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Abstract. Resource edibility is a crucial factor in ecological theory on the relative
importance of bottom-up and top-down control. Current theory explains trophic structure
in terms of the relative abundance and succession of edible and inedible species across
gradients of primary productivity. We argue that this explanation is incomplete owing to
its focus on inedibility and the assumption that plants and herbivores have fixed defense
levels. Consumer-induced defenses are an important source of variation in the vulnerability
of prey and are prevalent in natural communities. Such induced defenses decrease per capita
consumption rates of consumers but hardly ever result in complete inedibility. When defenses are inducible a prey population may consist of both undefended and defended individuals. Here we use food chain models with realistic parameter values to show that
variation in consumption rates on different prey types causes a gradual instead of stepwise
increase in the biomass of all trophic levels in response to enrichment. Such all-level
responses have been observed in both aquatic and terrestrial ecosystems and in microbial
food chains in the laboratory. We stress that, in addition to the known food web effects of
interspecific variation in edibility, intraspecific variation in edibility is another form of
within-trophic-level heterogeneity that also has such effects. We conclude that inducible
defenses increase the relative importance of bottom-up control.
Key words: biomass responses; bottom-up control; edibility; enrichment; food chain; food web;
infochemicals; multitrophic interactions; primary productivity; top-down control.

INTRODUCTION
Understanding the structure of complex natural food
webs remains a major task in ecology. Debates on trophic structure have revolved around simple food chain
models that predict the distribution of biomass over
trophic levels in response to enrichment. The basic
model was conceived by Rosenzweig and MacArthur
(1963) and further formalized, developed, and analyzed
by Rosenzweig (1971, 1973), Oksanen et al. (1981),
Abrams (1993), Kretzschmar et al. (1993), Abrams and
Roth (1994), and Oksanen and Oksanen (2000). The
predictions of the Oksanen et al. (1981) model have
become well known as the hypothesis of exploitation
ecosystems (EEH) and involve a stepwise increase in
the biomass of trophic levels under enrichment (Oksanen et al. 1981, Leibold 1989, Oksanen and Oksanen
2000). For bitrophic systems in stable equilibrum this
model predicts that plant biomass is exclusively controlled by herbivores and will not respond to enrichment. Similarly, equilibrium herbivore biomass is exclusively controlled by carnivores in tritrophic systems
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and should not respond to increases in primary productivity. This last prediction was supported by an experimental study within a natural river (Wootton and
Power 1993).
However, a number of field studies in both aquatic
and terrestrial systems did not support EEH predictions. Plant biomass has been shown to increase with
productivity, irrespective of the number of trophic levels (Hansson 1992, Brett and Goldman 1997, Chase et
al. 2000, Oksanen and Oksanen 2000: Fig. 3). Biomasses of plants and herbivores have been shown to
increase in concert in response to elevated nutrient levels (Akcakaya et al. 1995, Leibold 1996, Brett and
Goldman 1997) and annual precipitation, a good measure of resource supply rate in terrestrial systems (Rosenzweig 1968, Milchunas and Lauenroth 1993, Chase
et al. 2000). Even a laboratory study of bitrophic and
tritrophic microbial food chains, which was designed
to minimize confounding factors such as omnivory or
the presence of inedible species, showed that productivity increased the abundances of all trophic levels
(Kaunzinger and Morin 1998).
Such discrepancies between EEH predictions and the
outcome of both laboratory and field studies requires
the identification of ecological factors not present in
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the Oksanen et al. (1981) model that govern trophiclevel biomass responses in nature. Variation in the edibility of different plant species may be a good starting
point, as theory predicts such heterogeneity to have
important community-level consequences (Leibold
1989, Power 1992, Grover 1995, Leibold et al. 1997,
Oksanen and Oksanen 2000, Agrawal 2001, Steiner
2001) and to change biomass responses to enrichment
(Leibold 1989, Abrams 1993, Leibold 1996).
Inducible defenses constitute another important
source of heterogeneity in edibility in natural communities. Their effect on trophic structure has hardly
been studied. This is surprising, as inducible defenses
have been documented for a wide variety of species in
many different ecosystems. In terrestrial plants they
involve herbivore-induced production of spines (Gowda 1996), thorns (Gomez and Zamora 2002), toxins,
and synomones (Karban and Baldwin 1997). In aquatic
systems, herbivores may induce colony formation in
freshwater algae (Hessen and Van Donk 1993, Lampert
et al. 1994, Van Donk et al. 1999) and marine algae
(Tang 2003). Most induced defenses will affect handling times and/or attack rates of consumers and thus
their functional responses (Jeschke and Tollrian 2000).
Inducible defenses in animals include refuge use, reduced activity, adaptive life history changes, and the
formation of helmets or spines. They occur in freshwater zooplankton (protozoa, rotifers, cladocera; Havel
1987, De Meester et al. 1999, Gilbert 1999, Kuhlmann
et al. 1999, Tollrian and Dodson 1999, Vos et al. 2002),
snails (Turner et al. 2000), insects (Dahl and Peckarsky
2002), amphibia (Anholt and Werner 1999), fish (Brönmark et al. 1999), marine colonial invertebrates (bryozoa and gorgonacea, Harvell 1999) and barnacles
(Lively 1999).
The goal of this paper is to investigate how inducible
defenses affect the distribution of biomass over trophic
levels when the system is enriched. We focus on three
aspects of inducible defenses that have been shown to
be important in a variety of empirical studies, but that
have not been investigated in concert in theoretical
studies: (1) The induction of defenses depends on consumer density (e.g., Anholt and Werner 1999, Kuhlmann et al. 1999, Van Donk et al. 1999), (2) both undefended prey and prey with induced defenses may be
present at a given moment, over a range of consumer
densities (Hessen and Van Donk 1993, Lampert et al.
1994), and (3) defended prey are not invulnerable (Jeschke and Tollrian 2000).
In the current paper we incorporate these aspects into
a classical food chain model (Oksanen et al. 1981, also
see Kretzschmar et al. 1993). We study this model analytically and parameterize it for a well-studied system
to investigate the effects of inducible defenses in an
ecologically relevant domain. This provides results that
are amenable to empirical testing.
In this respect a planktonic food chain consisting of
algae, herbivorous rotifers, and carnivorous rotifers is
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a good model system. For example, strains of Scenedesmus spp. algae differ in edibility to Brachionus spp.
rotifers, owing to inducible colony formation (Lürling
1999). Different Brachionus spp. rotifers vary in edibility to consumers like Asplanchna spp. rotifers, owing to inducible spine formation and size differences
(Gilbert 1999). Colonies and spines effectively lower
the maximum ingestion rates achieved by gape-limited
consumers. Of the above-mentioned organisms, different strains or species exist that (1) always have the
undefended phenotype, (2) have inducible defenses, or
(3) are permanently defended. Inducible defenses cause
intraspecific heterogeneity in both the plant (Hessen
and Van Donk 1993, Lampert et al. 1994) and the herbivore population (Gilbert 1967).
Using models of bitrophic and tritrophic food chains,
we specifically address the following question: Does
an increase in primary productivity cause gradual biomass increases of adjacent trophic levels, when inducible defenses are incorporated in the classical Oksanen
et al. (1981) food chain model?
METHODS

