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Abstract
We show how evolutionary dynamics can alter the predictions of classical models of the effects of nutrient enrichment on food
webs. We compare an ecological nutrient–plant–herbivore food-chain model without evolution with the same model, including
herbivore evolution, plant evolution, or both. When only herbivores are allowed to evolve, the predictions are similar to those of the
ecological model without evolution, i.e., plant biomass does not change with nutrient addition. When only plants evolve, nutrient
enrichment leads to an increase in the biomass of all compartments. In contrast, when plants and herbivores are allowed to coevolve,
although these two classical patterns are common, a wide variety of other responses is possible. The form of the trade-offs that
constrain evolution of the two protagonists is then critical. This stresses the need for experimental data on phenotypic traits, their
costs and their inﬂuence on the interactions between organisms and the rest of the community.
r 2004 Elsevier Inc. All rights reserved.
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Introduction
Together with global climate change, nutrient enrichment is receiving increasing scientiﬁc attention (Boesch
et al., 2001; Kaiser, 2001). The importance of this
environmental problem is due both to its spatial scale
(the majority of the Earth’s ecosystems), to its
consequences in terms of loss of biodiversity and changes
in species dominance (Dyer and Letourneau, 2003;
Hillebrand, 2003), and to more speciﬁc problems such as
harmful algae blooms (Anderson et al., 2002). In spite of
international efforts to understand the effects of nutrient
enrichment on ecosystems, the variety of responses
observed in nature or in experiments seems to defy
predictions (e.g., Carpenter et al., 1987; Brett and
Goldman, 1997; Forkner and Hunter, 2000; Persson
et al., 2001; Dawes-Gromadzki, 2002; Dyer and
Letourneau, 2003).
During the 1970s and 1980s, the management of
eutrophic lakes and rivers arose as a major ecological
problem, and boosted the controversy about the factors
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that determine the abundance of species in food webs.
The biomass of a species in a community depends on the
reproduction and survival of its individuals, which,
among other factors, depend on the availability of
resources and the risk of predation. As ecologists sought
to determine which of these two factors is the most
critical in natural ecosystems, the ‘‘bottom-up control’’
versus ‘‘top-down control’’ controversy grew.
Bottom-up as well as top-down controls have been
shown to be important for a wide variety of systems
(e.g., bottom-up: Coe et al., 1976; Chase et al., 2000;
Hansson, 1979; top-down: Estes and Palmisano, 1974;
Carpenter et al., 1987), and theories such as the Green
World Hypothesis (Hairston et al., 1960) or the
Exploitation Ecosystem Hypothesis (Oksanen et al.,
1981; Oksanen, 1983; Fretwell, 1987) are based on the
dominance of top-down control in structuring the whole
community.
However, there is growing evidence that both types of
control are present in for most ecosystems (Hansson,
1979; Carpenter et al., 1987; McQueen et al., 1989;
Hunter and Price, 1992; Brett and Goldman, 1997;
Jarvinen, 2002) and that the primacy of one or the other
is dependent on biotic and abiotic conditions. This made
it necessary to understand the factors inﬂuencing the
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relative strength of the two types of control. Theoretical
studies (Hunter and Price, 1992; Abrams, 1993; Hulot
et al., 2000), experiments (Hunter and Price, 1992; Hulot
et al., 2000; Schmitz et al., 2000; Persson et al., 2001;
Moon and Stiling, 2002) and observations (Polis, 1994;
Gange, 1997) agree that the heterogeneity, or functional
diversity, of the various trophic levels has an important
effect on the strengths of bottom-up and top-down
controls. Omnivory also modiﬁes the distribution of
biomasses in a community compared with simple foodchain models (Polis, 1994; Diehl and Feissel, 2000;
Schmitz et al., 2000).
The top-down versus bottom-up control controversy
also suffers from confusion between ‘‘control’’ and
‘‘effect’’. ‘‘Control’’ indicates the factor (resource or
predator) that limits the abundance or biomass of a
trophic level; ‘‘effect’’ describes the consequence of
perturbing the system at either the top or the bottom.
Consider for example the fertilization process. Its
propagation along the food chain is typically a
bottom-up effect. The way fertilization will affect the
food web, however, is dependent on the type of control
that governs the abundance of the various trophic levels.
If bottom-up control is dominant, i.e. the biomass of
each trophic level is controlled by the amount of its
resources, the biomass of all trophic levels will increase.
On the contrary, if top-down control is dominant, i.e.
the biomass at each trophic level is controlled by the
level above it if the latter is not itself top-down
controlled, nutrient enrichment will increase the biomass
of top predators and all odd-numbered lower trophic
levels, but it will leave even-numbered compartments of
the food chain unaffected (Smith, 1969; Oksanen et al.,
1981). Thus, predator removal is expected to yield a topdown effect on the biomass of other trophic levels which
is dependent on the type of control that governs the food
chain (small effects of predator removal if bottom-up
control prevails, major effects if top-down control
prevails).
An additional complication arises from the presence
of species adaptation under natural conditions. Classical
ecological theories and hypotheses assume ﬁxed species
traits. Species, however, have evolved different phenotypes or strategies in response to interspeciﬁc interactions or abiotic conditions depending on the assembly
and evolutionary history of the community. Species
adaptation potentially inﬂuences top-down and bottomup effects (Abrams, 1995, 1996). This underlines the
need for more theoretical studies on the implications of
evolution on top-down and bottom-up effects.
The present article aims at understanding how species
evolution and coevolution affects the response of a
simple food chain subject to fertilization (bottom-up
effect). The model without evolution is top-down
controlled as in Oksanen et al.’s (1981) classical model.
We show how evolution, or adaptive dynamics, affects

the phenotypic traits at the various trophic levels, and
thereby deeply alters the predictions of the top-down
model on the effects of fertilization in such a system. We
show that, even in a simple food-chain model, the
possible outcomes are numerous. Forecasting the outcome of nutrient enrichment requires knowledge of the
costs of phenotypic traits as well as their exact inﬂuence
on interspeciﬁc interactions.

