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abstract: Climate warming will initiate numerous changes in ecological community structure and function, and such high-level
impacts derive from temperature-driven changes in individual physiology. Speciﬁcally, top-down control of plant biomass is sensitive to
rising temperatures, but the direction of change depends on a complex interaction between temperature, predation risk, and predator
thermal preference. Here, I developed an individual-based optimal
foraging model of three trophic levels (primary producers, herbivores,
and predators) to examine how warming affects top-down control of
primary producers via both trait- and density-mediated indirect interactions (TMII and DMII). This model also factorially crossed warm- and
cold-adapted herbivores and predators to determine how local adaptation modiﬁes the effects of warming on food web interactions. Regardless
of predator thermal preference, warming increased herbivore foraging
effort and by extension predation rates. As a result, TMII declined in
importance at high temperatures regardless of predator thermal adaptation. Finally, predation risk reduced herbivore ﬁtness via both indirect
(i.e., reduced herbivore size) and direct (i.e., reduced herbivore survival)
pathways. These results suggest that, contrary to previous predictions,
warming might stimulate primary productivity by reducing herbivore
population sizes, releasing plants from immediate top-down control.
Keywords: indirect interactions, trophic cascades, individual-based
model, herbivore ﬁtness, consumption, herbivore ﬁtness, primary
production.

Introduction
Climate warming will engender numerous changes in ecological community structure and function (Gillooly et al.
2001; Brown et al. 2004). Many of these high-level consequences of warming emerge from temperature-driven changes
in individual, physiological processes (Brown et al. 2004;
Savage et al. 2004; Lemoine and Burkepile 2012). Metabolic
rates of ectotherms, for example, often increase exponentially with warming (Dell et al. 2011), leading to higher in* E-mail: nate.lemoine@colostate.edu.
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dividual energetic requirements that drive greater resource
consumption rates (O’Connor 2009; Lemoine and Shantz
2016). Increased consumption at high temperatures in turn
strengthens important species interactions, such as competition, herbivory, and predation (Breeuwer et al. 2008; Rall
et al. 2010). Such altered species interactions are the primary driver of community reorganization and local species
extinctions resulting from climate warming (Cahill et al.
2013). It is therefore imperative that we predict how warming will change species interactions via changes in individual
physiological rates and whether such changes will have
emergent effects on population dynamics and community
structure.
Previous studies attempting to predict the consequences
of climate warming on species interactions and population
dynamics incorporated thermal bioenergetics into resourceconsumer models. Such models almost unanimously forecast that warming will reduce primary producer abundances
in the presence of herbivores due to a combination of higher
per capita herbivory rates and more rapid consumer population growth (Vasseur and McCann 2005; Dell et al. 2011;
O’Connor et al. 2011; Gilbert et al. 2014). These predictions
have been largely validated in simple laboratory experiments
(O’Connor 2009; Lemoine et al. 2013, 2014), but results
from ﬁeld studies are equivocal. Warming either has no effect on or weakly stimulates primary production in natural
settings (Richardson et al. 2002; Lemoine et al. 2016), contradicting expectations that primary producer abundances
should decrease at higher temperatures. Thus, there must
be aspects of natural communities that previous modeling
efforts did not incorporate but that are vital to understanding the consequences of climate warming on plant-herbivore
interactions.
Perhaps most importantly, previous models did not consider how the temperature dependence of plant-herbivore
interactions might be affected by predation risk. Predation
risk might alter the expected consequences of warming on
plant-herbivore interactions by changing the assumed pos-
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itive relationship between temperature and herbivore ﬁtness through two mechanisms. First, warming often stimulates predation rates, thereby reducing herbivore population sizes at high temperatures (Rall et al. 2010; Dell et al.
2014). Greater herbivore mortality at high temperatures can
strengthen density-mediated indirect interactions (DMII) between predators and primary producers, yielding an increase
in plant biomass with warming (Chase 1996; Barton et al.
2009; Kratina et al. 2012). Second, predation risk reduces
herbivore foraging effort via behavioral changes, wherein
herbivores minimize foraging in risky environments. Such
trait-mediated indirect interactions (TMII) are at least as
strong as DMII in many food webs (Schmitz et al. 2004;
Preisser et al. 2005). Yet the relative strengths of TMII and
DMII vary with environmental context (e.g., resource availability or habitat; Luttbeg et al. 2003; Trussell et al. 2006). Climate warming will likely increase herbivore foraging effort
via rising metabolic costs (Lemoine and Burkepile 2012),
exposing herbivores to greater predation risk and strengthening DMII relative to TMII. Alternatively, warming might
enable herbivores to outgrow predation risk more rapidly,
thereby weakening both DMII and TMII (Schmitz et al.
2016). New modeling efforts are needed that incorporate
multiple trophic levels and adaptive behaviors (i.e., foraging
effort) to predict how temperature inﬂuences DMII, TMII,
and the subsequent impacts of predation risk on herbivore
ﬁtness and plant biomass.
The temperature dependency of trophic cascades (i.e.,
indirect interactions between predators and primary producers) is also partly determined by the local thermal adaptation of both predators and herbivores. When both predators and herbivores are adapted to local conditions, the
strength of indirect interactions should remain constant
across a geographic temperature gradient (Barton 2011).
Such latitudinal comparisons act as space-for-time substitutions and can offer insight as to the effects of climate change
on species interactions. However, not all species respond
similarly to warming; predators are often more sensitive
to warming than herbivores (Barton and Schmitz 2009; Dell
et al. 2014). Additionally, herbivores across latitudes possess differential sensitivity to temperature due to different
evolutionary histories (Parsons and Joern 2014; Rosenblatt
et al. 2016). As a result, climate warming can potentially exacerbate thermal differences between predators and prey at
any given site. Only reciprocal transplant experiments that
factorially cross cool- and warm-adapted herbivores and
predators can determine how local adaptation modiﬁes the
impacts of climate warming on food web interactions, but
few such studies exist (Schmitz and Trussell 2016).
Here, I examined how warming affects top-down control
of primary producers by herbivores when accounting for
both real and perceived predation risk. I also asked whether
local adaptation constrains the ability of herbivores to