Model structure
We use a classical food chain model (Oksanen et al.
(1981), with a slight modification to include nonherbivory mortality in the plants, as the basis for the three
scenarios where defenses are absent, permanent, or inducible. Our standard food chain model is defined by

[1

2

dPi
P
vi1 Hj
5 Pi ri 1 2 i 2
2 si1
dt
k
1 1 vi1 hi1 Pi

]

5 logistic plant growth 2 herbivory 2 mortality

(1a)

1

dH j
ci1 vi1 Pi
v j2 C
5 Hj
2
2 s j2
dt
1 1 vi1 hi1 Pi
1 1 v j2 h j2 H j

2

5 herbivore growth 2 carnivory 2 mortality

(1b)

1

2

dC
c2 v j2 Hj
5C
2 s3
dt
1 1 v j2 h j2 H j

5 carnivore growth 2 mortality

(1c)

where subscripts i and j equal 1 in the undefended state
and 2 in the defended state, t is time, ri intrinsic growth
rate, and k the carrying capacity of plants (a measure
for primary productivity), s the death rate (with subscripts i and j denoting the ‘‘state of defense’’ and 1,
2, or 3 the trophic level), ci1 the efficiency of plant
conversion into herbivore biomass, and c2 the herbivore
conversion efficiency. The trophic interaction parameters are: vi1, herbivore search rate; vj2, carnivore search
rate; hi1, herbivore handling time; and hj2, carnivore
handling time. These parameters may be different for
defended and undefended prey, but are independent of
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the defense level of their consumers. All consumption
rates follow Holling type II functional responses. Herbivores have longer handling times (h21) on defended
plants (h21 . h11). This decreases their maximum ingestion rate (1/h21 , 1/h11). Attack rates may be decreased on defended plants. The same holds for carnivores feeding on herbivores. By definition, a food
chain without defenses is composed of only P1, H1, and
C, while only P2, H2, and C exist in a food chain with
permanent defenses. Our analysis focuses on three scenarios: no defenses, permanent defenses, and inducible
defenses, in both plants and herbivores. This choice
provides a clear contrast and demarcation, but ignores
the possible permutations of these scenarios.
We incorporate inducible defenses in the above system by allowing both an undefended and a defended
part in each prey population. Induction and decay of
defenses cause consumer density-dependent flows between these parts. Induction is minimal at low consumer densities and maximal at high consumer densities. The reverse is true for the decay of defenses.
The following set of differential equations defines the
rates of change of undefended and defended plants,
undefended and defended herbivores, and carnivores:

[1

v11 (H1 1 H2 )
2 s11
1 1 v11 h11 P1 1 v21 h21 P2

]

2 P1 I1 (H1 , H2 ) 1 P2 D1 (H1 , H2 )

[1
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[
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5 induction rate of herbivore defenses (3c)

[

D2 (C ) 5 i2 1 1

12
C
g2

]

b2 21
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where g1 is the density of herbivores at which plant
defense induction reaches half its maximum rate and
b1 a shape parameter of the plant defense induction and
decay functions. These parameters are g2 and b2 for
herbivore defenses, with half-saturation parameter g2
now denoting carnivore density. This system (Eqs. 3a–
d) ensures that eventually all plants and/or herbivores
become undefended when their consumers are absent.
In their presence, a balance of induction and decay will
be approached at a rate that depends on parameter i.
Summation of Eqs. 2a and b shows that total plant
biomass does not change due to the induction process.
This also holds for total herbivore biomass.
The bitrophic system is obtained by using only Eqs.
2a–c for P1, P2, and H1, and setting C and H2 in these
equations to zero. State variables are further explained
in Table 1.