1. A simple food-chain model
The ecological model describes a simple food chain
consisting only of a plant and a herbivore compartment
in addition to the inorganic nutrient pool (Fig. 1). This
model has already been used in a previous work to
assess the importance of nutrient dynamics in plant–
herbivore coevolution (Loeuille et al., 2002). It includes
both the plant and herbivore population dynamics and
their feedback on nutrient availability. The nutrient–
plant and plant–herbivore interactions are modelled
using linear functional and numerical responses. Per
capita growth rate of the consumers are not density
dependent. Part of the dead biomass of both plants and
herbivores are recycled into the inorganic nutrient
compartment. In addition to this recycling, nutrient
availability depends on the balance between the input, I,
and output, eN, of the nutrient. The various parameters
and variables are deﬁned in the Table 1 (a) and (b).
The model contains features of both community
(species interactions) and ecosystem (nutrient recycling)
processes. We made it very simple to keep it mathematically tractable, since the aim of the present work is to
provide analytical results on the effects of nutrient
enrichment on the various compartments of the food

Fig. 1. Ecological model for the plant–herbivore interaction in a
nutrient limited ecosystem. Variables and parameters are deﬁned in
Table 1a and b.

ARTICLE IN PRESS
N. Loeuille, M. Loreau / Theoretical Population Biology 65 (2004) 285–298

287

Table 1
Deﬁnition and units of (a) the variables of the model, (b) the parameters of the model
Parameter

Dimension

Deﬁnition

Variable
N
P
H
sp
sh
w
d
g
I
e
dp
vp
vh

Quantity of nutrient per unit of area
Quantity of nutrient per unit of area
Variable
Dimensionless
Dimensionless
(Quantity of nutrient per unit of area  time)-1
Time-1
(Quantity of nutrient per unit of area  time)-1
Quantity of nutrient per unit of area/time
Time-1
Time-1
Dimensionless
Dimensionless

Stock of inorganic nutrient in plant’s absorption pool of the system
Stock of plant nutrient of the system
Stock of herbivore nutrient of the system
Amount of defenses produced by plants against herbivory
Herbivore’s capacity to consume plants
Consumption rate of plants by herbivores
Detritus production rate of herbivores
Rate of nutrient uptake by plants
Total input of inorganic nutrient for the global system
Inorganic nutrient output rate for the global system
Detritus production rate for plants
Fraction of nutrient lost along the plant recycling pathway
Fraction of nutrient lost along the herbivore recycling pathway

chain. Nutrient enrichment is here introduced through
an increase of the parameter I.

2. Responses of the food chain to nutrient enrichment
2.1. Model without evolution
The model is described by the following dynamical
equations:
dN
¼ I  eN  gNP þ ð1  vp ÞdP P þ ð1  vH ÞdH;
dt
dP
¼ PðgN  dP  wHÞ;
dt
dH
¼ HðwP  dÞ:
dt

N
P
H
sp
sh

No evolution

Plant evolution

Herbivore evolution

+
0
+

+
+
+
+

+
0
+
0

can easily be determined by differentiation of the
equilibrium position depending on I:
ð1Þ

In this model, N, P, and H stand for the total amount
of nutrient in the inorganic, the plant and the herbivore
compartment, respectively. This system has a single
feasible equilibrium in which both plants and herbivores
are present:
wI þ ddP ðvH  vP Þ
;
we þ dgvH
d
P0 ¼ ;
w
gN 0  dP
H0 ¼
:
w

Table 2
Effects of an increase in nutrient input I on the equilibrium stocks and
traits of the food chain in three cases: no evolution, plant evolution
alone and herbivore evolution alone

N0 ¼

ð2Þ

It is easy to show, using a study of the Jacobian
matrix corresponding to system (1) at the equilibrium
point (2), that this equilibrium is always stable. Note
that nutrient input, I, has to be sufﬁciently large to
sustain the herbivore population. The variations of the
various equilibrium stocks with nutrient enrichment

qN 0
w
¼
;
we þ dgvH
qI
qP0
¼ 0;
qI
qH 0 g qN 0
¼
:
w qI
qI

ð3Þ

Thus, as nutrient input increases, the inorganic
nutrient and herbivore equilibrium stocks increase,
while plant biomass remains constant (Table 2). This
result is in accordance with classical models in which
predators control their prey (Smith, 1969; Fretwell,
1977; Oksanen et al., 1981).
2.2. Model with plant evolution
In the model above, plant survival is determined by
grazing intensity. Grazing thereby exerts a selective
pressure on plants, which may result in a modiﬁcation of
their traits, such as size, chemical or physical defenses
(Simms and Rausher, 1987; Herms and Mattson, 1992;
Tuomi, 1992; Steinberg et al., 1995; Rausher, 1996;
Mauricio, 1998). This trait, denoted sp, has an inﬂuence
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on the rate of herbivory, w(sp). In the rest of the article
(except in the third example below), we assume that this
plant trait represents a defense against herbivory, which
means that the parameter w decreases with the trait sp.
This trait is supposed to have a cost, diminishing the
efﬁciency of nutrient absorption by the plant, g(sp)
(allocation cost see Angilletta et al., 2003). This type of
cost is typically linked to resistance of plants to
herbivory (Herms and Mattson, 1992; Rausher, 1996;
Mauricio, 1998). As a result, the parameter g is a
decreasing function of the plant trait. This means that
the only conditions for the functions g and w are their
positivity and the sign of their derivatives. We want to
keep the study of the plant evolution as general as
possible. For this reason, the phenotypic trait is not
further deﬁned, and no exact shape is postulated for the
functions g and w.
We make the assumption that although the stocks P
and H stand for amounts of nutrients, they are
proportional to the plant and herbivore populations,
respectively. Evolution of the plant trait will be modeled
using the canonical equation of the adaptive dynamics
(Dieckmann and Law, 1996; Champagnat et al., 2001):


dsp
qWPm ðspm ; sp Þ
¼ KmP s2P P0
;
ð4Þ
qspm
dt
spm-sp
where K is a parameter that scales plant biomass in traits
values, mp is the mutation rate per individual, s2p is the
variance of the mutational effects, and WPm is the ﬁtness
of a plant mutant characterized by its trait spm in the
resident population sp. This ﬁtness is deﬁned by the rate
of variation of the mutant in the resident population, i.e.
1 dPm
¼ gðspm ÞN 0  dp  wðspm ÞH 0 :
WPm ðspm ; sp Þ ¼
Pm dt
ð5Þ
The evolution of the plant trait is accurately approximated by Eq. (4) under several assumptions:
*