behaviorally respond to warming by factorially crossing
cool- and warm-adapted populations of predators and
herbivores. To capture both thermal physiology and adaptive foraging behaviors, I developed a novel individualbased model. Individual-based models are parameterized
for speciﬁc ecosystems and as a result are less general than
analytical models. However, they allow for more realistic
depictions of species interactions and can more accurately
capture the consequences of warming on food web dynamics
(Stillman et al. 2015). I focused on a spider-grasshoppergrass food chain given the breadth of physiological and ecological knowledge of these systems (Luttbeg et al. 2003;
Schmitz et al. 2004; Barton et al. 2009; Laws and Joern 2013).
In addition, experiments in this ecosystem have already demonstrated the sensitivity of total indirect interactions (TII) to
temperature (Barton and Schmitz 2009; Barton et al. 2009;
Laws and Joern 2013).
I hypothesized that predation would negate the positive
effects of warming on plant consumption because increased
metabolic demands at high temperatures would force herbivores to increase foraging effort regardless of predator
presence, leading to high herbivore mortality rates. However, predation risk per se would yield little difference in
foraging effort at high temperatures because of increased
herbivore metabolic demands. As a result, TMII would decline at high temperatures and be replaced by DMII, leading
to reduced plant consumption and lower population-level
herbivore ﬁtness. However, local adaptation will modify
these results. Warm-adapted herbivores will be relatively
unaffected by temperature regardless of predator thermal
physiology and will rapidly outgrow predation risk because
low metabolic demands across all temperatures will allow
these herbivores to shunt a greater fraction of acquired resources to growth (Barton 2010; Schmitz et al. 2016). Coldadapted herbivores, however, will be particularly sensitive
to climate warming, especially in the presence of warmadapted predators, due to their higher thermal sensitivity.
Rapid increases in metabolic demands will reduce herbivore growth rates and negate the potential for a size refuge
from predation (Lemoine and Burkepile 2012).
Methods
I developed an individual-based model to simulate a simple spider-grasshopper-grass food chain common in studies of predation risk (Schmitz 2003; Hawlena et al. 2012).
The individual-based model was comprised of two parts: a
dynamic state variable model (DSVM) that provided a
map of optimal foraging efforts for each body size at each
time step (ﬁg. 1) and Monte Carlo simulation experiments
of individuals that used the DSVM solution. To determine
how local adaptation modiﬁes the effects of warming on
TII, TMII, and DMII (Barton et al. 2009; Laws and Joern
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Figure 1: Example decision matrix D for optimal foraging effort (u)
at two temperatures (157C [A] and 307C [B]) at predator risk P p 0.
For both panels, both predators and herbivores were cool adapted.

