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Trophic interactions and plant species richness along

a productivity gradient

Jon Moen, Dept of Biological Sciences, Idaho State Univ., Pocatello, ID 83201, USA (present address: Dept of
Ecological Botany, Umed Univ., S-901 87 Umed, Sweden (jonm@ekbot.umu.se)) and Scott L. Collins, Div. of
Environmental Biology, Rm 635, National Science Foundation, Arlington, VA 22230, USA.

We analyzed the interactive effects of trophic structure and
disturbance on species diversity of plant communities along a
productivity gradient by merging the intermediate disturbance
hypothesis with a simple three-trophic-level predator-prey model.
In two-trophic-level systems, i.e. without carnivores, the model
produces a unimodal, hump-shaped pattern of species richness,
which is consistent with patterns predicted from other models. If
carnivores are included, trophic cascades produce a bimodal
pattern of species richness over the productivity gradient. We
have found no appropriate data sets in the literature with which
to assess the validity of our model. We thus offer the model as
an alternative hypothesis to be tested regarding plant species
richness in productivity gradients, and as a reminder of the
importance of trophic structure for patterns and processes in
plant communities.

One of the recurrent themes in ecology is the search to
explain patterns of variations in species diversity be-
tween different areas and along environmental gradi-
ents. To date, much research regarding species diversity
along gradients has focused on single factor causation,
such as the relationship between diversity and produc-
tivity (Grime 1973, Tilman 1982, Rosenzweig and
Abramsky 1993) or diversity and disturbance (Connell
1978, Abugov 1982, Petraitis et al. 1989). Theoretical
analyses generally demonstrate that diversity, often
measured as species richness, varies in a unimodal,
hump-shaped pattern with both productivity (Grime
1979, Tilman 1982, Huston and DeAngelis 1994) and
disturbance (Connell 1978, Huston 1979, Abugov
1982). That is, diversity reaches a maximum at some
intermediate level of productivity or disturbance. This
unimodal pattern results primarily from the differential
effects of competition along the gradient, although the
specific mechanisms of competitive interactions differ
among the various models (Rosenzweig and Abramsky
1993; see Abrams [1995] for a discussion on the evi-
dence for a unimodal diversity curve and an argument
for monotonically increasing curves).
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One of the limitations of these analyses is that they
do not explicitly consider the effects of trophic structure
on diversity along gradients. As noted by Grime (1979),
Huston (1979), and Menge and Sutherland (1987), dis-
turbance and competition interact to different degrees
along environmental gradients. In addition, the number
of trophic levels and complexity increase as productiv-
ity and space increase (Oksanen et al. 1981, Pimm 1982,
Schoener 1989). As food web complexity increases,
trophic cascades (or top-down effects) may alter com-
petitive interactions and thus affect species diversity
at lower levels. For example, McLaren and Peterson
(1994) demonstrated that boreal forest vegetation could
only respond to climate variability when top carnivores
were present to control herbivores. Also, trophic
cascades have been documented in lakes and rivers
(Carpenter and Kitchell 1988, Power 1990). Thus, top-
down forces impose constraints on the structure of
producer communities.

Despite the considerable recent interest in trophic
cascades and bottom-up versus top-down forces, few
studies have considered the impacts of these phenom-
ena on species diversity. In order to show that trophic
interactions may affect patterns in plant species diver-
sity, we used two of the simplest models we could think
of: 1) a three-trophic-level predator-prey model similar
to that used by Oksanen et al. (1981), and 2) a simple
quadratic regression of the relationship between species
richness and grazing pressure similar to the intermedi-
ate disturbance hypothesis (Connell 1978). If these,
much oversimplified, models show interesting patterns,
we deem it likely that more realistic models (and nature
itself, of course) may also show intriguing patterns of
diversity in relation to trophic structure. With this note
we would thus like to point out the potential impor-
tance of the interactive effects of trophic structure and
disturbance on species diversity of plant communities
along a productivity gradient.
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Tri-trophic interactions

