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 instance, tends to increase with size for
animals of the same specics, but to decrease with size for animals of different species,
This is because the parameter values are constants within a species, but vary in a
size dependent manner for animals of different species. Although growth at constant
food density is assumed to be of the von Bertalanfly type, and routine metabolism
to be proportional to size, respiration turns out to be about proportional 1o 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
Bertalanfly growth.

1. Iniroduction

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 which
1any physiological and ecological variables, such as ingestion, growth and reproduc-
on, depend on body size. These types of relations have recently come to the
wefront, (McMahon & Bonner, 1983; Peters, 1983; Schmidt-Niclsen, 1984; Calder,
984) and are used to predict, e.g., food chain efficiencies in ecology. Body size
slations are invariably taken to be of the allometric type, i.c. Y =aW?, where the
arameters @ and b are estimated by linear regression in a log-log plot of the .
ependent variable Y against body size W. The parameter b has become particularly
opular, and will be called the scaling parameter. Apart from heat production, only
slevant for endotherms, the most important body size relation concerns respiration,
e. rate of oxygen consumption or carbon dioxide production, where the scaling
arameter has 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
ifflers 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
overs a great many species, from bacteria up 10 elephants, the scaling parameter

T:Cr:'sen;s address: Biological Laboratory, Free University, P.O. Box 7161, 1007 MC Amsterdam, The
b anas.




210 S.A. L. M. KOUIIMAN

\is found to be 0-75, an almost magic number in scaling relations. Since it is less
than unity, it has often been concluded that large animals use energy more efficiently
than small ones, even though this has not been substantiated for ectotherms. An
implied assumption in this conclusion 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 hold in
the following simple model for energy budgets. Together with routine metabolism
energy investments in the other processes mentioned prove to contribute substantially
to respiration rate. The model is formulated in terms of the state variables size and
energy storage as functions of fluctuating food density. The relevance of the model
has been checked for the water flea Daphnia magna (Kooijman & Metz, 1984), and
Kooijman (1986a) on the basis of a wide variety of experimental data and for egg
development in fish and birds (l{ooijman, 1986b). Only a minor part of the data
will be considered in this papet for illustrative purposes. We shall confine the
discussion to ectotherms. For the extemsion 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. Energy Budgets

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

TaABLE 1
Assumptions of the energy budget model

1. Energy utilized for mainicnance M, for growth W, and for reproduction or differentiation is at the

expense of stored energy. .

. For given size, the size-specific storage and its dynamics do not depend on any partitioning rule for

encrgy utilized. . L.

Maintepance cnergy is proportional to size: M =({W.

A unit increase in size consumes a fixed amount % of ener;ly.

Assimilation A is proportional to ingestion [: A=A, V/[{.]

Ingestion starts at birth size W, 50 f=0for W< W,

. For W3> W,, ingestion is proportional to W2 f=[1_]1/W%? where fis a fanction of faod density,

defined on (0,1).
8. The scaled functional response f depends hyperbolically on food density X: f= X/{K + X), where

K is a constant. -

9. Difierentiation stops and reproduction starts at size W,.

10. Initially, size and storzge are (0, 53), where the initial egg storage, S,, is 2 number such that no
assumption is violated,

1. The animmal dies as soon as assumption 3 has to be violated.

12. At constant food density, growth W is of the von Bertalanffy type after birth, i.e. W=gW¥3- 33w,
where g and ¥ are positive and constant.

13. At constant food density, the ultimate size, W, is proportional to /.

14. At constant food density, 1/ ¥ is linear in f

15. Energy expenses on growth are non-decreasing with increasing size-specific storage for an animal
of a centain sixe.

NenAw N

S U N Ny & v AN R A A AN BN A e =

ENERGY BULGETS AND 8S80ODLY SILZE PR

FiG. 1. Encrgy flow through an animal. Rates: 1. ingestion, 2. defecation, 3. assimilation, 4. mobiliz-
ation, 5. demobilization, 6. utilization, 7. reproduction, 8. growth, 9. maintenance, 10. heating (only in
endotherms). Symbols: -+ encrgy fiow, ~» information Row, O decision valve, * heat loss rate, 1 state
variable, 7~} source or sink.

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

-—the tissue cells use energy, which is distributed by the biood 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 encrgy 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
W*3 and that growth is of the von Bertalanfy type (assumptions 7 and 12 in Table
1). The validity of the assumptions is fllustrated in Figs 2 and 3 for Daphnia magna.
These two resuits pose a fundamenta) problem for any detailed quantitative descrip-
tton of ihe energy budgei. Observations on these daphnids reveal that individuais
larger than 2-5 mm produce young at each moult, and that the amount of energy
involved in this process is quite substantial {see Kooijman, 1986a). Since there is no
significant reduction in growth (Fig. 3), nor any notable increase in food intake
(Fig. 2) around 2-5 mm, we are faced with the problem of the destination 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 metabolic rate is proportional to size W, The basis of this assumption
is two-fold. First we have the results of Smith (1957) and Vleck er 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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™

Ingeston rota {10 Sealip /0y

LengthZ(mm?}

FiG. 2. Measured ingestion rate | of Chiorella pyrencitoda cells as a function of body length L of
Daphnia magna at 20°C and 10° celis per ml. The measurements are based on counts of resin pasticles
(+5 um $) in resuspended faeces of individual daphnids b{ means of laser optics. The concentration of
resin pasticles is 4 to 7 limes 10°/ml. The function [ =dL" has been fitted by least squares. The value
obtained for b=1-81 {95% c.i.: 1-59, 2-03), not significantly different from 2. this Jeads to I = aL? with
d =0-81 (95% c.iz: 0-76, 0-85) cells/(hx mm”).

animals after birth, because the (relative) size increase is much larger before birth
than after, 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 metabolic 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 will be clarified in the next section.

In the appendix, it is shown how the change in the state variables, size W and
size-specific storage [ S}, can be derived from the assumptions given in Table 1, the

Length (mm)

PRI R TP B
o 4 8 12 1% 20
Tima (¢)

FiG. 3. The measured change in length L in individuals of Daphnia magna at 20°C, in 40 m), supplied
with 10" cells of Scenedesmus subspicarus 3 day. The curve is of the von Bertalanfly type: L(s)=

Lo—{L . —1)e” wherse 1. I._ and % are narameters and ¢ the tima
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result being
W ={{ W[ A, HSY(Su]- Wi/ x)/([S]+ /).
[S1={A.IW (W= W)X /(K + X)~[SV/IS. ]}
where X is food density, the dots indicate rates or derivatives with respect 1o time
and {W=W,) has a value of 1 or 0 if true 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, W, 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

W, length®  Birth size « Proportion | of  utilized
energy channelted to
growth and routine meta-

bolism -
K biomass- Food density resulting in  { energy - Size specific routine meta-
fength™2 half the max. input length™ - bolic rate -
. time™' U
{1} biomass - Surface area specific g energy - Encrgy requirement for a
I!:ngu:"’- maximom ingestion rate length™ -« unit increase in size
time™
fA,]  cnergy- Suface ares  specific [5,)  enerpgy-  Size specific maximum
l'englhl" - maximum assimilation tength™  storage
time™

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.c. the energy channelled into reproduction ((x —1) times the
utilization rate in situations of growth), divided 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 1o 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 20°C can be as short as 20 min. For animals 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 assnmption
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 storage change rate from the aonendix. shows that the
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utilization rate in situations of growth equals
€ ={([SVIS)+ 0/ IH W (q/ M A5 1+ WE/ k).

This equation will be used in the next section.

The different types of enecrgy losses in the form of heat indicated in Fig. 1 are
supposed to be fixed fractions of the energy flows involved. (This is in contrast to
endotherms, where there is also another type energy drain to heat production for
the purpose of heating the body. Fhis 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 paramcter #, for instance, will be
larger than the encrgy released 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 have not been modelled explicitly here. In fact they
are considered to be neghg:ble as comp.ared with the other encrgy ows. 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. In that case, the formulas
do not change, but only the paramecter values of { and [A,.], 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
Bertalanfly growth curve might be appropriate here. There is a lot of literature
showing that von Bertalanfly growth curves fit experimental data on a wide variety
of species very well. 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, flaitens out rather wild fluctuations in food
density. This (partially) explains the fit.

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

3. Body Size Relatious in Animals of the Same Species

Energy is normally stored in the form of carbchydrates, proteins and, especially,
lipids, The utilization of the energy involves oxygen consumption and a carbon
dioxide production. In animals with empty guts, (A=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 W?'* and W, which
can appear almost Jinear in a log-log plot with a slope somewhere between 2/3 and
1 (Fig. 4). Although we have assumed that routine metabolic rate increases linearly
with size, the increase in respiration rate with size is less steep, owing to the decreasing
amount of energy invested in growth and reprodaction. In the case of ectotherms,
there is no reason to believe that these flows are negligible inshort 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

TABLE 3
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Some gquantities Y expressed as a function of size W and the best fitting scaling
parameter b in the allometric equation In Y =a+bin W, Where this relation is not
strictly linear, the maximum range for b is indicated

Scaling parameter
within between
Quantity Equation species species
Max ingestion rate -u w22 2/3 1
Max filtering rate (L, }:W” YK 2/3 /3
Sawuration constant K it Q0 1/3
Max assimilation rate [A.] Wi 23 1
Routine metabolic rate w ] 1
Threshold food density  KW'/3/ ([A Vi-wvh) =1/3 1/3
Theesh. ingestion rate Wil VALY 1 1
Max size W = (<[4 1/{) 0 1
Manx storage [S.. ]W t 4/3
Threshold storage WYHIS_ VIA.] 4/3 4/3
Max starvation time w 3{[-S',..]/[A..]) In {[A..]I({ W) -1/3t0 1/3 1/3
Abundance {max/threshold ingestion)™ -1t -2/3 -1
Max growth rate @/2Nw, ([/K)/([S..]"’ﬂlx) 6 2/3
Max respiration rate C.,w(WPW 91+ WIS, I/ (n+x[S]) 23101 2/3w1
Birth, adult size W, W, 0 1
. wll! wl!)
Min pre-reprod. period  J={3/{}n+x[S . n w.}': Wi o 1/3
Max egg storage 5o W..{S.1{1~1/4( LA W..)"’r’ o 4/3
Min water loss in cggs s.,- 0 443
I4
Min incubation time [S P ‘( W )‘
1 i wW2FT o3 )
x(z"' 73 Db Y ° /3
where v={4(W,/W,)/*~1}7V*
Max reproductive rate R, =(1-x)C/S, 2/3tel -2{/310 -1/3
Max pop. growth ate R /(1+ R 1) —_ =2f3to ~1/3

endotherms, routine

mctabolism, inciuding heat production, dominate. (An
endotherm eats ten times as much as an ectotherm of comparable size (Farlow,

1976).) It follows that large endotherms are more efficient than small ones, because
they lose relatively less energy in cooling. The routine metabolic rate being 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 efficient users of energy
than smal! ones, and we should seriously consider the possibility that they are not.

In the literature, it has been observed several times that there exists a negative
correlation between the von Bentalanfly growth parameter ¥ and the vitimate size;
see e.g. Duineveld & Jenness (1984). This observation has been wsed by Knight
(1968), to assault the von Bertalanfly model as a reasonable model for growth. In
order to remove this cosrelation, Gallucci & Quin (1979) suggested the transforma-
tion 3y = kW2, In the appendix, the ultimate size at constant food density is found

- . ‘S e A .- - S - . = W=
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FIG. 4. Respiration rate of Daphnia pulex with few eggs at 20°C as a function of leagth. Data are

from Richman (1958, Table S). The fitted cutve is 0-0336L7+0-01845L°, and is indistinguishable from
the curve 0-05161.2*%.

to be W, =(fi[A.,)/{)". Substitution in the expression found for ¥ gives (37)™'=
n/{+ WS, J/[A.) Apart from 5/, which has a small numerical value
{Kooijman, 1986b), the proposed transformation indeed renders ¥ independent of
W3 Based on the present model, this dependence is caused by the dynamics of
stored energy, and it by no means detracts from the von Bertalanfly model as a
model for growth at a constant food density. {The parameter [/% can be shown to
the so-called maintenance rate constant, which appears only in the microbial
literature, but which deserves wider attention (see Kooijman, 1986b). 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
lines of evolutionary 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 animal 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 canse 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 (sce Table 3), i.e. the food density at which the
animal is just able to survive for a fong period, (or A = C = M, growth and reproduc-
tion being zero), as functions of the parameters and the size of the animal. The
threshold food density is a hyperbolic function in W'/>, 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 reflected in the time until death by starvation depends
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ones tend to die a little earlier than the small ones, but the differences are slight.
This has been verilied experimentally (Kooiiman, 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 — nW. Substitution of the energy investment in growth shows that the
reproductive rate is simply related to the utilization rate, viz. (W= W,)(1-x)C/S,
in the growth region of the state space and (W= W,)(C - M)/S, in the no-growth
region, (W= W, } taking the values 1 or 0 if true or false, and S, being the initial
storage, i.e. the energy investment per young. The expression for S,, given in Table
3 is derived in Kooijman {19865b). As storage at birth is in assumption 12 laid down
to be S,=[S,,]/W, for a mother feeding at (constant) input level f, the energy
consumed during the egg stage, W < W, equals §,- §,. In animals 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 observation that
loss of water from bird eggs corresponds to the vse of energy, and sa with S,— S,
will be used in the next section. The derivation of the incubation time is given in
Kooijman (1986b}. 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 Bertalanfty growth from size W, (sce 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 {apar from, possibly, a fluctuating 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 W,, an individual can
reach (at a high age and with an abundance of food), can be written as a fanction
of three parameters (see Table 3). Species that differ in this maximum size therefore
have to differ in one or more of these three parameters. Consistent with the basic
model formulation, we shall assume that the size specific routine metabohic 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, [ A, ], scales with W¥>, The maximum assimilation rate itself, which
is given by [ A,,]W?? (see Table 3) therefore scales with W, so the scaling parameter
is 1.

Since the ingestion rate is assumed to be proportional to the assimilation rate,
the ingestion rate also scales with W_. Farlow {1976) gives a scaling parameter of
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rate as well as the threshold value scales with W,,, so we may expect the abundance
of species of body size W, to scale with w2l very nearly what was found by Peters
(1983). For filter feeders, where filtering rate F is ingestion rate [ divided by food
density so that F={i,]JW**/(K+X), the shape parameter K of the Holling
functional response can be interpreted as the quotient of max_imu_m ingestion rate
and maximum filtering rate, i.c. in absence of food so that K = I,/ F.,,. If the filtering
rate is dependent on the surface area of the filtering apparatus, it scales with w3
(see Brendelberger & Geller, 1985), so the shape parameter scales with W.[* and
the threshold food density with W2>_ This means that a constant environment tends
to select for small species, because they are able to outcompete the large ones.
Fluctuating environments, on the other hand, tend to select for large species because
the time until death by starvation scales with W/>. (Threlkeld (1976) found a scaling
parameter of 1/4, but 1/3 also fits the data well.) In contrast to what has beea found
in the previous section for animals of the same species a large specimen of a large
species is thus better equipped to survive a period of food shortage than a small
specimen of a small species. Brook & Dodson (1965) observed that in the absence
of predators, the larger species of zooplankton dominate. On basis of the present
theory, the explanation does not lic 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 animal can find sufficient food. This has been
confirmed experimentally by Goulden & Homig (1980).

In order to couple the maximum storage capacity to the maximum cnergy intake,
we assume that the size-specific maximum storage, [ S, ] scales with the parameter
[A.], i.e. with W** and that the birth size as well as the size at the end of the
pre-reproductive period scales with W,,. These two assumptions complete the scaling
relations for the parameters of the energy budget model collected in Table 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 judgement, we must remember that 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 size. Some of the other
cxpressions 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 biological 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 fall somewhere in this range,
depending on the species included. From an analysis of the equations given in Table
3, it follows that the respiration rate scales with about W4 as we also found within
a species, a result that has frequently been found (see introduction). It also follows
that maximum growth scales with W2, which fits Calow & Townsend's data (1981)
very well, that the minimum pre-reproductive period scales with W3, which very
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per young, which correspond to egg size, scales with W%~ in ectotherms; that the
water loss from bird eggs scales with W32, i.c. with (cgg size)'; as found by Rahn
et al. (1979), that incubation time scales with W3, i.c. with (cgg size)"/*; as found
by Rahn et al. (1974) and by Kooijman (1986b); and that maximum reproductive
rate scales with W', 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 R., decreases 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,
which 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
R./(1+ R,J), and consequently scales with W,'/. Considering the proliferation
in microbial populations, we can assume that division occurs at given cell size (sce
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 with W_.">, This fits the
protozoa data of Fenchel (1974) well, who gave a scaling paramecter of —1/4. Basic
feature of this scaling is that ingestion rate is proportional to the surface area W23,
This appears to be particularly relevant for ciliates feeding by phagocytosis, but
perhaps less so for bacilli, which change their shape during growth, because the
rod diameter remains constant. In the latter case, the population growth rate is
independent of cell 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.

Conclusions

Central to the reasoning outlined above are the Holling functional response, the
diagram of Fig. 1, and the von Bertalanffy growth equation (von Bertalanfly, 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
respication 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 atiempted 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 fail, because of the many biological exceptions
to general tendencies in body size relations, and because body size relations are not
necessarily 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 physiological variables
and body size can be predicted simultaneously from an elementary knowledge of
energy budgets. I have not devised my energy budget modet to explain body size
relations correctly hut to describe detailed observations'of the feeding, growth and
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reproduction behaviour of daphnids. In explaining body size relations, storage
considerations have proved to be more cssential than has been recognized. These
relations work out to be different for animals of the same species than for animals
of different species. The most striking divergence 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, small, becavse small animals
can better survive low food densities and, on the other, large, because large animals
can better survive periods of starvation. If starvation periods last too Jong, however,
the population numbers will follow the fluctuations in food density more closely.
In that case, the environment will select for small 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 thank Professor Dr J. A. ). Metz and Professor Dr O. Diekmann
for their stimulating interest, Ms A. de Ruiter for the experimental work underlying Figs 2
and 3 and Professor Dr P. Calow for his comments.
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APPENDIX

Derivation of the Energy Budget Model

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

The energy channelled into diflerentiation or reproduction {cf, assumption 9) can
{always) be written as a fraction 1—«x{ W, §) of the utilization rate C. This fraction
may be a complicated function of the state variables. So the fraction channelled
into maintenance plus growth equals x( W, S)C = M + n W, where the maintenance,
M, is given by M ={W, and W stands for growth, i.c. the change in size, W.
Assumption 1 states that the utilization rate, C, equals €= A- S, where § is the
change in storage, S, and the assimilation rate, A, is proportional to the ingestion
rate, I (assumption 5), which is given by assumptions 6, 7, and 8. So we have
A=[A_1fW?*>_On the basis of assumption 8, this type of ingestion rate is known
as the Holling functional response (see Holling, 1959).

