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Growth dilution in multilevel food chains

Robert A. Herendeen∗, Walter R. Hill
Illinois Natural History Survey, 607 East Peabody Drive, Champaign, IL 61820, USA

Received 26 June 2003; received in revised form 23 January 2004; accepted 12 March 2004

Abstract

Microalgae can absorb contaminants from the aqueous environment, and harvesting microalgae has been proposed as a
method to purify water. However, rapid growth of microalgae (stimulated by increased light, for example) results in lowered
tissue concentration of contaminant. This reduction has been observed to propagate to herbivores. Here we investigate (with
simulation and supporting analytical argument) the propagation of growth dilution in all trophic levels of a food chain. We are
concerned with concentration as well as overall mass of contaminant in each level, for different functional relationships between
levels. We find that transient (i.e., prompt) growth dilution occurs for all levels. However, the new steady state concentrations
can increase or decrease, depending on functional relationships (e.g., ratio versus prey dependence). These results, which have
implications for pollution control, call for experimental testing.
© 2004 Published by Elsevier B.V.
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1. Introduction

Microalgae absorb a variety of contaminants from
aquatic environments, providing a contaminated food
source for higher trophic levels (Swackhamer and
Skoglund, 1993; Hill et al., 1996). In rapidly growing
microalgae, contaminant concentrations are reduced
by the accumulation of new biomass, a phenomenon
known as growth dilution. Growth dilution at the mi-
croalgal level may in principle propagate up the food
chain, ultimately causing diminished contaminant
concentrations in game fish and other top predators.
Much quantitative analysis has been done on growth
dilution in producers, e.g.,Landrum et al. (1992)
and Skoglund et al. (1996). Here we use simulation
to investigate whether growth dilution does in fact
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propagate up the food chain. Because harvesting
of contaminated biomass could be used as a water
purification option (Sabater et al., 2002), we are con-
cerned with overall stock of contaminant, as well as
concentration, in each level.

We will assume an abruptly-occurring, constant
perturbation, also called a “press” or “step-function”
perturbation. We differentiate between: (1) transient
dilution, the prompt response to the perturbation, and
(2) steady-state dilution, i.e., the long-term response.
We find that transient dilution always occurs in all
levels except for extremely unlikely forms of func-
tional dependence, but that steady state concentrations
up the chain can increase or decrease depending on
the functional form of feeding behavior. Thus the
question of when and at what trophic level to harvest
biomass to capture contaminants depends critically
on functional relationships in the chain.

For example, starting with a food chain at steady
state, consider the long-term response to a press
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doubling in light intensity. For ratio-dependent preda-
tion (i.e., a functional form that depends explicitly on
the ratio of prey biomass to predator biomass) in all
levels, biomass approximately doubles in every level
(Herendeen, 1995), while contaminant concentrations
are approximately unchanged (this is exactly true
for an uncropped system). On the other hand, with
Lotka–Volterra type predation in some levels, some
biomass stocks change by a factor much greater than
two, while others are unchanged, and concentrations
in different levels can show changes of either sign
(Lotka–Volterra is a limiting case of prey-dependent
predation, for which the functional form depends only
on on prey biomass; seeEq. (1)and discussion below
it).

We first briefly discuss the functional forms we
use; by simple parameter changes these can exhibit
a wide range of functional dependence, including
ratio-dependent and Lotka–Volterra behavior. We then
present results of three simulations which demonstrate
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Fig. 1. Energy and contaminant flows in a food chain. All terms are defined inTable 1. Energy is expressed in grams of metabolizable
biomass. Trophic level increases to the right. In the text, quantities are sometimes used with the additional subscript “0” to indicate initial
values. (a) Biomass flows (unit= g(bio) per day) and stocks (unit= g(bio)). (b) Contaminant flows (unit= g(con) per day) and stocks
(unit = g(con)). “Resource”, e.g., light or nutrient, is assumed to affect only trophic level 1, producers.

the different dilution responses with different func-
tional dependences.Appendix A presents computa-
tional details.