We modeled the interactions between plants, herbivores
and predators according to Fretwell (1977) and Ok-
sanen et al. (1981). Their argument follows Hairston et
al. (1960) who hypothesized that herbivores are gener-
ally regulated by predators. Although this notion is still
controversial, there is increasing evidence that top-down
factors provide important constraints on community
structure (Persson et al. 1988, McLaren and Peterson
1994, Schmitz 1995). Fretwell (1977) extended Hairston
et al.’s argument to gradients in primary productivity.
He stated a verbal argument, later formalized by Ok-
sanen et al. (1981), that the number of trophic levels is
dependent on primary productivity. The higher the
productivity, the more functional trophic levels in the
system. In extremely unproductive areas, primary pro-
duction is assumed to be too low to sustain herbivores,
and the “food chain” consists of one functional trophic
level: plants. In the absence of disturbance, the plants
are then predicted to eventually deplete their resources
and thus compete. In moderately productive areas,
plant production is high enough to sustain herbivores,
albeit at low population densities. These densities may
be lower than what is needed for efficient predators to
have a positive growth rate. The food chain then con-
sists of two functional trophic levels: plants and herbi-
vores. Uncontrolled by predation, these herbivores are
predicted to exert a strong grazing pressure on the
vegetation. In productive areas, primary production is
high enough to sustain both herbivores and predators.
With the herbivores regulated by predators, the plant
communities should again experience lower grazing
pressure. The model thus predicts strong grazing pres-
sure at intermediate levels of productivity.

We used a set of simple equations describing preda-
tor-prey interactions in three trophic levels: plants (P),
herbivores (H), and predators (C). The equations were
as follows:

dp P\ aPH

a2 _ 1LY\ 1
dr 'P<1 K) 1+ hP (12)
dH faPH  bHC

dH _ jaPH  bHC o, 1b
dt 1+hP 1teH " (1%)
dc_ gbHC | (10)
dt 1+eH

The plant equation assumes logistic growth, where r is
the intrinsic rate of increase and K is the carrying
capacity, and a type II functional response of the
herbivores where a is the attack rate and 4 is a constant
related to handling time of the prey. For the herbivores,
fis the conversion efficiency between captured prey and
herbivore offspring production, and b and e for the
predator functional response are analogous to @ and ¢ in
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the herbivore functional response. g is the conversion
efficiency between prey and offspring for the predators,
while 4 and v are the mortality rates without food for
herbivores and predators, respectively.

The equation set was solved analytically to obtain
equilibrium solutions. Three solutions were chosen with
1) only plants present, 2) plants and herbivores present,
and 3) all three trophic levels present. The break point
for K where the system changes from one trophic level
to two trophic levels was determined by solving the
equilibrium herbivore equation for K when the system
has two trophic levels. The break point for K where the
system changes from two trophic levels to three was
determined by solving the equilibrium predator equa-
tion for K.

The equilibrium biomass (or numbers) for all three
trophic levels was then plotted in relation to K using
the calculated break points to determine which equi-
librium solution to use at which part of the productivity
gradient (Fig. 1A). The plot showed that plants will
increase proportionally with increases in carrying ca-
pacity up until the point where herbivores enter the
system. Plant biomass then remained constant, while
herbivore biomass increased (cf. Rosenzweig 1971). At
the point where predators entered the system, herbivore
biomass remained constant with increasing productivity
while plant and predator boimass increased. This corre-
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Fig. 1. A) Equilibrium biomass (or density) for all three
trophic levels in a productivity gradient. Parameter values:
r=0.5, a=0.1, d=0.1, f=0.35 b=0.1, e=0.1, £=0.05,
g=0.35, v=0.11. B) The relationship between equilibrium
plant biomass (P*) and the potential plant biomass (or carry-
ing capacity, K).
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sponds with the qualitative predictions of the Fretwell
(1977) and Oksanen et al. (1981) models.

