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abstract: Climate warming has broad-reaching effects on com-
munities. Although much research has focused on direct abiotic ef-
fects, indirect effects of warming mediated through biotic inter-
actions can be of equal or greater magnitude. A body of theoretical
and empirical work has developed examining the effects of climate
warming on predator-prey interactions, but most studies have fo-
cused on single predator and prey species. We develop a model with
multiple predator species using simulated and measured realized
thermal niches from a community of ants to examine the influence
of predator diversity and other community thermal traits on the in-
direct effects of climate warming on prey survival probability. We
find that predator diversity attenuates the indirect effect of climate
warming on prey survival probability and that sufficient variation
of predator thermal optima, closer prey and mean predator thermal
optima, and higher predator niche complementarity increases the at-
tenuation effect of predator diversity.We therefore predict thatmore
diverse and complementary communities are likely more affected
by direct versus indirect effects of climate warming, and vice versa
for less diverse and complementary communities. If general, these
predictions could lessen the difficulty of predicting the effects of cli-
mate warming on a focal species of interest.

Keywords: climate warming, predator-prey interactions, biodiversity-
ecosystem function, complementarity, Sagehen Reserve.

Introduction

Understanding the effects of climate drivers on popula-
tion dynamics has become an important goal in ecological
research, with the ultimate aim of predicting the effects of
climate change on communities and ecosystems (Walther
et al. 2002; Parmesan 2006). Amain driver of climate effects
on population dynamics is warming, which affects ecto-
therms primarily through increased metabolic rate (Uszko
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et al. 2017). The direct effects of increased metabolic rates
on ectotherms are complex and depend on details of life
history, but some predictions are possible on the basis of
sufficient life-history information (e.g., Bale et al. 2002;
Deutsch et al. 2018). However, the effects of climate change
on ecological communities are complicated by biotic inter-
actions, and many effects of climate change on population
and community dynamics are likely to be indirect and me-
diated through biotic interactions (Tylianakis et al. 2008;
Post 2013), which cannot be predicted based solely on the
life history of the focal species. This complexity makes pre-
dicting the impacts of climate warming on individual spe-
cies—let alone whole communities—extremely difficult.
Recognizing the importance of biotic interactions as

mediators of climate change effects, some research has in-
vestigated which factors influence climate effects on in-
teractions. For example, mechanistic models and experi-
mental work suggest that the equilibrium population size
of predators and prey with warming can be predicted based
on predator foragingmode and asymmetries in the relative
response rates of predator and prey movement velocity to
environmental temperature (Dell et al. 2014; Ohlund et al.
2014). Other work suggests that asymmetries in relative re-
sponse rates of predator attack rate and development rates
of preywith size- or stage-dependent refuges will also affect
equilibrium population sizes (Culler et al. 2015; Pepi et al.
2018).
Thus far, most research has focused on single predator-

prey pairs. However, most prey species likely interact with
multiple predators, all of which will be affected by a warm-
ing climate in ways that vary with species’ life histories
(Barton and Schmitz 2009). Predator diversity is likely to
have important impacts on how climate warming affects
prey population size, owing to the compensatory effects
on many trophic links. These compensatory effects might
arise due to variation in predator thermal niches (i.e., range
of environmental temperatures utilized within a habitat)
that are complementary with respect to foraging activity
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or fitness in a given range of temperatures (i.e., low thermal
niche overlap). In this situation, the change in maximum
metabolic rate and thus potential attack rate (Vucic-Pestic
et al. 2011; Karban et al. 2015) in response to environmen-
tal temperature by one predator might be concurrent with
changes in another predator that may compensate for the
change in attack rate by the first. Alternatively, variation in
predator thermal niches may not result in compensation if
thermal niches are similar (i.e., a large overlap): with very
similar thermal niches, effects of warming on predation
might be even more intense than expected for a single
predator-prey pair, as attack rates for both predators in-
crease or decrease together with temperature. Besides ther-
mal optima and niche breadth, variation in thermal sensi-
tivity of predators and skewness of thermal response curves
may affect the likelihood of compensation across temper-
ature to occur. In particular, significant variation in ther-
mal sensitivity is likely to reduce this compensation effect
because predators of significantly different thermal sensi-
tivity will not create effective functional redundancy across
temperature.
Howwarming will affect predator-prey interactions con-