2. A generalized functional form

Fig. 1 shows a food chain. All symbols are de-
fined inTable 1. Fig. 1ashows biomass flows, and ap-
plying conservation of energy to each level gives the
equations governing the dynamics (Herendeen, 1995,
2004). Fig. 1bshows the corresponding flows of con-
taminant. In this simple model we assume that: (1)
contaminant is absorbed only by producers, passed up
the food chain by predation, and exits by cropping or
possibly by metabolism (Cabana et al., 1994; Futter,
1994; Rasmussen et al., 1990; Thoman, 1989; Oliver
and Niimi, 1988); (2) contaminant has no influence
on growth and mortality; it is merely “dragged along”
by the underlying biomass dynamics; (3) contami-
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Table 1
Symbols used in this article

Symbol Description Units

bi Time-dependent parameter inBi; reflects, e.g., seasonal changes in predation efficiency Dimensionless
Bi(Si, Si−1) Feeding input per unit biomass stock to leveli as function of stocks of prey and predator day−1

ci Parameter inBi; determines shape of Holling Type II dependence on prey abundance Dimensionless
Ci Contaminant concentration in trophic leveli g(con) g(bio)−1

Cw Ambient contaminant concentration g(con) l−1

CROPPINGi Exogenous removal from leveli; negative values indicate stocking g(bio) day−1

INPUTi Feeding input to leveli g(bio) day−1

k Number of trophic levels in food chain Dimensionless
ke,i Rate constant for elimination of contaminant by leveli day−1

kw Rate constant for uptake of contaminant by level 1 (producers) l day−1 per g(bio)
METABi Metabolic loss from leveli g(bio) day−1

qi Parameter expressing degree of prey dependence Dimensionless
ri Parameter expressing degree of interference between feeders, also called predator dependence Dimensionless
RESOURCEi Resource (light or nutrient) intensity; affects level 1 only Dimensionless
Si Biomass stock of leveli g(bio)
Ti Contaminant stock in leveli g(con)
αi Relative abundance of leveli’s prey Dimensionless
λi Parameter expressing leveli’s “leakage” of contaminant via metabolism Dimensionless
µi METABi/Si (assumed constant) day−1

g(con): grams of contaminant; g(bio): grams of biomass.

nant does not degrade internally. InFig. 1b, λi = 0
corresponds to no loss and hence maximum biomag-
nification in leveli. λi = 1 corresponds to no biomag-
nification.

Assumptions 1–3 apply well to organic forms
of heavy metals (e.g.,Laarman et al., 1976). The
density-dependent feeding by leveli on level i−1 is
potentially a function of both levels’ biomass stocks,
as given inEq. (1):

Bi ≡ INPUTi

Si

= INPUTi,0

Si,0

bi(ci + 1)αi

(ci + αi)

where

αi ≡ “abundance”≡ (Si−1/Si−1,0)
q

(Si/Si,0)r
(1)

where quantities are defined inFig. 1. INPUT (gross
primary production for producers, feeding for higher
trophic levels) is assumed to have has a Holling Type
II dependence on abundance. Ratio-dependent preda-
tion is defined byq = r = 1; prey-dependent preda-
tion, by q = 1, r = 0. Prey dependence withc → ∞
is Lotka–Volterra functional dependence.bi is poten-
tially time-dependent (Herendeen, in press), but here
is assumed constant.

3. Simulation results

Our approach can be applied to a system with
any number of trophic levels, but three levels suffice
to illustrate our points.Fig. 2 shows the hypotheti-
cal food chain we analyze, composed of producers,
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Fig. 2. Energy flows and stocks in hypothetical 3-level food chain
at initial steady state, before change in light level. Numbers in
compartments are biomass stocks (unit= g(bio)). Other numbers
are biomass flows (unit= g(bio) per day). Levels 1, 2, and 3
are producers, herbivores, and carnivores, respectively. For each
trophic level, biomass input per unit of biomass is a nonlinear
function of the biomass of prey and predator. Metabolic loss is
proportional to biomass stock. Cropping is determined exoge-
nously. Production (here called input)/biomass ratios are typical
of aquatic systems. Their inverses are 3.33, 1.33, and 33.33 day,
for producers, herbivores, and carnivores, respectively.
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herbivores, and carnivores, also called levels 1–3,
respectively. The biomass flows and stocks are cho-
sen to give production-to-biomass ratios typical of
aquatic systems (Morin et al., 1999; Yurista and
Schulz, 1995; Binkowski and Rudstam, 1994; Brett,
1971).