At constant food density X, the storage after birth can be written as a function,
S*, of size, W, and the scaled input f=X/(K +X) (sec assumption 8), so $*=
W 35*/aW. Subsfituting this and the von Bertalanfly growth, W =pW¥*-3yW
given in assumption 12, in the equation obtained above, x( W, $)(A - 8) = {W+ oW,
we can solve 35*/a W, obtaining =

3S*1aW = i+ & WM S+ £, W), with fy=[Au)f ~ s N)n/ s Fi=5US;
gi=—{/x+35()n/x and g=-33().

From assumption 2 we have that the size-specific storage, [S]= S/ W,is ii;ﬂependent
of the partitioning rule x, so #S*/(3x 3W)=0 for all values of W, For primes
denoting derivation with respect to « considered as a function of time we have that

I _[iL-Lfir it hei-figi-im) W+ (gig —gig) W
IW 3k (L+gW'?)?

has to vanish for all values of W, from which it follows that (£,//;)’'=0 and
(g./2,)’ =0. This gives

AN =pUVn/(/TALIY) and BH(N) =GN0/ («)) =37/

Solution of these differential equations gives p(f)={A..1f/(n/x+35*/aW) and
3v(N=({/x)/(n/x+38*/aW). Since p and y are independent of size W, and so
the ultimate size W,,, which from W =0 is given by W= 5/(37)=[A.1/x/{, we
have that x is independent of size. From assumption 13 we also have that «x is
independent of f] s0 « is the same for different constant food densities. Since g and
¥ are independent of size, we also have that 35*/9W is independent of size, W, so
S* has the form S*= h{f)+ g(f) W. Assamption 1 states that growth utilizes stored
energy, not directly assimilation energy. Therefore 35*/3 W, which is equal to g(f),
in g and ¥ has to be replaced by §*/ W—h{f)/ W, which is only independent of f
and W for hA(f)=0. So we have $*=g(f)W or [§*]=g(Sf) for [$*]=S*/W.In
accordance with assumption 1 £ in 5 has to be written as a function of 8 so fis
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replaced by g~'([5*]), where g is the inversc function of g, i.c. g~ (g(f)) =f We
now obtain .
W =W =35W = {W[A, g7 ([S*D — W/ )/ (n/x+[5*)).

Growth depends on stored energy, S*, as the only variable that is changing (it
changes even when food density is constant), and it does so on its momentary value
and not on carlier ones. We can therefore 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 becoming negative in the equation
above. Assumption 15 in fact means that, in those situations, priority is given to
differentiation or reproduction over growth, which ceases. The dynamics of the
size-specific storage, [$]= SW—SW/ W2, is now found from the balance equation,
$=A-C 1o be [S1=[A.IW (/-2 7' (SD}

Assumption 14 states that 1/y is lincar in f so g is proportional to f say
2{f)=1S..1f, which implies that g™" is proportional to [ $] and vice versa. In other
words: the size-specific storage obeys a simple first-order process if and only if 1/y
is linear in £ To summarize the final resuit, we have that the change of the state

variables is given by
W ={( W[ A J[SVIS.)- Wi/ x)/([S]+ 2/ %))},
[S)=[A.IWP{(W= W)X/ (K + X)~[S)/[S.]}

where (W= W,) has value 1 or 0 if true or false, in accordance with assumptions
6 and 5. The model would be much simpler to derive if we assumed that x 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 testing of the assumptions. It is very difficult to measure the different
energy flows to growth, maintenance and reproduction directly. Among other things,
we have to disentangle the heat losses involved in these processes and measure
other forms of overheads (see text).




Application of a dynamic energy budget

model to Mytilus edulis (L.)*
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Abstract. Filtering, ingestion, assimilation, respiration, growth and reproduction
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
situations, 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 relation. 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~! at 15°C.

Key-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
severa) reassons. It is an important species in estuarine 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 that can be
maintained for 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 & Hallam, 1988, Kooijman & van
Haren, 1990). Results of environmental monitoring programs such as the
"Mussel Watch Program” (Goldberg, 1975) are therefore difficult to inter-
pret without a toxico-kinetic model based on physiology which 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 & Newell, 1983;
Verhagen, 1983; Baretta & 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,
there is a (dry) weight loss due to the utilization of energy reserves {Bayne
& Newell, 1983).

One problem with this approach is that it does not distinguish storage of

energy reserves (f.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, f.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
(DEB) 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. edulis. Originally, the model was developed for Daphnia
magna Straus (Kooijman, 1986 a, Evers & Kooijman, 1989) and sucess-
fully applied to Lymnaea stagnalis (L.) (Zonneveld & Kooijman, 1989) and
micro- organisms (Kooijman et al., 1991). It permits the description of em-
bryo development {Kooijman, 1986¢, Zonneveld & Kooijman, 1991), growth
{Kooijman, 1988) and body size scaling relations (Kooijman, 1986b, 1988).
Ross & 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
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processes which are relevant for the energetics. Subsequently we will test it
against data from the literature and some unpublished date.

The DEB model

We will 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 (lenght?®), 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
only gradually 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

I = {I,}fW??* with f = X/(K + X) (1)

where X is the food density, X the saturation constant and {I,,} the maxi-
murn surface area-specific ingestion rate. The filtering rate is F = I/X, on
the assumption that there is complete retention of particles. The maximum
filtering rate is thus W?/3{I,}/K. If the digestive system remains filled with
processed food, and has a capacity of V, the gut passage time is V/I (Evers
& Kooijman, 1989). The food-energy conversion is taken to be constant,
{Am}/{Im}, so the assimilation energy, i.e. the total energy input, equals
{An}fW?¥3, where {An} is the maximum surface area-specific assimilation
rate, The incoming energy adds to the reserves, When expressed as density,
[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
2 < oWIB(f = e) (@)
di
where e = [5]/|Sy,], where [Sp] is the maximum storage density and v =
{Am}/[Sm) is the energy conductance (length.time™?). The rate at which



Table 1: Variables, primary and compound parameters

symbol dimension interpretation
variables
1 time time
X weight length~3 food density
W length® body volume
S energy energy storage
e energy.length~=3 scaled energy storage density: §/[Sm]W
R, energy cumulated energy investment into reproduction
primary parameters
W,  lenght® volume at birth
W;  length? volume at start reproductive stage
K weight.lenght3 saturation constant
{I.} weightlength=2.time™! maximum surface area-specific ingestion rate
{An} energylength~?.time™® maximum surface area—specific assimilation rate
[Sm] energy.length-3 maximum storage density
¢ energy.length~3.time™!  volume-specific maintenance costs per unit of time
7 energylength~3 volume-spetific costs for growth
K

compound paremelers

v
m
a

length.time™1
time™!

fraction of utilized energy spent on
maintenance plus growth

energy conductance: {Ay,}/{5m]
maintenance rate constant: {/n
energy investment ratio: n/x[Sm)




energy is utilized from the storage, is

ds aw
€=-%." lsml( a@l, W*e‘ar)
= e[Sm] (vW”:"-—%Z) @)

A fixed fraction « of the utilized energy is spent on growth plus maintenance.
The latter quantity is taken to be proportional to volume, {W. So xC =
(W + 7%, where 7 is the volume-specific costs for growth. Substitution

gives
dw Wley — Wam ()
dt e+ a

where the dimensionless investment ratio, @ = 5/«[Sn), and the maintenance
rate coefficient, m = (/n are compound parameters. Growth ceases when the
energy reserves drops below e = W/2ma/v.If the food density is constant
long enough, (2) states that e tends to f and remains constant as well. This

turns (4) into the well known von Bertalanffy growth equation, having the
solution

W) = (WY — (WP = waPye)’ (5)

where W1/3 = fx{An}/( is the ultimate volume!/® and v = (3/m+3W2/3/v)7?,
the von Bertalanffy growth rate. The maximum volume!/? is thus Wi/® =
k{Am}/¢, which can only be reached at prolonged exposure to abundant
food. The von Bertalanffy growth rate is then minimal and equals % 2~ el
Back substitution of (4) into the storage utilization rate (3) gives

¢ = <l (s 4 map) (6)

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
J = 0. Neglecting the small size increase, for a well-fed individual, we arrive

g wm w,/s
at a starvation time of In =8,




The energy drain to development plus reproduction equals (1~ x)C. The
maintenance of a certain degree of maturation is taken to be 1=2{min(W, W;).
This choice, which is an alternative way of defining &, makes the costs of
development independent from the feeding conditions. The implication is
that the cumulative energy drain to reproduction in adults, i.e. in individuals
of a body volume larger than W;, amounts to

R ty,1) = j“ 1—-x es)

n K e(s)+a

1

n(vW ()2 +mW(s)) ds—

When the energy reserves would no longer suffice for maintenance, i.e. when
e < amW'3/y, growth will cease, so that %‘% = {}. The cumulated energy
drain to reproduction in animals that continue to allocate energy to repro-
duction under these circumstances becomes
t -

Relts,) = [ (e(){An}W(S)"* = CW(s)) ds = “=20(t = )W (B
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, 1986¢, Zonneveld & 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 R, 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, W,,,
relates in a simple way to body volume, assuming a constant specific den-
sity close to d = 1 g/cm®. The rationale is that storage compounds replace
water (Pieters et al,, 1979) and have about the same specific density. For
isomorphs, shell length relates to volume as al = W/, where a is called
the shape coefficient. Fig. 1 confirms this relation. The data represented
imply that the shape coefficient o = 0.333 (SD 0.097) g*/3.cm™. Kooijman
(1988) estimated a shape coefficient of 0.394 based on the intra shell volume.
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Figure 1: The relation between fresh
(wet) weight, Wy, and shell length, L.
Data from Borchardt (1985); Pieters et [
al. (1979); Dutch contribution to ICES, .

Copenhagen. . The least squares fitted |
curve is Wy, = d(al)® with d=1g/em?, o®
= 0.03692 (SD 7.59 108). It is does not 2

differ significantly from the best fitting al- [
lometric one W= 0.02774L37%7 on the ba.
sis of the likelihood ratio test (p =0.096).

L
¢ )

Wet walght, 9

Shell length, cm

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, S,
and cumulated reproductive material, R, Both latter compounds vary with
habitat and season (Pieters et al., 1979; Zandée et al., 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 (Jgrgensen, 1976).

The largest mussels 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 lengths of 9.2 and 9.4 ¢m in Greenland and New-
foundland respectively. Thiesen reports shell lengths exceeding 9.2 cm. Un-
fortunately he gave no actual lengths because these shells 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 needed 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 fluctuating temperatures.

The way rates depend on temperature is usually well described by the Ar-
rhenijus relation within a species-specific tolerance range (Kooijman, 1988).
In M. edulis the range is 5-20°C (Widdows & Bayne, 1973; Widdows, 1973a,b).
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At lower temperatures, the actual rates are lower 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 p181)

The Arrhenius temperature is estimated using growth rates of larval shell
length; see Fig.2. We assume that, as a first 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 T4 = 7600 K. The rate at absolute temperature T} is thus obtained
from that at Ty according to vy, = vg, eTa(V/To=1/1),

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 natural conditions are mixtures of organic and
inorganic compounds which vary in size. If larger than 4 ym in diameter,
they are fully retained by M. edulis whereas a 50% retention is reported for

8
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particles of 1 pm in diameter (Vahl, 1972; Mghlenberg & Riisgird, 1978).
Particles less than 1um are poorly utilized (Wright et al., 1982; Gorham,
1988). Field monitoring programs frequently use the 0.45 um mesh sieve
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 ef
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 lipid contents (Widdows et al., 1979; Laane et al., 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~! (Lyn-
her estuary, U.K., Widdows et al, 1979), 0.29-15.9 J.ung SM~! (Gironde,
France, Laane et al., 1987), 0.18-5.9 J.mg SM~! (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 conversion of POM to its mean
energy equivalent of 20.3 J.mg POM~™! (Bayne, 1987).

Feeding, ingestion and assimilation

High SM concentrations (> 5 mg.1™!, Widdows et al., 1979; 3.2.7.4 mg.l-},
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 Kigrboe 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 réle in sorting incoming
material, which is conveyed to the mouth or to the rejection tracts (Bayne,



1976 p143-144). Thiesen (1982) has shown that palp size increases with in-
creasing SM concentrations in water. He suggests that large palp size is an
adaption to live in turbid waters.

Food intake is a function of body size, particle 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 Mghlenberg &
Riisgdrd (1979) reported scaling parameters for wet weights of 0.73 at con-
stant food density of 40 10° cells.)~! 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 (cirri, gill filaments,
mucus strings, labial palp and gut) become saturated. Foster-Smith {1975},
Riisgérd & Mghlenberg (1979) and Riisgard & Randlgv (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. edulis ceases filtering (Bayne, 1976 p139).
Riisgird & Randlgv (1981) reported a threshold food concentration of 1.5 10°
Phaeodactylum tricornutum cells.l”?, below which no filtration occurs due to
shell closure. After a period of 24 days at a constant low or high food level,
M. edulis 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.1~! at which pseudofaeces production starts.
This amounts to 1.8 mg POM.h~! 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~? based
on the fitted curves in Fig.5. So the assumption of 100% sorting efficiency

10



Figure 3: The filtration rate as function
of shell length, L, at constant food den-
sity (40 10° cells)=? Dunalielle marina) at
12°C. Data from Winter 1973. The least
squares fitted curve is {F}(al)?, witk
{F}= 0.041 (SD 6.75 10~*) Lh~t.cm~2,
which is does not differ significantly from
the best fitting allometric one 0.039L3:03

on the basis of the likelihood ratio test P —— ; s -
(P =0.66).

Sheit jength, tm

Flitretton rate, .M

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), i.e.:u_—%&—w, 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 »*C 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, 1976b; 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 'mean’ energy equivalent of POM. This leads to an average

food-energy conversion of {Am}/{Jn} = 11.4 J.mg POM~!, 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.8. On the basis of the DEB model, we expect a proportionality
of the oxygen consumption rate to W + W%y /m, which closely resembles
frequently postulated one to WO (Kooijman, 1986a, Evers & Kooijman,
1989). The scaling parameter for M. edulis varies between 0.595 and 0.930
at different temperatures and dry weights (Bayne, 1976 p161). Hamburger

11



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 Jengths are (from bottom to top)
resp. 0.85, 2.65, 4 and 5.65 cm. Data
{from Winter (1973) and Schulte (1975)
{4 cm only). The simultaneously least

2
squares fitted curves are F = -';'v_-; al

with {F} = 0.83 (SD 0.098) l.cm~%. h"
and K = 76 (SD 42) 108 cells.]"?,

Figure 5: The ingestion rate, J, 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). Rates 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 al,
(1981); Bayne et al. (1989); Bayne et
al. (1987) and Smaal et al. (1988). The
simultaneously least squares fitted curves
are ] = {I. }{aL)? X /(K + X), with {In}
= 3.0 (SD 1.0) mg POM.cm™2.h~! and K
= 2.4 (SD 1.3) mg POM.I".

Figure 6: The gut passage time as a func-
tion of ingestion rate for a 2.5 cm mussel
feeding on a mixture of Isochrysis galbana,
Phaeodactylum tricornutum and ashed silt
at 14°C. Data from Bayne et al. (1989).
The least squares fitted curve is T = V/I,
with V = 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 to0 5.7 cm. Data from Bayne et
al. (1987); Bayne et al. (1989); Borchardt
(1985); Kigrboe et al, (1981) and Hawkins !
& Bayne (1984). All rates are corrected to il
15°C. The fitted line is A = I{An}/{Im} N A
with {Am}/{fm} = 114 (SD 0.29) J.mg 8 8.7 8.4 N5 WD 1

POM-}. Ingestion rate, mgPOM.N

Azsimi lotion rete, J.W'

et al. (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. edulis 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 musse] is
fed. Between the limits of standard and active oxygen consumption rates the
musse] 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 negli-
gible. Substitution of (1) into (6) leads to Vo, = % Tw—".’.;f;ﬁ%?}‘—m; where the
proportionality constant V, (ml O;.h=?) stands for the standard oxygen con-
sumption rate. This is so because a prolonged ingestion rate of {I,,}WW;1/3
just balances the maintenance costs W{/x. At maximally prolonged in-
gestion, when I = {In}W?*?3, the oxygen consumption rate thus becomes
Vo, = V_,-‘-’-"ﬂ-;-'_—:_?i’fﬁ. This corresponds with the active oxygen consumption
rate of Thompson & 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 lengths causes a
large deviation in the parameter estimates.

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

13



Figure 8: The oxygen consumption rate
as function of shell length, L, at constant
food density at 15°C. Data from Kruger
(1960). The least squares fitted curve is
Vo, = w(L?® + £L?) with w = 0.022 (SD
0.0074) em®.cm™3h~! and £ = 26.5 (SD

1.9 2.% l 3,8 ‘ 4,8 8.5 B.S
14.8) min. Shel! length, cm

G, consumption rate, co’ it

is proportional to the energy spent on maintenance plus reproduction. It
decreases exponentially at a rate proportional to body length (Kooijman,

1986b; Evers & Kooijman, 1989) in animals that do not change their storage ‘

dynamics and continue to allocate energy to reproduction :
Voy(t) = {Vo} W3 exp{—utW1/%) (9)

where {5} is the proportionality constant {m! O;.cm™2.h"?) 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™! is close to the value of 0.22 (SD 0.018) mm.d"!