sidering multiple predators likely depends on the commu-
nity distribution of thermal response curves, or the commu-
nity thermal niche (Kühsel and Blüthgen 2015). However,
there has been very limited empirical work in this area.
Kühsel and Blüthgen (2015) examined flower visitation rates
by pollinators in agricultural meadows and characterized
the realized thermal niche of 511 species of arthropods
based on activity rates across a range of temperatures,
finding that higher thermal niche complementarity within
communities resulted in greater predicted resilience of
pollination function with warming. Systematic variation
by insect order was observed, with a great degree of variabil-
ity of realized thermal niches across species within each
community (SD of activity thermal optimum from 3.17
to 5.97C in different taxa). There was also variation between
communities in thermal niche complementarity, whichwas
defined as a weighted coefficient of variation of thermal op-
tima within the community.
For a community with substantial thermal niche varia-

tion, if prey species are consumed by multiple predators,
it is likely that there will be both positive and negative asym-
metries in thermal response rates between the prey species
and predators (fig. 1). From this perspective, we can predict
that thermal trait responses (e.g., growth rate) of a given
Figure 1: Schematic diagram of community traits that influence the relative importance of direct versus indirect effects of warming on in-
teractions between a prey species (blue) and a community of predators (red). Large asymmetries in thermal niches between predators and
prey will result in large indirect versus direct effects of warming (a), whereas symmetric thermal niches will result in larger direct versus
indirect effects (b). Asymmetries in thermal responses between prey and the predator community and thus the relative magnitude of indirect
versus direct effects depend on multiple aspects of the predator community thermal niche. Based on our simulation models, we hypothesize
that greater diversity (c), narrower thermal niche breadth (d), correspondence between the community mean thermal optimum and prey
thermal optimum (e), an even predator species abundance distribution ( f ), and greater community variation in species thermal optima (not
shown) will result in weaker indirect effects versus direct effects of warming. The top row of c–f represents scenarios in which strong indirect
effects are expected, while the bottom row of c–f represents scenarios in which weak indirect effects are expected.
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prey species relative to all the thermal trait responses of the
predators (e.g., attack rate) with which it interacts will de-
termine whether climate effects mediated by predation lead
to an increase or decline of the prey species. Thismeans that
for prey populations interacting with a single or few pred-
ator species, it is very likely that asymmetries will be an im-
portant mediator of climate effects of population levels.
However, as the number of interacting predator species in-
creases, the likelihood that a large net asymmetry in ther-
mal trait responses between predator and prey will remain
becomes lower if the predator thermal niches are not all
warmer or cooler than the prey. In this latter situation, we
would expect that the indirect climate effects mediated by
biotic interactors become less important and thus the direct
effects of warming should be more important.
To investigate the effects of predator diversity on prey

abundance owing to thermal rate asymmetries in a warm-
ing environment, we developed a simulation model of
predator-prey communities. For this study, we use the
example of a univoltine invertebrate prey species with a
temperature-dependent window of vulnerability, based on
data from an Arctiine moth (Arctia virginalis; Pepi et al.
2018). This type of life history, in which a species is vul-
nerable to predators during a juvenile stage or below a cer-
tain size threshold that is approached at a temperature-
dependent growth rate, is common across taxa (e.g., insects
[Benrey and Denno 1997], amphibians [Werner 1986], and
marine organisms [Paine 1976; Mittelbach 1981; Christen-
sen 1996]). We used simulated communities of predators
to test our prediction that increased predator diversity will
weaken indirect effects of warming. We also characterized
the realized thermal niches of a community of 23 species
of ants in California as an empirical example of our simu-
lated predator communities. We conducted sensitivity anal-
yses to examine under which conditions we would expect
predator diversity to attenuate the indirect effects of warm-
ing. We conducted sensitivity analyses on the range of vari-
ation (SD) of predator thermal optima, predator thermal
niche breadth, the relative value of the predator community
mean thermal optimum versus the prey species thermal op-
timum, and evenness of the predator species abundance
distribution on changes to prey survival probability with
warming.