2013), I repeated simulations while factorially crossing warmand cold-adapted herbivores and predators. Both the DSVM
and Monte Carlo simulations were implemented using the
Python programming language (v3.5).
Dynamic State Variable Model
The DSVM used here expands on earlier individual-based
models of the same ecosystem (Luttbeg et al. 2003) by incorporating a more realistic metabolic rate function and
partitioning predation rate into its three components: probability of attack, probability of herbivore escape, and probability of lethality. I used dynamic programming optimi-
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zation to determine the optimal foraging effort (u) for
grasshoppers at daily time steps over a 100-day period, a common time frame for predation experiments in this study system (Barton et al. 2009). On each day, grasshoppers selected u
that maximizes their lifetime expected ﬁtness based on current body mass, environmental temperature, and predation
risk.
At each time step, the model contained four state variables: (1) resource abundance R, set to 10 for all models
and not varying with time to avoid resource depletion, intraspeciﬁc competition, and starvation; (2) predator abundance P; (3) environmental temperature (7C) T, held constant for each simulation; and (4) current individual body
mass Xt, restricted to the interval [0, 50] to prevent indeterminate growth. These four state variables inﬂuenced the
trade-offs between food intake from foraging, predation
risk, and metabolic cost.
Individual metabolic rates consist of two components.
Basal metabolic rates (BMR) represent cellular maintenance and depend on both T and X (Brown et al. 2004).
Cold-adapted herbivores had a Q10 of 3:
Q10 p 0:19e0:11T ,
and warm-adapted herbivores had a Q10 of 1.5:
Q10 p 0:55e0:04T :
These Q10 values are derived from ﬁeld experiments showing higher thermal sensitivity of metabolism in cold-adapted
versus warm-adapted grasshoppers (Rosenblatt et al. 2016).
Both equations are standardized to a basal metabolic rate of
1 at 157C. In addition, I allowed basal metabolic rate to increase linearly with 2 times body mass (X/25), which made
the largest herbivores have triple the metabolic rate of small
herbivores at 157C. Finally, ﬁeld metabolic rates (FMR) are
additional metabolic costs associated with physical activity,
including foraging, and were deﬁned as equivalent to foraging effort (FMR p u). Linear scaling of metabolic rate with
movement is common across many organisms (Taylor et al.
1982; Wilson et al. 2006). Total metabolic rates (MR[X, T, u])
were then
MR[X, T, u] p Q10 [T] 1

X
1 u:
25

Individual growth at each time step depended on both
metabolic rate and resource intake. The probability of
consuming a given number of resources (Pr(C)) was calculated for each possible integer value of resource intake
R1 p 0, 1, 2, ..., 10 based on u. That is, for a given u (Luttbeg et al. 2003),
Pr(C) ∼ Binom(10, u):
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Mass gain at each time step was calculated for every RI:
X t11 p X t 1 RI 2 MR[X, T, u],

ð1Þ

resulting in a vector of 11 possible X t11 values, one for every
potential RI. Although resource limitation increases the
strength of DMII by forcing herbivores to forage more intensely to meet basic metabolic demands (Luttbeg et al.
2003) and interactions between resource quantity and temperature are an important aspect of global change (Cross
et al. 2015), I ﬁxed resource abundances at a constant, high
level to avoid confounding the effects of temperature with
resource depletion.
Individuals must balance resource intake with predation
risk, which increases with foraging effort. In this model, the
probability of predation (Pr(M)) was the product of three
independent events: the probability of a predator attack
(Pr(A)), the probability that a grasshopper does not avoid
the attack (Pr(S)), and the probability that a successful attack is lethal (Pr(L); Brown and Kotler 2004):
Pr(M) p Pr(A) Pr(S) Pr(L):
The baseline predator attack rate was 0.001P or a 0.1%
chance of encountering a predator per time step. This value
was chosen to stabilize herbivore mortality rates at low
temperatures. Since warming increases predator attack rates
up to a thermal optimum (Topt; Englund et al. 2008, 2011;
Öhlund et al. 2014), the baseline predator attack rate was
augmented by a Gaussian function. Cold-adapted predators
were assumed to have Topt at 157C:


(T 2 15)2
:
G[T] p 1 1 exp 20:5
52
Warm-adapted predators had Topt at 307C:


(T 2 30)2
:
G[T] p 1 1 exp 20:5
52
The probability of attack was then Pr(A)[P, T] p 0:001P #
G[T]. These parameterizations allow Pr(A)[P, T] to double
at the predator’s Topt compared to baseline levels.
I assumed that the probability of herbivores failing to
detect and avoid an attack increased nonlinearly with increasing u: Pr(S)[u] p u2 (McNamara et al. 2005). Pr(L)
was an exponentially declining function of body mass,
wherein successful attacks were less likely to be lethal for
larger grasshoppers:
Pr(L)[X] p 0:6 1 0:4e20:1X :
This function allows for high mortality at small body sizes,
with a baseline mortality rate of 60% for medium and large
grasshoppers (Ovadia and Schmitz 2002).
This model does not consider the presence of refuge
habitat, which can decrease the strength of DMII by en-

abling herbivores to engage more effectively in predator
avoidance behavior (Trussell et al. 2006). Additionally, predators and herbivores might change their behaviors in response
to warming; rising temperatures force predatory spiders to
seek refuge lower in the canopy, enabling grasshoppers near
the canopy top to increase their foraging intensity at high temperatures (Barton 2010). However, modeling such systemspeciﬁc behaviors would restrict the scope of inference to this
speciﬁc model system, and I omitted these details in the interest of generality.
Optimal foraging decisions were constructed for each
body mass at every time step using dynamic optimization
programming and backward iteration (Clark and Mangel
2000). Fitness at the terminal time step t p 100 was a
Michaelis-Menten function of body mass:
F(X) p

15X
,
X 1 25

ð2Þ

where the maximum possible egg production, 15, is a reasonable estimate of individual fecundity for many grasshopper species (Laws and Joern 2013).
Fitness (F) for each body size at time t was given by
F[u, T, P, X t ] p f1 2 Pr(M)[P, T, u, X t ]g
P
f Rrp1 F[P, T, u, X t11 ] Pr(C)[u]g

ð3Þ

(Luttbeg et al. 2003). The term in the left brackets is the
probability of surviving at that time step. The term in the
right brackets is the ﬁtness at the next time step averaged
over all possible RI weighted by the probability of each RI
(Pr(C)). Since mass was not restricted to integer values, I
used linear interpolation to calculate F[P, T, u, X t11 ] at each
time step (Clark and Mangel 2000). I solved equation (3)
for 50 evenly spaced potential foraging efforts in the interval [0, 1]. The optimal foraging effort was chosen as
max fF[u, T, P, X t ]g.
u

Monte Carlo Simulations
The DSVM supplied a decision matrix D containing the
optimal u for each body mass at each time step based on
T and P (ﬁg. 1). I used D in Monte Carlo forward simulations of individual behavior. Individuals started at X p 1.
At each time step, individuals chose the optimal foraging
strategy from their location in D. Based on the optimal
u, individuals were ﬁrst randomly subject to predation
with a probability Pr(M)[P, t, u, X t ]. Surviving individuals
were assigned a randomly drawn consumption rate from
Binom(R p 10, u). Body mass at the next time step was
calculated from equation (1).
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Simulation Experiments
I conducted Monte Carlo forward simulations for a series
of experiments designed to partition the relative strengths
of TMII and DMII across a range of temperatures commonly encountered by grasshoppers in natural settings
(157–357C; Rosenblatt et al. 2016). At each constant temperature, I simulated three predator treatments: (1) no risk
(P p 0 for both DSVM and Monte Carlo simulations),
(2) perceived risk (P p 200 for DSVM, P p 0 for Monte
Carlo simulations), and (3) real risk (P p 200 for both
DSVM and Monte Carlo simulations). Each treatment
consisted of 30 replicate populations that each contained
200 independent simulated grasshoppers (Luttbeg et al.
2003). Experiments were repeated for all combinations of
cool- and warm-adapted herbivores and predators.
At the ﬁnal time step for each replicate, I calculated total
resource consumption across all individuals, average individual body mass at the ﬁnal time step, average individual
foraging effort at the ﬁnal time step, probability of predation,
probability of starvation, and total reproductive output across
all surviving individuals using equation (2). Finally, I determined the strengths of TMII, DMII, and TII following
TMII p