We assume thatλ = 0.2, 0.2, and 0.2, respectively.
By Eq. (1), this gives initial concentrations for lev-
els 1–3 in the ratio 1:3.6:12.8, respectively (for all
λi = 0 they would be in the ratio 1:10:100). Theseλs
are the maximum values we infer from published data
on elimination rates; seeAppendix B. Our results are
substantially the same for any smaller values forλ.
Figs. 3–5show simulations of this chain subjected to
a abrupt doubling of the light intensity. InFig. 3, the
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Fig. 3. Results of simulation of 3-level food chain perturbed
by a doubling of light intensity at time= 50 days. All levels
are assumed to have ratio-dependent predation. All quantities are
normalized to unity before the light change. (a) Biomass stock;
(b) contaminant concentration.

chain is assumed to have nonlinear ratio-dependent
predation in all levels.Fig. 3ashows that biomass ap-
proximately doubles in all levels.Fig. 3b shows that
contaminant concentrations exhibit transient dilution
in all levels. For steady state, however, concentration
remains roughly the same in levels 1 and 2 and in-
creases by a factor of 1.16 in level 3. Thus level 3
exhibits modest steady state growth concentration, not
dilution (if level 3 were uncropped, all levels would
show no concentration change).Table 2summarizes
results for all simulations.

In Fig. 4, level 1 (producers) and 2 (herbivores)
are assumed to have the same ratio dependence as in
Fig. 3, but level 3 (carnivores) now has Lotka–Volterra
predation. This combination is chosen because it
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Fig. 4. Results of simulation of 3-level food chain perturbed by a
doubling of light intensity at time= 50 days. Levels 1 (producers)
and 2 (herbivores) are assumed to have ratio-dependent predation.
Level 3 (carnivores) is assumed to have Lotka–Volterra predation.
All quantities are normalized to unity before the light change. (a)
Biomass stock; (b) contaminant concentration.
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Table 2
Summary of steady state changes in biomass stock, contaminant concentration, and contaminant stock in three simulations of response to
a doubling of light intensity

Simulation 1 Simulation 2 Simulation 3

Level Functional form
1 Producers Ratio-dependent Ratio-dependent Ratio-dependent
2 Herbivores Ratio-dependent Ratio-dependent c = 1; q = 0.03; r = 1
3 Carnivores Ratio-dependent Lotka–Volterra Ratio-dependent

Biomass stock (g(bio))
1 Producers 2.00× 2.14× 2.19×
2 Herbivores 1.98× 1.08× 1.21×
3 Carnivores 2.21× 5.03× 1.26×
Contaminant concentration (g(con) (g(bio))−1)
1 Producers 1.00× 1.13× 1.19×
2 Herbivores 0.99× 0.69× 1.18×
3 Carnivores 1.16× 0.89× 1.25×
Contaminant stock (g(con))
1 Producers 2.00× 2.42× 2.61×
2 Herbivores 1.96× 0.75× 1.43×
3 Carnivores 2.56× 4.48× 1.58×
g(con): grams of contaminant; g(bio): grams of biomass. ‘2.14×’ means an increase by a factor of 2.14, etc. Ratio-dependent:c = q =
r = 1. Lotka–Volterra:c = 1E6 (i.e., approximately∞), q = 1, r = 0.1 (i.e., approximately 0). Simulation 3 mimics the “green world”
hypothesis; see text.λ1 = λ2 = λ3 = 0.2 for all simulations.

shows (Fig. 4b) both steady state growth concentra-
tion (level 1) and steady state growth dilution (levels
2 and 3).Fig. 4ashows that while levels 1 and 3 un-
dergo large biomass increases, level 2 changes very
little. This large–small–large pattern was described
by Oksanen et al. (1981).