*
*

mp is small, that is, the time scale of evolutionary
dynamics is much longer than that of ecological
dynamics;
the mutation amplitude s2p is small;
the mutant is initially rare.

described in Appendix A, and summarized in Table 2.
When evolution leads to a CSS, nutrient enrichment
always increases both the equilibrium stocks of all
compartments and the level of plant defense.
2.3. Model with herbivore evolution
As herbivore growth and reproduction depend on
plant consumption, herbivores are also likely to adapt to
plant availability. Herbivore traits that inﬂuence plant
consumption are numerous; they include size (Neubert
et al., 2000), detoxiﬁcation capacities (Krieger et al.,
1971; Musser et al., 2002), and behavioral investment
between searching for plants and being vigilant (Illius
and Fitzgibbon, 1994). Let us note the herbivore trait sh.
This trait affects the plant consumption rate, w(sh).
Except in the third example below, we assume that this
herbivore trait always has a positive effect on herbivore
voracity, which means that w is increasing with this trait.
The trait is assumed to be costly in terms of mortality,
d(sh) (Illius and Fitzgibbon, 1994), because the energy
and time that herbivores invest in plant searching and
consumption is not available for the vigilance to
predators (acquisition cost see Angilletta et al., 2003).
Here again, we do not constrain the expressions of the
two functions except for giving the sign of their
derivatives, and ensuring that they remain positive. It
is then possible to model the evolution of the herbivore
trait, using the same framework as in the plant case:


dsh
2
0 qWHm ðshm ; sh Þ
¼ KmH sH H
:
ð6Þ
qshm
dt
shm-sh
The ﬁtness of herbivores is deﬁned by
WHm ðshm ; sh Þ ¼

1 dHm
¼ wðshm ÞP0  dðshm Þ:
Hm dt

ð7Þ

Evolutionary dynamics results in a CSS under certain
conditions. Since the per capita growth rate of the
herbivore is purely a function of plant density and plant
density does not depend on the level of fertilization (see
Eq. (2)), the changes in the various equilibrium stocks
driven by nutrient input are qualitatively similar to
those obtained in the model without evolution.
2.4. Model with plant–herbivore coevolution

If the equilibrium of the evolutionary dynamics (4)
satisﬁes both the convergence and the non-invasibility
conditions, then it is called a Convergence Stable
Strategy, or CSS (Eshel, 1983; Marrow et al., 1996).
This adaptive dynamics framework seems to be
restrictive, but Eq. (4) derived from this theory is often
a good approximation of quantitative genetic models
(Abrams, 2001), and may be a good approximation for
many types of adaptation (Abrams et al., 1993).
The analysis of evolutionary dynamics and of the
effects of nutrient enrichment on equilibrium stocks is

Unless one has good reasons to think that one of the
two protagonists is evolving much faster than the other
(e.g., a large difference in the generation times or
mutation rates of the two protagonists), considering the
coevolution of the two protagonists is a priori more
satisfying than separating them as done above. In this
case, we assume that the herbivory rate depends on the
difference between the plant and herbivore traits, i.e.,
w(shsp). To keep the model consistent with the models
where only one of the two protagonists evolves, we
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Table 3
Possible effects of an increase in nutrient input I when plants and herbivores coevolve. The only constraint is that the equilibrium plant stock and the
plant trait vary similarly
Coevolution
N
P
H
sp
sh

+
+
+
+
+


+
+
+
+

+
+

+
+

+
+
+
+



+

+
+

+

+

+


+
+
+


assume that the parameter w is an increasing function of
the difference between the two traits. This assumption is
relaxed only in the third example below. As above, the
uptake of nutrient by plants decreases with sp, and the
death rate of the herbivore increases with sh. The trait
dynamics is modeled via the canonical equations of the
adaptive dynamics:


dsp
2 0 qWPm ðspm ; sp ; sh Þ
¼ KP mP sP P
;
qspm
dt
spm-sp
ð8Þ


qWHm ðshm ; sh ; sp Þ
dsh
¼ KH mH s2H H 0
;
qshm
dt
shm-sh
where the ﬁtnesses are:
1 dPm
¼ gðspm ÞN 0  dp
Pm dt
 wðsh  spm ÞH 0 ;
1 dHm
WHm ðshm ; sh ; sp Þ ¼
¼ wðshm  sp ÞP0  dðshm Þ:
Hm dt
ð9Þ
WPm ðspm ; sp ; sh Þ ¼

The analysis of evolutionary dynamics is detailed in
Appendix B. Under certain conditions, the model also
yields a CSS. The effects of nutrient enrichment in this
case are summarized in Table 3.
The potential consequences of nutrient enrichment
when there is coevolution are much more complex and
diverse than in the previous models. There are 16
possible cases, depending on the sign of the second
derivatives of the w(shsp), d(sh) and g(sp) (see Appendix
B). The only common feature of all these possible cases
is the parallel variations of equilibrium plant biomass
and plant trait. This parallelism is due to the assumption
that w0 (shsp) is positive. The various cases depend on
the shape of the functions w(shsp), d(sh) and g(sp). This
stresses the need for an improvement in the knowledge
of the physiological traits and trade-offs of organisms
within a community context.
In the following part, we analyze three possible
examples for these functions. These examples are
intended to illustrate the general analysis above and to
give an idea of the probabilities associated with the
various outcomes in the coevolutionary model.