Methods

Simulation Model

Wedeveloped ademographicmodel to simulate temperature-
dependent survival probability across one generation of a
single prey species, interacting with one or many predator
species, extending a model previously developed in Pepi
et al. (2018). Thismodel combines temperature-dependent
growth of prey, prey size–dependent predation, and tem-
perature-dependent attack of predators to simulate preda-
tion risk P at environmental temperature T:

P(T) p
Ym
ip1

logit21cfa0 1 a(xr(T)ti
0 )g

Xn

jp1

rj(T)
n

, ð1Þ

in which ti represents time in days,m represents the length
of the simulation in days, x0 represents log initial caterpil-
lar mass (10mg),T represents environmental temperature
in degrees Celsius (from 107 to 307C; chosen to correspond
with empirical values below), r represents the instanta-
neous daily growth rate of the prey as a function of temper-
ature, a0 and a represent the intercept and slope of size-
dependent daily predation, c represents a constant to scale
size-dependent predation at the starting size of one, n rep-
resents the number of predator species in the community,
and rj represents the daily predation rate of the predator j
on prey as a function of temperature. To determine preda-
tion risk at each temperature, daily size-dependent preda-
tion risk is calculated based on prey size (scaled relative
to a maximum predation rate of one at x0), which in turn
is calculated based on temperature-dependent exponen-
tial growth. Size-dependent predation risk is multiplied
by the combined (unweighted) average search and con-
sumption (attack) rate of all predators in the community.
The temperature-dependent growth rate (r) of prey and
attack rate of predators (rj) aremodeled as unimodal Gaus-
sian functions of environmental temperature (T) after
Taylor (1981):

r(T) p rmaxe20:5((T2Topt)=jopt)
2
, ð2Þ

in which rmax represents the maximum rate, Topt represents
the thermal optimum, and jopt determines the spread of
the unimodal curve. For predators, the thermal optimum
is drawn from normal distribution with mean m and stan-
dard deviation j2.
Simulations of predator communities were conducted,

including one, two, three, 10, and 30 predators to assess the
effects of predator diversity on prey under warming. Size-
dependent predation risk was parameterized based on field
data from Arctia virginalis caterpillars preyed on by For-
mica lasioides (Pepi et al. 2018; table 1). Temperature-
dependent survival and growth of A. virginalis caterpillars
reared in incubators at constant temperatures from 107 to
257C were estimated using equation (2) and used to com-
pare the direct versus indirect effects of warming (Pepi et al.
2018). A mean thermal optimum of 23.57C (to match the
thermal optimum of A. virginalis; table 1) was used for
the distribution of the predator community, with a stan-
dard deviation of 5, which is within the upper range of var-
iation documented by Kühsel and Blüthgen (2015) in nat-
ural arthropod communities.
For each simulation, the indirect effect of warming on

survival (Dindirect) was calculated. We define this as the net
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change (positive and negative) in the difference between
rearing survival and survival including rearing survival
and predation risk with respect to environmental temper-
ature T between minimum and maximum T. We calcu-
late this value by integrating the absolute value of the de-
rivative with respect to T:

Dindirect p

ðTmin

Tmax

��� dfR(T)2 R(T)P(T)g
dT

��� dT , ð3Þ

in which R(T) represents rearing survival at temperature T
and P(T) represents predation risk at temperature T as de-
fined in equation (1).We used the absolute value of the de-
rivative because we are interested in howmuch net change
is due to the indirect action of warming, in a positive or
negative direction. According to the net change theorem
and the definition of an absolute value, equation (3) sim-
plifies toðb

a

��� dfR(T)2 R(T)P(T)g
dT

��� dT
p j(R(a)2 R(a)P(a))2 (R(b)2 R(b)P(b))j

 for anymonotonic interval a → b:

ð4Þ

To identify subintervals that are monotonic, we fit a third-
order polynomial function fit in the following form:

R(T)2 R(T)P(T) e a0 1 b1T 1 b2T2 1 b3T3: ð5Þ
We then calculated all real roots of the derivative of this
polynomial (5) to define monotonic subintervals. We cal-
culated the absolute value of change within these subin-
tervals as in equation (4) and summed all intervals for net
change between minimum and maximum temperature. For
each predator community size, 10,000 simulations were con-
ducted and the distribution of Dindirect was summarized.
To test the broader applicability of the simulation model

beyond the particular parameter values chosen for the
initial constant parameter model, and to understand the
broader ecological implications of the results, we conducted
univariate sensitivity analyses. Model sensitivity to com-
munity thermal niche parameters was analyzed by individ-
ually varying the standard deviation and mean of the distri-
bution of predator thermal optima, as well as the spread of
predator thermal niches (jopt in eq. [2]). We conducted an
additional sensitivity analysis of the main model assumption
of a uniform predator species abundance distribution by us-
ing a lognormal species abundance distribution. For this
sensitivity analysis, predator abundances were drawn from
a distribution Nj e lognormal(1, j2) and converted to rela-
tive abundances out of the total number of species. This
was calculated as a weight by dividing by the sum of species
abundances and multiplying by the number of species
(wj p (nNj=