In Fig. 5 the functional dependence is chosen to
mimic the “green world” hypothesis ofHairston et al.
(1960): herbivores are unresponsive to abundance of
producers, i.e.,q2 ≈ 0. Fig. 5a bears this out; pro-
ducer biomass more than doubles, but herbivore and
carnivore biomass increase by only 21 and 26%, re-
spectively. All three levels show modest steady state
growth concentration (Fig. 5b).

4. Discussion

In spite of obligatory transient dilution (observed in
our simulations and justified theoretically inAppendix
A), the three simulations show widely differing steady
state results for both concentration and total contam-
inant stock. The most dramatic result is the decrease

in concentration, and in total contaminant, in herbi-
vores in Simulation 2 (Fig. 4), which results from
changing the functional dependence of carnivores on
herbivores from a ratio-dependent to a Lotka–Volterra
form. Several of the specific simulation results can
be justified by analytic arguments, discussed in
Appendix A.

We suggest that the possibility of such differing re-
sults should stimulate experiments of growth dilution
in multilevel (>2) food chains, and that the design,
analysis, and interpretation of all growth dilution ex-
periments should pay proper attention to the effect of
functional dependence.

We have not discussed the detailed form of concen-
tration versus time in the period between the prompt
growth dilution and the eventual steady-state results.
We understand that for potentially valid constraints of
time and other factors, experiments may be confined
to the transient period. This will require much more
effort in specifying and conducting experiments, and
in designing models, if one wishes to draw solid quan-
titative conclusions. We will pursue dynamic issues in
future publications.
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Fig. 5. Results of simulation of 3-level food chain perturbed by
a doubling of light intensity at time= 50 days. “Green world”
hypothesis: levels 1 (producers) and 3 (carnivores) are assumed
to have ratio-dependent predation, while level 2 (herbivores) has
q = 0.03 andr = 0.1. All quantities are normalized to unity before
the light change. (a) Biomass stock; (b) contaminant concentration.

Appendix A. Analytical aspects of growth dilution
in the model used here

The dynamics of biomass (S) and contaminant (T)
stocks are indicated inFig. 1. For each quantity, the
time derivative in each level is the difference between
input and output flows for that level:

dSi

dt
= INPUTi − CROPPINGi − METABi

−INPUTi+1

dTi

dt
= Ci−1INPUTi − CiCROPPINGi

−CiλiMETABi − CiINPUTi+1 (A.1)

For level 1, producers,Eq. (A.1) is modified as fol-
lows. For dT1/dt, the first term is replaced byCwkwS1,
whereCw is the ambient concentration andkw is a
constant. For the first term in dS1/dt, Si−1 is inter-
preted as the resource level, which here means the light
level.

Ci = Ti/Si. Differentiating the concentration gives:

dCi

dt
= 1

Si

dTi

dt
− Ti

S2
i

dSi

dt

= Ci−1
INPUTi

Si

− Ci

Si

(INPUTi − (1 − λi)µiSi)

(A.2)

Neither cropping nor predation appears inEq. (A.2),
because neither directly changes concentration. At
steady state the time derivative is zero. Solving
Eq. (A.2) in that case gives:

Ci

Ci−1
= (INPUTi/Si)

(INPUTi/Si) − (1 − λi)µi

= Bi

Bi − (1 − λi)µi

(A.3)

For level 1,Eq. (A.3)has the form

C1 = Cwkw

B1 − (1 − λ1)µ1
(A.4)

Eq. (A.3) shows thatCi/Ci−1 = 1 for λi = 1: with
100% leakage there is no biomagnification.