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 & Worral, 1980), or it
is known in experimental setups (e.g. Kautsky, 1882). When food density
is constant or when food is abundant, the von Bertalanffy growth curve (5)
should fit. The fit is mostly satisfying, see Fig. 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 & 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 (810 cm) at a depth of 15 m in
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Figure 9: The oxygen consumption rate
as function of ingestion rate, I, for
the shell lengths, L, 2,5 and 4.5 cm.
Data from Bayne el al (1987, 1989).
The simultaneously least squares fitted

curves are Vp, = : 1 a“‘['.""_:_;" ~ with

Vi(aL)~3= 0.056 (SD 0.025) m! Oy.h~?,
v/m= 5.3 (D 6.5) mm, a{l,,} = 0.16 (SD
0.07) mg POM.em™2,h-1,

Figure 10;: The oxygen consumption rate
and the carbohydrate weight in starving
4.5 cm mussels at 15°C. Data from Bayne
& Thompson (1970). The least squares
fitted curves are Vp, (1) = Voe~*¥/ok, with
Vo = 0.39 (SD 0.014) ml Oz.h~? and v
= 0.34 (SD 0.026) mm.d"? and W() =
Woevt/eL, with Wp=23.4 (SD 1.18) mg
and v= 0.25(SD 0.026) mm.d*1.
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the Baltic at 7°/,,. These data, see Fig. 12, clearly 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

4, _ (Enf)= L)
&= 3D +a)

where m;y denotes m at 15°C. We used cubic spline functions to descibe
f(t) 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 no need to modify
(4) to describe sigmoid growth curves, The von Bertalanffy growth rate at
f =11is0.42 y~? at 15°C on the basis of the parameter values given in Fig.
12,

Stromgren & 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) = egexp{—2}}. Substitution into (4} gives

¥ Vmalmi
= v::l(:i p%‘f;k;%s’n._ Fig. 13 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. edulisis 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 caused 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

amys(T(t) > Tp)eTA =7ty (10)
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Figure 11: The von Bertalanffy growth
curves fitted to length-time data, as re- f
ported by Seed (1969) on itertidal North 3 Y S
Sea mussels. The parameter values are =00 130 2%ep Ysee asee msoe
listed in Table 2. Time, ceys

with the measured shell lengths. The adjusted parameter value for the satu-
ration constant K is 1.69 {SD 0.628) mg POC.1™? (which is equivalent to 4.23
mg POM.1"1) and for the energy conductance v is 6.73 (SD 0.052) mm.d™?
at 15°C. The calculated maximal shell length, maximum starvation time and
threshold food densities are now 42.1 cm, 36.3 days for a 3 cm mussel and
0.18 mg POM.I"? for a 1.8 cm mussel, respectively. Although the measured
shell lengths are well 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 & Kooijman {1989) ob-
served that the size 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 coefficient « and so
the energy available for maturation.

M. edulis has a pronounced annual cycle for gametogenesis with one or
several spawnings in spring and summer (Bayne, 1976 p22). The annual cycle
is usually described by discrete stages of gonad development, viz. 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 description of the
measured temperature. Initial lengths
were 4.3, 10.4, 17 and 26 mm. Parame-
ters: L, = 100 mm, ¢ = 0.13, my;; = 0.03
d-1, T4 = 7600 K.

Figure 13: The growth rate in starved
mussels at 21.8°C. Data from Strémgren
& Cary (1984). The fitted curveis 4L =
E—a—_-%'-%-rﬂ, with the shape coefficient
Jafe” a +:9°-)

a = 0.333 and L = 1.7 cm. The least
squares estimates were 2 = 12.59 (SD
1.21}, m = 2.36 (SD 0.99) 10~3 d~! and v
= 2,52 (SD 0.183) mm.d™?.
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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 shell
lengths in the Qosterschelde estuary dur-
ing 1985 and 1986 based on measured tem-
perature and POC concentration, 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, v,5=0.27
mm/d, a=1.03 and mysa= 0.0052 d4-2,
The deviating least squares estimated pa-
rameters were K= 1.15 (SD 0.38) mg
POC/] and v;5=0.59 (5D 0.07) mm/d.
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Table 2: Ultimate shell lengths and von Bertalanffy growth rates (with SD).

source sample temp. Lo ¥
methodt°C cm d-?

Rodhouse et al. {1984) ¢ 11 .60 (0.157) 2.95 104 (1.13 10~%)
c 11 7.46 (0.296) 3.45 10~* (2.53 10~%)
c 11 6.01 (0.429) 3.39 104 (4.38 10-%)

Page & Hubbard (1987) b 14.8  9.07 (0.043) 5.26 1072 (5.45 10-%)

Bayne & Worral (1980) a 10+ 10.8(2.61) 3.74 10~ (1.30 10-4)

Seed (1969) ¢ 3.46 (0.282) 2.56 10~4 (3.61 10~%)
c 4.70 (0.360) 2.24 10—4 (2.80 10~%)
c 3.97 (0.461) 4.14 10~ (7.96 10~%)
c 7.48 (0.313) 2.48 10~4 (1.81 10~%)
¢ 6.19 (0.485) 3.52 10™* (4.56 10~%)
¢ 12.2 (1.74)  2.05 1074 (3.89 10~%)
c 7.68 (0.245) 5.44 10~4 (3.87 10-%)

} estimated mean temperature at site of sampling
t a: size frequency; b: measured age; c: shell rings
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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 al., 1980).

Bayne et al. (1975) carried out experiments with labeled 1C 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 C 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 energy 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, 1986¢)

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 al., 1986). The DEB model implies
that, at constant food density, the maximum body growth occurs at W..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 al., 1986), and in the Lynher and Cattewater estuaries,
Morecombe Bay (U.K.) (Bayne & 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 x shows marked regional differences. The value of x in the
British 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 no concensus in literature about which
external or internal factor induces spawning (Bayne, 1976 p19). 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 three populations. Data
from Rodhouse ef al. (1986), left, and Bayne & Worrall (1980), right. The esti-
mated parameters in the left figure at an roughly estimated temperature of 15°C
are ¢ = 1,01 (SD 0.19), ma = 4.2 (SD 0.7) 10~ 4! and & = 0.71 (0.074), given
vs = 0.23 mm.d~?! and f = 0.49, a dry weight-wet weight conversion of 0.12, with
e(0) = 0.46, W(0) = 1 cm® at 12°C. For the right figure: a = 1.05 (SD 0.073), ma
= 5.0 {SD 0.1) 102 d~?! and &; = 0.94 (SD 0.01) and kg = 0.99 (SD 0.01) with
o1 = 0.4,Wo; = 6.16 mm?, f; = 0.59, ey = 0.3,Wp 3 = 4.36 mm?, f, = 0.51
and vy5 = 0.19 mm.d™~%.

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

Discussion

The DEB model provides a framework to describe a wide variety of physi-
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 extent, 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™? 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 mussel. It is
not known to which extend populations differ genetically in their parameter
values or how the parameter values depend on environmental variables like
salinity.

The early budget studies simply describe growth as proportional to the
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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 from 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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ABSTRACT

On the basis of a model for energy budgets, which includes the dynamics of stored
energy, 2 model has been proposed for the kinetics of non-metabolized xenobiotic
compounds, which smay be lipophilic. The surface area coupled uptake is via food
and /ot water through the aqueous fraction of the animal. The partitioning to non-
aqueons siractural body mass and to stored materials (i.e. lipids, carhohydrates
and proteins) is taken instantanconsly. The result is a simple first order Kinetics
with variabfe coefficients. The bioconcentration factor has been evaluated. Model
predictions have been tested against data from the literature.

INTRODUCTION
The kinetics of xenobiotics is of impottance in connection with environmental
monitor programs, as preamble for understanding effects of toxic fompounds
and, as a special case, for medical purposes when the xenobiolic concerns
a pharmaceutic. One compartment models do not always give a satisfac-
tory fit with experimental data. For this reason more compartment models
has been proposed (sce e.g. Curtis al al (1977), Ruzi¢ { 1972)). Becausc
of their larger number of paramelers, the fit is better, but an acceptable
physical identification of the compartments is nsually not possible. These
models therefore contribute little to our understanding of the kinetics as a
process. The purpose of this paper is to incorporate elementary knowledge
about chemical exchange that is not compound-specific and about animal
physiology that is not species-specific into a model for the kinetics of non-
metabolised compounds.

For terresirial animals, the usual uptake of xenobiotics from the environ-
ment is via food. Somelimes, uptake is via the lung or directly through the
surface. In the aquatic environment uptake directly from water is especially
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important for hydrophilic organic compounds (Bruggeman ct al., 1981) ard
melaf (Borchardt, 1981, Riisgard ef of, 1987). In aquatic animals that are
chemically isolated from their environment, like aquatic insects, birds and
mammals, the usual uptake is throngh food only. See eg. Walker (1990)
for a discussion of uplake routes. Excretion is through the surface directly,
via excretion products and via gametes. Accumulation of lipophilic com-
pounds and partitioning between different organs can be explained by the
occurrence of stored lipids. Schneider (1982) found latge differences of PCB
concentrations in different organs of the cod, but they did not differ when
based on the phospholipid-free fraction of extractable lipids. Models for the
feeding conditions dependent kinclics have been proposed by e.g. Lassiter &
Hallam(1988), [faltam & de Lona{1984), Hallam ef 2l.(198%). The models
presented in Lthese papers have a large number of parameters. The present
paper aims at modelling the kinetics of xenobiotics in 2 parameter sparse
way, assuming instantancous parlitioning of the compound in the organism,
as proposed by Barber ef af(1988). It differs from their model] by the cou-
pling to a model for the uplake and allocation of energy, which has been
extensively tested, Evers & Kooijman(1989), Kootjman(1986a, b, ¢, 1988),
Zonneveld & Kooijman{1989). One of the key features of this model is that
food uptake, and so excretion, is proportional to surface area, resulting in
relatively simple kinetics of xenobiotics allowing several uptake and excretion
routes. Other features arc a cyclic change in lipid rich compounds, due to the
reproductive hehaviour and predictions for concentration-body size welations.

MODEL SPECIFICATION

The tissue is divided into four compariments: the aqueous fraction of vol-
ume V,, the non-aqueous fraction of the strugiural component of the body
of volume V,,, the non- aqueous fraction of the stored energy reserves avail-
able for utitization of volume ¥,, and the non-aqueous fraction of the energy
reserves sct apart with the destination of reproduction of volume V,. Energy
rich compounds like glycogen, proteins and lipids are assumed to be replaced
by water when food conditions grow poor. This has been found for mus-
scls by Pieters ef al.(1979) and for snails by Zonneveld & Kooijman(1989).
We assume that the animal remains isomorphic during its development, from
which lollows that each organ occupies a fixed fraction of the structural bedy
mass. Morcover we assume homeostasis, i.e. the chemical composition of the
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non-aqueous fraction of the structural body mass and the energy reserves re-
main constant. However, we allow for chemical differences between these two
compartments. The aqueous body volume is therefore a fixed fraction of the
structural component of the body plus the part of the cnergy reserves that
is not filled with energy rich components. So V, = (1 — o, )W + o (1 — )W
for W denoting the siructural body mass, e the energy rescrves as a fraction
of the maximum energy reserves, a,, the non-aqueous fraction of the body
size and e, the maximum volume of energy reserves as a fraction of body
size. The volume occupied by non-aqueous biomass, energy reserves and re-
production reserves are taken to be V,, = o W, V, = a.eW and V. = arl¥,
where r denotes the cumulative encrgy investment into reproduction since
the last reproductive output 25 a fraction of the maximum encrgy teserves.
At reproduction it is reset to zero. Wet weight, W,,, of an individual is taken

to be
Wy=d, (Vo + Vo + V. + V) =d{l +afl +r))W (1

where d, is the specific density, which is close to 1 g/em®. The redistribution
of the xenobiotic over the four compartments is assumed to be fast with re-
spect to the exchange with the environment (sce the section on time scales).
This assumption is supportcd by the study of the climination rate of 4,4".
dichlorobiphenyl (PCBI15} in the pond snail Lymnaca stagnalis by Wilbrink
el al.{1989), who found the elimination ratcs to be equal for different organs.
The fact that structural biomass consists of organs differing in partition co-
cfficients for the xenobiotic, is covered naturally through the assumplions of
isomorphism and homeostasis together with instantancous partitioning. We
can therefore relate the total number of moles of xenobiotic inside the animal,
C,., to its concentraiion in the aqueous fraction, ¢,, which is assumed to be
the only compartment which communicates directly with the environment.

We have

Cy = Ca+Cw+Ce+Cf = V.c.+V,,c.,+ Ve, + Ve,
(1+ . + p(Pua — 1) + aee{Pee — 1} 4+ aor Pry) We,

= ahWe, (2)
where the C’s denote the amount of xenobiotic compound in moles and the

¢'s the concentrations in mol/volume; P,.. = €,/c, is the partition coefficient
of xenobiotic between the non-aqueous structural biomass and Lthe aqueous
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phase; P, = c.fc, that of the energy reserves and the aqueous phase. The
partition cocfficicnts are assumed to be fixed values. v = 1 + o' 4+ (P, —
Devy, fa, and

h=v1+(lPp—1et Pyr &)

arc introduced to shorten Lhe notation. See table 1 for a list of the parameters
and - 1ain variables,

The uptrke as well as elimination are assumed to be proportional to the
surface area of the isomorphic animal, thus proportional to W2, See e.g.
Fvers & Kooijman (1989) for a discussion on the proportionality of ingestion
with surface area. Uplake via waler is proportional to surface area, because
isomorphism tics surface area of e.g. gills to Lotal surface arca. We assume
that water is locally well mixed, such that the animal will not deplete its
immediate surroundings from xenobiotic. So we do not follow e.g. Norstrom
et al.(1976) by relating uptake to oxygen consumption. The absence of the
connection between oxygen uptake and accumulation of PCB in guppics has
been experimentally supported by Opperhuizen & Schrap (1987). When a
simple diffusion type of kinetics applies, we arrive at

Ch= W (1300 4 75, fop — Thaca) (4)

where the 7*’s denote the transporl rates from the conpartment indicated in
the first index to the sccond onc and f denoles the scaled fanctional response
[ = X/{K +X), for K being the saturation constant and X the food density.
From (2} we obtain .

Cy = a hW)d, + o'W + AW}, (5)
Substitution into {4} resulls in

r_ TdaCatTmfep Tod w’ E
= Tawis “\mwstwty )

where rg, = 7, [0, Ypu = 15, /0. and 1,4 = rlfc,. Although this equation
defines, together with an initial condition, the dynamics of the xenobiotic in
the animal, it will be difficult, if not impossible to measure the concentration
in the aqueous fraction. More relevant seems the concentration in the wet
weight gy = Cy /Wy, Substitution of (1) and (2) gives
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Table 1: The parameters and main variables of the xenobiotic and the encrgy

budget model.

Par.

Var.

[
i

Cowwr

'it\%h-..

Dimension

mot length—*
mol length™3
mol.weight =1
length.time™!
length.time™!
length.time™!

length®

weight length—3
length.time™!
time™1

fength®

fength®

time

Interpretation

conc. in the water

conc. in the food (as volume})

conc. on the basis of wet weight

uptake rate from food

uptake rate from water

elimination rate

partition coeff. en.reservesfaqueous fraction
componnd parameter

food density [saturation const. plus food density
body size

energy reserves/MAax.enctgy reserves
cem.cnergy to reprod./max. cnergy density
max.vol.reserves/vol body

specific density of the body

energy conductance

fraction utilized energy to growth + maint.
costs of growth/x max.cuergy density
maintenance costs/x max.energy density
body size at hatching

body size at first maturation

time at spawning or repreduction, s = 1,2,..

c.h

(1 +a71 47} (7)

Coy =
After snbstitution into (6) and application of the chain rule for differentiation
AgAIN, we attive at

' T4aCd + wa Cp Tad w’
= g0 ta + Wi \ggs Tyt

wir W 1+n;‘+r) (®)

This description of Lthe kinetics of a xenobiotic has thus 6 free parameters: ry,,
*pa and 7.4 of dimension length per time and the dimensionless parameters
o, ¥ and P.,. Sce table 1 for a list of primary parameters and variables.

To complete the model, it is necessary to specify the processes of feeding,
storage, growth and reproduction. Following Kooijman(1986), food intake is
taken to be a hyperbolic function of food density and proportional to surface
arca. Assimilation energy slocks the energy storage. Expressed as a density,
50 a ratio of stored encrgy and body volume, energy storage follows a shinple
first otder dynamics, with a rate inversely proportional to bady length. A
fixed fraction of the encrgy utilized from storage, is spent on growth plus
maintenance. The latter is taken proportional to body volume. The rest of
the utilized energy is spent on development plus reproduction. The latter
drain is first collected in a buffer, which is empticd at spawningg, triggered by
envionmental faclors. Development stops and reproduction starts as soon
as a cerlain cumulated amount of energy is spent on increasing Lhe state of
maturity, which here occurs upon reaching a certain body size. The encrgetic
costs of maintaining a certain degree of maturation is taken proportional so
the minimum of the actual body volume and that at first maturation, at the
cxpense of the energy flow to development and reproduction {see Zonneveld
& Kooijman, 1989). Here, we will express,the stored energy densily and
energy allocated to reproduction as fractions of the maximum stored energy
density, which thus become dimensionless qiantitics. These model elements
result in the following dynamics for body volume, scaled energy density and
scaled energy allocation to reproduction:

{eoW?2R _ W),

W= 7 (9)
eta

¢ = oW B(f_¢) (10)

R = %—-’-&E(vaw"'”+bW)—(l—x)bW, (11}
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for & > W'Pbfy and W > W;
B = eoW? — kbW — (1 — x)bW; (12)
for e < W%y and W > W,

Now, r = Bf/W and R = f,'_ R'di, where {, denotes the time of Iat.est.re-
production, which should not be earlier than the time at fu:s!. maturation,
i.e. when W = W,. The change in :eprodugtion energy density, ', is found
through its definition v = A'fW — RW'/W* ‘

For spawning occurring at 1,, we still have to define the I)Phaw.(mr of Cuu
around this time point. Kooijman{1986c) argued that a freshly laid cgg can
be realistically regarded as materials representing an amou‘nt. of stored energy,
with a negligible size of structural biomass. Little chczmc.?l ransformation
is required to transform energy set apart for reproduction into that of cggs.
Therefore it seems straightforward, at least for females, to let transduce_the
xenobiotic that rests in these reserves to eggs. We can relate the wet W(.‘I-gl'll
concentration just after spawning, i.e. al t}, to that just hefore spawning,
i.e. at {7, arriving at

_dtel!4r Ay
cunlt}) = cwnlt) 24T 2] 13

For Pey < | + (P — 1aw/(1 + ac{l — €)] this means a decroase in €y So,
for a well fed animal for which e = 1, F.y < 14(P,, — 1)o, mcans a d(‘c"'.asc
in €y 2t spawning. Independent from a change in o, al L, the production
of eggs makes up an elimination route which can be substantial.