+
+

+




+

+

+



+

+

+




+

+






+



+









+





3. Three examples of trade-offs between traits
The following examples were treated numerically. In
each case, we performed 100,000 simulations. We then
determined if the ecological equilibrium (2) was feasible.
If it was feasible, we determined the position of the
evolutionary equilibrium (given by the intersection of
the null isoclines of Eqs. (8)), and the nature of this
equilibrium. If it was a CSS, we determined how a
change in nutrient input affected the position of this
CSS in terms of trait values and equilibrium stocks. We
did not consider evolutionary outcomes other than CSSs
since we were unable to make predictions about the
effects of nutrient enrichment on unstable regimes, and
simple objective measures of these effects are much more
difﬁcult. We also checked that 100,000 simulations were
enough to get precise values for the different probabilities. Values of the parameters are l¼0.1, vh¼0.5, vp¼0.5,
dp¼1 for the parameters of the ecological model.
Parameters of the trade-off functions were drawn
randomly in intervals mentioned below. The results
are presented in Tables 4a,b and in Figs. 2–4.
3.1. Interaction parameters are linear functions of the
traits
Linear trade-offs are suggested by some experimental
results. For example, Thrall and Burdon (2003) noted
that there was a linear trade-off between spore production of Melampsora lini and resistance to parasites. In
this example, the trait-dependent parameters are deﬁned
by
wðsh  sp Þ ¼ aðsh  sp Þ þ b;
gðsp Þ ¼ csp þ d;

ð10Þ

dðsh Þ ¼ fsh þ g:
The various parameters (a, b, c, d, e, f) are positive. In
this case, the function w increases with (shsp), which
conforms to the hypothesis made earlier that herbivory
rate increases with the herbivore trait and decreases with
the plant trait. The plant trait represents plant defense
against herbivory, and the herbivore trait is correlated
with the energy herbivores invest in plant consumption.
Plant defense has a cost in terms of nutrient absorption
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Table 4

(a) Responses of the equilibrium stocks and traits following nutrient enrichment in the three examples studieda
Coevolution, example 1
N
P
H
Sp
Sh
Probability

+
0
+
0
+
Almost 100%

Coevolution, example 2


0

0

Close to 0%

+
+
+
+
+
100.00%

+
+
+


21.8%

+

+
+

9.10%

(b) Effect of the nutrient enrichment on the food chainb
Coevolution, example 3
N
P
H
Sp
Sh
Probability
a
b

+
+
+
+
+
34.7%

+
+
+
+

28.2%

+
+
+

+
3.73%

27 other possible outcomes

2.47%

The parameters are either linear (example 1) or exponential (example 2) functions of the traits.
The interaction papameter is a Gaussian function of the traits difference. The traits are supposed to be body sizes.

trait or stock value

2

plant trait

1

herbivore trait
nutrient stock
plant stock
0

herbivore stock
0

5

10

15

20

-1

nutrient input
Fig. 2. Trait and stock values at the evolutionary equilibrium as nutrient input varies, when trade-off functions are linear (Section 3.1). For the sake
of clarity, stocks have been divided by 100. Parameters values: a¼1, b¼2, c¼0.3, d¼0.5, f¼0.1, g¼0.1. As mentioned in the text and demonstrated in
Appendix C, another outcome is possible, but marginal.

capacity (Herms and Mattson, 1992; Rausher, 1996;
Mauricio, 1998). Consequently, the parameter g is a
decreasing function of the plant trait. The herbivore
trait also has a cost in terms of mortality (Illius and
Fitzgibbon, 1994): the parameter d is increasing with sh.
Because the various interaction parameters are to be
positive, the traits values are bounded:
d
sp o ;
c
g
sh 4 ;
f
sh  sp 4

ð11Þ
b
:
a

Conditions (11) were also checked for each simulation.
The different possible responses of the coevolutionary
model under such an assumption are summarized in Table
4a. As shown in Appendix C, only two cases turn out to be
possible: an increase in the herbivore stock and trait and in
the nutrient stock, or a decrease in all these variables. Plant
biomass and plant defense are never affected by nutrient
supply. In the vast majority of the simulations yielding a
CSS, the nutrient stock, the herbivore stock and the
herbivore trait increase with nutrient input and plant trait
and biomass are not affected. In very few cases (Table 4a),
however, the model yields opposite, counterintuitive
results. Decreases are then very weak, and only happen
for very limited ranges of nutrient inputs. Fig. 2 illustrates
the main outcome obtained in this case.
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6
5

trait or stock value

4
3

plant trait

2

herbivore trait

1

nutrient stock

0
-1 0

5

15

10

20

plant stock
herbivore stock

-2
-3
-4
-5

nutrient input
Fig. 3. Trait and stock values at the evolutionary equilibrium as nutrient input varies, when trade-off functions are exponential (Section 3.2). For the
sake of clarity, stocks have been divided by 100. Parameters values: u¼0.1, c¼1, k¼1, dh¼0.1, c¼2, g¼0.9, a¼0.4.