Observation 1. Eq. (A.2)shows that transient growth
dilution, as exhibited inFigs. 3b, 4b, and 5b, will al-
ways occur with a growth-stimulus to level1, produc-
ers. To see this, differentiateEq. (A.2)with respect to
prey:

∂

∂Si−1

(
dCi

dt

)
= (Ci−1 − Ci)

∂Bi

∂Si−1
(A.5)

Starting with a steady state in which biomagnification
already occurs, Ci−1−Ci < 0.Eq. (1)then shows that
∂Bi/∂Si−1 > 0, as long asq > 0. Then the right hand
side ofEq. (A.5) <0. BecausedCi/dt = 0 at steady
state, this meansdCi/dt becomes negative, defining
growth dilution.

Observation 2. For steady state, Eq. (A.3) gives the
magnification factor. With an ecological efficiency of
10% and λ = 0, the factor is10. Biomass stocks
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Table B.1
Calculated values ofλ from published values forke

Reference Contaminant Organism ke (per day) Trophic level µ (per day) λ = ke/µ

Hill and Larsen, unpublished Hg (inorganic) Periphyton 0.048 1 0.27 0.18
Skoglund et al. (1994) PCBs Phytoplankton 0.0003–0.09 1 0.27 0.001–0.3
Trudel (1980) Hg Daphnia 0.14 2 (herbivore) 0.675 0.21
Headon et al. (1996) Hg Crayfish 0.0 2 (herbivore/

omnivore)
0.675 0.0

Fowler et al. (1978) Hg Marine shrimp 0.0013 2 (omnivore) 0.675 0.0019
Miettinen et al. (1972),

Fowler et al. (1978)
Hg Mussel 0.0007–0.011 2 (herbivore) 0.675 0.001–0.016

Huckabee et al. (1975) Hg Mosquito fish 0.0 3 (planktivore) 0.027 0.0
Trudel and Rasmussen (1997) Hg Rainbow trout 0.0013–0.0026 3 0.027 0.048–0.096
Trudel and Rasmussen (1997) Hg Northern pike 0.0009–0.005 3 0.027 0.03–0.2

µ is calculated from the model system inFig. 2.

and inputs (flows) change according to the functional
forms and the effect of perturbations to resource and
cropping; details are inHerendeen (1995, 2004).

As one example, we can relate an observed con-
centration increase to the changes in biomass when
the light is doubled. InTable 2, Simulation 2, we see
a factor of 1.13 increase in concentration in level 1,
producers, even as producer biomass increases by a
factor of 2.14. This apparently surprising result can
be justified by reference toEq. (A.4). λ1 = 0.2. All
quantities are constants exceptBi; what happens to it
when resource (i.e., light) doubles andS1 increases
by a factor of 2.14?Eq. (1)shows thatB1 decreases;
light is now less abundant given thatq = r = 1 for
level 1. Then the denominator ofEq. (A.4)decreases
andC1 increases. One can verify the magnitude of the
change, given initial values ofB1 = 0.3 per year and
µ1 = 0.27 per year, obtained fromFig. 2.

Appendix B. Relating the model leakage factor, λ,
to observed elimination rates, ke

The standard experiment to measureke is the
logical equivalent of that used byHeadon et al.,
1996 which is summarized as follows. Prey (or
ambient, for producers) containing radioactively la-
beled contaminant is offered to the target organism,
resulting in contaminant accumulation. Measurements
begin when unlabeled but otherwise identical prey (or
ambient) are then offered. One obtains total count rate

from the target organism over time (correcting for the
half-life of the tracer) and fits it to an exponential:
(count rate) = (count rate)0 exp(−ket).

We can relate this experiment to our model using
Eq. (A.1), noting that the experimental conditions dic-
tate that there is no input of labeled contaminant, no
cropping, and no predation:

dTi,labeled

dt
= −Ci,labeledλiMETABi

= −Ci,labeledλiµiSi

= −λiµiCi,labeledSi = −λiµiTi,labeled

(B.1)

Eq. (B.1)describes exponential decay of total labeled
contaminant: Ti,labeled = Ti,labeled,0 exp(−λiµit).
Henceλi = kei/µi. In Table B.1we list calculated
values forλ based on published values ofke. For
self-consistency, we use only the Hg results. For
trophic levels 1–3, we see that the maximumλ is
approximately 0.2.
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