Pn
jp1Nj)). This resulted in a modification of

equation (1) with a weighted average of predator attack
rates:

P(T) p
Ym
ip1

logit21cfa0 1 a(xr(T)ti
0 )g

Pn
jp1rj(T)wjPn

jp1wj

: ð6Þ
Table 1: Values of parameters used for simulations, or values when parameters were held constant
in sensitivity analyses
Parameter
 Description
 Value when constant
Size-dependent predation:

a0
 Intercept
 2.7576

a
 Slope
 21.438

x0
 Starting size (mg)
 10

c
 Scaling constant
 2.739361
Prey growth:

rmax
 Maximum rate
 5.9

Topt
 Thermal optimum (7C)
 23.5

jopt
 Niche breadth (7C)
 6.7
Prey rearing survival:

rmax
 Maximum rate
 .75299

Topt
 Thermal optimum (7C)
 17.661

jopt
 Niche breadth (7C)
 7.9
Predator attack rate:

rmax
 Maximum rate
 .8

m of Topt
 Mean of thermal optimum (7C)
 23.5

j of Topt
 Standard deviation of thermal optimum (7C)
 5

jopt
 Niche breadth (7C)
 4
Sources: Size-dependent predation: Pepi et al. (2018). Prey growth: fitted from rearing data in Pepi et al. (2018). Prey rearing
survival: estimated from unpublished data and rearing method in Pepi et al. (2018). Predator attack rate: rmax extrapolated from data
in Karban et al. (2015), m of Topt set equal to Topt of prey, and j of Topt and jopt chosen based on values in Kühsel and Blüthgen (2015).
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Using this modification, j2 of the lognormal species abun-
dance distribution was varied, starting at zero (which rep-
resents the base model assumption of even species abun-
dances). All simulations were conducted in R (ver. 3.6.1;
R Development Core Team 2020), and plots were created
using ggplot2 (Wickham 2016).
Empirical Data: Ant Community Thermal Niche

Realized thermal niches of ants were estimated by pairing
passively collected foraging ants with detailed ground sur-
face temperaturemeasurements. This results in a combined
activity-abundance measure as a function of temperature,
which should be proportional to prey encounter rate. Col-
lections were made using automated time-sorting pitfall
traps, which simultaneously measure ground-surface tem-
perature and separate active ants into 24 separate hour-long
pitfall samples (McMunn 2017). To install traps, we care-
fully removed leaf litter and dug a small hole approximately
20 cm wide, 30 cm long, and 20 cm deep. We then buried
the trap, replacing soil flush with the top of the trap en-
trance, a funnel coated with fluon (Insect-a-Slip; Bioquip,
Rancho Cordova, CA). We replaced leaf litter, taking care
to minimize the disturbance to the surrounding litter and
soil. After installation, the traps remained closed to ants
for 24 h to avoid ants being initially attracted to the soil dis-
turbance following pitfall trap installation (Greenslade 1973).
We separated ants fromall other collected arthropods, iden-
tified each individual by species, and after confirmation of
species identifications by Philip Ward (University of Cali-
fornia, Davis) deposited vouchers at the Bohart Museum
of Entomology (University of California, Davis).
The study area consisted of 4.2 hectares of mixed sage-

brush shrubs and coniferous forest in the Sierra Nevada
mountain range (2,000 m; 39.4355837N, 120.2640177W).
The range of A. virginalis, which was used to parameterize
the prey thermal response in the simulation model, extends
to this geographic area. Of the ant species in this commu-
nity with known diets, all are omnivorous and would con-
sume lepidopteran larvae if encountered, though we have
directly observed predation ofA. virginalis by only two spe-
cies (Formica lasioides and Tapinoma sessile). We made
collections between June 19 and October 14, 2015, con-
centrated in 1- or 2-week sampling bouts eachmonth. From
a grid of 600 potential sites across the habitat, we randomly
selected 127 sites for 24 hourly ant collections. Over the sea-
son, this resulted in 3,048 hour-long samples of ant abun-
dance (24 h#127 sitesp 3,048 hourly samples). The traps
recorded temperature measurements every 5 min using
a K-type thermocouple datalogger at a height of 1–3 mm
above the surface of the leaf litter or above the surface of
the soil if no litter was present (McMunn 2017). We took
the mean of all temperature measurements within the
1-h ant collection windows and used this hourly mean to
estimate ant thermal niche. In general, ant body temper-
ature rapidly equilibrates to environmental temperature
because of small body size (Kaspari et al. 2015), so we as-
sumed that ants captured at a given temperature likely ex-
perience a body temperature similar to the temperature
measured on our thermocouples.
Ant realized thermal niche was modeled by species with