3.2. Interaction parameters are exponential functions of
the traits
Using the same meaning for the traits and similar
trade-offs (absorption-defense for plants, voracity-mortality for herbivores), it is also possible to link the traits
and the interaction parameters with exponential functions. The function used to describe the herbivory rate w
was suggested by Abrams and Matsuda (1997):
c expðsh  sp Þ
;
1 þ k expðsh  sp Þ
gðsp Þ ¼ u expðasp Þ;
dðsh Þ ¼ dh expðgsh Þ;

wðsh  sp Þ ¼

ð12Þ

where u is the rate of nutrient absorption by plants when
these do not defend themselves, dh is the rate of
mortality and detritus production of herbivores when
the herbivore trait is zero, c is the basic consumption
rate of plants by herbivores, and k is the saturation
parameter of the consumption function of plants by
herbivores.
The w function is always positive, and, in accordance
with the general hypothesis, it is an increasing function
of the difference between the two traits. Even though we
are not able to provide experimental results matching
this function, it makes more biological sense than does
the function used in the previous example. Indeed, it is S
shaped, the consumption rate reaches smoothly a
maximum (resp. minimum) when shcsp (resp. sh{sp).
Since the parameters are by deﬁnition positive, no
bounds are necessary for the traits sp and sh.
The analysis of this example (using the general
framework summarized in Appendix B) yields a very
simple result: all the stocks and traits increase simulta-

neously when nutrient input increases. This result is akin
to the one obtained using the model with plant evolution
alone. The results are summarized in Table 4a and
plotted in Fig. 3.
3.3. Herbivory depends on body size
Consumption intensity can also be dependent on the
relative body sizes of the two protagonists (Neubert
et al., 2000). This size dependence can be modeled using
a Gaussian function (Marrow et al., 1996). This means
that we suppose that consumers may eat a limited range
of prey size, because of morphological and behavioral
constraints:
wðsh  sp Þ ¼ expðaðsh  sp Þ2 Þ;
gðsp Þ ¼ k1  ðb  dsp Þ2 ;

ð13Þ

2

dðsh Þ ¼ k2  ðc  fsh Þ :
The parabolic form of the functions describing nutrient
absorption by plants and the death rate of herbivores is
also taken from Marrow et al. (1996), who suggested
that prey mortality was a parabolic function of the prey
trait. Because of these parabolic functions, there is a
stabilizing selection on the phenotypic traits in the
absence of the interacting species. This example relaxes
the hypothesis that w is an increasing function of the
difference between the two traits. Consequently, and
contrary to the cases presented in Table 2 and in the
previous examples, the variations of the plant trait and
of the plant biomass are not a priori linked as in Table 3.
This means that the potential results of such a model are
more numerous: 32 outcomes are possible. The ability of
plants to absorb nutrient is optimal for an intermediate
body size, as is the death rate of herbivores (large
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0.6

plant trait

nutrient stock

herbivore trait

plant stock

trait or stock value

herbivore stock
0.5
0.4
0.3
0.2
0.1
0
0

5

10

15

20

nutrient input

(a)

trait or stock value

3.5
3
2.5
2
1.5
1
0.5
0
0

5

10

15

20

nutrient input

(b)

3

cases, the predator consumes a large spectrum of prey
sizes. Then this function may not be an accurate
description of the interaction.
As no simple analytical results emerged from the
analysis of this example, we studied the outcome of
100,000 simulations in which the parameters of the
Eqs. (13) were drawn randomly between 0 and 1. The
results of this model are summarized in Table 4b. The
diversity of outcomes is greater than in the other
examples, but here again, the biomass of all trophic
levels increased in more than 85% of the cases. Some of
these possible outcomes are reported in Fig. 4. The
dominance of the outcomes detailed in Table 4b is
robust. We tried different intervals for the parameters
(particularly the parameters k of the parabolic functions): although the percentages of these outcomes vary,
their rank in importance remains the same.
A potential problem in the case of size evolution is the
fact that the link between stocks P and H and plant and
herbivore populations change during the evolution
process. This would imply that KP (resp. KH) in the
Eqs. (8) will depend on sp (resp. sh). This modiﬁes the
evolutionary dynamics, but it does not change the
position of the evolutionary equilibrium. As the study
focuses on the position of the equilibrium and as Table
4b only considers stable evolutionary equilibria, we do
not expect this to change the frequencies reported in the
Table 4b.

trait or stock value

2.5

4. Discussion

2
1.5
1
0.5
0
0

5

10

15

20

-0.5
(c)

nutrient input

Fig. 4. Trait and stock values at the evolutionary equilibrium as
nutrient input varies, when trade-off functions are based on body size
(Section 3.3). For the sake of clarity, stocks have been divided by 100.
Parameters values:
(a) a¼0.5, b¼0.1, c¼0.1, d¼0.1, e¼0.3, k1¼1, k2¼1.
(b) a¼0.5, b¼0.1, c¼0.5, d¼0.1, e¼0.1, k1¼1, k2¼1.
(c) a¼0.5, b¼0.1, c¼0.6, d¼0.1, e¼0.8, k1¼1, k2¼1.
Note that other outcomes are possible when this kind of trade-off is
considered. See the text and Table 4b for more details.

herbivore body sizes would lead to a greater sensitivity
to certain predators). Parameters are clearly positive
whatever the traits.
The Gaussian function used for w is only one
possibility for an interaction based on size. In some