Model parameterization
(2c)

dH2
c11 v11 P1 1 c21 v21 P2
5 H2
dt
1 1 v11 h11 P1 1 v21 h21 P2
2

source types. The model formulation used here is
slightly modified after Kretzschmar et al. (1993). The
induction rate of defenses, I, and the decay rate of
defenses, D, are functions of the total consumer density. Note that induction is a process that subtracts from
the undefended part of the resource population and adds
to the defended part. Decay of defenses takes away from
the defended part of a prey population and adds to the
undefended part. Induction and decay rates are

5 decay rate of herbivore defenses

2

dP1
P
P
5 P1 r1 1 2 1 2 2
dt
k
k
2
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(2e)

with herbivores and carnivores consuming two re-

For those results that depend on numerical analysis
we parameterized the model using values from the literature and our own experimental data (A. M. Verschoor, unpublished data). All parameters and literature
sources are listed in Table 2. In this planktonic model
system no costs of inducible defenses in terms of reduced growth rates can be detected (Gilbert 1999, Lürling and Van Donk 2000). However, colony formation
in algae leads to increased sedimentation rates, which
we incorporated as an increased mortality rate s21. Note
that the default set of parameter values in Table 2 has
defenses increasing handling times, thus decreasing
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List of state variables used in the model, their units, and interpretation.

Variable

P1
P2
H1
H2
C

Unit
mg
mg
mg
mg
mg

Interpretation

C/L
C/L
C/L
C/L
C/L

maximum ingestion rates, without an effect on attack
rates. However, in many systems defenses will reduce
attack rates and this possibility is included in the sensitivity analysis. Theory predicts trade-offs to be important in systems with inducible defenses and therefore we also include alternative trade-off scenarios in
the sensitivity analysis.

Model analysis
We started by obtaining analytical results on trophic
level abundances for the different defense scenarios,
depending on the carrying capacity k. Since the discrepancy between EEH predictions and actual data centers around the plant level in bitrophic systems and the
herbivore level in tritrophic systems, these were our
focal levels. The analytical results are general and not
concerned with any particular system.
The next step was a numerical analysis of a planktonic model system, where Eqs. 1 and 2 represented

undefended plants (algae)
defended plants (algae)
undefended herbivores (zooplankton)
defended herbivores (zooplankton)
carnivores (zooplankton)

algae and rotifers. We obtained biomass distributions
over trophic levels in bitrophic and tritrophic food
chains, for a range of carrying capacities (k). This range
allows one, two, or three trophic levels to exist, and
includes both stable equilibria and oscillatory periodic
behavior. We concluded this analysis by checking the
sensitivity of biomass responses in the bitrophic inducible defense scenario to changes in some of the
assumptions, model components, and parameter values
used. This sensitivity analysis widens the scope of the
numerical analysis, providing a link between general
analytical results and specific results for the planktonic
example. We investigated the sensitivity of the model
to the following changes: (1) changing the herbivores’
response to plant defense from purely an effect on handling times (h21) to an effect on attack rates (v21) as
well; (2) allowing plant defenses to reduce herbivore
attack rates (v21) without an increase in handling times
(h21); (3) allowing quantitatively weaker and stronger

TABLE 2. Definitions of model variables and parameters, and their default numerical values. Numbers refer to the sources
on which the parameter estimates were based (references are at the bottom of the table).

Parameter

Value

b1
b2
c11
c21
c2
g1
g2
i1
i2
k
r1
r2
s11
s21
s12
s22
s3
h11
h21
h12
h22
v11
v21
v12
v22

2.05
1.5
0.36
0.36
0.5
0.06
0.020
1.0
1.0
free
1.42
1.42
0.145
0.18
0.17
0.17
0.125
0.5
1.04
0.83
3.33
0.77
0.77
2.71
2.71

References
(see
footnotes)
1,2,3
2,4,5
6
6
7
1,2,3
2,4,5
11
11
8
8
9
9
10
10
5
11
11
7,12,13
7,12,13
11
11
12,13
12,13

Units

Interpretation

mg C/mg C
mg C/mg C
mg C/mg C
mg C/L
mg C/L
d21
d21
mg C/L
d21
d21
d21
d21
d21
d21
d21
d·mg C21·mg C21
d·mg C21·mg C21
d·mg C21·mg C21
d·mg C21·mg C21
L·d21·mg C21
L·d21·mg C21
L·d21·mg C21
L·d21·mg C21

shape of plant defense functions (induction/decay)
shape of herbivore defense functions (induction/decay)
conversion efficiency of undefended plant–herbivore
conversion efficiency of defended plant–herbivore
conversion efficiency of herbivore–carnivore
half-saturation value for induction/decay of plant defenses
half-saturation value for induction/decay of herbivore defenses
scaling parameter for induction/decay rate of plant defenses
scaling parameter for induction/decay rate of herbivore defenses
carrying capacity for defended and undefended plants
intrinsic rate of increase for undefended plants
intrinsic rate of increase for defended plants
natural death rate for undefended plants (sedimentation)
natural death rate for defended plants (sedimentation)
natural death rate for undefended herbivores
natural death rate for defended herbivores
natural death rate of consumers
handling time of herbivores on undefended plants
handling time of herbivores on defended plants
handling time of consumers on undefended herbivores
handling time of consumers on defended herbivores
herbivore search rate on undefended plants
herbivore search rate on defended plants
carnivore search rate on undefended herbivores
carnivore search rate on defended herbivores