equation (2) fitted using nls (package nlme; Pinheiro et al.
2019), using abundance data aggregated across all sam-
pling locations and dates. We expected ant occurrence and
abundance to be strongly affected by factors other than tem-
perature (e.g., leaf litter depth, time of day) and suspect that
many of these factors contributed to the broad and over-
lapping realized thermal niches that we observed. Realized
thermal niche provides estimates of the effects of temper-
ature on ant activity within a natural community and pro-
vides a conservative estimate of the attenuation effect of
predator diversity on indirect effects of warming. Fitted
parameter values for 23 ant species that were sufficiently
abundant to successfully fit thermal response curves were
used to generate simulated communities of varying diver-
sity. Species were drawn randomly without replacement
from this set of 23 for simulations, using the same proce-
dure as described above, except that values of Topt and jopt
were fitted values from the ant community data. We did
not account for predator body size in this updated model
(or in the original), as nearly all ants were a similar magni-
tude smaller than prey species (roughly one-tenth the size
of caterpillars or less). Since there were large differences in
abundance between ant species in this community (which
is dominated by two or three species), simulations were con-
ducted both with estimated rmax values (maximum activity
rate by species) and with all values of rmax p 0:8, to create
an even distribution of species. Although this adjustment
does not represent the likely effect of actual warming in this
specific community, we set abundances to be even to esti-
mate the maximal effect of varying degrees of diversity us-
ing thermal traits of a real assemblage of species, since this
community had a very low effective diversity owing to
strong dominance and low evenness.
Results

Individual simulations generally showed more stability in
overall predation rate over the environmental tempera-
ture range with higher predator diversity (fig. 2), and the
results of many simulations together showed a decrease
in Dindirect with higher predator diversity (fig. 3a) with the
initial constant parameter values (table 1). In simulations
using empirical ant community data, greater ant diversity
did not generate a decrease in Dindirect with fitted rmax values



Fi
gu

re
2:

R
ep
re
se
nt
at
iv
e
si
m
ul
at
io
n
re
su
lt
s
of

pr
ey

su
rv
iv
al

w
it
h
in
cr
ea
si
ng

te
m
pe
ra
tu
re

pr
ey
ed

on
by

1–
30

pr
ed
at
or

sp
ec
ie
s,
fr
om

le
ft
to

ri
gh
t,
sh
ow

in
g
re
du

ce
d
in
di
re
ct

ef
fe
ct
s
of

w
ar
m
in
g
w
it
h
in
cr
ea
si
ng

di
ve
rs
it
y.
In

th
e
fi
rs
t
ro
w
,b
la
ck

lin
es

sh
ow

(1
2

pr
ed
at
io
n
ra
te
)
of

ea
ch

pr
ed
at
or

(n
ot

vi
si
bl
e
fo
r
N
p

1)
,w

it
h
ad
di
ti
on

al
lin

es
sh
ow

in
g
P
(T

)
(1

2
m
ea
n
pr
ed
at
io
n

ra
te
;e
q.

[1
])
of

al
lp

re
da
to
rs

w
it
h
a
95
%

co
n
fi
de
n
ce

in
te
rv
al
,r
ea
ri
n
g
su
rv
iv
al
of

pr
ey

(R
(T

);
eq
.[
2]
),
an
d
th
e
co
m
bi
n
ed

ef
fe
ct
s
of

pr
ed
at
io
n
an
d
re
ar
in
g
on

su
rv
iv
al
(R
(T
)P
(T

))
.T

he
gr
ay

ba
n
d
in

th
e
fi
rs
t
ro
w
sh
ow

s
th
e
in
di
re
ct

ef
fe
ct

of
w
ar
m
in
g
on

su
rv
iv
al
(R
(T

)
2

R
(T

)P
(T

))
.I
n
th
e
se
co
nd

ro
w
,t
he

in
di
re
ct

ef
fe
ct

of
w
ar
m
in
g
(R
(T

)
2

R
(T

)P
(T

))
is
sh
ow

n
al
on

g
w
it
h
th
e

fi
tt
ed

cu
bi
c
po

ly
no

m
ia
l
(e
q.