Hunter (2001), when studying the various factors that
inﬂuence top-down and bottom-up controls, made it
clear that generalities were hard to obtain due to the
multiplicity of these factors. He also suggested that
including adaptation may help to ﬁnd such generalities.
The present study gives new answers about the
possibility of such generalities. Table 3 shows that 16
responses to enrichment may be observed in the case of
coevolution in a simple nutrient–plant–herbivore food
chain. Therefore, coevolution seems to multiply the
different outcomes rather than leading to generalities.
On the other hand, two patterns emerge as being much
more frequent than the others:
(1) An increase in the biomass of all compartments.
This is the only possible result when plant evolution
alone occurs (Table 2) and when coevolution with
exponential trade-offs occurs (Table 4a, example 2).
This outcome is also dominant in the third example,
where both traits are supposed to be size dependent
(Table 4b). This pattern has already been obtained
in other theoretical models (Arditi and Ginzburg,
1989; Leibold, 1996; Leibold et al., 1997) and in
natural observations or experiments (e. g., Leibold,
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1989; Leibold et al., 1997) based on pure ecological
hypotheses. Note that this type of outcome is
similar to those obtained when one considers that
bottom-up control is dominant along the food
chain.
(2) An increase in herbivore biomass and in the stock
of inorganic nutrient, but no variation in plant
biomass. This pattern, obtained in the case when no
evolution was considered (Table 2), accords with
Oksanen’s hypothesis (Oksanen et al., 1981; Oksanen, 1983). It is also expected when herbivore
evolution alone occurs (Table 2) and is the most
frequent outcome when coevolution is taken into
account with linear trade-offs (Table 4a, example
1). This pattern is similar to those obtained in
models in which top-down control is strong, and
bottom-up effects such as enrichment therefore
beneﬁt the top of the food chain, which controls
the level below it.
Thus, even though the 16 possible results make
predictions difﬁcult, the most frequent outcomes are
similar to the familiar outcomes of other experiments,
observations, and models of nutrient enrichment.
Which of these outcomes occurs, however, depends
on where evolution takes place in the system (plant
evolution, herbivore evolution, or coevolution) and
on the efﬁciency and costs of the various traits.
The comparison between the three examples clearly
underlines this, as the exact shape of the trade-off
functions determines the biomass variations of the
compartments.
While comparison of the present results to other
theoretical models is easy, comparison with natural and
experimental data is trickier, because of the differences
in the time scales considered. As noted by Schmitz et al.
(2000), experiments conducted to understand the
importance of trophic cascades rarely last longer than
a few years. This makes the observation of changes in
the biomass of the various trophic levels difﬁcult, and
may be a reason why observed trophic cascades are
more often species-level cascades than community-level
cascades (see Polis et al., 2000). If generation times are
shorter in aquatic than in terrestrial systems (Chase,
2000), this may also be a reason why trophic cascades
are more easily detectable in aquatic systems. If the time
scale considered in experimental studies is not sufﬁcient
to see these community-level changes in biomass,
variations of the phenotypic traits will be all the more
difﬁcult to detect. This underlines the need for more
long-term experiments to test both ecological and
evolutionary models. Even though changes in evolutionary trait are hard to detect under these conditions,
several authors noted the importance of such traits in
determining the strength of the bottom-up and topdown controls (edibility: Power, 1990; Carpenter et al.,
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1987; Lacroix et al., 1996; Leibold, 1996; Mikola and
Setälä, 1998; Chase, 1998; size: Hulot et al., 2000; Chase,
2003). For example, in the experiment made by Chase
(2003), the strength of the top-down control depended
on productivity and on the size of the herbivores.
Depending on enrichment, the size of the dominant
species within a trophic level changed, which means that
the average trait was also changing. The framework of
adaptive dynamics mimics the replacement of mutants
under selective pressures. This can be to some extent
related to the replacement of species observed by Chase
(2000). The fact that the strength of the top-down effect
depended on species traits in his study is in agreement
with our results (Table 3), in which we see that the
control exerted by herbivores on plants may be buffered
because of plant–herbivore coevolution (if the plant trait
increases and the herbivore trait decreases or varies only
slightly).
More generally, as only stable evolutionary equilibria
are considered in the present model, the results are
qualitatively the same as those of any adaptive model
whose equilibrium involves maximization of ﬁtness costs
and beneﬁts that are described by ﬁtness functions that
are similar in form to those explored here. Therefore a
link can easily be made with models of other types of
adaptation, even when the adaptation process considered is not evolution but behavioural adaptation or
species replacement. Abrams (1984, 1992, 1995) showed
that adaptation at the intermediate level will modify
Oksanen et al.’s predictions about trophic level
responses to fertilization. All the same, models and data
considering species replacement displayed a wide variety
of qualitatively different outcomes in case of enrichment
(Armstrong, 1979; Leibold, 1996; Leibold et al., 1997;
Abrams, 1993; Chase et al., 2000). For example, Leibold
(1996) analyzed replacement of prey species with a
trade-off between edibility and resource access. This
makes his model very similar to our model of plant
evolution, since the trade-off he chose is similar to ours.
The effect of nutrient enrichment is then positive on all
trophic levels in both models. Leibold et al. (1997)
provided experimental results showing that species
turnover may inﬂuence top-down and bottom-up
effects. Our coevolutionary model may be seen as a
model of replacement of species at two trophic levels,
and may be related to Abrams (1993). Abrams (1993)
includes two species on each trophic level, allowing
shifts in the relative abundance of these two species.
Abrams found a large variety of the possible responses
in case of fertilization, which can be easily related to the
variety of outcomes displayed by Table 3.
As noted by Power (1992), there is an apparent
paradox between the local variations of biomass within
communities subjected to nutrient enrichment (frequently showing trophic cascades, especially in aquatic
systems), and the variations of biomass across different
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communities with different nutrient loads (usually
showing an increase of all trophic levels along productivity gradients). Power (1992) proposed that this
paradox is due to both the mobility of consumers and
the diffuse gradients of nutrient loading. In the light of
the present work, an alternative explanation is that the
variation observed across ecosystems (such as different
lakes) could also be associated to divergences in the local
evolution of the two separate systems. As shown in the
case of the plant evolution or in some cases of
coevolution (examples 2 and 3), enrichment may
produce an increase in the biomass of all trophic levels
even if the associated ecological model shows a cascadelike pattern. Thus, the differences observed between
different lakes may be linked to the fact that these lakes
have reached different states in their evolutionary or
successional (through replacement of species) dynamics
under the inﬂuence of different nutrient loads.
The separation of the temporal scales of ecological
and evolutionary dynamics may be a limitation of the
adaptive dynamics framework used here. As suggested
by Thompson (1998) and demonstrated in a certain
number of cases (Grant and Grant, 1995; Reznick et al.,
1997; Huey et al., 2000; Hendry et al., 2000; Heath et al.,
2003; Reale et al., 2003), evolution can sometimes take
place rather quickly compared with the time scale at
which population dynamics occurs. The canonical
equation of adaptive dynamics is then no longer valid.
Even though the conditions under which this equation
was derived (Diekmann and Law, 1996; Champagnat
et al., 2001) are quite restrictive, however, its range of
application may be larger. Abrams et al. (1993)
suggested that it may be a good approximation for
other types of adaptation than evolution. As mentioned
by Le Galliard et al. (2003), the canonical equation may
also be a good approximation to reality even when the
separation of the two time scales is not strictly
warranted. Therefore, the results presented here may
be relevant even when the speed of evolution is not as
low as considered in the initial demonstration of the
canonical equation. Moreover, in the case of our
models, considering evolution and demography on the
same time scale would be equivalent, to considering the
equations describing the changes of nutrient stocks (1)
and the equations describing the changes of traits (8)
simultaneously. The nutrient stocks included in the
evolutionary dynamics (8) would then be instantaneous
stocks instead of equilibrium stocks (2). This change
would not affect the position of the evolutionary
equilibrium, but only the evolutionary dynamics. As
the present work only discusses the variation of the
position of the evolutionary equilibrium with enrichment, this change would not affect the results, as long as
the equilibrium remains stable.
Another limitation of the present model is the use of
linear functions for the numerical and functional