Sources: 1, Lürling (1999); 2, Dumont et al. (1975); 3, Jørgensen et al. (1991); 4, Gilbert and Waage (1967); 5, Gilbert
(1976); 6, Walz (1993); 7, Nandini and Sarma (1999); 8, Lürling and Van Donk (2000); 9, Laroque et al. (1996); 10,
Stemberger (1990); 11, A.M. Verschoor (unpublished data); 12, Iyer and Rao (1996); 13, Gilbert (1967).
Note: The Methods section explains the sensitivity analysis.
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ductivity gradient that allows an equilibrium of plants
and herbivores in both the intraspecific and interspecific heterogeneity model and allows an increase in the
fraction of defended plants in the inducible defense
model (k 5 0.95–1.25 mg C/L, see Numerical results).
This analysis facilitates a comparison with earlier work
(Abrams 1993, Kretzschmar et al. 1993, Grover 1995,
Leibold 1996, Bohannan and Lenski 1999).
RESULTS

Analytical results
Biomass accrues in the classical stepwise fashion in
the bitrophic food chain scenario without plant defenses
(e.g., Fig. 1). At very low carrying capacities only plants
exist. From Eq. 1a it follows that the equilibrium value
P*
1 increases linearly with increases in k:

P1* 5

FIG. 1. Equilibria of the bitrophic food chain model when
plant defenses are absent (Un, dotted lines), permanent (Pe,
dashed lines), or inducible (In, solid lines) along a productivity gradient. The average biomass of herbivores (top graph)
and plants (bottom graph) is shown on the ordinate axis.
Parameter values are listed in Table 2.

effects on handling times (h21) than estimated for this
model system; (4) using a linear instead of Holling type
II herbivore functional response (h11 5 h21 5 0), with
defenses causing decreased attack rates ( v21); (5) allowing plant defenses to decrease the conversion efficiency (c21) to herbivore biomass; (6) incorporating
induced plants as inedible (v21 5 0); (7) including no
cost for plant defenses (s11 5 s21); (8) including plant
defense costs as a reduced intrinsic growth rate r2 for
induced plants instead of an increased mortality rate;
(9) simultaneously increasing or decreasing the values
of the defense induction and decay parameters b1 and
g1; and (10) evaluating the results for a range of the
defense induction and decay parameter i1. All increases
and decreases amounted to 5–30% of the estimated
parameter values (see Table 2), and were implemented
in steps of 5%.
In addition we compared the bitrophic inducible defense scenario with a bitrophic scenario that has two
species at the plant level. These plant species have
different but fixed defense levels. In this multiprey
model the defense induction and decay terms of Eqs.
2a, b are lacking. We will refer to these models as,
respectively, the intraspecific heterogeneity model
(with inducible defenses), and the interspecific heterogeneity model (with fixed, but different defenses). In
this comparison we focus on cases where v21 , v11. We
allow h21 to be $h11 and defended plants may be inedible (v21 5 0). The comparison is made for a pro-

1

2

r1 2 s11
k.
r1

(4)

At a higher level of primary productivity a point will
be reached that allows herbivores to exist. The carrying
capacity ktc at this transcritical bifurcation point can be
derived by allowing the hump-shaped plant isocline to
intersect the vertical herbivore isocline at H 5 0:

ktc 5

[

1r 2 s 2 v
r1

1

11

11

]

s12
.
(c11 2 s12 h11 )

(5)

Above this carrying capacity ktc the equilibrium plant
biomass P*
1 is

P1* 5

s12
v11 (c11 2 h11 s12 )

(6)

which is independent of the carrying capacity k, as predicted by EEH theory. Equilibrium herbivore biomass
increases with further increases in productivity:

H* 5

[1

2

]

c11 P*
P*
1
r 1 2 1 2 s11
s12 1
k

(7)

as the first factor on the right side of Eq. 7 is positive
and the second factor an increasing function of k that
is positive above ktc. Under further enrichment the system will remain stable until the Hopf bifurcation is
crossed at the carrying capacity kHopf,

kHopf 5

[

1r 2 s 2 v
r

1

11

]

2s12
1
1
(
c
2
s
h
)
v
11 11
12 11
11 h11

(8)

(also see Rosenzweig 1971, Fussmann et al. 2000).
In the case of permanent plant defenses, herbivores
require a higher carrying capacity to invade when
plants are defended. In the food chain scenario with
inducible defenses, herbivores are also not able to exist
at a low carrying capacity. In the absence of herbivores,
plant defenses are not induced and the results are equal
to the undefended scenario (Eq. 4, also see the example
in Fig. 1). At carrying capacities above ktc induction
will cause a certain fraction, x 5 P2/(P1 1 P2), of the
plant population to be in the defended state. Setting
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the right side of Eq. 2c (bitrophic case) to zero shows
that at equilibrium total plant biomass Ptot(x) (being P1
1 P2), must fulfill the following relationship:

Ptot 1 (x) 5 s12 / [c1 v11 1 (c1 v21 2 c1 v11 )x 2 s12 v11 h11
2 s12 (v21 h21 2 v11 h11 )x]

(9)

where we have assumed c1 5 c11 5 c21. Eq. 9 shows
that an increase in the fraction of defended plants x
will cause the entire plant level to increase for s12(v21h21
2 v11h11) . c1(v21 2 v11). When defenses increase handling times and thus maximum ingestion rates, but do
not affect attack rates (h21 . h11, v21 5 v11), Eq. 9 reduces to

s12
Ptot 1 (x) 5
. (10)
c1 v11 2 s12 v11 h11 2 s12 v11 (h21 2 h11 )x
In this case any increase in the fraction of defended plants
x will decrease the denominator at the right side of Eq.
10, leading to an increase in the total plant biomass.
It is possible to demonstrate analytically for the case
v21 5 v11 and r1 5 r2, at least, that the equilibrium point,
Ptot, for the bitrophic inducible defense case is an increasing function of plant carrying capacity. To show
this we return to Eqs. 2a,b,c, setting H1 5 H, H2 5 0,
and C 5 0. By combining Eqs. 2a,b we find a relationship between H and x in equilibrium


1/b

1

H (x) 5 g 

[1



]

2

s21 2 s11
x (1 2 x) 1 x
i

1 2


2 1 .





(11)
By combining Eqs. 2a,b,c we find an expression for
the carrying capacity k, necessary to keep the system
at a given equilibrium of x:

k5

rPtot (x)

[ ]

1 2

(12)

s
H (x)
r 2 [s11 (1 2 x) 1 s21 x] 2 21
c1 Ptot (x)

where r 5 r1 5 r2 . By entering a range of values for
x* in Eq. 12 one obtains a view of the range of carrying
capacities for which the fraction of defended plants
increases. In order to prove a positive relation between
Ptot and k we have rewritten Eq. 12 as an equation for
Ptot and obtain a function of x and k, now called Ptot
2( x, k) to distinguish it from Ptot 1( x):

Ptot 2 (x, k) 5

1k
[r 2 (s11 (1 2 x) 1 s21 x)]
2r
6

[1

1k
[r 2 (s11 (1 2 x) 1 s21 x)]
2r

2

]

k s12
H (x)
r c1

2

2

1/2

.

(13)

Hence, we have three relationships between Ptot, x, and
H, namely, Eqs. 10, 11, and 13, and the equilibrium

FIG. 2. Total plant biomass Ptot 1, as an increasing function
of x (see Eq. 10), and a family of independently derived
curves for Ptot 2 as a function of x and k (see Eq. 13), plotted
for different values of the carrying capacity, k. The intersection point of these curves fixes the total equilibrium plant
biomass. This intersection point occurs at higher values of
Ptot as the carrying capacity k increases. An increase in k from
k 5 1.1 to k 5 1.3 causes a shift from the curve Ptot 2(x, k 5
1.1) to Ptot 2(x, k 5 1.3) and a shift of the equilibrium, namely,
where these curves intersect with Ptot 1(x).

values P*
tot, x*, and H* satisfy all three relationships
simultaneously. When H(x) given by Eq. 11 is substituted into Eq. 13, only two relationships Eqs. 10 and
* and x*. The equilibrium value Ptot
* is
13 remain for Ptot
given by the intersection between Ptot 1(x) of Eq. 10 and
Ptot 2(x, k) of Eq. 13 where k is the free parameter.
The positive and negative roots or branches of Eq.
13 form a hump-shaped curve when plotted together
in the (x, Ptot)-plane (Fig. 2). For a given value of k
this hump-shaped curve completely encompasses the
hump-shaped curve for a lower value of k, for all permissible values of x. Thus the positive branches,
P1tot 2(x, k), of Eq. 13 for higher k values always lie
above those for lower k values for the entire permissible
range of x, (0 # x , xsup , 1), where xsup is the supremum value of x that occurs for k . 0. Analogously,
the negative branches, P2tot 2(x, k), for higher k values
have to lie below those for lower k values for all permissible values of x. Mathematically this means that
for the positive branch the partial derivative with respect to k is positive, for all x, while it is negative for
the negative branch, as demonstrated in the Appendix.
These results and the fact that Ptot 1(x) is an increasing
function of x ensure that the intersection between
Ptot 1(x) and Ptot 2(x, k) occurs for a higher value of Ptot
when the carrying capacity k is increased, both for the
positive and negative branches of Ptot 2(x, k). This means
that, under our assumptions, inducible defenses will
cause the plant level to increase with an increase in
productivity. This is in contrast with the classical EEH
prediction that plant biomass in a bitrophic system remains constant under enrichment.
We now move on to the tritrophic system with inducible defenses. The analytical results for the herbi-
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Numerical results
When considering the planktonic model system, algae will be referred to as plants, herbivorous rotifers
as herbivores, and predatory rotifers as carnivores.
In a bitrophic system the plant level increases gradually when plant defenses are inducible (Fig. 1, bottom
panel). This gradual increase occurs for the productivity range in which the fraction of defended plants increases from 0 to almost 1 (Fig. 4, bottom panel). When
almost all plants have induced defenses, biomass responses follow EEH predictions, as in the scenarios
with no and permanent defenses (Fig. 1). The productivity range for which both defended and undefended
plants are present widens as the half-saturation value
of defense induction g1 (see Eqs. 3a,b) increases (Fig.
4, bottom panel), and for the fraction of defended plants
where the carrying capacity is very large (k → `) we
have xsup 5 0.997, 0.9724, 0.7525 for g1 5 0.06, 0.54,
1.62, respectively. Within this productivity range total
plant biomass increases gradually (Fig. 4, middle panel).
Equilibrium herbivore biomass increases with enrichment in all bitrophic defense scenarios (Fig. 1, top
panel). A seemingly counterintuitive result is that herbivores can attain a higher abundance in the permanent
and inducible defense scenarios than in the no-defense
FIG. 3. Biomass responses of a tritrophic food chain when
defenses are absent (Un, dotted lines), permanent (Pe, dashed
lines), or inducible (In, solid lines), along a productivity gradient. From top to bottom: the average biomass of carnivores
C, herbivores H1 1 H2, the fraction of defended herbivores
y 5 H2/(H1 1 H2), average plant biomass P, and the fraction
of defended plants x 5 P2/(P1 1 P2). Parameter values are
listed in Table 2. Population densities oscillate at high values
of the carrying capacity k.