12

Total ConsumptionPerceived Risk
,
Total ConsumptionNo Risk

p

12

Total ConsumptionReal Risk
,
Total ConsumptionPerceived Risk

TII p

12

Total ConsumptionPerceived Risk
Total ConsumptionNo Risk

DMII

(Luttbeg et al. 2003; Okuyama and Bolker 2007). The calculations represent the standard way of calculating TMII,
DMII, and TII across almost all ecosystems. Consequently,
although the model presented here is tailored to a spidergrasshopper-plant food chain, these results are generally applicable to a wide variety of other ecosystems.
Results
Cool-Adapted Herbivores, Cool-Adapted Predators
In this scenario, warming increased herbivore metabolic
costs (Q10 p 3) while simultaneously decreasing predator
attack rates (T opt p 157C). Predator suppression of herbivore foraging effort therefore diminished with warming.
Between 157 and 307C, foraging effort increased by 114%
in both perceived risk and real risk treatments (ﬁg. 2A).
As a consequence, herbivore mortality rates increased at
high temperatures, increasing by 67% despite high baseline
predation rates at 157C (ﬁg. 2B). High mortality in the real
risk treatment eliminated grasshoppers from the community, leading to a positive relationship between TII and
temperature. At 157C, predators reduced herbivore forag-
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ing effort by 60% and TMII accounted for 80% of this reduction (ﬁg. 2C). Warming had little effect on TII up to 257C.
By 177C, DMII replaced TMII as the dominant effect of predators. Above 257C, TII increased because predation no longer
suppressed herbivore foraging (i.e., low TMII) but herbivore
mortality rates continued to increase (ﬁg. 2C).
In both the perceived risk and real risk treatments, herbivores suffered a 50% decrease in body mass. Smaller herbivores resulted in a 20% reduction in total herbivore ﬁtness, and this effect was constant between 157 and 307C
(ﬁg. 3). Above 307C, herbivore consumption rates could
not match metabolic rates regardless of predator presence
and surviving herbivores suffered low growth rates, leading to a rapid decline in herbivore population ﬁtness
above 307C in both the no risk and perceived risk treatments. Real risk further reduced herbivore population ﬁtness even at cool temperatures due to lower herbivore survival rates, and these effects were exacerbated at high
temperatures where herbivores were eliminated from the
community (ﬁg. 3).
Cool-Adapted Herbivores, Warm-Adapted Predators
Crossing cool-adapted herbivores (Q10 p 3) with warmadapted predators (T opt p 307C) yielded similar results as
when both herbivores and predators were cool adapted
(ﬁg. 4). Warming again increased herbivore foraging effort
in both perceived risk and real risk treatments, albeit at a
slower pace (30% increased between 157 and 307C) because
herbivores were concurrently exposed to high predation risk
(ﬁg. 4A). Predation rates were low at cool temperatures due
to the combination of low herbivore foraging effort and low
probability of predator attack, but predation rates increased
by 111% between 157 and 307C (ﬁg. 4B). Such rapid increases in predation rates again increased TII between predators and primary producers, which were almost entirely
comprised of DMII at high temperatures (ﬁg. 4C).
Warming caused a linear decline in herbivore body size
from a maximum of 35 g at 157C to a minimum of 12 g
at 357C in both perceived risk and real risk treatments. Consequently, there was also a negative linear trend with total
herbivore ﬁtness and temperature in the perceived risk treatment (ﬁg. 3). Direct herbivore mortality in the real risk
treatment further reduced total herbivore ﬁtness at low temperature and eliminated herbivore ﬁtness at temperatures
≥257C due to low herbivore population sizes (ﬁg. 3).
Warm-Adapted Herbivores, Cool-Adapted Predators
Warm-adapted herbivores were less sensitive to warming (Q10 p 1:5) and exhibited comparatively little behavioral variation when crossed with cool-adapted predators
(T opt p 157C). Predation risk decreased herbivore foraging
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Figure 2: Foraging effort (A), predation risk (B), and interaction strengths (C) across all temperatures when both herbivores and predators
were cool adapted. The bottom graph in panel C shows the proportion of total indirect interaction (TII) strength that is accounted for by
behavior (TMII). Points represent the average across 30 replicates for each treatment. Points have been jittered slightly on the X-axis to avoid
overlap. DMII p density-mediated indirect interaction.