[5
])
.



Predator Diversity and Warming 000
(fig. 3b), but with all values of rmax p 0:8, greater ant diver-
sity did lead to a decrease in Dindirect (fig. 3c).
Increasing the standard deviation of predator thermal

optima increased the effect of diversity on Dindirect up to a
standard deviation of ∼8 (fig. 4b), and changing the mean
of predator thermal optima increased the effect of diver-
sity of Dindirect when the mean was closer to the prey ther-
mal optimum in terms of survival (17.667C; fig. 4a). In-
creasing the breadth of predator thermal niches decreased
the effect of diversity onDindirect (fig. 4c). Increasing variation
in relative species abundances increased the number of spe-
cies required to reduce Dindirect (fig. 4d).
Discussion

We show in our simulations, using simulated and fitted
parameter values from a predator-prey community of ants
and a caterpillar, that increasing predator diversity may un-
der some circumstances attenuate indirect effects of warm-
ing on prey species. The attenuation of the indirect effects
of warming we define here as the change in survival prob-
ability owing to changing interactionswithpredators (Dindirect).
The vast majority of the attenuation effect of diversity
results from very small increases in diversity in most cases
(figs. 3, 4), because having even two versus one species
greatly reduces the likelihood of thermal asymmetries in
simulated communities. We find that the attenuation ef-
fect of diversity is greater when there is sufficient variation
in predator thermal optimum and when predators have
narrower, nonoverlapping niches—that is, when predators
have higher thermal niche complementarity. The effect of
diversity on Dindirect is greater when the mean of the distri-
bution of predator thermal optima is closer to the thermal
optimumof prey survival. In addition, the effect of diversity
on Dindirect is greater when relative predator species abun-
dance is close to even. Overall, this suggests that higher ef-
fective predator diversity and thermal niche complemen-
tarity may buffer indirect effects of warming on a prey
species. Our findings also predict that in general, climate
warming effects on prey species that are preyed on by
many thermally complementary predator species (i.e., with
nonoverlapping niches) should primarily be direct as op-
posed to indirect effects. If generally applicable, this pre-
diction could aid in distinguishing in which circumstances
direct effects of warming—which have the potential to be
predictable based on species life-history information—are
likely to dominate versus those in which indirect effects of
warming would be expected to dominate. This would have
the potential for significant value in unraveling some of
the complexity of the effects of climate on species when
considering trophic interactions (e.g., Post 2013; Dell et al.
2014).
In addition to purely simulated communities of preda-

tors, we parameterized our simulation model using em-
pirical data from a community of ants. In this case, rather
than using measured attack rates, we use ant activity-
abundance rates at a given temperature, which are likely
to be proportional to attack rate on prey at a given tem-
perature. In general, we expect attack rate to be propor-
tional to search or discovery rate, which generally in-
creases with temperature up to the thermal optimum of
ants (Prather et al. 2018). Because of extreme variation
in the rank abundances of ants (see table S1, available on-
line), we found no effect of diversity on Dindirect with fitted
rmax values; however, there was an effect of diversity when
all rmax values were set to be the same. We set all rmax values
as equal because we were interested in examining the effect
of varying levels of effective predator diversity using a real
assemblage of species; using fitted rmax values amounted
to imposing a very lowmaximumdiversity due to high dom-
inance. The effect observed with equal rmax values from
the ant community was smaller than that of simulations
using purely simulated parameter values, because this com-
munity of ants consists largely of thermal generalists that
Figure 3: Distribution of indirect effects of warming from 10,000 simulations of a prey species preyed on by a community of 1–30 pred-
ators, with a simulated community of predators (a), a community of ants in California (b), and the same community of ants with rmax p 0:8
for all species (c). The median of each distribution is displayed by a dashed vertical line.
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have large niche breadths (jopt) relative to the variation of
thermal optima (Topt) and low complementarity (i.e., large
niche overlap; fig. S1, available online). The fact the we ob-
served an effect of predator diversity on Dindirect (albeit with
adjusted rmax values) even in a predator community that our
a priori expectation would be for little or no effect of di-
versity lends credence to the idea that this effect may be
common in nature, in communities with similar or higher
thermal niche complementarity. In addition, since our mea-
sured community includes only species from the same fam-
ily (Formicidae), it is likely a significant underestimate of
the thermal niche diversity in the full community of arth-
ropods at this site, which includes taxa with generally very
different thermal niches than ants (e.g., hemipterans, spiders,
solifugids, etc.).
In this study, we emphasize the concept of the commu-