vore level in this case are similar to those for the plant
level in the bitrophic case. Total herbivore biomass Htot
(being H1 1 H2) at equilibrium must fulfill the following relationship:

Htot 5 s3 / [c2 v12 1 (c2 v22 2 c2 v12 )y 2 s3 v12 h12
2 s3 (v22 h22 2 v12 h12 )y].

(14)

Now y 5 H2/(H1 1 H2) denotes the fraction of defended
herbivores. The line of reasoning is similar to the bitrophic case. At a certain carrying capacity three trophic levels can exist. Carnivores will increase under
further enrichment (see for example Fig. 3, top panel),
causing the fraction of defended herbivores, y, to increase (Fig. 3, middle panel). From Eq. 14 it follows
that an increase in y will cause the entire equilibrium
herbivore level to increase when s3(v22h22 2 v12h12) .
c2(v22 2 v12). If we assume that v12 5 v22, this inequality
simplifies to s3(h22 2 h12) . 0, which is true when h22
. h12. This implies that the equilibrium herbivore level
increases, under enrichment in a tritrophic system,
when induced defenses increase handling times.

FIG. 4. Effects of inducible defenses on plant–herbivore
biomass responses to enrichment. Population densities of herbivores (top), plants (middle), and the fraction of defended
plants (bottom), x 5 P2/(P1 1 P2), are shown for different
values of g1, the consumer density at which half the maximum
defense induction rate is reached. The default value of g1 is
0.06. A0 marks a range of low carrying capacities where only
plants are sustained. The area beneath A1 indicates carrying
capacities that allow a stable equilibrium of plants and herbivores.
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scenario, at higher values of the carrying capacity (Fig.
1, top panel). This result directly follows from Eq. 7,
for k → `. Equilibrium herbivore biomass is higher in
the scenario with defended plants than in the scenario
with undefended plants, i.e., limk→` H* in the defense
scenario is greater than limk→` H* in the no-defense
scenario for

[

] [

]

r1 2 s21
r1 2 s11
.
v21 (c1 2 h21 s12 )
v11 (c1 2 h11 s12 )

where P*
* have been
1 from Eq. 6, and analogously P2
substituted into Eq. 7. This inequality holds for the
planktonic model system under study (see Table 2).
In the tritrophic food chain that has inducible defenses in both plants and herbivores, all trophic levels
increase gradually in response to enrichment (Fig. 3).
In contrast, equilibrium herbivore biomass remains
constant in the no-defense and permanent defense scenarios, thus following EEH predictions (Fig. 3). At the
highest levels of primary productivity shown in Fig.
3, population densities fluctuate in all three defense
scenarios. Within this productivity range average carnivore density may decrease under enrichment in the
scenario with permanent defenses (Fig. 3, top), as previously noted by Abrams and Roth (1994).
The fraction of defended herbivores increases along
the entire productivity gradient for which the tritrophic
system is stable. It is interesting to note that not all
plants become defended in the tritrophic food chain.
Plants have the same low value of g1 as in the bitrophic
scenario, where almost all plants became defended
within a narrow productivity gradient. The difference
is caused by carnivores that have a sufficient top-down
effect on herbivores to prevent a full induction of plant
defenses. A comparison of the bitrophic and tritrophic
results in Figs. 1 and 3 shows that inducible defenses
do not completely neutralize top-down effects in this
model system. There is still a trophic cascade, although
the direct effect of the carnivore on herbivore density
is much stronger than the indirect effect on plant density.