effort as expected, but temperature had only a weak, positive
relationship with foraging effort. Indeed, herbivore feeding
rates increased by only 50% across temperature range
(ﬁg. 5A). Warming also had comparatively weak and variable effects on predation rates, which increased by 33% between 157 and 357C (ﬁg. 5B). Despite the increase in predation rates at elevated temperatures, warming did not affect
TII between predators and primary producers; resource consumption by herbivores was reduced by ≈60% across the
entire temperature range (ﬁg. 5C). Additionally, although
DMII still surpassed TMII as the primary form of TII, TMII
accounted for 20% of TII at high temperatures (ﬁg. 5C).
Throughout much of the temperature range, TMII and DMII
contributed equally to TII (ﬁg. 5C).
Herbivore ﬁtness was also insensitive to temperature in
this scenario. Although predation risk reduced herbivore
size, temperature had little effect. Indeed, warming increased
herbivore size by 20% from 157 to 357C. As a result, al-

though predation risk decreased ﬁtness via smaller herbivore
body mass, warming stimulated herbivore ﬁtness in the perceived risk treatments by slightly increasing herbivore size at
high temperatures (ﬁg. 3). Real risk, however, negated the
positive effect of warming on herbivore ﬁtness by increasing
herbivore mortality; although herbivores were somewhat
able to outgrow predation risk, the survival consequences of
increased foraging effort to meet metabolic demands still suppressed total population ﬁtness at high temperatures (ﬁg. 3).
Warm-Adapted Herbivores, Warm-Adapted Predators
When both herbivores (Q10 p 1:5) and predators (T opt p
307C) were warm adapted, temperature had no effect on
herbivore foraging efﬁciency (ﬁg. 6A). Despite constant foraging effort, predation rates increased at high temperatures
due to a higher probability of predator attack (ﬁg. 6B),
leading to a 25% increase in the strength of TII at high
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Figure 4: Foraging effort (A), predation risk (B), and interaction strengths (C) across all temperatures with cool-adapted herbivores and
warm-adapted predators. The bottom graph in panel C shows the proportion of total indirect interaction (TII) strength that is accounted for
by behavior (TMII). Points represent the average across 30 replicates for each treatment. Points have been jittered slightly on the X-axis to
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temperatures (ﬁg. 6C). As above, the slight increase in TII
was driven by a strengthening of DMII relative to TMII, although TMII still comprised 120% of TII even at 357C.
Constant foraging effort despite increased metabolic
costs led to a 40% reduction in herbivore body size between 157 and 307C, above which body size remained constant. Accordingly, total herbivore ﬁtness declined slightly
(≈25%) between 157 and 337C (ﬁg. 3). Herbivore mortality
further suppressed ﬁtness, but the relationship with temperature was less severe than in other scenarios because
of the relatively weak relationship between temperature
and herbivore mortality (ﬁgs. 3, 6B).
Discussion
The effects of climate warming on large-scale processes
such as trophic cascades, community structure, and food
web stability emerge from temperature-dependent changes

