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Abstract

Many filter feeders produce pseudo-faeces from selected particles that are filtered; pseudo-faeces does not pass the gut. Food
intake can be limited by the filtering (acquisition) as well as the digestion (processing) rate. Its dynamics can be analysed in a
straightforward way in the context of the Dynamic Energy Budget (DEB) theory using the closed hand-shaking protocol of
Synthesizing Units. The model reveals how food intake depends on the relative size of the filtering and digestion machinery, which
can be used to model differentated growth of these structures if allocation is linked to their relative workload. It turns out that non-
digestible particles modify the apparent half-saturation coefficient, which makes that estimates for this coefficient can be used to

quantify the mean silt load in a given habitat.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The half-saturation constant of the Pacific oyster
turns out to be site-specific (Pouvreau et al., 2006-this
issue). Discussions with these authors have led to the
hypothesis that site-specific silt load (turbidity) might
be one of the possible explanations for the differences
among half-saturation constants. This short note will
demonstrate that silt and other particles that bivalves
select for pseudo-facces production do indeed affect
the half-saturation constant. This does not ‘prove’ that
variations in turbidity is the main cause of the
observed variation in half-saturation coefficients, but
it motivates further investigations in this direction.

The aim is to find expressions for the feeding and
filtering rates, where food and silt compete for access
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to the acquisition machinery of the bivalve, in a way
that is consistent with the standard DEB model
(Kooijman, 2000). For food X that is present in
density X, this standard model specifies that in the
absence of silt, food intake can be written as Jy=
{Jym}fV?? with scaled functional response f=X/(X+
K). This model has two parameters, the half-saturation
constant K and the maximum surface area-specific
food uptake rate {Jy,}, and contains one state
variable, viz. structural volume ¥, which changes in
time as long as the individual is not fully grown.

2. Acquisition and digestion

We partition feeding into acquisition 4 with Ny
functional units and digestion D with N, functional
units. The numbers N, are proportional to the surface
area of the individual; an acquisition unit might be a
filtering hair, and a digestion unit a site in the gut
wall at which absorption occurs. Non-digestible
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particles Y (here called silt particles, but possibly
including other particles as well) are present in
density Y. Food is passed from the acquisition units
to the digestion units by channelling using a closed
hand-shaking protocol (so no acquired food is spoiled)
and silt is excreted as pseudo-faeces and not passed to
the digestion units.

The concept of Synthesising Units (SU) (Kooijman,
1998) is very suitable for modelling functional
responses, as will be illustrated. SUs are generalised
enzymes that turn arriving substrate fluxes into product
fluxes via SU-substrate complexes. The kinetics has
much in common with classic enzyme kinetics, which
is based on substrate concentrations, however. We
follow (Kooijman and Segel, 2005) for closed
handshaking, and include pseudo-faeces production.
This means that food is only passed from the
acquisition units to the digestion units if the latter are
ready for acceptance.

Let 07 be the fraction of acquisition units that is
not bound to food or silt, 03‘} the fraction that is
bound to food, and 6% the fraction of digestion units
that is bound to food. For 1=07+6%+607 and
1=0P+6%, the changes in the fractions of 4 and
D are

d
Eeﬁ = (09-0%)kx + 07ky—07(bxX + byY)

%0; = 02byY—07ky

d
EO'D = 0vkp—(05-0%)kxN4/Np

where by and by are the affinities of X and Y: ky' and
ky' are the mean handling times of X and Y by the
acquisition machinery, and kp' is the mean handling
time of X by the digestion machinery. The steady state
fractions are

0% = kykykpNp/©

0%* = kybx X (kyNs—kpNp)/©
03* = kykpNpbyY /@

02 = kykyNybxX /O

O = kykyNbyX + kpNp(kyky—kybyX + kybyY).

3. Feeding and pseudo-faeces production

The time-scale separation argument links (pseudo)-
faeces production to the fractions of bounded SUs in
pseudo-steady state. The feeding and pseudo-faeces
production rates are

Jy = Ng0M*by X = Np0Q*kp
- b kykpNNpb, X
 kxkykpNp + (kyN4—kpNp)kybxX + kpNpkybyY

Jy = NyO2*byY = N4OF *ky
. kxkykpN4NpbyY
 kykykpNp + (kyNy—kpNp)kybx Y + kpNpkxbyY

Testing the consistency of this model with the
standard DEB model will yield suggestions for further
simplification. In the absence of silt, so Y=0, we
have

kyxkpN4Npbx X AT} VX

Jy = =
X kxkpNp + (kxNA_kDND)be K+X

k)(kDNAND kaDND

for {J)(m}Vz./3 = NNy and K = m‘
The conclusion must be that the model is DEB-
consistent for N,, Np o V3 (so the number of
acquisition and digestion units must be proportional
to the surface area of the structure); the half-
saturation coefficient K is then independent of
structural volume » and the maximum food uptake
equals Jy,, o V7.

4. Reparametrisation

To remove parameters that are difficult to measure
from the behaviour of individuals, we introduce the silt
saturation coefficient Ky=+ky/by and relative affinity
dyx=by/by. Substitution gives the ingestion rates for
food and silt particles

2/3
- % with K{(Y) = K(1 + Y /Ky)

Jy = 5Y)(JXY/X

If no selection in acquisition occurs, we have dyy=1,
which means that this model for how silt affects food
uptake has one extra (compound) parameter Ky which
is inverse to the product of the mean handling time of a
silt particle, k}l, and its affinity, by, its dimension is
silt density. Faeces production is proportional to food
consumption; the conversion depends on food quality
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Fig. 1. Pseudo-faeces production for a 7 cm Mytilus edulis. Data from
Widdows et al. (1979). The fitted curve assumes that food X and silt ¥
covary, so Y/X is constant. The result is that pseudo-faeces production
amounts to Jy=Jy, X/(K'y+X), with Jy,,=aJy,,Y/X and Ky=aK for
o= (% + 1)71, while X is treated as the measured particle
concentration. The parameter estimates are Jy,,=0.325 g/h and K'=
117 mg/l.

parameters. Pseudo-faeces production equals silt con-
sumption Jy; mucus production might also have a
contribution to pseudo-faeces production, depending
on the choice of quantifiers.