The ratio between the equilibrium plant biomass
curve in Fig. 1, i.e. P*, and the potential plant biomass
in the absence of consumers, i.e. K, was calculated as a
measure of the decrease in equilibrium plant biomass
due to grazing along the gradient (the inverse of grazing
intensity; Fig. 1B). The ratio may vary between 0 and 1,
and it showed a strong decrease in plant biomass as
herbivores enter the system, and a subsequent release as
predators decrease the net growth of the herbivores.
This ratio will be used as an index of grazing pressure
along the productivity gradient with 1 being no grazing
and 0 being high grazing.

Grazing and species richness

Several authors have suggested a bell-shaped relation-
ship between grazing and prey species richness.
Lubchenco (1978) found that grazing by a snail on
algae in tide pools produced the highest algal species
richness at intermediate levels of snail densities when
the snail fed on the competitive dominant algae.
Milchunas et al. (1988) discussed the interactions be-
tween environmental moisture (“productivity’’) and the
evolutionary history of grazing in grasslands, and they
argued that the relationship between grazing intensity
and species richness should be bell-shaped except in
semi-arid grasslands with a long evolutionary history of
grazing. In these latter areas, grazing will not produce
the mosaic of growth forms that they suggest are
responsible for the bell-shaped pattern because compe-
tition is mainly for soil resources and grazing does not
cause a shift in competitive interactions between light
and nutrients. Also, in systems with a long history of
grazing, herbivore pressure has selected for rapid re-
growth which yields only a short period of relaxed
competitive interactions following defoliation. Further,
Caswell (1978) showed in a theoretical model that
‘predator-mediated coexistence’ of prey species is highly
probable in non-equilibrium systems where transient
behavior may persist for extremely long periods of time.

The Intermediate Disturbance Hypothesis (IDH) can
provide a more generalized conceptual framework for
incorporating the effects of trophic interactions along
productivity gradients (Grime 1973, Connell 1978, Pe-
traitis et al. 1989, Collins et al. 1996). IDH states that
species richness should be the highest at intermediate
levels of disturbance. When disturbance is infrequent,
dominant species occupy resources and eliminate weak
competitors. If disturbance occurs too frequently, rich-
ness decreases because species intolerant to disturbance
become locally extinct. Intermediate levels of distur-
bance create spatio-temporal heterogeneity that favors
species coexistence by freeing limiting resources and
allowing continued recruitment and persistence of spe-

OIKOS 76:3 (1996)

Species richness

0 0.2 04 06 08 1
P*/K
Fig. 2. The relationship between species richness and grazing
pressure, i.e. P*/K. Parameter values: m=35, n=10, ¢=10.

cies that would otherwise be driven locally extinct
(Levin and Paine 1974, Sousa 1984). It is unclear
whether, or how often, grazing actually acts as an ideal
disturbance with sudden, catastrophic losses of
biomass. It may be much more likely the grazing is
more gradual and selective, and that it may thus be
incorporated into the life cycles of the plants. However,
we regard IDH as a plausible substitution since there is
empirical evidence that grazing may have the same
effect on plant density as disturbance (Lubchenko 1978,
Milchunas et al. 1988).
The species richness S, was modelled as:

5 P* 2
S=m?— n——ml +q (2

where S is species richness, P*/K represents grazing
intensity, and m, n and ¢ are constants relating to the
shape and position of the curve (Fig. 2). The curve is
bounded to 0 and 1 as the grazing intensity varies
between all biomass eaten (0) and no biomass eaten (1).