When reproduction occurs as soon as enough energy has been accurny-
lated for a single egg and the energy investment in an cgg is small, thus r is
negligibly small, we can not simply put r = 0 in (8), dmpi'l,e the fact t_hat
according to (13) c.., does not change at #,. The reason is that f.he time
between subsequent spawnings can in this case reduce as well. This means
that the elimination rate of size P.,a.R'c,, which should then be introduced
into (4), need not be negligibly small. As a consequence, h'fk in the sccond
term of (6) and 75-= in the second term of (8) should be repla.ced_by
P..+’[h. After these substitutions, we can safely put r = 0 and still obeying
the preservation law for the xenobiotic. Species differ widely in the timing
of the reproduction process. Small animals, like those in plankton usually
reptoduce more or less continuously, while the larger ones in temperate cli-
mates usually reproduce once a year only.

7

1 is also possibile is that no xencbiotic is transduced through the repro-
duction process, as has been found by Wilbrink ef o.(1989) for 4,4'-DCH in
Lymnaea. In that case the last factor in (13) should be omitted, resulling in
an increase of c,., due to the reduction in wet weight.

Figures 1 & 2 illustrate the performance of the model to describe the ac-
cumulation / elimination behaviour of the compounds hexachlorobenzene
(log Kow = 5.45, Russel & Gobas, 1989} and 2- monochloronaphthalene
flog Kow = 3.90, Opperhuizen, 1986). The mussel and fish, respectively,
were not fed during the experiment, which implies that their enetgy reserves
decreased during the experiment. As a consequence the small fish kept at a
bit higher temperature than the larger mussel, depleted its energy reserves
relatively faster, so that it starts to efiminate during the accumulation phase
of the experiment. {See Kooijman, 1986b for a theory on the relation be-
tween body size and enetgy reserves.) The model succesfully describes this
phenomenon. The experiments have been shorl enough to assume that the
size of the test animals did not change and that the energy allocation to repro-
duction has been negligibly small during the experiment. The concentration
in water changed during accumulation. We therefore fitted a cubic spline to
these concentrations and used this spline in (8) to obtain the concentrations
in the wet weight. The free paramelers have been estimated according to the
least squares criterion.

INITIAL CONDITIONS

Alhough the concentration in the hatchling contributes liitle to that later
on because of the factor W3 jn (8), consistency requires its evaluation.
If the xenobiotic is transferred from mother to hatchling, the initial value
of ¢, depends on the contents of xenobiotic in the mother and her feeding
condition. Experience with chronic toxicity tests learns that most effecis
occur at hatching, meaning that an egg must be considered as chemically
rather isolated from its environment, apart from gas exchange of course.
Neglecting the contribution via sperm, the ¢y of the hatchling therefore
equals the ratio of content of xenobiotic of the egg at formation in the mother
and its wet weight d,(1 + o, )W,. The energy content of an egg as a fraction
of maximum energy resetve of the hatchling is according to Kooijman{1986c)
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Figure 1: The measured concentration of hexachlorohenzene in the water
and in the 6.03 cm? freshwater mussel Elfiplio complanata at 20°C during an
accumulation / elimination experiment. Data from Russel & Gobas (1989).
The least squares fitted curves are Lhe cubic spline function for concentrations
in the water and the model based expectation for that in the wet weight. The
parameter values with s.d. were v f(1 + a7 4 r) = 43.38 (2.43) cm !,
P.o /6 =0.3(0.89), T.a/6v = 1.16 (0.46) for v = 0.01 cem.h™! with 8 = v34 P, r.
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Figute 2: The measured coneentration of 2-monochloronaphthalene in the
water and in the 0.22 cm?® femzle guppy Poccilia reticulete at 22°C during an
accumulation / elimination experiment. Data from Opperhuizen (1986). The
least squares fitted curves are the cubic spline function for the concentrations
in the water and the model based expectation for that in the wet weight. The
parameter values with s.d. were v /(1 + o2 +7) = 2047 (5.20) em.h~?,
P /6 = 3.33 (17.95), rouf6v = 0.44 (0.56) for v = 0.014 cm.h~? with é =
T+ F. ea’-

WALASAW
tp=Lla 4 e (1 - E (FV_,%) ) {14}

where the scaled reserve encrgy density of the hatchling, €, equals that of
the mother at cgg formation and the maximum body size W,,, = (v/6)°. The
initial content in the egg is in accordance with (2): e, PogeoWy, where ¢,
is the concentration in the aqueous phase of the mother at egg formation.
Substitution of (7) results in

FPreaeo{l +r /(1 +0;‘))
“ ¥4+ {P~ e+ Pr

Cme{0) = ey (15)
where cuy, ¢ and 7 refer to the values of the mother at the moment of egg
formation.

TIME SCALES

From (8}, we observe that the relaxation time of g, equals

Tat_ | w + r -
WA T W T T e+
Its maximum value is obtained for W' =0, 7' = 0, W = W,,, € = 1 just
before spawning, where r = 1, = fJ' df. The maximum relaxation time is

then W3y —14 Poy(147. ) o). Hs minimum value is obtained for W = W,

which implics, ' = r = 0. The relaxation time reduces to %( e+ E—;-—':). for

bh=W."bfv,a =1 and §= Puzl §is minimum value is obtained for

b+a—aak(l-Behf(l+ a}a/ﬂ]}

o — §(4 +a)

For increasing lipophilicity, so P., and thus 8 increase, the relaxation time
increases. The minimum value tends te 5:-“—_*,2., which completely depends on
the energy budget. This minimum relaxation time sets the time frame for
the present model. All processes with much smaller relaxation times. like the
kinetics of the xenobiotic and siorage materials in the blood compartment
(c.f. Bruggeman ef al.(1981)) can be regarded as being in pseudo equilibrium.
So, the assumption of inslantaneous partitioning of the xenobiotic compound

e = min{l, max{l,
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can be relaxed to the condition that the relaxation time of the redistribution
process is smnall in comparison with this minimal value.

When the rate rog/ AW is Targe with respect to W//W+r'f{14+a7 47},
the model reduces to a simple first order kinetics, but the parameters still
depend on the size of the organism.

BIOCONCENTRATION FACTOR o

The bioconcentration factor, BF, is an important concept in the kinctics
of xenobiotics. Tt is usually defined as the ratio of the ct?nccnt.ra.tion in the
organism and the concentration in the environment, which both are taken
constant. This implies that food density is taken constant as well. In the
strict sense, the present model does not have such a factor, hecause thg:
energy set apart for reproduction shows a cyclic behaviour, so does the; BF.
We can approach the concept BF for animals that ceased growth, so w = 0.
At constant food density Lhis occurs when they reach their ultimate size
W,, = (fv/b)>. The energy density then becomes e = f. The encrgy density
sct, apart for reproduction is r = tr’, where t represents the time since last

spawning. For this particular values for W and ¢ we have from (11) v =
{1 — K)b{1 ~ W;/W,),. Therefore we have

M)=y+ (P -1+ Pt

which is lineac in {. This simplifies (8) to an exient that il can he solved
explicitly, giving

tl

Cun(t) v(t) (L‘ '—‘(—z)-d:r + Cm,(ﬂ)) where

v{z}
[—y r2.62 + Tpa J €y
u(z) = W, il+aditar) )and
o Tod 7
= exp{— d
oa) = expl- | (h(y)wgn;ﬁuae_,“,y) %)

t4azt  [(MO)) =P
= Tiai4er (h_(z‘i)

When 1; is the period between subsequent broods or spawnings and ¢, is time
at spawning, in equilibrium we must have that c..(¢] +1£) = c..(#7). Using

11

(13}, which we rewrite as ¢,,(57) = ot 191} with r = ir', we can solve
Cewl(t}) and oblain

Iy ulz)fv(z)dz

9(3')/0(3.-) -1

rasca Tonfes 1+ (P = 1)
da“ + l:l':') rat + Wgap“r:

Cnlt?) =

(16)

In order to arrive at the BF, we have Lo divide by the concentration in
the environment. Sometimes, the water concentration is taken for aquatic
organisms, but it scems more lucid 40 include the xenobiotic in the food in
the cnvironmicnt as well. In that case, the BF Just after spawning is given by
Cuul1} Yea + Xe,) 1, while that just before spawning is g(,) times as large.
In any casc, the BF still depends on the concentration in the environment
as long as uptake via food contributes significantly. This greatly reduces the
usefulaess of this concept.

CONSTANT ENVIRONMENTS

When food density, as well as the concentration of xenobiotic in the water
and in the food do not change since long, the concentration in the food will
be proportional to that in the water, ict us say ¢, = Poucy. The energy
density will be constant at € = f. When we choose the maximem length,
WP = vfb as our unit for length I, =* as unit for time ¢°, and ¢, as unit
for concentralion in the wet weight ¢, we effectively remove all dimensions of
the problem and obtain a maximum reduction of the number of parameters.
Scaled length as function of scaled age is found from (9):

1) = = (f - Koz o) (1)

The energy drain to reproduction rate as a fractior of the maximum stored
energy reduces for small amounts of accumulated energy for reproduction to

a s
() = (1 - &) (f +f 114e) _ p(j.,)

‘Fhe dynamics of the scaled concentration in the wet weight now reduces for
! < ; from (B) to

(18)
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'reo S+ 2 " o i) fﬂ(i")-—-l)
)= oy el )(‘r+?f"m-—1)f+ et ] (a9)

where the new dimensionless compound parameters are rj, = u“"',_ d.(_Hl-c?‘_)‘
e o= ;ﬁfi‘-ﬂ-—-—fﬂ—r and 13y = F‘;‘ﬁg. Fot I > {,, thus after an scaled age of

pa dafl4+as’)
3(a+ N)ln {{—f’, the dynamics depends on the times of spawning. For short
periods between subsequent broods and small amounts of energy accumulated
for reproduction we have:
_TatI e (T&/‘(f’) + Pear'(t°) + Jiey - 1) 2)
Oy NS TEm T T asr )
The initial scaled concentration depends on the size of the mother. When we
consider a young born from a fully grown mother, which thus has a scaled
length of = f, a scaled energy drain Lo reproduction of v = (1—&{1-E/f%),
and a conceniration of
_ (‘T+!(Pn“l))(rzc+fr:¢} fZI)
AN = e TP = )1 BT )

The scaled initial concentration becomes from{15):

__ coPulriat f3) )
O = P - - B
The concentration in the wet weight will increase during the lifetime of
an individual when

doo) _1+(Pa=1) _, -
Depending on the exchange rates relative to the growth rate, the concentra-
tion will first drop after hatching because of the dilution through growth.
At matuvration, the arculumation in females can decrease due to elimination
through reproduction. As an example, ¢ is given as a function of #° Fig.3.
An important conclusion from this figure i» that the fact that a xenobiotic
slowly accamulates into an animal not only depends on the proporties of the
xenobiotic, but also on the changing physiology of the animal.
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Figure 3: The concentration of &

xenobiotic on the basis of wet A reoe t/\/_/
weight as a fraction of that in the —

water, as a function of scaled age

in a constant environment. The ooe

xenobiotic parameters arc 15, = V

20, v, = 1000, 5y = 50, v = 30 -

and P, = 100. The cncrgetic pa- -

rameters are §, = 0.1, I, = 04,

=02 x=03for { = | {(upper e et
curve} and f = 0.4 (lower curve). ° n,e_,:,, ,.,::,,,

BODY SIZE RELATIONS

Since cnergy budgets depend on body size, we can expect that the BF based
on (16} as well depends on the ultimate body size a species can reach.. The
theory hehind this reasoning is presented in Kooijman (1986%). For studying
the BF-body size relation, we assume that reproduction takes place. once
a year for alt species. Since ry, is proportional to the surface area-specific
ingestion rate, the theory states that it is proportional to the cobic root of
the body size. This also holds for the maxinmum storage density (Kooijman,
1988), thus for b~', which makes W12+ independent from body size. Al
though the maximum storage density scales with the cubic root of body size,
it does not imply that the volume of the reserves as a fraction of that of the
hody scales in this way. Large animals seem to utilize storage compounds
with a higher energy capacity mote frequently. Nonetheless, o, will increase,
thus v will decrease with body size, but we expect that this is of minor in-
fluence on the BF. The other parameters, ryg) Tod, Peas Pugy O =, W;IW,,,
d, do not depend on body size. Therefore we expect that the BF at high
food densities is linear in the cubic root of body size, with a slope depending
on the uptake via food, em ie. BF & rya + v, Ppa. Note that we did not
assume any interference of uptake and elimination (or transformation) with
the metabolism of the animal. Figure 4 iltustrates that the BF for the highly
lipophyllic compound 2,4,5,2°4*,5" hexachlorobiphenyt {PCB153) for aguatic
animals depends on body size indeed, and that this can be explained on the
basis of the present reasoning.
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Figure 4: The bioconcentration
factor for PCB153 in aquatic or-
ganisms in the field, as given in
Oliver & Nimi(1988), Niimi &
Ofiver {1989) and from the Dutch
Ministry of Public Works and
Transport. The curve represents
the Jeast squares fit of the finear

relationship between the BF and s |,

the cubic root of the body size. Py e
- (—d‘_)]ﬁ = 2'18 cm". 1at09 pedr wey Height, 9

rpaFps ' Wer

DISCUSSION

The results presenied in this paper support the already widely a_cc_cptcd view
that the kinetics of at least some compounds depend on tf?c lipid content.
thus on the feeding condition of the animal. The understandig of f.!'nc kinctics
therefore requires a notion of the encrgy uptake, tse and allocation by the
animal. With a welt tested and relatively simple i‘f‘lod(.sl for the latter at
hand, we are able to cope with a rich v_a:icty of kinetics on the basis of
very simple uptake and elimination behaviour of t_hc.cnmpound'. It docs not
scemn feasible o use data on the kinetics of xcnobiolics to obtain paramicter
values related to the encrgy budget of the animals under the test mm!ltmu-s.
This should be done more dircclly. Since litile attention hase l’f"'" given in
the literature Lo the physiology of the experimental ammals', this model for
the kinelics, as well a3 competing ones, can not be tested t_\gm-mn?ly at the
moment. The large standard deviations of the parame!,cr estimatesis a rcsu!l.
of this problem. We think thai the present exercise does make clear that it
is teally hard to test modds assuming complex uptfn.!ce mechanisms as long
as obvious physiological changes related to the putrition are not cons:dc.rod.

The usual efect of metabolism on xenobiotic organic compom‘lds ®a
reduction of the lipophilicity. It is not difficult to incorporate e.g. M:d!achs-
Menten kineties for this transformation. The result will be 2 dccrea_se in the
overal! level. The Jogic behind this mechanism can be seen when loxic efrt:_‘cl.s
occur upon accumulation beyond some threshold value. Some LC50-time
curves could well be described this way (Kooijman, 1981, 1983). Because
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of the instantancous partitioning, cressing a threshold value in the aqueous
phasc corresponds with crossing some other threshold value in another phase.
It therefore does not maiter where we place ihe Lhreshold, as long as it is
a free parameter, 1o be estimated from observed effects. This is obviously
a pleasant property of a model that s not compound specific. When the
metabolites are more toxic than the original compound and reach significant
levels, the whole process is of course much more complex.

In Kooijman & Metz(1983), a toxic compound is assumed to affect pa-
rameter values of the energy budget model. Although this implies a highly
time varying effect for dynamical populations, it is basically a static ap-
proach. The present formulation allows a dynamical approach. Since the
concentration of a wide class of chemicals is predicted Lo increase with size,
so usually with age, the model offers one possible explanation for liletime
reducing effects of chemicals.
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Energetics affect xenobiotic kinetics in
Mytilus edulis.

H. E. Schepers, R.J.F. van Haren ! & S.A.L.M, Kooijman

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

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 Introduction

The interpretation of environmental monitoring programs for xenobiotics,
like the Mussel Watch, is hampered by locally fluctuating 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 [9]). 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

1Present address: Research Institute for Plant Protection. P.O. Box 9060, 6700 GW
Wageningen, The Netherlands.



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 comparison of the model and a one compartment 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 mode] 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
here.

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 assimilated 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:

. 2/3 __ am
W= (edW arnW), 1)
e+t a
e = sW(f—e) (2)
¢ (1 - N)e Y 2/3 N .
R = ——e—_*_—-a—(vaW -+ amW) -_ (1 - K)GmWJ‘ (3)
for e > W¥3arn/ and W > W
R = edW?? — garaW — (1 — k)arnW; (4)

for e < W'3arn /6 and W > W;

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

, TaaCd + Tpofcp ( reg | W r ) 5)

we = T rat+win e \awin T w i1y

c

where h = 7y + (Pog — 1)e+ Pgr and v = 1 4+ a1 + (Pue = 1)aw/a..
See table 1 for a list 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 = [} R'dt, t, denoting the time of latest reproduction,
which should not be earlier than the time at first maturation, i.e. when
W = W;. The change in reproduction energy density, r', is found through
its definition 7/ = EWW“?—M.

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 Sondgerath 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.
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The number of parameters of the model will be reduced by one if it is
assumed that P., >> 1 in eq. 5. Because P., can be interpreted in terms of
the n-octanol-water partition coefficient for the xenobiotic (which are of many
orders of magnitude larger than 1, especially for lipophilic compounds) this
assumption seems to be valid, By dividing o4 and the compound parameter
h by v, two new compound parameters are formed (raq4/7 and P../7) in stead
of three. The new equation then becomes:

. TdaCd + TpafCp

Cong = d,(1 + a;l + r)W1/3

U

G ((1 + %ﬂ(e + r))Wir3 + 114 + l+a7l+r
This procedure introduces a large dependency between 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 ©. These parameters
depend on the temperature and are continuously adjusted by an Arrhenius
type correction with an Arrhenius temperature of T4 = 10000 K, which
would be approximately the same as an correction with a ¢}10 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:

B(T) = preg exp{Ta(— — 7}

The rate constants © and b in the fysiological equations, and rg,, Tpe 804 Tog
in the accumulation equation are thus corrected for fluctuating temperatures.

