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INTRODUCTION

A key challenge of environmental biology is to
understand how biodiversity loss in uences ecosystem
function (reviewed by Hooper et al. 2005). Most of the
early seminal studies of the relationship between
biodiversity and ecosystem function focused on plant
diversity and plant productivity (Tilman 1996, 1997,
Hooper and Vitousek 1997). However, some studies
suggest that high trophic level species such as top
predators may be more vulnerable to extinction than
species at lower trophic levels (e.g., Pimm et al. 1988,
Petchey et al. 1999). Initial theoretical and empirical
studies suggest that the relationship between diversity
and ecosystem function is more complex and variable at
higher trophic levels (Thebault and Loreau 2003, Worm
and Duffy 2003, Petchey et al. 2004, Hooper et al. 2005).
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Thus, it is critical to understand how biodiversity loss at
higher trophic levels may propagate through a web of
species interactions to in uence ecosystem function
(Bascompte et al. 2005, Myers et al. 2007). One promising
approach for addressing this challenge is to integrate
subdisciplines of studies that focus on effects of diversity,
per se, on ecosystem function with those that focus on
predator prey dynamics and interaction strengths (lves
et al. 2005, Wootton and Emmerson 2005).

We focus here on three mechanisms proposed by lves
(2005) which regulate how predator diversity can
in uence both ecosystem function and predator prey
interaction strengths. First, the sampling effect or

selection probability effect occurs when one species of
a predator guild dominates effects of that guild on the
prey. Thus, effects of predator diversity on prey biomass
may be driven primarily by whether one strong (or

keystone ) predator is present (e.g., Navarrete and
Menge 1996). In this case, predator identity drives the
effect of predator diversity on prey biomass and
potential cascading effects on plant biomass production.
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between, for example, predator i and the beetles can be
measured unambiguously at predator diversity levels of
one (predator i present, B/~ ~* vs. no predator present,
B~"/~*) and three (all three predators present, B""*,
vs. only the two other predators present, B-"#%). At a
predator diversity level of two, however, two different
interaction strengths describe the effects of predator i on
the beetles depending on whether it coexists with
predator j (predators i and j present, B""#* vs. only
predator ; present, B-"*%) or whether it coexists with
predator k (predators i and k present, B vs. only
predator k present, B~"**). These calculations allow
analyses of variation in pairwise interaction strengths
depending on the identity of coexisting predators. The
means and standard errors of interaction strengths at
predator diversity levels of one and three were calculated
by bootstrapping (2000 random samples of the original
data set). We used an ANOVA to test for signi cant
differences among the interaction strengths. The addi-
tivity hypothesis predicts that the interaction strength of
a predator is independent of the number and identity of
the coexisting predators and thus should be similar for
the treatments. The redundancy hypothesis predicts that
the interaction strength of a predator at the diversity
level of one should be substantially higher than its
interaction strengths at higher diversity levels, due to
compensatory effects of other predators. A positive
interaction strength of predator i when coexisting with
predator ; indicates interference between predators i and
J, resulting in a higher prey biomass when both
predators coexist, compared to treatments without i.

REsuLTs

Beetle survival over time in treatments with total
predator exclusion (Fig. 1, solid line) was signi cantly
higher than in control treatments without predator
removal (natural conditions, Fig. 1, dashed line;
repeated-measures ANOVA, F; 15 =22.38, P =0.0002).
Asigni cant mortality effect of predators on beetles, i.e.,
the difference between the bold and dashed lines in Fig.
1, was observed early in the season (day 7, repeated-
measures ANOVA, P =0.044) and increased during the
experiment. At the end of the experiment, the survivor-
ship of the beetles in the treatment without any
predators was 36.9% 6 10.2% (mean 6 SE), but
survivorship was 1.1% 6 0.9% on control branches that
were exposed to all predators (Fig. 1).