Plant species richness

The values for P*/K were extracted for values of in-
creasing K, and these values were used to give a predic-
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Fig. 3. Plant species richness in a productivity gradient with
three trophic levels present.
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tion of plant species richness along the productivity
gradient (Fig. 3). Unlike other models of species rich-
ness along productivity gradients, by explicitly incorpo-
rating disturbance and trophic structure, our model
produces a species richness curve that is bimodal (Fig.
3). Species richness is low when productivity is low, and
richness increases rapidly as grazing reduces dominance
and allows grazing-adapted plants to establish. S then
drops off as grazing pressure increases. However, when
predators enter the system, grazing pressure again de-
creases and S increases producing a bimodal distribu-
tion of species richness. Austin and Smith (1989) also
argue for a similar pattern of species richness along an
environmental gradient on the grounds that any gradi-
ent has two extremes of stress which cannot be col-
lapsed into a single stress value. However, they do not
provide any analytical or observational support for
their claim.

The qualitative pattern of our model is robust to
changes in the parameters or variations in the structure
of the model. However, it requires a zone of heavy
grazing pressure in the productivity gradient so that
P*/K moves over the hump in Fig. 2, followed by a
decrease in grazing pressure. This could be accom-
plished with any number of sets of predator-prey equa-
tions and parameter values. The quantitative pattern
will of course be dependent on the shape of the curves
and thus on the exact equations and parameter values
used.

A system without predators

In general, studies of plant species richness along pro-
ductivity gradients in terrestrial communities have been
conducted in systems without predators. In such sys-
tems, diversity is generally highest at intermediate levels
of productivity (Al-Mufti et al. 1977, Wilson and
Keddy 1988). Mechanisms producing this pattern are
generally assumed to be stress at the low end of the
gradient and competition at the more productive end of
the gradient (e.g., Grime 1979). Our model produces
this pattern if we assume that the system is without
predators. Equilibrium plant biomass will remain con-
stant after herbivores enter the system (Fig. 4A), and
the decrease of plant biomass in relation to K will
approach an asymptote set by the intake rate of the
herbivores (Fig. 4B). The species richness curve for the
plants along the productivity gradient will show the
familiar unimodal distribution (Fig. 4C).

Testing the model

Our model incorporates some ecological realism by
building trophic structure and disturbance into the
relationship between species richness and productivity,
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Fig. 4. A) Plant and herbivore equilibrium biomass (or den-
sity) in a system without predators. Parameters as in Fig. 1. B)
the relationship between P* and K. C) Plant species richness in
a productivity gradient without predators.

and our model results clearly differ from those of
previous models (Huston 1979, Tilman 1982) and em-
pirical field studies (Al-Mufti et al. 1977, Wilson and
Keddy 1988). However, in the absence of a complex
trophic structure (i.e. with only two trophic levels), our
model yields the familiar peak in species richness at
intermediate levels of productivity. Field studies in
terrestrial systems that explicitly incorporate the devel-
opment of trophic structure over fairly extensive pro-
ductivity gradients are uncommon, and the trophic
structure in these systems has been highly modified by
the dramatic decline in most large predator popula-
tions. In addition, most studies do not include an
independent assessment of productivity, such as a direct
measurement of net primary production. Thus, terres-
trial systems may no longer provide a suitable labora-
tory for testing the model. We believe that aquatic
systems may provide an ideal venue with which to test
these models because complex trophic structure still
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exists in these systems (e.g., Martinez 1994) and trophic
cascades have been demonstrated experimentally. Be-
cause these systems are highly amenable to manipula-
tion, experimental tests of the model are feasible. We
made an extensive search for suitable observational or
experimental data in the literature, yet we found no
appropriate data sets that we could use to assess the
validity of our model. A suitable data set would have to
have information on species richness in an extensive
productivity gradient both with and without top preda-
tors. In addition, it would most likely have to be based
on an experimental setup, since accumulating data from
several different published sources will result in a high
level of noise in the data set (Moen and Oksanen 1991).
We, thus, offer the model as an alternative hypothesis to
be tested regarding the pattern and mechanisms affect-
ing species richness along gradients of productivity, and
as a reminder of the importance of trophic structure for
patterns and processes in plant communities.
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