B



CR. 9.3 wat waight™'

Cd. ug (9 wat weight)!
-
o

Figure 2:

Simultaneous fit for two regimes of concentration for chromium (left) and cad-
mium (right). Physiological parameters: » = 0.1, a = 1.03, am = 0.00517,
& = 0.96, W; = 0.067, a. = 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 trace 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 pg.(g wet weight)~?, for Copper: 0.256 ug.(g wet weight)~?). (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) ,data from 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 rqq/7 is
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, unless the biotrans-
formation is a pure first-order process, which would result in a higher value
of r44. 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-¢C (7)

From equation 6 it is clear in which way the coeflicients of the one com-
partment model depend on the size of the animal and on the energetic vari-
ables. Fig 9 (left) shows the elimination rate (§ in eq. 7, second half of
equation 6) as a function of P, and r.s. When r,; 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 rate 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 < W":.f'"h. 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 main model. Left:
Elimination rate (¢ in eq. 7) as a function of P, /v and rga/vy for 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. Peo/v = 0.1, roa/y = 0.05. The plus-sign in (left) corresponds to
this parameter combination.

Physiological parameters: ¢ = 0.1, arh = 0.00517. @ = 1.05, r = 0.5, ' = 0,
a. = 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 (p and § 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 (r,, and rj,), 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 F.., P, and

).

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]):

1+ o7t +r A(tH) 8
1+a7l A7) (8)

For Py < 1 + (Pua — 1)aw/(1 + a.(1 — €)) this means a decrease in c,,-
The cumulative allocation to the reproduction compartment R is set to zero

cww(t:-) = waw(t:)
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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:

(T'(t) = 10.6 + 7.9sin(2r £22))
Middle: Total Cd with exponential interpolation function:

(Cd(t) = 0.49¢~0-0012¢ ip ug [-1)
Right: Total Cu with exponential interpolation function:

(Cu(t) = 5.97¢-000082t jp ;g 1,-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
in neither case parameters can be estimated to obtain the best performance
of the models, because any influence of the most important trend (growth)
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Figure 7:

The one compartment model together with data from SAWES project also
published in van Haren (1990) [14]). On the x-axis time in days since January
1%, 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 following Markers: O, A, 7, 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: largest group), for the 1986 group,
with these initial concentrations. Both p and ¢ are corrected for tempera-
ture, and the total metal concentrations in the water were taken as the input
functions (see figure 6).

Left: Cadmium, parameters: p = 0.633, ¢ = 0.0

Right: Copper, parameters: p = 0.65, ¢ = 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 metal 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., Var. Dimension Interpretation
cd #.length-%  conc. in the water
ep #.length-2  conc. in the food (as volume)
Cow  #.mass™! conc. on the basis of wet weight
rda length.time~! uptake rate from water
Toa length.time=! uptake rate from food
Pad length.time=! elimination rate constant
P, - partition coeff. energy reserves/aqueous fraction
¥ - compound parameter
f - functional response: f = pivy
X mass.length~3 food density
w length® body size
e - energy reserves/max.energy reserves
R - cum.energy to reprod./max.energy density
r - fraction of the energy (volume) / body volume: r = &
K mass.length=% saturation constant
v length.time~! energy conductance
a - costs of growth/« max.energy density
m time~?! maintenance rate constant
K - fraction utilized energy to growth + maintenance
a. - max.vol.reserves/vol.body
d, mass.Jength=2 specific density of the body
Wy length? body size at hatching
w; length® body size at first maturation
t, time time at spawning or reproduction, s = 1,2, ..
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Table 2: The parameter estimates

compound rg, (cv) Tpa (cV) rad/y (cv)  Peg/v (cv) reference

cm.d-? em.d-! em.d-! -
Metals
Cadmium  93.0(14) 0.00309 0.0834(23) 0.25 Adema (1981) (1]
Chromium 22.8(3.4) 2 0.07(6.1) 0.25 Adema (1981) [1]
Zinc 23.0(18) 2 0.00865(128) 0.25 Adema (1981) [1)
Zinc ! 85.7(21) 2 0.271(23) 0.25 Adema (1981) (1]
Copper 137.5(13) 2 0.16(14) 0.25 Adema (1981} [1]
Copper ! 149(13) 2 0.20(15) 0.25 Adema (1981) [1]
Omico's
PCB52 1000 0.20(33) 0.621(38) 2 NOSPEC (1989) [16]
PCB153 1000 0.12(17) 0.164(17) 2 NOSPEC (1989) [10]
B(a)P 7100(24) 0.0025(65)  0.58(25) 2 Pruell (1986) [11]
Flua 910(70) 0.013(20) 0.368(23) 2 Pruell (19886) [11)

! Parameter estimates when it is assumed that only above a concentration trace metals
are toxic (see Discussion). This concentration level was estimated from the data at 10.56

LE. (g wet weight)~?, for Zine, and for Copper at 0.256 ug.(g wet weight)~—!
2 No data from expenments 'with contaminated food were available on chromium, zinc

and copper.
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De parameters voor de wadpier Arenicola marina

H.E. Schepers Theoretische Biologie, Vrije Universiteit
De Boelelaan 1087, 1081 HV Amsterdam

In het artikel (Kooijman, S.A.L.M. (1986), Energy budgets can explain body size relations. Journal of Theo-
retical Biology 121: 269-282.) wordt het DEB model opgezet met de parameters X, C, N K, {Im} (Am},
[Sm], Ly, en L, waaraan de vormeonctante o nog kan worden toegevoegd.

De maximale lengte Ly, hangt als volgt af van deze parameters: Ly =X {Ap} /{. Omdatxen
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 {Apm). Zo zal {Am} dus lineair mee
varieren met L. Voor {I], [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=1/x [Sy], m={ /M, v={An}/(Sm]), en hoe zij
afhangen van Ly, volgt it hun defenities, zie de onderstaande tabel.

parameter: X 4 n K {Im} (Am} Sm) Ly L m a v
pareLpt it 0O 0 0 1 1 1 1 1 1 0 -1 0

Omadat alle parameters waarin lengten voorkomen zijn vitgedrukt 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 vitgegaan 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 = (0d.)3) voor beide dieren hetzelfde, en dus is er helemaal geen correctie nodig voor
de parameters tussen de mossel en de wadpier.

De shape coefficient o van een bepaalde vorm legt de relatie vast tussen een bepaalde lengtemaat L en het
volume W:
W = (oL)3

De o voor de mossel is bijvoorbeeld 0.33, voor de langste lengte. Om de o 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 & voor een bepaalde lengtemaat — lengte van het dier of doorsnede —
o berekend worden.
De inhoud van een cilinder is L.(n(D/2))2. De shape coefficient van de cilinder berekend voor de lengte van de
cilinder is dan:

_WIB_ (LaD/2)2)3

- LT L
waarmee je met een lengte van 30 cm en een doorsnede van 1 cm uitkomt op een o voor de wadpier van 0.1.




Effects of feeding conditions on toxicity for the
purpose of extrapolation
S.A.L.M.Kooijman
Free University, P.O.Boz 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
condijtions. 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 experimental 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 remarks 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-



ize that syntactically (mathematically) correct formulations need not make
sense. The indiscriminate use of P and r? 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 involved 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, they can not be
used to generate it without adequate experimental back-up. When one is

2

i




effect uptake

at ultimate LCSO

8
-y
e
58
5o -~ -
g-b—‘
E
4
1 0.8 0
survival - - EXpOSUre time
probahility

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 »s 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 when we assume a simple first
order linear kinetics for the uptake and elimination, the observed survival
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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 corresponds 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 al., 1987a; Widdows and Donkin, 1991). The
size of the effect can again be related to the concentration in the tissue.

UPTAKE 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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depend on body size (see e.g. Hickie et al., 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 al., 1990; Van de Guchte et al., 1990
for its importance). There exists a voluminous literature on the relation be-
tween bio-accumulation factors and K, 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 al.,
1983; Kooijman, 1985; Hallam et al., 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, proteins 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 (j.e. it does not change shape
during development), this set of assumptions leads to a rather simple kinetics
for the xenobiotic.
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Figure 5: The toxicokinetics and energetics of an individual. The two-sided
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 size-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 applied more-compartment models
(see e.g. Timmermans et al., 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 energetics 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 phenomencon 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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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 transformation 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. 1 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 continuum 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
done.
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Voorwoord

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

Het doel van het onderzoek was een theoretische achtergrond te geven voor de
samenhang tussen concentralies 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.R.J.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 01/09/89-31/12/90, onder leiding van
Prof.Dr.S.A.L.M. Kooijman. Het project werd vanuit RWS/DGW begeleid door een
comissie waarin de volgende mensen zitting hadden: Drs.J. van der Meer (pro-
jectleider eerste half jaar), Drs.J. Marquenie (eerste paar maanden), Mw,Drs.J.van
Buuren (eerste periode), Dr.B.van Eck (volle periode, projectleider na eerste half
jaar), Ir.J.P.G. van de Kamer (tweede periode), Drs.J. Schobben (tweede periode).



De probleemstellingen van de verschillende deelonderwerpen en de resultaten zijn
neergelegd in de volgende manuscripten

e Application of a one-compartment toxico Kinetic model to artificial and en-

vironmental contaminated marine mussels (Mytilus edulis) in the Werstern

| Scheldt. Dit is het rapport op grond waarvan besloten is tot aanvullend on-

derzoek en wat als referentie dienst doet voor het op fysiologische processen
; gebaseerde model.

o Energy Budgets can explain body size relations. Dit artikel verscheen in
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,

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

o Animal energy budgets aflect the kinetics of xenobiotics. Dit artikel is versch-
enen in Chemosphere 21 {1990) 681-694. Het bevat de model formulering van
het opname-eliminatie gedrag van xenobiotica

e Energetics affect xenobiotic kinetics in Mytilus edulis (L.). Dit concept-artikel
zal na bijschaving en commentaar worden aangeboden aan een nog nader vast
te stellen tijdschrift. Het bevat de toetsing van het opname-eliminatie model,
gecombineerd met het fysiologisch model op mosselen.

- De parameters van het DEB model voor de wadpier Arenicola marinag in
relatie tot die van de mossel Mytilus edulis

¢ 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
onderzoek. Het gaat in op de relatie tussen opname en effecten. Het kan een
basis zijn voor mogelijk vervolg onderzoek.

e Computer handleiding voor de bij RWS/DGW geinstalleerde software die on-
der SENECA draait om de modelvoorspellingen door te rekenen. De verdere
"calibratie” en toepassing op andere diersoorten zoals de bot, zal door Drs.J.
Schobben worden uitgevoerd.




HANDLEIDING VOOR ACCUMULATIE - ELIMINATIE MODELLEN
YOOR DE MOSSEL MYTILUS EDULIS EN DE WADPIER ARENICOLA MARINA
IN DE SENECA OMGEVING.

RJI.F, van Haren & H.E. Schepers
Theoretische Biologie, Vrije Universiteit
De Boelelaan 1087, 1081 HV Amsterdam

Nederlard

1. Inleiding

1.1 Copyright en beheer

Het simulatiemodel en de algorithmen zijn ontwikkeld en gerapporteerd door de werkgroep
Theoretische Biologie van de Vrije Universiteit te Amsterdam in het kader van het SAWES project
van de Dienst Getijdewateren van het Ministerie van Verkeer en Waterstaat die ook de eigenaar
van het programma pakket en deze handeleiding is. Het onderzoek en programma ontwikkeling is
door deze Dienst gefinancierd,

Het wetenschappelijk gedeelte van dit onderzoek is geplubiceerd in de vakliteratuur. (Kooijman &
vanHaren, 1990; Schepers, vanHaren & Kooijman, in prep. en vanHaren et al, in prep) en in
twee SAWES rapporten.

Met problemen en vragen kunt u zich richten tot drs, JH.M. Schobben, Dienst Getijdewateren,
Koningskade 4, Den Haag.

1.2 Doel van het systeem

* ' Het systeem is ontwikkeld om toxische stof concentraties in de mossel, Myrilus edulis, en de

wadpier Arenicola marina te kunnen voorspellen op basis concentraties van deze stoffen in de
omgeving. In de rest van deze handleiding wordt bij beide modellen slechts de mossel genoemd,
met parameter-, variabelen en data files met 'MUSSEL' in de naam. De respectievelijke files voor
de wadpier zijn analoog van naam met 'LUG'.

Beide modellen beschrijven de concentraties in de organismen van enkele metalen en organische
microverontreinigingen (OMIVE). Het gaat dan om vier zware metalen, te weten Zink (Zn),
Koper (Cu), Cadmium (Cd) en Chroom (Cr). Verder wordt de dynamica van twee PCB's
(PCBS52 --2,2',4,4'-tetrachlorobiphenyl ~ en PCB153 - 2,2',4,4',5,5'-hexachlorobiphenyl -)
en twee Polycyclische Aromatische Koolstofverbindingen (PAK's, namelijk Fluorantheen — FLU
— en Benzo(a)pyreen - BAP ) gesimuleerd.

Twee methoden zijn gebruikt om de stofconcentraties in organismen te kunnen voorspellen. De
eerste methode is gebaseerd op traditionele 1-compartiment modellen zoals deze algemeen worden
toegepast. Het tweede model is een fysiologisch gestructureerd accumulatie model (zgn.
ligandenmodel) dat is gebaseerd op a priori aannames betreffende schalingsrelaties tussen
lichaamsoppervlak of volume en fysiologische snelheden. Het achterliggende fysiologische model
is ontwikkeld door Kooijman (1986a,b,c, 1988). Het gebruik van het fysiologische model in
accumulatie studies is gerapporteerd in Kooijman & vanHaren (1990); Schepers, vanHaren &
Kooijman (in prep).
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Beide programma's gebruiken tijdseries van opgeloste en geadsorbeerde stofconcentraties in
water. Het ligandenmodel gebruikt daarnaast nog tijdseries van Particulair Organisch Materiaal
(POM) en temperatuur in water.

1.3 Algemene programma structuur

De programma's werken allen in de SENECA omgeving. Aangenomen wordt dat de gebruiker
binnen deze SENECA omgeving kan werken en programmeren, zie hiervoor verder de SENECA
handleiding.

SENECA is een FORTRAN programmeer omgeving voor simulatie van modellen waarbij tijd de
onafhankelijke variable is. De input / output wordt geheel verzorgd door SENECA inclusief de
grafische opties. Via de "editor-optie” kan de gebruiker differentie vergelijkingen en parameter
waarden in afzonderlijke files invoeren. Extra opties zijn er voor gevoeligheidsanalyses en
autocalibratie van de gegeven parameters, Zie voor de exacte instructies de SENECA handleiding.
‘Het model is gedefinieerd in de file MODEL.FOR, welke de hoofdroutine is voor de
modelsimulatie. Deze file bestaat alleen uit een aantal "system calls” en mag niet door de gebruiker
gewijzigd worden, MODEL.FOR roept de andere subroutines aan met de extensie .FOR, waar de
modelvergelijkingen zijn gedefiniéerd. Elke routine (inclusief MODEL.FOR) kent 2 files met de
extensies .PAR en .VAR. In de file met extensie .PAR zijn de parameters gedefinieerd, In de file
met extensie VAR zijn de variabelen van het model gedefinieerd. De parameters en variabelen die
behoren bij MODEL.FOR zijn voor alle subroutines bekend ('globaal’). In MODEL.VAR zijn de
toestandsvariablen van het systeem gedefinieerd. Zie ook de beide organisatie schema's aan het
einde van de secties over het 1-compartimenten model en het liganden model. Voor een schema
van de gehele SENECA boom-structuur zie achter de voorbeelden in §6. Voor de wadpier is de
gehele organisatie dezelfde op de namen MUS of LUG na.

De differentie vergelijkingen van de toestandsvariabelen zijn gedefineerd als:

Dvarnaam = Dvarnaam+AVAR
welke correspondeert met de differentie vergelijking:
Xi+at = Xi+f(X,t)

In de .VAR files behorende bij de andere subroutines worden variabelen gedefinieerd die niet
worden geintegreerd.

Vier modellen zijn binnen SENECA aangemaakt, twee 1-compartiment modelien voor mossel en
wadpier (resp. MUS1COM en LUG1COM) en twee ligandenmodellen voor mossel en wadpier
(MUSSEL en LUGWURM). De modellen voor mossel en wadpier zijn identick op de parameter
waarden na. In de volgende secties gelden de besproken vergelijkingen zowel voor mossel als
wadpier. .

De toestandsvariabelen voor de metalen in het 1-compartimenten model zijn vitgedrukt in pg.g
natgewicht-l, maar de OMIVE's in ug.g vetgewicht-l, De toestandsvariablen voor het
ligandenmodel zijn allen uitgedrukt in jtg.g natgewicht-l. Alle modellen berekenen ook de
concentraties op afgeleide eenheden als drooggewicht, asvrijdroogegewicht en vetgewicht, Deze

_
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afgeleide eenheden hebben een grotere variantie te wijten aan de conversiefactor. Het wordt
daarom aanbevolen de eenheden van de toestandsvariablen te gebruiken voor het schatten van
parameters. Het liganden model berekent tevens het gewicht (toestandsvariabele) en de lengte

(afgeleide variabele) van de organismen.

1.4 Invoer

De invoerdata (tijdseries gedefinieerd in de files MUS1COM.FRC en MUSSEL.FRC resp. voor
het 1-comp. model en liganden model) en de data gebruikt voor calibratie (gedefinieerd in resp.
MUS1ICOM.VAR en MUSSEL.VAR onder optie validatic) worden volgens de standaard
SENECA procedure ingevoerd. De specifieke vereisten worden bij de behandeling van de

afzonderlijke modellen besproken.