Overall, ANOVAs showed signi cant effects of the
predator removal treatments on log;o-transformed
beetle biomass (F7ez = 2.75, P = 0.015) and beetle
survivorship (F7 63 =3.53, P=0.003). In both ANOVAs,
we found signi cant interaction terms between crawl-
ers and syrphid ies (for logyo-transformed beetle
biomass, P = 0.033; for beetle survivorship, P = 0.01)
and a signi cant main effect of the wasps (for log;o-
transformed beetle biomass, P = 0.046; for beetle
survivorship, P = 0.015), whereas all other two-way
and three-way interaction terms were not signi cant. In
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Fic. 1. Time course of willow leaf beetle (Chrysomela

aeneicollis) survival (percentage of initial egg number, mean 6
SE) from day 0 (experimental setup) to day 57 (sampling and
counting of hatched beetle adults): comparison of treatments
with all three predators (dashed line) and with total predator
exclusion (solid line). The x-axis depicts data on sampling dates
rather than over a continuous time course. Curves differ
signi cantly (repeated-measures ANOVA: F; 5 = 22.38, P =
0.0002).

treatments with single predators (predator diversity level
of one), beetle survival was lower (Fig. 2a c, dashed
lines) than under total predator exclusion (Fig. 2a c,
solid lines). The gray bars parallel to the x-axis in Fig.
2a c indicate the approximate time periods of the
presence of the different predators in the food web
(hereafter, phenology) over the course of our study.
Thus, the crawlers (Fig. 2a) appear earlier in the
season than the syrphid ies (Fig. 2b), but then the
presence of both predators overlaps considerably,
whereas the wasps enter the system later and overlap
only for approximately two weeks with the syrphid ies
(Fig. 2c). Each predator had a stronger effect when it
was the only predator in the food web (Fig. 2a c) than
when it was removed from an intact community with all
predators present (Fig. 2d f). When individual predator
treatments were compared to total predator exclusions,
crawlers and syrphid ies signi cantly reduced beetle
larvae survival over time (Fig. 2a, b; see legend for RM
[repeated-measures] ANOVA results). The wasps also
reduced the survival of the beetle larvae, but this effect
was not statistically signi cant (Fig. 2c; see legend for
RM-ANOVA results). When individual predator re-
movals were compared to unmanipulated treatments
(i.e., all predators present), none of the predators had
signi cant effects on beetle survival over the time course
of the experiment (Fig. 2d f, see legend for RM-
ANOVA results). However, in contrast to the other
two predators, the effects of wasp removal were
marginally signi cant on the last three sampling dates
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these facts may explain the difference between crawler
effects on beetles and plants in our experiments.

CoONCLUSIONS

Empirical and theoretical studies have shown that
interaction strengths between species depend on species
composition of the community (Berlow 1999, Brose et
al. 2005). Therefore, the ability of any given predator to
compensate for the loss of another predator depends on
the composition of the remaining predator community
(Straub and Snyder 2006). Consistent with these results,
we found that pairwise predator prey interaction
strengths varied with predator diversity and the identity
of the coexisting predators. Despite clear interference
and compensation among individual predators, we
observed an overall linear mean effect of predator
diversity on herbivore biomass and herbivore consump-
tion of plants. The patterns of additivity or redundancy
in individual predator effects may have been driven by
the phenological appearance of each predator in the
food web. Interference and compensatory effects oc-
curred between predators with a similar feeding niche,
while temporally distinct predator populations may have
prevented early season predators from compensating for
the removal of late season predators. Thus, while
predator diversity has an overall linear effect on the
strength of the trophic cascade, other information about
species identity was required to predict the effects of
removing individual predators. If these ndings gener-
alize to more diverse food webs, phenological informa-
tion along with knowledge on the food web structure
(Bascompte et al. 2005, Brose et al. 2005) and species
body sizes (Emmerson and Raffaelli 2004, Brose et al.
20064, b) might facilitate predictions of the consequenc-
es of predator loss in complex ecosystems.
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