responses (see Eq. (1)). Alternatives such as logistic
growth or Holling type II or III functions would have
produced instabilities in the ecological dynamics, which
would have made the adaptive dynamics such as
described in the present model inadequate (Diekmann
and Law, 1996; Champagnat et al., 2001). Although we
acknowledge that non-linearities may be preferable to
accurately describe population dynamics, they would
not affect the diversity of outcomes predicted by our
coevolutionary model. Indeed, Table 3 shows that we
obtain 16 possible outcomes, and the only reason why
we do not get the maximal number of possible outcomes
(i.e., 32), is because w(shsp) is supposed to be an
increasing function of shsp, which generates parallel
variations in plant biomass and plant trait when nutrient
enrichment occurs (see Appendix B). On the other hand,
the frequency of the different patterns observed and
reported in the different tables, is likely to change when
such numerical and/or functional responses are not
linear. For example, Abrams (1995) and Abrams and
Vos (2003) include such non-linearities.These models
exhibit outcomes that are qualitatively different to the
dominant patterns of the present article.
As underlined in the introduction, nutrient enrichment is a global change affecting a wide range of
ecosystems. This means that spatial structure should be
included, for example by the means of the geographic
mosaic model (Thompson, 1997, 1999; Nuismer et al.,
1999, 2000; Gomulkiewicz et al., 2000; Thompson and
Cunningham, 2002). Hochberg and van Baalen (1998)
studied the effect of environmental richness on prey–
predator coevolution using this kind of approach. The
present model would then describe evolution in one
patch in the geographic mosaic, and would be linked to
other similar systems via gene ﬂow.
Ignoring these complexities of spatial and temporal
scales made the model simple enough to show clearly
that another critical element required to predict evolutionary dynamics is actually missing, i.e., detailed
knowledge of the effects of phenotypic traits on
interspeciﬁc interactions and of the costs of these traits.
Abrams (1986, 2000) also discussed the importance of
the dependence of the capture rate on the traits in the
coevolutionary dynamics of predator–prey systems. In
the present article, however, no hypothesis is made on
how the different components of the trade-off functions
are linked to the traits. The importance of the shape of
these components emerges from the analysis (see the
various appendices).
The exact effect of phenotypic traits on interspeciﬁc
interactions remains largely unknown. Even for traits as
simple and directly measurable as size, several studies
stressed the potential importance of this effect (Power,
1990; Leibold, 1996; Hulot et al., 2000; Chase, 2003),
but none of them quantiﬁed it. Similarly, allocation
costs (such as those considered here for plants) or
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acquisition costs (such as those considered here for
herbivores) of the traits are very often assumed in
evolutionary models, but knowledge of these costs
remains sketchy. Knowledge of the shape of cost
functions, such as the linearity observed by Thrall and
Burdon (2003), is required to predict the outcome of
coevolution in our models. Two well-known patterns
(increase in the biomass of all trophic levels, and
increase in the biomass of the top trophic level and
all other odd levels) emerge as being dominant in
the three examples of coevolution presented here,
thus providing some hope to ﬁnd generalities when
considering coevolution and fertilization together.
However, knowing the exact costs of the traits involved
in trophic interactions will be needed to properly
address this question. This result underlines the need
for more experimental studies about costs and
beneﬁts of traits, if reliable, long-term predictions of
responses of ecosystem to environmental changes are to
be made.

5. Conclusion
Including evolution in a very simple food-chain
model modiﬁes the potential effects of nutrient enrichment on this food chain. Predicting these effects
requires a precise knowledge of the relevant phenotypic traits, their effects on interspeciﬁc interactions,
and their costs. Although we acknowledge the existence
of studies of such costs and effects (e.g., Mauricio,
1998), these studies are based on signiﬁcance tests in
extreme scenarios. The present article shows that more
information is critically needed about these effects and
costs.
Provided this information is available, the present
framework might prove very useful to understand and
predict long-term effects of nutrient enrichment on
ecosystems. This framework can also be adapted to
studying the effects of other long-term perturbations
such as pollutions or global warming. For example, one
could include the effect of temperature on life-history
traits of plants and herbivores, and study how changes
in temperature modify the position of the evolutionary
equilibrium.
Once trade-off functions are known, space and time
structure could also be considered. Coupling local
adaptation within patches, such as described in the
present model, and gene ﬂow between patches, such as
developed in the geographic mosaic models, would
permit a better understanding of the effects of environmental changes on large spatial scales. Models of this
kind would be useful to explore the idea that the grain of
patchiness of nutrient load can play a role in the
observed patterns of biomass across ecosystems (Power,
1992).
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Gérard Lacroix, Elisa Thébault, Matthew Leibold and
three anonymous referees for providing helpful comments on an earlier version of this manuscript.