In het algemeen kan worden opgemerkt dat de halfwaardetijden van accumulatie en eliminatie van
metalen en omico's in de orde van weken liggen. Dit heeft consequenties voor de frequentie
waarmee metingen gedaan moeten worden, om bijvoorbeeld de invloed van de seizoenen te
bepalen moeten de concentraties minstens éénmaal per maand bepaald worden!

1.5 Beperkingen en interpretatie

Het model gaat uit van standaard condities. Dit heeft tot gevolg dat er geen betrouwbare simulaties
voor extreme omstandigheden uitgevoerd kunnen worden. Zoals a! eerder is opgemerkt zijn
modelvoorspellingen het betrouwbaarst voor de toestandsvariabelen. De afgeleide variabelen zijn
onnauwkeuriger vanwege onnauwkeurigheid in de conversie. Aangenomen wordt namelijk dat de
conversiefactoren gonstant zijn gedurende het experiment / simulatie, die misschien meer dan een
seizoen kunnen omvatten. Zie verder bij de paragrafen bij elk afzonderlijk model.

Sommige stoffen zijn niet bij elke concentratie toxisch: vooral zink en koper zijn metalen die in
kleine concentraties nodig zijn voor een dier. Een toxico-kinetisch model moet dan eigenlijk
aangepast worden door bij voorbeeld te veronderstellen dat slechts boven een minimaal
noodzakelijke concentratie het model in werking treedt. Het model kan dan gebruikt worden als
aan alle waarden (beginwaarden van simulatie en verdere oplossing) de minimale noodzakelijke
concentratie op te tellen. Deze extra parameter kan soms uit de data geschat worden, of in andere
bronnen worden gevonden. Voor zink is de fit met een extra basis achtergrond (rechts) dan ook

duidelijk beter:

Time, o

Fit zonder basis achtergrond

2N, v9.8 wat weight™'
»
[

-
=

Timg, ©

Fit met basis achtergrond (11 ug.g natgewicht -1
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2.Eén compartiment model

2.0 Variabelen
De toestandsvarabelen zijn gedefinieerd in MUS1COM.VAR en zijn:

CDW cadmium conc. in organisme in natgewicht , pug.g-1
cuw koper conc. in organisme in natgewicht, ug.g-1
ZINW zink conc. in organisme in natgewicht , ug.g-1
CRW chroom conc. in organisme in natgewicht, pig.g-1
PCB52F PCBS52 conc. in organisme in vetgewicht , pg.g-1
PCB153F PCB153 conc. in organisme in vetgewicht, pug.g-1
BAPF B(a)P conc. in organisme in vetgewicht, pg.g-1
FLUAF FluA conc. in organisme in vetgewicht, pg.g-1

De afgeleide variabelen zijn voor de metalen uitgedrukt op drooggewicht en asvrijdrooggewicht
welke vanuit het natgewicht berekend worden met de conversiefactoren FDW en FADW (resp.
fraction dryweight en fraction ash free dryweight) die gedefinieerd zijn in MUS1COM.PAR. De
naamgeving is als volgt, gedefinieerd in METAL.VAR:

CDD cadmium conc. in organisme in drooggewicht , ug.g'l
CuD koper conc. in organisme in drooggewicht, ug.g'l

ZND zink conc. in organisme in drooggewicht , pg.g-!

CRD chroom conc. in organisme in drooggewicht, ug.g’l

CDA cadmium conc. in organisme in asvrijdrooggewicht , pg.g-!
CUA koper conc. in organisme in asvrijdrooggewicht, pg.g"
ZNA zink conc, in organisme in asvrijdrooggewicht , pg.g"
CRA chroom conc. in organisme in asvrijdrooggewicht, pg.g-!

De afgeleide variabelen voor de OMIVE's zijn gebaseerd op natgewicht, drooggewicht en
asvrijdrooggewicht met behulp van de conversiefactoren FFAT, FDW en FADW gedefinieerd in
MUS1COM.PAR. De naamgeving is als volgt, gedefinieerd in OMICO.VAR:

PCBS52W PCBS52 conc, in organisme in natgewicht , ug.g-1
PCB153W PCB153 conc. in organisme in natgewicht, pg.g-!
BAPW B(a)P conc. in organisme in natgewicht, ug.g‘l

FLUAW ‘FluA conc, in organisme in natgewicht, ug.g'l

PCB52D PCBS52 conc. in organisme in drooggewicht , pg.g-}
PCB153D PCB153 conc. in organisme in drooggewicht, ug.g‘l
BAPD B(a)P conc. in organisme in drooggewicht, pg.g-1
FLUAD FluA conc. in organisme in drooggewicht, pg.g-1
PCB52A PCBS2 conc. in organisme in asvrijdrooggewicht , pg.g-!
PCB153A PCB153 conc. in organisme in asvrijdrooggewicht, |.tg.g'l
BAPA B(a)P conc. in organisme in asvrijdrooggewicht, pg.g-1

FLUAA FluA conc. in organisme in asvrijdrooggewicht, pg.g
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2.1 Richtlijnen voor de gebruiker ‘

Na het opstarten van SENECA moet eerst een model geselecteerd worden met de model keuze
optie (zie handeleiding SENECA). Dit moet zijn MUS1COM voor de mossel of LUG1COM voor
de wadpier.

Voor het 1-compartimenten model is een nominale run aanwezig die gebaseerd is op data van
Adema (1981) voor de metalen, en op NOSPEC data voor de OMIVE's. Zie verder in §2.3 en
§2.4. In de variabele files van METAL.VAR en OMICO.VAR zijn naast de afgeleide variabelen
ook nog een aantal andere variabelen (hulpvariabelen) gedefinieerd die bedoeld zijn ter controle
van de berekeningen en invoer. De gebruiker is vrij om deze variabelen te wijzigen of uit te
breiden al naar gelang de behoefte. In de listings in §7 zijn voorbeelden van deze hulpvariabelen te
vinden.

Voor een overzicht van de file-organisatie van het 1-compartimenten model zie het organisatie
diagram achter § 2.5.

2.2 Vergelijkingen
De enige vergelijking die het 1-compartiment model rijk is, geldt voor beide stoffen:

waarbij C de stofconcentratie in het organisme is, ¢y de stofconcentratie in het water, K de
bioconcentratiefactor en E de eliminatie tijd. De dimensies van de parameters zijn verschillend
voor de metalen en OMIVE's, daarom wordt daarvoor naar de parameterlijsten verwezen. De
dimensies van de toestandsvariabelen, C, zijn besproken in §2.0.1. De dimensies van de
invoertijdseries wordt bij invoer besproken.

In het model bestaat een algemene naamgeving voor de parameters: de bioconcentratiefactoren
beginnen met een K., met een stofidentificatie, de eliminatietijden beginnen met een E.. gevolgd
door een stofindentificatie. Ze zijn te vinden in de files MUS1COM.VAR.

De conversie van de toestandsvariabelen naar afgeleide variabelen gebeurt door deling of
vermenigvuldiging met de betreffende conversiefactor, welke afhankelijk is van de dimensies.

2.3 Invoer

De invoer wordt opgegeven in de file MUS1COM.FRC en wordt gedefinieerd als forcing function
waar het pad naar de betreffende MAT files opgegeven moet worden. Voor metalen zijn alleen
opgeloste stofconcentraties noodzakelijk (passage 0.45 um membraan). De vereiste dimensie is
pgl-l. Voor OMIVE's zijn de geadsorbeerde stofconcentratie noodzakelijk vitgedrukt op het
organisch C-gehalte van de zwevende stof. De vereiste dimensie is ug.gC-1.

De naamgeving van de tijdseries is consequent stofnaam met .. TMS(TIME). Deze tijdseries zijn
gedefinieerd in MUS1COM.FRC onder dezelfde naam als waarmee ze in de afzonderlijke routines
worden aangeroepen, In de routine waar deze tijdseries worden aangeroepen (resp. METAL.FOR
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en OMICO.FOR met bijbehorende .VAR files) worden ze eerst in een variabele opgeslagen zodat
ze als uitvoer (voor controle) gepresenteerd kunnen worden.

Voor alle stoffen is een nominale run meegegeven, Voor de metalen is als voorbeeld een
accumulatie-eliminatie experiment opgenomen (Adema, 1981) en voor de OMIVE's een tijdserie
uit het veld (NOSPEC, 1989). De invoer bij het accumulatie-eliminatie experiment is als
blokfunctie opgegeven omdat er gedurende het experiment een discrete overgang was van een
hoge naar een lage omgevingsconcentratie. De blokfunctie is gedifinieerd met losse punten,
waartussen met rechte lijnen geintrapoleerd wordt. Bij de tijdserie uit het veld is de optie lineaire
interpolatie meegegeven om invoerdata ook voor de tussenliggende perioden te geven. Zie voor de
verdere uitwerking van de nominale run bij de voorbeelden, §6.

2.4 Uitvoer

De uitvoer wordt geheel verzorgd door de SENECA omgeving. Er is zowel een grafische uitvoer
als een numerieke uvitvoer, zie verder de SENECA handleiding. Bij de grafische uitvoer van
SENECA is het mogelijk om gemeten velddata voor validatie te plotten naast de berekende
modelwaarden. De velddata moeten dan onder de optie "validatie” bij de "edit mode" van de .VAR
files worden opgegeven en worden aangeboden als MAT file, zie voor de verdere details de
SENECA handleiding.

2.5 Parameters

De parameters zijn gedefinieerd in de .PAR files. De parameters gedefinieerd in MUS1COM.PAR
zijn over alle routines bekend. De parameters gedefinieerd in resp. METAL.PAR en OMICO.PAR
zijn alleen in de bijbehorende routines METAL.FOR en OMICOQ.FOR bekend, zie onderstaand
organisatieschema.

Tabel 2.1 geeft alle parameters met de bijbehorende waarden, minimum en maximum waarden,
beschrijving en dimensie. De minimum en maximum waarden zijn afgeleid door de standaard
deviatie te vermenigvuldigen met een factor 2.3, Op deze wijze wordt een 99% betrouwbaarheids-
interval berekend.




Tabel 2.1 Parameters 1-compartiment model voor de mossel Myrilus edulis.

naam waarde
MUSI1COM.PAR
FDW 0.114
FADW .02
FFAT 0.0149
METAL.PAR
KCD 0.636
ECD 229
KCU 0.456
ECU 11.2
KZN 0.552
EZN 56.6
KCR 0.179
ECR 28.3
OMICO.PAR
KP52 6.4
EP52 139
KP153 14.1
EP153 46,9
KBAP 0.161
EBAP 18.0
KFLUA 1.33
EFLUA 50.2

waarde

0.0352
0.0117
0.00348

0.354
1.86
0.401
5.58
0.0033
0.01
0.108
8.77

547
4,81
9.44
353
0.01
9.57
0.01
21.1

waarde

0.193
0.0283
0.0263

0.918
439

0.511
16.8

1.1

113

0.25
47.8

7.33
23
18.8
58.6

0.322
264

2.66
79.3

eenheid

g dw.g nag’!
g avdw.g natg-1
g vet.g nat!

1.g nat?!
d
Lg nat'!
d
Lg nat!
d
1.g nat!
d

gC.g far!
d
gC.g fat?
d
gC.g far!
d
gC.g far!
d

beschrijving

fractie drooggewicht
fractie asvrijdw,
fractie vetgewicht

cadmium bioconcentratiefactor
cadmium eliminatietijd

koper bioconcentratiefactor
koper eliminatietijd

zink bioconcentratiefactor
zink eliminatietijd

chroom bioconcentratiefactor
chroom eliminatietijd

PCB52 bioconcentratiefactor
PCRS52 eliminatietijd
PCB153bioconcentratiefactor
PCB153 eliminatietijd
B(a)P bioconcentratiefactor
B(a)P eliminatietijd

FluA bioconcentratiefactor
FluA eliminatietijd
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Organisatieschema 1-compartiment model

Muslcom.for [@—  Metal.for —{ Metalvar |
-t Metalpar |

{Muslcom.var |—T
[ Mus1com.par Omicofor | l2mico.var i
[ Muslcom.frc { Omico.par_|




SENECA. Binacc‘-’“‘ulade 8

3 Liganden model

3.0 Variabeien liganden model

Het liganden model] kent in principe dezelfde variablen als het 1-compartimenten model, zie
§ 2.0.1., alleen zijn nu alle toestandsvariablen uitgedrukt op natgewichten, ze zijn gedefinieerd
in MUSSEL.VAR. In OMICO.VAR staan nu de afgeleide variabelen PCB52E, PCB153F,
BAPE, FLUAF, die met een conversie factor berekend worden van de concentraties op basis van
natgewicht, die nu de toestandsvariabelen zijn, PCBS2W, PCB153W, BAPW, FLUAW

Voor berekeningen van het fysiologische gedeelte zijn nog twee extra toestandsvariabelen
gedefinieerd:

MASS natgewicht of volume van mossel, cm? of g nat
STORAG relatieve grootte van de voorraad, dimensieloos

met afgeleide variabelen in de file FYS.VAR:

FYS.VAR:

LENGTH lengte organisme, cm

REFRO grootte van de reproductie sinds laatste spawning, cm3

SCRPR relatieve grootte van de reproductie sinds laatste spawning t.o.v. massa, dimensieloos
DRYW drooggewicht organisme, g drooggewicht

AFDW asvrijdrooggewicht organisme, g asvrijdrooggewicht

FATW vetgewicht organisme, g vetgewicht

3.1 Richtlijnen voor de gebruiker

Na het opstarten van SENECA moet eerst een model geselecteerd worden met de model keuze
optie (zie handeleiding SENECA) het model MUSSEL voor de mossel of model LUGWURM
voor de wadpier geselecteerd worden.

Een overzicht van de file-organisatie van het ligandenmodel is gegeven in het organisatie diagram
achter § 3.5

In de variabele files van METAL.VAR en OMICO.VAR zijn naast de afgeleide variabelen ook nog
een aantal andere variabelen (hulpvariabelen) gedefinicerd die bedoeld zijn ter controle van de
berekeningen en invoer. De gebruiker is vrij om deze variabelen te wijzigen of uit te breiden al
naar gelang de behoefte. In de listings in §7 zijn voorbeelden van deze hulpvariabelen te vinden.

3.2 Vergelijkingen

Het ligandenmodel kent vergelijkingen die de energiehuishouding van de organismen beschrijven
(in FYS.FOR) en vergelijkingen voor de accumulatie en eliminatie van stoffen (in METAL.FOR
en OMICO.FOR). De file organisatie is zodanig dat de variabelen en parameters uit FYS.FOR
bekend zijn in de METAL.FOR en OMICO.FOR routines.
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3.2.1 Het Dynamisch Energiebudget Budget (DEB) model (FYS.FOR)
De vergelijkingen van het energiebudget model zijn opgedeeld naar de afzonderlijke deelprocessen
zoals die in FYS.FOR voorkomen.

lemperatuyr correctie
Alle snelheden (parameters met dimensie cm.d-! of d-1) zijn bepaald bij 15° C. Temperatuur
correctie naar andere temperaturen gebeurd met de Arrhenius temperatuur correctie:

Te = exp (TA(Q.BB.IS - 273.15+TD (3.1)

Met T, de Arrhenius temperatuur (K), T de temperatuur op een bepaald moment in het veld (°C)

en T¢ de snelheidscorrectie (dimensieloos). Deze snelheidscorrectie wordt nu vermenigvuldigd
met de snelheidsconstanten, Deze snelheidconstanten zijn: v en b in het fysiologische gedeelte en
I'da Tpa €N Tad in het accumulatie/eliminatie gedeelte.

voedsel invoer
De voedselopname hangt hyperbolisch af van de voedselconcentratie (Holling type II functionele

respons) : X
f = X75X ¢-2)

met f de functionele respons (dimensieloos), K de verzadigingsconstante (mg POM.I'!) en X de
voedselconcentratie in het water (mg POM.I'),

groei
De veranderingen in biomassa worden door de volgende differentiaal vergelijking beschreven;
' (veW2/3 _vwW)_

W' = <+ 2 (3.3)
met W de biomassa (g natgewicht of cm3), e de geschaalde energiedichtheid (dimensieloos,
energiedichtheid als fractie van maximum energiedichtheid), v de energy conductance (cm.d-1) en
a en b constanten voor energiekosten voor groei resp. onderhoud (resp.dimensieloos en d-1). De
"+" geeft weer dat het organisme niet kan krimpen, maar als het niet groeit en 'inteert' op zijn

energievorraad slechts wateriger wordt.

energievoorraad
De veranderingen in de energievoorraad worden beschreven met de volgende vergelijking:
e =vWBF - e (3.4)

Dit is een simpele eerste orde mobilisatie van energie, afhankelijk van de grootte van het dier.
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reproductie
De reproductie snelheid voor groeiende organismen (e2 bwvlﬁ en W>Wj) is:
1-x)e
R = 90 Guwan 4 bw) - (bW 3.5)
13
en voor niet groeiende organismen {e< b“"’ en W>Wj):
R' = evW23_kbW- (1-x)bW; (3.6)

met R de biomassa van de geslachtsprodukten (g natgewicht of cm3), Wj de grootte van het
organisme wanneer het geslachtsrijp is, en x de fractie energie voor groei en onderhoud. De
geschaalde reproductie r is nodig voor de accumulatie / eliminatie vergelijking en is gelijk aan R,

w
R'W - RW'
w2 :

r' is hier de afgeleide van: r' =
De mossel spawned eens in het jaar tussen 1 en 5 mei. Dit is opgegeven als een forcing function
(blokfunctie) welke als “trigger” voor het spawnen optreedt. De bijbehorende tijdserie is
SPWNTMS(TIME) die gedurende het jaar op 1 staat en gedurende de spawnperiode op O staat,
Een IF statement zorgt ervoor dat de buffer voor de geslachtsprodukten ook daadwerkelijk gelegd
wordt.

lengte
De lengte is een afgeleide variabele van de biomassa W en wordt dus niet als toestandsvariable
berekend. De lengte wordt als volgt van de biomassa afgeleid:

w13

L = " (3.7)

met L de lengte van het organisme (cm), W de biomassa en & de vormconstante (dimensieloos),
zie ook § 6. De omrekeningen naar drooggewicht, asvrijdrooggewicht en vetgewicht gebeurt
door de biomassa te vermenigvuldigen met de resp. omrekeningsfactoren.