nity thermal niche, first developed by Kühsel and Blüthgen
(2015), which refers to the collection of the thermal niches
of all the individual species in the community. In light of
what we have shown in our simulations, we believe that
the community thermal niche is a valuable concept to help
understand how communities are likely to respond to cli-
mate warming and that a collection of such community
data sets would significantly advance our understanding
of the ecological effects of warming. There has been a great
deal of both empirical (e.g., Brown et al. 2004; Kingsolver
and Huey 2008; Kingsolver 2009; Dell et al. 2011) and the-
oretical (e.g., Rall et al. 2010; Dell et al. 2014; Uszko et al.
2017) work on the effects of temperature on fitness, spe-
cies interactions, and even simple food webs (Petchey et al.
1999, 2010; Barton and Schmitz 2009). However, the ex-
tension of thermal ecology to thermal community ecology
should be a priority since individual species and species in-
teractions exist within broader food webs and ecological
communities. With the theoretical perspective developed
here, some predictions can be made about which aspects
of community thermal niche might be important for out-
comes with a warming climate.
Figure 4: Sensitivity analysis of simulation model, showing the median indirect effect of warming (Dindirect) for communities of one, two,
three, 10, and 30 predators. Sensitivity analyses are shown with respect to the mean of predator thermal optima (Topt; a), standard deviation
(s.d.) of predator thermal optima (b), predator thermal niche breath (jopt; c), and standard deviation of the lognormal species abundance
distribution (d).
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The range of variation of thermal optima in a commu-
nity is the primary aspect of the community thermal
niche that we expect to mediate effects of warming on a
community. As identified by Kühsel and Blüthgen (2015),
greater variation in thermal optima in a community repre-
sents higher functional diversity, which has been predic-
ted by theory to create greater resilience to environmental
change, which they found to be the case for the commu-
nities of pollinators that they studied. In the present study,
we further show that large variation of thermal optima in a
community increases the potential for predator diversity to
attenuate indirect effects of warming on prey species. This
has the potential to aid in predictions of the effects of warm-
ing on predator-prey dynamics: if a community has suffi-
cient variation in predator thermal niches, then we can ex-
pect that climate will have a greater effect on prey species
via direct effects than indirect effects.
The breadth of thermal niches within a community is

another aspect of the community thermal niche that we
expect to have important implications for the effects
of warming on a community. For community resilience,
greater thermal niche breadth has a positive effect, since
greater breadth of function can only increase resilience
(Kühsel and Blüthgen 2015). Kühsel and Blüthgen (2015)
define thermal niche complementarity for their purposes
as the weighted coefficient of variation of thermal optima.
Since we are interested in the degree of change in preda-
tion risk with temperature, complementarity here results
from a combination of sufficient variation in predator ther-
mal optima as well as narrower predator niche breadth
(fig. 4b, 4c). Narrower thermal niches with sufficiently dif-
ferent optima result in less change in predation risk with
environmental temperature because as one predator be-
comes less active, there is another that is becoming more
active, resulting in a consistent predation risk despite chang-
ing temperature. In this way, high complementarity com-
bined with greater species diversity should lead to much
weaker indirect effects of warming.
From here we can ask, in which communities do we ex-

pect to see narrower thermal niches, greater variation in
thermal optima, and greater diversity of predators and
therefore weaker indirect effects of warming? Generally,
we expect to see narrower thermal niches (Janzen 1967;
Deutsch et al. 2008) and greater diversity (Mittelbach et al.
2007) of ectotherms in the tropics. All else being equal, this
would predict weaker indirect effects of warming in the
tropics. However, if ectotherms in temperate environments
have higher variation in thermal optima than in the tropics,
this might counteract broader niches in the temperate zone
in terms of the attenuation effect of predator diversity on
indirect effects of warming. In this scenario, whether tem-
perate and tropical ectotherm predator communities have
similar or different thermal niche complementarity might
depend on whether the relative magnitude in the increase
of niche breadth and variation in thermal optima with lat-
itude are similar or different enough to result in positive,
negative, or no change in complementarity with latitude.
We also found from sensitivity analyses that decreasing