Sensitivity analysis
The range of primary productivities that allows both
plants and herbivores to increase in biomass is governed by the dependence of defense induction on herbivore density (see Fig. 4, where g1 is increased). This
range widens when the defense level of induced plants
is increased quantitatively. Defense levels were
changed in three ways, by increasing handling times,
reducing attack rates, and decreasing the conversion
efficiency from plants to herbivores. In all these cases
an increase in the quantitative level of defenses causes
a larger increase in plant biomass in response to enrichment, for a wider range of productivities.
The sensitivity analysis further shows that qualitatively different types of induced defenses, that affect
either attack rates, or handling times or conversion ef-
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ficiencies, have the same effect on biomass responses
of plants and herbivores. In all these cases inducible
defenses allow an increase in productivity to increase
the biomass of adjacent trophic levels. This result is
obtained both when defended plants are edible but more
difficult to handle, and when they are completely inedible. Induced colonies, spines, or thorns may have
either of these effects, depending on herbivore size.
Our results are robust to different ways of incorporating
trade-offs: productivity increases the biomass of adjacent trophic levels when there are either reduced
growth rates or increased mortality rates, or no costs
at all to producing a defense. The behavior of the system is insensitive to changes in the value of induction
and decay parameter i1, as long as this value is high
relative to (s21–s11). This ensures that almost all plants
can be in the defended state at high herbivore densities.

Comparison of heterogeneous bitrophic scenarios
with and without inducible defenses
Plant and herbivore biomass both increased under
enrichment in the intraspecific heterogeneity scenarios
with inducible defenses, where v21 , v11. This occurred
when h21 . h11, when h21 5 h11, and when h21 5 h11 5
0. In these cases, defended plant biomass increased
more strongly with enrichment than undefended plant
biomass decreased. When defended plants are inedible
(v21 5 0) undefended plant biomass remained constant,
while densities of defended plants and herbivores increased.
Results were more variable in the interspecific heterogeneity scenarios with two plant species. When the
herbivore had a linear functional response ( v21 , v11,
h21 5 h11 5 0), undefended plants decreased, defended
plants increased, and herbivore biomass remained unchanged. This case is similar to the one in Leibold
(1996; Fig. 7). These biomass responses also occurred
when the herbivore had a Holling type II functional
response and identical handling times on defended and
undefended plants (v21 , v11 and h21 5 h11). However,
when handling times were larger on defended plants
(v21 , v11 and h21 . h11), undefended plants decreased,
while defended plants, herbivores, and total plant biomass increased. In the special case where defended
plants were inedible (v21 5 0), only defended plant
biomass increased, with undefended plants and herbivores remaining unaffected. These results for (v21 5 0)
are similar to those in Phillips (1974), Leibold (1996),
and Bohannan and Lenski (1999). Kretzschmar et al.
(1993) obtained a different result for this case, due to
a simplifying assumption (see Discussion).
DISCUSSION
Current theory on trophic structure recognizes the
importance of resource edibility in determining the relative magnitude of bottom-up and top-down control.
Much work has focused on the effects of inedible species and has assumed that defenses are a fixed trait.
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However, in natural food webs many plant and herbivore species have inducible defenses. Such defenses
are flexible, respond to consumer densities, and cause
intraspecific heterogeneity. Both defended and undefended individuals may be present at a certain density
of resources and consumers.
Here we show that such intraspecific heterogeneity
causes a gradual increase in the biomass of all trophic
levels under enrichment. This pattern is in agreement
with data from a variety of laboratory and field studies
and in contrast with predictions of the classical Oksanen et al. (1981) model, that assumes complete topdown control of plants in bitrophic systems and of herbivores in tritrophic systems.
The mechanism that allows inducible defenses to increase the relative importance of bottom-up control is
explained mathematically in the Results section and
illustrated in ecological terms in the following bitrophic scenario. An increase in the primary productivity of
plants necessarily causes an increase in the herbivore
level (given that all plants are edible to some extent).
This increase in herbivore density will cause defenses
to be induced and part of the plant level to be in the
defended state. This decreases plant edibility, lowers
the per capita assimilation rate by herbivores, and results in an increase of total plant biomass. Thus both
trophic levels increase under enrichment. This can be
seen by considering the herbivore at equilibrium: here
the herbivore’s mortality balances its growth, which is
simply its per capita assimilation rate of plants multiplied by plant density. Since the herbivore’s mortality
rate is a constant, any decrease in the per capita assimilation rate of the herbivore has to be compensated by
a higher plant biomass at equilibrium. This increase in
the entire plant level occurs as long as the fraction of
defended plants increases with herbivore density under
enrichment (Eqs. 9, 10). The range of carrying capacities for which this condition holds depends on the
herbivore density g1 at which plant defense induction
reaches half its maximum rate. For large values of g1
the fraction of defended plants increases for a wide
range of carrying capacities, as illustrated in Fig. 4.
How natural selection will act on g1 will depend on the
costs and benefits of induced defenses. We expect larger values of g1 in systems where the costs of induced
defenses are relatively high.