Tabel 1. Parameters van het energie budget model.

Parameter Dimensie Interpretatie

A Lengte3 Volume

e Dimensieloos Geschaalde energiedichtheid

X Dimensieloos Fractie gebruikte energie voor groei en onderhoud
b Dimensieloos functionele respons (voedsel)

K Voedsel lengte-3 Saturatie constante

X Voedsel lengte-> Voedsel dichtheid

Ta Kelvin Arrhenius temperatuur

v Lengte tijd-! Energy conductance, 'energiemobilisatiesnelheid’
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3.2.2 Accumulatie/eliminatie model METAL.FOR en OMICO.FOR
Zowel voor de metalen als voor de OMIVE's wordt dezelfde accumulatie/eliminatie vergelijking
gebruikt:

Cw = - TdaCdtTpafCp Tyl A r'
w - ds(l + ae‘l + r)w1f3 W(l + Pea,WU3(e+r) W 1+ ae’l + l')

met Cy de stofconcentratie in het organisme (Ug.g natgewicht"), Tdas Tpa €N Tpg resp. de
accumulatie constanten uit het water en het voer, en de eliminatie constante (van de water fractie
van het dier naar buiten) (dimensies alle cm.d-1), ¢4 en cp resp. de opgeloste en geadsorbeerde
stofconcentraties in het water, bij een scheiding met een 0.45 um membraan, in resp. pg.ml-1 en
ug.g zwevend stof-1, f de functionele respons (dimensieloos), dg het soortelijk gewicht van het
mosselviees (g.cm3) en a, het geschaalde maximum volume van de energievoorraad is t.o.v. de
biomassa (dimensieloos) en P een constante afhankelijk van de stofeigenschappen (dimensieloos)
die de maat van binding aan de lichaamscompartimenten weergeeft.

In Kooijman & vanHaren (1990) wordt een andere vorm van deze vergelijking gebruikt. Omdat
Pea >> 1 geldt Pea = Peg™ / Y en Iag =rag* /v. Als deze substituties worden uitgevoerd is men
weer op het oorspronkelijke model terug. Op deze manier is het model een parameter armer
geworden, hetgeen een voordeel is,

3.3 Invoer

Het ligandenmodel heeft net als het 1-compartimenten model tijdseries nodig voor de
stofconcentraties in het water en voer (geadsorbeerd materiaal). Deze tijdseries zijn gedefinieerd in
MUSSEL.FRC waar het pad naar de betreffende MAT files opgegeven moet worden. De
naamgeving van de tijdseries is weer stofnaam gevolgd door . TMS(TIME). Deze namen worden
zowel gebruikt in MUSSEL.FRC als in de routines zelf. In de routines waar deze tijdseries
aangeroepen worden, worden ze eerst in een variabele opgeslagen zodat ze als uitvoer
gepresenteerd kunnen worden, De enige tijdserie die een andere naam heeft is TEMP(TIME) in
FYS.FOR.

De tijdseries die nodig zijn in METAL.FOR en OMICO.FOR zijn de stofconcentraties in het water
(zowel opgelost als geadsorbeerd). De benodigde dimensies zijn voor de opgeloste stoffen pg.ml-
1 en voor de geadsorbeerde stoffen pig.g zwevende stof-1,

Het energiebudget model heeft twee tijdseries nodig, temperatuur met als eenheid °C in
(TEMP(TIME)) en POM (particulair organisch materiaal) met de dimensie mg POM.I-! in
POCTMS(TIME). De temperatuur is opgegeven als een cyclische functie (zie SENECA
handleiding) waarbij amplitude, frequentie en faseverschuiving opgegeven moeten worden. De
beginwaarden van de energiedichtheid en de reproductie termen moet bepaald worden uit de voor-
geschiedenis van de dieren (als aangenomen wordt dat de dieren in evenwicht waren wat betreft
voedsel in hun vorige omgeving, is eg gelijk aan de functionele respons van de vorige voedsel-
omstandigheden) en het seizoen (reproductie staat op 0 van af mei en groeit gedurende het jaar).
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3.4 Uitvoer

De uitvoer wordt geheel verzorgd door de SENECA omgeving. Er is zowel een grafische uitvoer
als een numerieke uitvoer, zie verder de SENECA handleiding. Bij de grafische uitvoer van
SENECA is het mogelijk om gemeten velddata voor validatie te plottén naast de berekende
modelwaarden. De velddata moeten dan onder de optie "validatie" bij de "edit mode" van de .VAR
files worden opgegeven en worden aangeboden als MAT file, zie voor de verdere details de
SENECA handleiding,

Nog enkele inhoudelijke opmerkingen. Er moet eigenlijk ook rekening gehouden worden met de
mogelijkheid dat een dier onder bepaalde omstandigheden - die in het fysiologische model
weerspiegeld worden in de grootte, energie en reproduktie variabelen — niet meer kan bestaan,
terwijl het model wél getallen — maar misschien negatieve!— opgeeft. Zo moet een dier in het
liganden model in staat zijn het onderhoud te betalen met de nog aanwezige energie.

De verschillende fysiologische parameters hebben elk hun invloed (op opname van voedsel,
mobilisatiesnelheid van energie enz.), maar het ze zijn niet onafhankelijk van elkaar, een bepaalde
functie van enkele van hen kan bijvoorbeeld een constante moeten zijn. Zo is bijvoorbeeld de
uviteindelijke lengte van een dier bij ongelimiteerd voedsel (constant een functionele respons van 1)
gelijk aan *l'b—e en zal dus voor de mossel ongeveer 5 tot 9 cm moeten zijn.

3.5 Parameters

De parameters zijn gedefinieerd in de .PAR files. De parameters gedefinieerd in MUSSEL.PAR
zijn over alle routines bekend. De parameters gedefinieerd in resp. METAL.PAR en OMICO.PAR
zijn alleen in de bijbehorende routines METAL.FOR en OMICO.FOR bekend, de parameters in
FYS.PAR zijn ook bekend in METAL.FOR en OMICO.FOR, zie onderstaand organisatieschema.,
Tabel 3.2 geeft alle parameters met de bijbehorende waarden, minimum en maximum waarden,
beschrijving en dimensie. De minimum en maximum waarden zijn afgeleid door de standaard
deviatie te vermenigvuldigen met een factor 2.3. Op deze wijze wordt een 99% betrouwbaarheids-
interval berekend. De algemene naamgeving is als volgt: de accumulatie-eliminatie constanten rg,,
Tpa €n Tad worden gebruikt gevolgd door de stofnaam, de constante Pey wordt weergegeven door
PG.. gevolgd door stofnaam. De parameternamen uit het energie budget model zijn grotendeels
gelijk aan de naamgeving gebruikt in de vergelijkingen,

De schattingen zijn verkregen uit analyse van data uit Adema (1981), Pruell (1986), NOSPEC
(1989), en Borchardt (1983). Uiteraard zijn de parameters in principe van toepassing op de
omstandigheden van die experimenten / veldgegevens, D¢ parameters die echt anders zouden
kunnen zijn in andere gebieden zijn de saturatieconstante K en de energy conductance v, waar de
maximale asssimilatiesnelheid in zit. Deze parameters zijn namelijk afhankelijk van de
voedselkwaliteit. Vaak echter, vooral voor kort lopende experimenten, doet de gehele fysiologie er
niet zo veel toe; bij gegevens van kleine dieren die aan het eind groter zijn, en bij gegevens die
verschillende seizoenen overspannen is de fysiologie wel degelijk belangrijk.
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Tabel 3.2 Parameters liganden model voor de mossel Myrilus edulis. bij 15° C.

naam waarde

waarde
MUSSEL.PAR
FSHAPE 0.333
FDW 0.114
FADW 0.02
FFAT 0.0149
ALPHAE 0.95
DS 1
TA 10000
FYS.PAR
A 1.03
B 0.00517
K 1.0
KAP 0.96
A% 0.2
wI 0.067
METAL.PAR
RDACD 96.32
RPACD 0.00309
RADCD 0.085
PGCD 0.25

RDACU 92.8
RPACU 0.00309
RADCU 0.097

PGCU 00.25
RDAZN 20.7
RPAZN 0.043
RADZN 0.000196
PGZN 0.25
RDACR 233
RPACR 0.00309
RADCR 0.071
PGCR 0.25
OMICO.PAR
RDAPS2 1000
RPAP52 0.208
RADP52 0.6
PGP52 2
RDAPI153 1000

RPAPI1353 0.135
RADP153 0.128

PGP153 2
RDABAP 7360
RPABAP 0.00248
RADBAP 0.547
PGBAP 2
RDAFLU 977
RPAFLU 0.0138
RADFLU 0.34
PGFLU 2

waarde

0.0352 0.193

0.0117 0.0283
0.00348 0.0263
0.93 0.97
7500 12500
0.9 1.16
0.4 0.634
0.5 1.5
0.93 0.99
0.05 0.35
0.06 0.074
66 129
0.00216 0.00412
0.0418 0.1292
0.05 0.45
64.1 121.6
0.0216 0.0462
0.0588 0.137
0.05 0.45
14,06 26.53
0.031 0.0546
0.01 0.0392
0.05 0.45
21.535 25.1
0.0216 0.0462
0.06078 0.08062
0.05 0.45
0.01 2000
0.0495 0.366
0.447 0.763
0.01 4
0.01 2000
0.0847 0.186
0.0636 0.1924
0.01 4
3491 11229
0.01 0.00496
0.222 00.872
0.01 4
0.01 1954
0.007613  0.0199
0.14 0.54
0.01 4

eenheid

dimensieloos

g dw.g natg!

g avdw,g natg’!
g vet.g nat!
dimensieloos

g nat.cm™?

dimensieloos
d-l

mg POM I}
dimensieloos
em.d-!

cm3

em.d!
em.d-1
em.d-l
dimensieloos
cm.d-1
em.d-!
em.d-l
dimensieloos
em.d-!
em.d-!
cm.d-1
dimensieloos
em.d-1
em.d-!
em.d-1
dimensieloos

em.d!
em.d-!1
cm.d-1
dimensieloos
em.d-!
cm.d-l
cm.d-1
dimensieloos
cm.d-1
cm.d!
cm.d-!
dimensieloos
em.d-!
em.d-!
cm.d!
dimensieloos

beschrijving

vormconstante

fractie drooggewicht

fractie asvrijdw.

fractie vetgewicht

max,vol. energie / totaalvolume
soortelijk gewicht

Arrhenius temperatuur

samengestelde constante
samengesielde constante

verzadigings constante

fractie energie naar groei en onderhoud
energy conductance

grootte als org. geslachtsrijp wordt

cadmium opname snelheid uit water
cadmium opname snelheid uit voedsel
cadmiom eliminatie snelheid
cadmiom binding aan lichaamscomp.
koper opname snelheid vit water
koper opname snelheid uit voedsel
koper eliminatie snelheid

koper binding aan lichaamscomp
zink opname snelheid uit water

zink opname snelheid vit voedsel
zink eliminatie snelheid

zink binding aan lichaamscomp
chroom opname snelheid uit water
chroom opname snelheid vit voedse!
chroom eliminatie snelheid

chroom binding aan lichaamscomp

PCBS52 opname snetheid uit water
PCB52 opname snetheid uit voedsel
PCBS52 eliminatie snelheid

PCB52 binding aan lichaamscomp.
PCB153 opname snelheid vit water
PCB153 opname snelheid uit voedsel
PCB153 eliminatie snelheid
PCB153 binding aan lichaamscomp
B(a)P opname snelheid uit water
B(a)P opname snelheid uit voedsel
B(a)P eliminatie snelheid
B(a)Pbinding aan lichaamscomp
FluA opname snelheid uit water
FluA opname snelheid uit voedsel
FluA eliminatie snetheid

FluA binding aan lichaamscomp
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Mussel.for ] Fys.for . Metal.for ¢—] Metal.var

{ Metalpar |

[Mussel.var [ Fysvar j.T

| Mussel.par | Fys.par Omico.for l¢— Omico.var |

{ Omico.par

| Mussel.frc

4 Het omrekenen van een parameter m.b.v. de vorm constante

De shape coefficient o van een bepaalde vorm legt de relatie vast tussen een bepaalde lengtemaat L
en het volume W:

W = (aL)3
De o voor de mossel is bijvoorbeeld 0.33, voor de langste lengte. Om de o 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 ¢ voor een bepaalde lengtemaat —
lengte van het dier of doorsnede — o berekend worden.
De inhoud van een cilinder is L.(#t(D/2))2. De shape coefficient van de cilinder berekend voor de
lengte van de cilinder is dan:

_ WA La@R)1B
e=-1T—= L

waarmee je met een lengte van 10 cm en een doorsnede van 0.75 cm uitkomt op een o voor de
wadpier van 0.165.

Als aangenomen wordt dat de fysiologie van de wadpier dezelfde is als die van de mossel, dan
moeten de parameterwaarden waar een lengtemaat in de eenheid zit, gecorrigeerd worden voor de
vorm van de dieren.

Om van een parameterwaarde waar een lengte in de eenheid zit om te schriliven naar een
parameterwaarde voor het ene dier met als lengtemaat de derdemachtswortel van het volume, moet
je de waarde met de shapecoefficient van dat dier (o;) vermenigvuldigen. Na deling door de
shape-coefficient van het andere dier (o) vind je de waarde voor dat dier, Dit komt dus neer in
het geval van de wadpier en de mossel dat de parameterwaarden van de wadpier gevonden worden
door de mossel getallen met 2.0 te vermenigvuldigen.

Om te corrigeren voor een parameter waar het volume in de eenheid zit, moet vermenigvuldigd
worden met o3, en gedeeld worden door 23, dus voor de mossel naar wadpier conversie is dit

een vermenigvuldiging met 8.0.
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6 Voorbeelden

Cadmium, Chroom en Xoper voor het 1- compartimenten model, met data van Adema (198 !). De
invoer is een blok functie met contaminant tot dag 25, daarna schoon water. De meetpunten in
deze graficken komen uit de data file \MATNADEMA.MAT.

Model: MUSICOM 1.@ SINULATION DATA Date: 1990-12-85 13:4t
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Zink voor het liganden model, met data van Adema (1981):
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Vimbation (o sines J190-01-01 tdoms)

Fysiologische variabel van dezelfde run. Groei ging van 2.7 naar 3 gram, en stopte op circa 20
dagen omdat er te weinig energie was (honger condities). De de afgeleide van de reproduktie
vertoont een knik omdat er een andere differentiaalvergelijking in werking treedt voor niet-

groeiende dieren,
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Boomstructuur schema SENECA
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7. Listings

SUBROUTINE METAL (TIME)
IMPLICIT REAL({A-Z)
REAL TIME

SINCLUDE: 'MUS1COM.DCS'
SINCLUDE: ‘METAL,DCE"
SINCLUDE: '"METAL.DCV!?

C Kk khkkhk vk Kk koK
C ***x*kx*x  ]1-COMPARTIMENT MODEL (BLACK BOX MODEL) FOR METAL *kxhkkx
C *#*¥x¥¥x*k  ACCUMULATION-ELIMINATION IN MYTILUS EDULIS ERAK KKK K
c ok ok ek ok k Wk de ot de de ke ke
Crmmm e author:R,J.F. van Haren, Theoretical Biclogy ————————
C-——r—-- De Boelelaan 1087, vrije Universiteit, Amsterdam  ~ec—--e-
Comrrommrron e version 1.0, 13-08-199%90 —————
C--- ————————————————— ——— - e . - o . o aae st - — - - - o g - - - - -
C DEFINITION: CD (cadmium); CU (copper); ZN (zinc):; CR {chromium)

C State variables for metal conc. in mussels have the dimensions

C ug/g wetweight. CDW, CUW, ZNW and CRW are state varlables

C derived variables for metal conc. in mussels are concentrations

C expressed on dryweight (CDD, CUD, ZND, CRD)

C and ash free dryweight (CDA, CUA, 2ZNA, CRA)

C __________________________________________ it e e e s 0 S S ke ke e e

Reading timeseries (defined with forcing functions) for metal input
Dimensions dissolved metals are: ug/l.
Only timeseries for dissclved metal concentrations are necessary.

QOO0

CDDIS = CDTMS (TIME)

CUDIS = CUTMS (TIME)
ZNDIS = ZNTMS (TIME)
CRDIS = CRTMS (TIME)

C Calculation of derivatives (netto accumulation or elimination) in metal
C concentration in mussel during delta(time).
C Two constants: 1) concentration factor: l/g wetweight (K..)
c 2) elimination time: d (E..)
TCD = (CDDIS*KCD =~ CDW)/ECD
TCcu = (CUDIS*KCU -~ CUW) /ECU
TZN = (ZNDIS*KZN - ZNW) /EZN
TCR = (CRDIS*KCR - CRW)/ECR
C Conversion of dimension of state variables to dryweight (..D)
C and ash free dryweight (..A) with conversion factors:
C FDW (fraction dry weight; dimension {gram dry weight/gram wet weight))
C FADW (fraction ash free dryweight; dimension gram ash free dw/gram ww))
CDD = CDW/FDW
CUD = CUW/FDW
ZND = ZNW/FDW
CRD = CRW/FDW
CDA =« CDW/FADW
CUA = CUW/FADW
ZNA = ZNW/FADW
CRA = CRW/FADW
C Calculation of difference equations for the state variables
DCDW = DCDW + TCD
DCUW = DCUW + TCU
DZNW = DZINW + T2N
DCRW = DCRW + TCR
END
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SUBROUTINE OMICO{TIME)
IMPLICIT REAL(A-Z)
REAL TIME

SINCLUDE: "MUS1COM.DCS'
SINCLUDE: 'OMICO.DCP!
SINCLUDE: 'OMICO.DCV!

ettt 1 e o e o e e e e — \
C % % % g ok gk ook %k L2252 22 3 ‘
C *#***¥%** ]-COMPARTIMENT MODEL (BLACK BOX MODEL) FOR KRE KKKk .
C **#kx*x¥% ORGANIC MICROPOLLUTANT ACCUMULATION - AL L !
C ***xwkx* ELIMINATION IN MYTILUS EDULIS FRKK KKK

C Ak krn % 9 2 % o o o ok

Coruwsmmmnsm= author:R.J.F. van Haren, Theoretical Biology m————————

C==wwwwe~- De Boelelaan 1087, Vrije Universiteit, Amsterdam ———

Cmmmmmwcw version 1.0, 13-08-1980 ——————

o tmcceccccece—e . e e e e e e e .
C DEFINITION: PCB52, PCB1l53, BAP, FLUA ‘l
C resp: 2,2',5,5"'-tetrachlorobiphenyl '
c 2,2',4,4',5,5"'~pentachlorobiphenyl

c Benzo (a)Pyrene

c Fluorantheen

C State variables for omico conc. in mussels have the dimensions

C ug/g fat. PCB52F, PCB1l53F, BAPF and FLUAF are state variables

C derived variables for omico conc. in mussels are concentrations

C expressed on wet weight (PCB52W, PCB153W, BAPW, FLUAW)

C expressed on dry weight {(PCBS$2D, PCB153D, BAPD, FLUAD)

C and ash free dry weight (PCB5ZA, PCB153A, BAPA, FLUAA)

(C o ot s it s b AP S A D A e A8 TR P o e e o e e e o M e i il s ey e S o o o oo - - -

C Reading timeseries (defined with forcing functions) for omico input

C Dimensions particulate adsorbed omico conc. are expressed on carbon

C content susupended matter: ug/g C. l

C Only timeseries for particulate adsorbed omico conc., are necessary.
P52DIS = PL2TMS (TIME) l
P153DIS = P153TMS (TIME)
BAPDIS = BAPTMS (TIME)
FLUADIS = FLUATMS (TIME) ll

|

C Calculation of derivatives (netto accumulation or elimination) in omico

C concentration in mussel during delta(time).