Fig. 1 illustrates that this model for pseudo-faeces
production matches experimental data for Mytilus
edulis.

The filtering rate of an individual that completely
clears the filtered water equals F(X, Y)=Jx/X=J,/Y for

6. Differential growth of velum and gut

Oyx=1. The maximum filtering rate is at X=0, Y=0,
o)

Jxm _ kxkpN4Np (kxN4—kpNp)bx

F, = F(0,0) =2 _
( ) K kxN,—kpNp kxkpNp
= Nybx
F V2/3

1+ Y/Ky+X/K

for {F,,}=F,/V *?. The implicit assumption is that the
individual is parsimonious; it does not filter faster than
necessary. Notice that if X and Y covary, so Y/X
remains constant, this model for filtering rate has two
parameters only, since Y/Ky+X/K=X(Ky 'Y/ X+K )=
X/K" and K" is constant.

5. Apparent saturation coefficient

Notice that if food density X varies at constant
silt density Y, the apparent half-saturation coefficient
K (Y)=K(1+Y/Ky) is constant, and the standard
DEB formulation applies, but its value depends on
the constant silt density Y. Suppose that Y is site-
specific, then K’ is linear in the silt density Y. We
can invert the argument and obtain Y=Ky (K'/K—1),
where K is the minimum among K”’s if there is a
“clean” site in the set of measurements. If measure-
ments of (mean) silt densities Y are available, we
can test the relationship between K’ and Y, and
arrive at an estimate for silt saturation coefficient
Ky=YI(K'IK—1).

We might have chosen to model silt and food as substitutable substrates for a single type of SUs, where the
conversion efficiency from silt to reserve equals zero. Using the closed handshaking formalism, however, we now have
an expression for how feeding depends on the sizes of the acquisition and the digestion machinery. Macoma larvae
show differential growth in velum versus gut, depending on the food level. The allocation can be linked to relative
work-load, (see Philippart et al., 2006). The present model quantifies the effect of differential growth on food uptake if
we link the numbers of functional units N, and Np, to the masses of the food acquisition and digestion machinery.

Changes in N,/Np, affect both {Jy,,} and K.

The relative workload of the acquisition and digestion machinery equals in absence of silt

B kxKpNp
- kxkpNp + (kxNA*kDND)b)(X
(kXNA*kDND)bXX

Jx [ Txm = =f =
i = Ny & GorNa—koNp)oaX |~ P

F/F,

= 1-f = Ky

Let us now partition structure V into three contributions: acquisition machinery, ¥, digestion machinery, Vp, and
the rest, Vg; so V="V, +Vp+ V. The only extra step that is necessary to arrive at a model for differentiated growth is to
link the volumes of the acquisition and digestion machineries, ¥, and V', to the number functional units, N, and N,
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e.g. Ny=(ny VA)Z/3 and ND:(11DVD)2/3 . This choice makes that if V/V, remains constant, the standard DEB model
applies. We now incorporate an allocation based on relative work load, which has as consequence that V,/V,, will
depend on (mean) food density.

Assuming that the costs of structure and its somatic maintenance are independent of the type of structure, the x-rule
of the standard DEB model can be generalised for ky,=1—kp as

. d .
kikxkape = [EGl = Va+ [pylVa

dt
. d . . d .
KKxKp Pc = [EG]E Vo + [pulVp Kpc = [Eg] i V+pulV
. d .
K(1=kx) pc = [EG]E Ve + [pulVe

where Ky is the fraction of the catabolic power that is allocated to the assimilation machinery; the fraction 1 —k of the
catabolic power is allocated to maturity maintenance plus maturation (or reproduction in adults). The standard DEB
model specifies that the catabolic rate and the scaled reserve dynamics equal

: ) d d _
Pe = [E](szBEV) and —[E] = yxJy—v[E)V 173

Substitution gives for e=[E]/[E,,]

d \')eVz/3*l%MgV a K]'JC_ e

Ly = Bk V)
dt etg [Eq] eJrg(u M

with maintenance rate coefficient kM: [Pu]/[EG] and investment ratio g=[Egl/k[E,,].
Using the catabolic power just obtained and dividing by [Es] we arrive at

d e
vy, =
di A KAKAe

dV
ar P

d
dr © ( KA)e

2 (\'1V2/3 + ];MV)_]'CMVA

— Kykp— (\'1V2/3+/.€MV>*]%MVD
e+g

¢ (\'}Vm ¥ icMV)—icMVG
g

Together with given volumes at birth, V,,, Vp, and Vg, and the expression for (d/df)e, these equations fully determine
growth of body parts. As long as the fractions k are constant, this is still the standard DEB model if V., =ky x4V}, and
Vpp=r1xkpVy, which makes that VA= x4V and Vp=kykpl at any time. We can now deviate from this standard by
allowing that k4 (and so kp=1—K,) is no longer constant, but can vary in time, depending on the feeding conditions
(where food density X varies in time); fractions ky and k are kept constant.
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