distance of the thermal optimum of prey survival (in our
simulations, 17.667C) from the mean of predator thermal
optima leads to both greater overall indirect effects of
warming and greater attenuation of indirect effects by pred-
ator diversity. This means that the thermal optimum of
a prey species relative to the community of potential pred-
ators has important implications with respect to climate
warming effects. If we assume that a species has an invariant
thermal niche across its range (which may or may not be
the case; Angilletta et al. 2002) and that most species are
best adapted to thermal conditions at the climatic mean
of their range, then on average a species near its range limit
is likely to have a lower thermal optimum than most other
species in the community at the warmer edge and a higher
thermal optimum than most other species at the colder
range edge. If this is the case, we can expect much stronger
indirect effects of warming at range edges because of more
consistent directional asymmetries and thereforeweaker com-
pensating effects of predator diversity. Such effects could con-
tribute to range shifts owing to climate warming, through
negative indirect effects at warmer range edges and positive
indirect effects at the colder range edge.
Our modeling approach makes several simplifying as-

sumptions. First, we examine only short-term dynamics,
consider only prey survival and reproduction, and do not
consider long-term outcomes. This is because coexistence
of multiple predators in the long term is not simple, since
generally whichever predator more efficiently utilizes a
prey species will outcompete all the others (Tilman 1982)
and examining mechanisms of predator coexistence is be-
yond the scope of this study. In addition, we do not con-
sider the effects of warming on predator-predator interac-
tions or of functional responses to prey density. The effects
of predator-predator interactions are likely to result in dom-
inance of some predators over others, which, based on our
results, would be expected to reduce the attenuating effect
of predator diversity on indirect effects of warming. Simi-
larly, if predators differ in their functional responses to prey
density as it decreases over time (e.g., prey switching or
not), that would likely serve to reduce the attenuating effect
of predator diversity. In both cases, greater predator diver-
sity would likely be required for an equivalent attenuating
effect.
Given our results, we see several further theoretical and

empirical research directions that we believe would pro-
vide significant insight into the topic of predicting indirect
versus direct effects of climate warming on predator-prey
communities. Further modeling work could incorporate
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short-term dynamics as explored here into dynamical
models examining long-term behavior of predator-prey
communities with varying traits that influence significant
aspects of the community thermal niche. In addition, fur-
ther modeling work could investigate the effects of multi-
ple prey species and integrate effects of the community
thermal niche and food web structure. The empirical char-
acterization of the community thermal niche of more spe-
cies assemblages is also an essential next step to further
test ideas developed here.We believe that these data are es-
sential for understanding how climate warming will affect
communities through direct versus indirect pathways. Au-
tomated sampling methods as used here (McMunn 2017)
offer the potential to relatively easily characterize the ther-
mal activity distributions of other assemblages of inverte-
brates, a task that would otherwise be logistically difficult.
Finally, manipulative experiments of warmed communities
in mesocosms would offer the strongest test of hypotheses
developed here with regard to how multiple aspects of the
community thermal niche will influence the relative impor-
tance of direct versus indirect effects of warming on predator-
prey communities.
Conclusions

Theoretical and empirical work investigating the effects of
climate warming on species interactions has made signifi-
cant progress in describing how climate warming is ex-
pected to affect ectotherm predator-prey pairs (e.g., Dell
et al. 2014; Uszko et al. 2017). Little work has extended to
examine the effects of warming onmultispecies interactions
(but see Barton and Schmitz 2009). We propose that the
community thermal niche (Kühsel and Blüthgen 2015) is
a useful concept and approach to investigate community
dynamics under climate warming, based on predictions
with regard to community thermal niche traits from our
simulation models developed here. Specifically, we predict
that species preyed on by many thermal complementary
predators will experience weaker indirect effects of warm-
ing than those that are preyed on by fewer or less comple-
mentary predators. Predictions that can be derived from
traits of species composing a community are essential if we
are to decompose some of the complexity of climate warm-
ing effects on communities that are mediated through bi-
otic interactions (cf. Tylianakis et al. 2008; Post 2013; Dell
et al. 2014).
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