C Two constahts: 1} concentration factor: gC/g fat (K,...} ‘

c 2} elimination time: d (E...) ‘
TPS52 = (P52DIS*KPS52 ~PCBS2F) /EP52 1
TP153 = (P1S3DIS*KP153 - PCB153F)/EP153 l
TBAP = (BAPDIS*KBAP - BAPF) /EBAP ‘
TFLUA = (FLUADIS*KFLUA ~ FLUAF) /EFLUA ;

C Conversion of dimension of state variables to wetweight (...W) "

C dryweight (...D) and ash free dryweight {...A) with conversion factors: i

C FFAT (fraction fat; dimension (gram fat/gram wetweight) ,

C FDW (fraction dry weight; dimension (gram dry weight/gram wet weight)) i

C FADW (fraction ash free dryweight; dimension gram ash free dw/gram ww)) !'
PCB52W = PCBS2F*FFAT
PCBL53W = PCB153F*FFAT .
BAPW = BAPF*FFAT '
FLUAW = FLUAF*FFAT
PCB52D = PCB52W/FDW l
PCEB153D = PCB153W/FDW
BAPD = BAPW/FDW
FLUAD = FLUAW/FDW l
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PCBEZ2A
PCB153A
BAPA
FLUAR

C Calculation of

DPCBE2F
DPCBLlS3F
DBAPF
DFLUAF

END

PCBS2W/FADW
PCB153W/FADW
BAPW/FADW
FLUAW/FADW

difference egquations for the state variables

= DPCB52F + TP52

= DPCB153F + TP153
= DBAPF + TBAP

= DFLUAF + TFLUA
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$
$
$

Liganden model:

SUBRCUTINE FYS (TIME)
IMPLICIT REAL(A-Z)
REAL TIME

INCLUDE: '"MUSSEL.DCS’
INCLUDE: 'FYS,.DCP'
INCLUDE:'FY§,DCV!

DDDDD EEEEEE BEBBBEB
E B B

E B BB

c

c

c D

c D D EEE BBBBEB
Cc D

c

DDDDD EEEEEE BBEBBEBBBE M ODE L

Chkkkkk¥k % g vk ok ok kK

c
C
C
c
c

QOO0 O0O00000000000000

Qa0

Q00

[oNoN

HRHK KKK DYNAMIC ENERGY BUDGET MODEL Kok kK
AEKK KKK USED FOR ACCUMULATION ~ELIMINATION WAL L
F ok ko % subroutines: METAL.FOR and OMICO.FOR ¥ 3k ke e ok ok e
% %k d ok ok X LA 2 R LT
----- - author: R,J.F. van Haren, Theoretical Bioclogy ————————
------- De Boelelaan 1087, Vrije Universiteit, Amsterdam —==-——--
——————— versgion 1.1, 18-05-19690 —————

Calculation of weight, storage and reproductive state with variable
temperatures (Arrhenius temperature correction applied) and
variable food input.
11! IMPORTANT !!! Rate constants are reported on 15 C in .PAR files
STATE VARIABLES: MASS (size; cm**3 is equivalent to g wet weight)
STORAG (energy reserves/max. energy reserves; =-)
REPRO (cum,.energy to repro; cm*+*3)
SCRPR {cum,energy to repro/max enerdy reserves;-)
state variables are defined in MUSSEL.VAR
DERIVED VARIABLES: LENGTH (length, cm)
DRYW (dry weight; g dw)
AFDW (ash free dry weight; g afdw)
FATW (fat weight; g fat)
derived varlables are defined in FYS.VAR
FORCING FUNCTIQONS ARE DEFINED IN MUSSEL,FRC

T T . S - W 0 M (0 S S S S S S o e e o —

Temperature correction of rate constants V and B (defined in FYS.PAR)
with Arrhenius temperature TR (defined in MUSSEL.PAR),
reading timeseries TEMP (TIME):

T = TEMP (TIME)

TCOR = EXP(TA*(1./288.15-1./(273.15+T)}))
vT = V*TCOR

BT = B*¥TCOR

Calculation of food input: Hollings type II functional response,
with saturation constant K (defined in FY¥5,PAR), reading
timeseries POC(TIME):

FOOD = POCTMS (TIME)
F = FOOD/ (K + FOOD)

Calculation of derivatives M of MASS and E of STORAG on basis of
equations of the DEB model, see KOOIJMAN(1990),
with compound parameter A (defined in FYS.PAR):

M = MAX (0., ( (STORAG*VT*MASS** (2,/3.)) - (BT*MASS))/(STORAG+A))
E = YT* (MASS** (=1,/3.))* (F~STORAG)
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Calculation of derivative R of REPRO and SCR of SCRPR with an annual
spawning period in spring (defined in. SPWNTMS(TIME}.

REPRO and R are then reset to 0.

Reproduction only if body size greater then size at first maturation WJ.

aoan

When MASS < WJ then REPRO=(0 and SCRPR=0, but this give system-errors
so a value 1.E-6 close to 0 is chosen.
KAP and WJ are defined in FYS.PAR:

a0

RSTOR = BT*MASS** (1./3,)/VT
SPWNTIM = SPWNTMS (TIME)

IF ({MASS .LT. WJ) .OR. (SPWNTIM .LT. 1)) THEN
R=0
REPRO = 1.E-§
SCRPR = 1 ,E-§
ELSE
IF (STORAG .GE. RSTOR) THEN
R = (1.-KAP)*STORAG* (VT*A*MASS**(2./3.)+BT*MASS)
R = R/ (STORAG+A) = (({1.=-KAP)*BT*WJ)
ELSE
R = (STORAGH*VT*MASS**(2./3.)) - (KAP*BT*MASS)
R = R = ({1.~KAP)*BT*WJ)
ENDIF
ENDIF

SCR = R/MASS - (REPRO*M)/ (MASS*MASS)

C Conversion of volume {cm**3) to length (cm) with

C shape coefficient FSHAPE and to dry weight, ash free dry weight
€ and fat weight with conversion factors FDW, AFDW and FATW

C (defined in MUSSEL.PAR):

LENGTH = MASS**{1,/3.)/FSHAPE
DRYW = MASS*FDW

AFDW MASS*FADW

FATW = MASS*FATW

1

C Calculation of difference eguations of state variables:

DMASS = DMASS + M
DSTORAG = DSTORAG + E

DREPRO = DREPRO + R
DSCRPR = DSCRPR + SCR
END
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SUBROUTINE METAL (TIME)

IMPLICIT REAL({A~-Z)

REAL TIME
SINCLUDE: *MUSSEL.DCS'
SINCLUDE: *METAL,DCP!
$INCLUDE: "METAL,DCV!

Com o o e o o o o et o e e - —— s P - e e S ' o W = o
ChrAhkkkk %W v ok v e ok ok
ChxFkkkk METAL ACCUMULATION-ELIMINATION MODEL hRAk Rk kK
CH®RH R Ak FOR MYTILUS EDULIS BASED ON ENERGY BUDGETS WAL AE L T
Chakxkkd uses routine: FYS.FOR *H kKoK
Chowkkkkk L2 2.2 2.8 % 3
Commmm—m author: R.J.F. van Haren, Theoretical Blology  ==w== —
Crm=———wn De Boelelaan 1087, Vrije Universiteit, Amsterdam ———em=--
Cr=mmm—= version 1.1, 18-9-1890 ———————

C _____ - ——— . - ——— e . - ———— T Y T S L W WP U T e (e N P S5 - ke Al D WYY e s e v ok S s B W

C Calculation of accumulation and elimination of metals with variable

C energetics of mussels based on variable inputs of food and temperature
C STATE VARIABLES: CDW cadmium cone. in mussel ug/g wet weight

C CUW copper conc. in mussel ug/g wet weight

C ZNW =zinc conc. in mussel ug/g wet weight

C CRW chromium conc. in mussel ug/g wet weight

C DERIVED VARIABLES: CDD cadmium conc. in mussel uyg/g dry weight

c CUD copper conc. in mussel ug/g dry weight

o] ZND zinc cone. in mussel ug/g dry weight

C CRD chromium conc. in mussel ug/g dry weight

C CDA cadmium conc. in mussel ug/g ash free dry w.
o cua copper conc. in mussel ug/g ash free dry w.
C ZNA zinc conc. in mussel ug/g ash free dry w,

C CRA chromium conc. in mussel ug/g ash free dry w.
C —————————————————————————————— e - —— e v — —— - -~ - I — "

o NN P!

C

C

c
CDDIS = CDTMS(TIME)
CPPRT = CDPTMS (TIME)
CUDIS = CUTMS (TIME)
CUPRT = CUPTMS (TIME)
ZNDIS = ZNTMS (TIME)
ZNPRT = ZNPTMS (TIME)
CRDIS = CRTMS (TIME}
CRPRT = CRPTMS (TIME)

MASS, STORAG, SCRPR,F,M and TCOR are calculated in FYS.FOR,
resp. volume, storage, scaled reprod., scaled functional response
derivative of volume to time and temperature corr, factor at temp T

Reading timeseries (defined with forcing functlions in MUSSEL.FRC) for
metal input, Dimensions: dissolved ceonc.(..DIS): mg/l

part.ads.conc, (. .PRT): mg/g susp.matter

C Calculation of derivatives (netto accumulation or elimination) of
C metals in mussels, parameter ALPHAE and DS defined in MUSSEL.PAR:

HW = M/MASS

HR = 1,+(1./ALPHAE)+5CRPR

M13 = MASS**(1./3.)

C Cadmium, copper, zinc and chromium (parameters defined in METAL.PAR}:

TCD = {TCOR* (RDACD*CDDIS + RPACD*F*CDPRT) / (DS*HR*M13))

& - CDW* ( (TCOR*RADCD) / (M13*PGCD* {STORAG + SCRER))
& - HW = SCR/HR)

TCU = {TCOR* (RDACU*CUDIS + RPACU*F*CUPRT) / (DS*HR*M13))
& - CUW* ( {TCOR*RADCU) / (M13*PGCU* (STORAG + SCRPR})
& ~ HW - SCR/HR)

TZN = (TCOR* (RDAZN*ZNDIS + RPAZN*F*ZNPRT) / (DS*HR*M13))
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& - ZNW* ( (TCOR*RADZN) / (M13*PG2N* (STORAG + SCRPR))
& - HW -~ SCR/HR)
TCR = (TCOR* (RDACR*CRDIS + RPACR*F*CRPRT) / (DS*HR*M13))
& - CRW* ( (TCOR*RADCR) / (M13*PGCR* (STORAG + SCRPR))
& - HW - SCR/HR)

C Conversion of dimension of state variables to dryweight (..D)
C and ash free dry weight (..A) with conversion factors:

C FDW (defined in MUSSEL.VAR): fraction dry weight

C FADW (defined in MUSSEL.VAR): fraction ash free dry weight

cDD = CDW/FDW

Cup = CUW/FDW
ZND = ZNW/FDW
CRD = CRW/FDW
CDA = CDW/FADW
CuAa = CUW/FADW
ZNA = ZNW/FADW
CRA = CRW/FADW

C Calculation of difference equations:

DCDW = DCDW + TCD
DCUW = DCUW + TCU
DZNW = DZNW + TIZIN
DCRW = DCRW + TCR
END

ie
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SUBROUTINE COMICO (TIME)
IMPLICIT REAL{A-2Z)
REAL TIME

SINCLUDE: 'MUSSEL.DCS'

$INCLUDE: 'OMICO,.DCP®

SINCLUDE:; 'OMICO.DCV!

C —————————————— - e e Y P o sk e e G St R o e e et M o e it s - = - -
C****’k** o g g ek ok
Ch¥* k& kx OMICO ACCUMULATION-ELIMINATION MODEL Kk
Cha*kkkk FOR MYTILUS EDULIS BASED ON ENERGY BUDGETS FHRRK KRN
Crokdkdkdk uses routine: FYS.FOR ek okok ok %
ChxFxhrkK gk ok ek
Crm—mmee author: R.J.F. van Haren, Theoretical Biology ——————
Cmmmm——— De Boelelaan 1087, Vrije Universiteit, Amsterdam ww————--
Crmm—= - version 1.1, 18-9-1890 m———————
Crmmrmrm———er—e- i e e T - = o o - . 2y S 5 o s s .y P B
C Calculation of accumulation and elimination ¢f omico's with variable
C energetics of mussels based on variable inputs of food and temperature
C STATE VARIABLES: PCBS2W PCB52 conc. in mussel ug/g wet weight

c PCB153W PCB153 conc. in mussel ug/g wet weight

¢ BAPW BAP conc. in mussel ug/g wet weight

c FLUAW FLUA conc. in mussel ug/g wet weight

C DERIVED VARIABLES: PCB52D PCB52 conc. in mussel ug/g dry weight

C CcuD PCB153 conc, in mussel ug/g dry weight
C BAPD BAP conc., in mussel ug/g dry weight

o FLUAD FLUA conc. in mussel ug/g dry weight

c PCB52F  PCB52 conc. in mussel ug/g fat w.

o cur PCB153 conc. in mussel ug/g fat w.

c BAPF BAP conc. in mussel ug/g fat w,

c FLUAF FLUA conc. in mussel ug/g fat w.

C ————————————————————————— A o AR - o o v —— S -

Qa0

NSNS

c
C

o

MASS, STCRAG, SFLUAPR,F,M and TCOR are calculated in FYS,FOR,
resp, volume, storage, scaled reprod., scaled functional response
derivative of volume to time and temperature corr. factor at temp T

Reading timeseries (defined with forcing functions in MUSSEL.FRC) for
metal input. Dimensions: dissolved conc. {..DIS): mg/l
part.ads.conc. {..PRT): mg/g susp.matter

P52DIS = CDTMS (TIME)

P52PRT = CDPTMS (TIME)

P153DI1S = CDTMS (TIME)

P153PRT = CDPTMS (TIME)

BAPDIS = CDTMS (TIME}

BAPPRT = CDPTMS (TIME)

FLUADIS = CDTMS (TIME}

FLUAPRT = CDPTMS (TIME}

Calculation of derivatives (netto accumulation or elimination) of
metals in mussels, parameter ALPHAE and DS defined in MUSSEL.PAR:

HW = M/MASS
HR = 1,+(1./ALPHAE}+SCRPR
M13 = MASS**({1./3.)

PCB52,PCB153,BAP and FLUA (parameters defined in OMICO.PAR):
TP52 = (TCOR* (RDAPS52*P52DIS$ + RPAPS2*F*PS52PRT} / (DS*HR*M13})
& ~ PCB52W* ( (TCOR*RADPS52) / (M13*PGP52* (STORAG + SCRPR}))
& - BW ~ SCR/HR)
TP153 = (TCOR* (RDAP153*P153DIS + RPAP153*F*P153PRT) / (DS*HR*M13))
& ~ PCB153W* ((TCOR*RADP153) / (M13*PGP153% (STORAG + SCRER))
& - HW -~ SCR/HR)
TBAP = (TCOR* (RDABAP*BAPDIS + RPABAP*F*BAPPRT) / (DS*HR*M13})
& - BAPW* ( (TCOR*RADBAP) / (M13*PGBAP* (STORAG + SCRPR))

* 26
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& - HW - SCR/HR) :

TFLUA = (TCOR* (RDAFLU*FLUADIS + RPAFLU*F*FLUAPRT) / (DS*HR*M13))
& ~ FLUAW* ( (TCOR*RADFLU) / (M13*PGFLU* (STORAG + SCRPR))
& =~ HW ~ SCR/HR)

€ Conversion of dimension of state variables to dryweight (..D)

C ash free dry weight (..A) and fat welght (..F) with conversion factors:
C FDW (defined in MUSSEL.VAR}: fraction dry weight

C FADW {defined in MUSSEL.VAR): fraction ash free dry weight

C FFAT (defined in MUSSEL.VAR): fraction fat weight

PCBS2D = PCBS2W/FDW
PCB153D = PCB1S3W/FDW
BAPD = BAPW/FDW
FLUAD = FLUAW/FDW
PCR52A = PCBS2W/FADW
PCB153A = PCBl53W/FADW
BAPA = BAPW/FADW
FLUAR = FLUAW/FADW
PCBS52F = PCBS2W/FFAT
PCB153F = PCRLS3W/FFAT
BAPF = BAPW/FFAT
FLUAF = FLUAW/FFAT

C Calculation ¢f difference equations:

DPCBS2W = DPCBS2W + TPS52
DPCB153W = DPCB153W + TP153
DBAPW = DBAPW + TBAP
DFLUAW = DFLUAW + TFLUA
END