in individual physiological rates (Allen et al. 2005; O’Connor 2009; Petchey et al. 2010; Kratina et al. 2012). Rising
metabolic rates resulting from warming, for example, lead
to increased consumption rates (Lemoine and Burkepile
2012; Lemoine et al. 2014), thereby strengthening direct interactions between plants and herbivores (O’Connor 2009)
and between herbivores and predators (Rall et al. 2010;
Vucic-Pestic et al. 2011). In contrast to direct interactions,
indirect interactions under future climates have received
comparatively little attention, although empirical evidence
strongly suggests that warming will strengthen indirect interactions between predators and primary producers (Barton
et al. 2009; Kratina et al. 2012; Sentis et al. 2014). Here, I
showed that rapidly increasing predation rates might counter
the inﬂuence of warming on per capita consumption rates
because DMII rapidly supplanted TMII as the dominant
force in a simple food chain. As a consequence, warming generally strengthened trophic cascades.
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Figure 5: Foraging effort (A), predation risk (B), and interaction strengths (C) across all temperatures with warm-adapted herbivores and
cool-adapted predators. The bottom graph in panel C shows the proportion of total indirect interaction (TII) strength that is accounted for
by behavior (TMII). Points represent the average across 30 replicates for each treatment. Points have been jittered slightly on the X-axis to
avoid overlap. DMII p density-mediated indirect interaction.

Plant abundances are expected to decline with rising
temperatures, since experimental (Lemoine and Burkepile
2012; Lemoine et al. 2014), meta-analytical (Burnside et al.
2014), and theoretical (Brown et al. 2004; O’Connor et al.
2011) studies suggest that herbivory rates should increase
exponentially with warming. Likewise, warming negates predator control of grasshopper foraging time (Barton 2010), further suggesting that the intensity of herbivory should increase at high temperatures. Warming should therefore
weaken trophic cascades as herbivores forage more intensely, but experiments consistently demonstrate strengthening TII between predators and plants with warming
(Barton et al. 2009; Hoekman 2010). My model conﬁrms
that communities are initially dominated by TMII (Preisser
et al. 2005) and that grasshoppers accept more risk at higher
temperatures because they were forced to choose between
starvation or likely predation (Biro et al. 2003). Herbivore

survival declined rapidly as a result, and DMII rapidly supplanted TMII as the dominant pathway for TII at higher
temperatures. Since plant growth rates are often positively
correlated with temperature (Campioli et al. 2013), climate
warming might lead to an increase in plant biomass by increasing herbivore mortality rates. This study therefore suggests that incorporating predation risk can substantially alter the predicted effects of warming on primary producer
abundance.
The thermal sensitivity of TII and DMII depends on local adaptation of both herbivores and predators. However,
local adaptation of herbivores exerted by far the strongest
inﬂuence on model predictions; results were relatively insensitive to changing predator Topt. This is an important
conclusion, because predators are generally more sensitive
to temperature changes than herbivores (Dell et al. 2014).
Herbivore mortality rates should consequently increase

This content downloaded from 129.082.028.144 on August 23, 2017 05:12:25 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).

346

The American Naturalist
Warm-adapted Herbivores
Warm-adapted Predators

A

No Risk

Perceived Risk

C

Real Risk

TMII

DMII

TII

1.0

0.8
0.8

Interaction Strength

Foraging Effort (u)

1.0

0.6
0.4
0.2
0.0

15

20

25

30

0.6

0.4

0.2

35

Temperature °C

B

No Risk

Perceived Risk

0.0

Real Risk

15

20

15

20

25

30

35

25

30

35

1.0
0.8

0.8

0.6

TMII
TII

Probability of Predation

1.0

0.4

0.6
0.4
0.2

0.2

0.0
0.0

15

20

25

30

35

Temperature °C

Temperature °C

Figure 6: Foraging effort (A), predation risk (B), and interaction strengths (C) across all temperatures with both warm-adapted herbivores
and predators. The bottom graph in panel C shows the proportion of total indirect interaction (TII) strength that is accounted for by behavior (TMII). Points represent the average across 30 replicates for each treatment. Points have been jittered slightly on the X-axis to avoid
overlap. DMII p density-mediated indirect interaction.