Interspecific vs. intraspecific heterogeneity
A bitrophic food chain with homogeneous trophic
levels and fixed (permanent) defenses contrasts with
the above scenario in that the plant level does not
change under enrichment. Since inducible defenses (intraspecific heterogeneity) and the presence of different
species (intraspecific heterogeneity) both have withintrophic-level heterogeneity as a result, a comparison of
the two is warranted.
Abrams (1993) showed that trophic level responses
may differ from the Oksanen et al. (1981) predictions
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when different species or types are present within one
or more trophic levels. Part of these alternative responses was due to the fact that the analyses allowed
differential inputs to the growth of different resource
species. This is not the case in the present study, where
the different intraspecific plant types, one with induced
defenses and the other undefended, are always enriched
by the same factor.
The interspecific heterogeneity model produces two
qualitatively different trophic biomass responses to enrichment, (1) equilibrium densities of both plants and
herbivores increase gradually, and (2) equilibrium densities of plants increase while herbivores remain unchanged. The first pattern occurs when herbivores have
a Holling type II functional response and (0 , v21 ,
v11 and h21 . h11). The second pattern occurs when (a)
(0 , v21 , v11 and h21 5 h11 $ 0), and (b) (v21 5 0).
The latter case (2b) has been discussed in Phillips
(1974), Grover (1994), Leibold (1996), and Bohannan
and Lenski (1999). Kretzschmar et al. (1993) also considered this case without a direct interaction between
herbivores and inedible plants. These authors derived
the result that undefended plant density does not
change, while defended plants increase and herbivores
increase (Kretzschmar et al. 1993:54). This result for
herbivores is peculiar and probably results from their
simplifying assumption that the edible plant has no
effect (whatsoever) on the inedible plant’s growth.
Without this unrealistic simplification the Kretzschmar
et al. (1993) model produces the result mentioned
above as case (2b).
Predictions of the inducible defense model (with intraspecific heterogeneity) are robust to any of the above
changes (1, 2a,b): Equilibrium plant and herbivore biomass are both predicted to increase in response to increased primary productivity. This increase in adjacent
trophic levels is contingent on an increase in the fraction of defended plants along the productivity gradient,
as explained above. The predictions made by the inducible defense model are in agreement with several
studies that have shown the biomass of adjacent trophic
levels to increase with primary productivity (Akcakaya
et al. 1995, Leibold 1996, Brett and Goldman 1997,
Kaunzinger and Morin 1998). This pattern may also
occur in the case of interspecific heterogeneity (scenario 1), but this multispecies model predicted the herbivore level to remain constant in scenarios (2a and
2b), which is not consistent with the above empirical
data.

Analytical and numerical results
The analytical results (see Eqs. 9–13) on biomass
responses in a bitrophic system are general, but depend
on the assumption that inducible defenses only affect
handling times. The numerical work and sensitivity
analysis show that the same results may apply when
inducible defenses affect attack rates or conversion efficiencies. Numerical results for bitrophic and tritroph-
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ic systems indicate that inducible defenses cause the
biomass of all trophic levels to gradually increase in
response to enrichment. This result was obtained when
defense induction resulted in intraspecific heterogeneity of the prey level. Such heterogeneity occurs for
a wider range of productivities when defenses have a
strong quantitative effect and when induction saturates
at higher consumer densities.

Toward a multicausal explanation
of trophic structure
We do not claim that inducible defenses are the only
possible explanation for increases in the biomass of
adjacent trophic levels, as even simple patterns are likely to have multiple causes in ecology. Future studies
may attempt an integrated explanation of biomass responses and show the relative importance of different
ecological factors like ontogenetic niche shifts (Mittelbach et al. 1988), changes in community composition (Leibold 1996, Leibold et al. 1997, Chase et al.
2000), spatial refuge use (Jansen 2001), density dependence (Mittelbach et al. 1988, Abrams 1993,
McCann et al. 1998), adaptive foraging by herbivores
(Abrams 1984, 1991, 1992, 1993) and inducible defenses. More studies are needed that analyze the interactive effects of potentially important factors. For
example, Abrams and Vos (2003) analyzed the effects
of middle-level adaptation and density dependence at
all trophic levels in a full factorial design. Different
mechanisms of adaptive change, such as microevolution, adaptive behavior, species replacement, and induced defenses, were shown to have similar effects on
trophic-level responses to a perturbation in the form of
increased mortality (Abrams and Vos 2003).
Another approach that may help to unravel the mechanisms that govern trophic structure is an experimental
one. This allows manipulation of the above factors by
assembling simple communities of species with distinct
characteristics. In an intriguing experimental study
Kaunzinger and Morin (1998) observed that productivity increased the biomass of all trophic levels, both
in bitrophic and tritrophic microbial food chains. This
surprising response remained unexplained in that paper,
given that much care was taken to exclude several potential sources of heterogeneity. We hypothesize that
consumer-induced morphological changes may have
caused these results, that are in agreement with our
model predictions. The results presented do not allow
us to directly test this hypothesis, since morphological
changes were not monitored in this experiment, which
used Serratia marcescens as bacterial basal prey and
Colpidium striatum ciliates as intermediate prey of the
predatory ciliate Didinium nasutum. Indirect evidence
suggests a possible role of induced morphological
changes. First, Serratia marcescens is well known for
the existence of different phenotypes, including elongated individuals that may exhibit coordinated multicellular swarming behavior through quorum sensing
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(Ang et al. 2001). Secondly, several species in the Colpidium genus are known to exhibit predator-induced
morphological changes (Fyda 1998, Kuhlmann et al.
1999). Holyoak noted an increase in C. striatum size
in the presence of its predator D. nasutum, but the
relative roles of predator-released infochemicals and
increased per capita food availability for C. striatum
could not be determined (M. Holyoak, personal communication).
Our results show that intraspecific heterogeneity resulting from consumer-induced defenses causes adjacent trophic levels to increase in response to enrichment, thus enhancing the propagation of bottom-up effects. This makes such intraspecific heterogeneity a
candidate component of a more complete explanation
of biomass responses in nature.
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APPENDIX
Partial derivatives with respect to k for the positive and negative branches of Eq. 13 are available in ESA’s Electronic
Data Archive: Ecological Archives E085-089-A1.