Appendix A. Analysis of the model with plant evolution
At the evolutionary equilibrium, Eq. (4) vanishes.
Substituting the expression for plant ﬁtness (5) into (4),
the evolutionary equilibrium becomes
0
0 ESS
0
g0 ðsESS
p ÞN  w ðsp ÞH ¼ 0:

ðA:1Þ

Since sp measures the level of plant defense, w0 is
assumed to be negative. sp is costly in terms of nutrient
absorption, which means that g0 is negative too. The
values of the equilibrium stocks (N0, H0) are given by
Eqs. (2). The derivatives of Eqs. (2) and (A.1) with
respect to nutrient input I yield the variations of the
various stocks (NESS,PESS,HESS) and of sESS
with
p
nutrient supply:
qsESS
qN ESS
p
¼ K1 þ K2
;
qI
qI
ESS
qPESS PESS w0 qsp
¼
;
qI
w
qI
qH ESS g qN ESS
¼
;
w qI
qI
qsESS
p
qI

ðA:2Þ

K1 ðg0 þ
¼
g00 N ESS



w00 H ESS

w0 g
Þ
g0

þ K2

ðg0

w0 g
þ 0Þ
g

:

In these expressions, K1 and K2 are positive and deﬁned
by:
w
;
we þ dgvh
Iw0  N ESS ðw0 e þ dg0 vh Þ
K2 ¼
:
we þ dgvh
K1 ¼

ðA:3Þ

Eq. (A.2) implies that the plant biomass and the plant
trait vary similarly following
addition
of nutrient. Using


0
w
g
(2) and (A.1), that g0 þ
o0:
w
According to Marrow et al. (1996), the condition for
the stability of the evolutionary equilibrium is
!
 2

q2 WPm
q WPm
þ
o03g00 N ESS
qs2pm
qspm qsp spm-sp
spm-sp
ðA:4Þ
02 ESS 0
K
d
w

w
H
2 p
o0
w00 H ESS þ
w
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while the condition to get no evolutionary branching is
!
q2 WPm
o03g00 N ESS  w00 H ESS o0:
ðA:5Þ
qs2pm
spm-sp

Using these stability conditions, it is possible to prove
that all the expressions in (A.2) are positive. This means
that if the evolutionary equilibrium is stable, and if there
is no evolutionary branching, then the plant trait is
increasing when nutrient supply increases. The equilibrium stocks of all the compartments as well as the plant
trait increase together with nutrient input.
Evolutionary branching occurs when the system
converges to the evolutionary equilibrium but does not
halt at this point. The coexistence of mutants with
different phenotypes then becomes possible, and the
evolutionary trajectory continues with the two phenotypes (‘‘species’’) diverging from one another.

Appendix B. Analysis of the model with plant–herbivore
coevolution
The variations of the various equilibrium stocks and
of the plant and herbivore traits with nutrient input are
given by the derivatives of Eqs. (2) and (B.1) which
describe the evolutionary equilibrium conditions:
ESS
ESS
g0 ðsESS
þ w0 ðsESS
 sESS
¼ 0;
p ÞN
p ÞH
h
ESS
w0 ðsESS
 sESS
 d0 ðsESS
p ÞP
h
h Þ ¼ 0:

ðB:1Þ

where K1, K2 and K3 are deﬁned by
w
K1 ¼
;
we þ dgvh
d0 w0  dw00
;
K2 ¼ 00
ðB:3Þ
d w  dw00
Iw0 ðK2  1Þ  N ESS ðw0 eðK2  1Þ þ d0 K2 gvh þ dg0 vh Þ
:
K3 ¼
we þ dgvh
As in the other appendices, the evolutionary equilibrium has to be stable and there should not be
evolutionary branching. If one of these two conditions
is not met, then derivatives (B.2) are useless. Contrary to
the case analyzed in Appendix A, the conditions for the
stability of the evolutionary equilibrium do not provide
the sign of K2 and K3. This is why we do not detail them
here, but the assessment of the evolutionary stability
was made using the Jacobian matrix of system (8)
(Marrow et al., 1996). Thus, the only general result in
the case of the coevolutionary model is that plant
biomass and plant defense vary similarly when nutrient
supply is modiﬁed. Concerning the other compartments
and the herbivore trait, no general rule can be given, as
the variation will depend on the form of the functions w,
g and d

Appendix C. Analysis of the model with linear trade-offs
(example 1)
When trade-offs are linear, the analysis of coevolution
is quite simple. The position of the equilibrium is given
by the canonical equations:

These derivatives yield the following results:
qsESS
qN ESS
p
¼ K1 þ K3
;
qI
qI
qPESS PESS w0 qsESS
p
¼
;
qI
w
qI

cN ESS þ aH ESS ¼ 0;
aPESS  f ¼ 0:

qH ESS g
gK3  H ESS w0 K2 qsESS
p
¼ K1 þ
;
w
qI
w
qI
qsESS
qsESS
p
h
¼ K2
;
qI
qI
K1 w0 dp
ESS
qsp
w
:
¼
K3 w0 dp
qI
g00 N ESS  w00 H ESS ðK2  1Þ þ
w

ðB:2Þ

ðC:1Þ

Then, the derivative of the equation (C.1) regarding to I
yields
qPESS
¼ 0;
qI
qH ESS c qN ESS
¼
:
a qI
qI

ðC:2Þ

Using the position of the ecological equilibrium (2), the
derivative of this equilibrium with respect to I is

qsESS
P
¼ 0;
qI
qN ESS aH ESS N ESS qsESS
H
¼
;
qI
dp
qI
qsESS
w
H
¼
:
ESS
qI
aH
ðwI þ ddp ðvh  vp ÞÞ  aðI  eN ESS Þ  f ðdp ðvh  vp Þ  gvh N ESS Þ
dp
ðC:3Þ
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From this analysis, we can draw the following conclusions:
*

*

*

Plant trait and plant biomass do not vary with
fertilization when trade-offs are linear.
Variations of the herbivore and nutrient stocks are
correlated with the variations of the herbivore trait.
Variations of the herbivore traits with nutrient
enrichment may be positive or negative.

These analytical results are in accordance with the
results of Table 4a. This table suggests that variations of
herbivore traits are rarely negative, which is fairly
intuitive when (C.3) and (2) are considered together.
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