with warming regardless of predator thermal adaptation.
Indeed, although attack rates declined at temperatures exceeding Topt for both cold- and warm-adapted predators
(Englund et al. 2011; Sentis et al. 2012), herbivore mortality always increased with warming because of more intense
herbivore foraging effort. Herbivore physiology had a strong
impact on model results. Cold-adapted herbivores are more
sensitive to rising temperatures than warm-adapted herbivores and must increase their consumption rates more rapidly at high temperatures (Parsons and Joern 2014). This
pattern was accurately described by the model presented
here, and as a result cold-adapted herbivores experienced
the greatest mortality at high temperatures. In fact, at the
most extreme temperatures, cold-adapted herbivores could
not ingest enough food to meet metabolic costs and suffered
reduced growth regardless of predator presence. This is a
common pattern among all consumers exposed to extreme

temperatures (Lemoine and Burkepile 2012). Warmadapted herbivores, however, did not greatly alter their behavior at any temperature, and as a result TII did not vary
substantially across the temperature range. These results potentially explain why temperature strengthens trophic cascades in some ecosystems (Barton et al. 2009; Kratina et al.
2012) but not others (Rodríguez-Castañeda 2012; Laws and
Joern 2013).
Predation risk can also reverse the expected impact of
climate warming on herbivore ﬁtness. Individual performance and fecundity often increase with warming (Savage
et al. 2004; Zvereva and Kozlov 2006; Amarasekare and
Savage 2012). Climate warming is therefore expected to accelerate population growth rates of ectothermic herbivores
(Savage et al. 2004). However, few studies have assessed
how predators inﬂuence these predictions across a temperature gradient. In grasshoppers, warming often stimulates
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grasshopper growth, generating a size refuge from predation and ameliorating any negative effects of temperature
on individual body size or fecundity (Barton 2010; Schmitz
et al. 2016). In this study, however, predators reduced herbivore size and ﬁtness, similar to results for marine herbivores (Matassa and Trussell 2015).
Several key factors explain the differences between my
results and those of Barton (2010) and Schmitz et al.
(2016). First, warming alters the spatial distribution of
predators and grasshoppers in natural systems: predatory
spiders are often more sensitive to elevated temperatures
than grasshoppers and subsequently shift their distribution
to lower in the grass canopy (Barton and Schmitz 2009;
Barton 2011). Grasshoppers experience less predation risk
at high temperatures and can often increase their feeding
time with warming (Barton 2010, 2011). Such spatial partitioning can actually increase TMII between predators and
plants, as grasshoppers are more easily able to alter their behavior by foraging in areas devoid of predation risk (Barton
and Schmitz 2009). In the warm-herbivore, cold-predator
scenario presented here, warming stimulated herbivore ﬁtness by reducing predation risk, similar to natural settings,
but the overall effect was still reduced size and fecundity
compared to no risk treatments. This discrepancy is explained by the second key difference between this study
and previous work. Grasshoppers exposed to predation risk
in experimental settings did not substantially reduce their
cumulative food intake and experience resource limitation,
enabling them to achieve rapid growth rates at high temperatures (Schmitz et al. 2016). Marine herbivores, lacking
a spatial refuge, reduced their consumption by ≥20% in the
presence of predators, leading to reduced growth rates as
reported here (Matassa and Trussell 2015). It is possible
that eliminating resource limitation by increasing R to high
levels in this study, enabling grasshoppers to acquire sufﬁcient energy even despite reduced foraging, could yield similar results to those of Barton (2010) and Schmitz et al.
(2016). The interaction between temperature, predation risk,
and resource limitation remains an interesting topic for future consideration (Cross et al. 2015).
In conclusion, predation risk reverses many of the predicted effects of climate warming on plant-herbivore interactions by suppressing herbivore foraging effort and increasing
herbivore mortality rates. Though numerous studies predict
that climate warming should increase herbivory rates and potentially reduce plant biomass (O’Connor 2009; O’Connor
et al. 2011; Lemoine and Burkepile 2012; Lemoine et al.
2014), my model suggests that warming might increase plant
biomass by releasing plants from immediate top-down control and reducing herbivore population sizes. This research
establishes that experiments examining effects of warming
on plant-herbivore interactions should be nested within a
broader community context, because species interactions
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can profoundly alter the expected consequences of climate
change.
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A grasshopper (Melanoplus sp.) sitting on a blade of prairie grass (Sorghastrum nutans). Photo credit: Lauren Baur.
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