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Abstract

The frequency and magnitude of extreme events are predicted to increase under future climate change. Despite recent
advancements, we still lack a detailed understanding of how changes in the frequency and amplitude of extreme cli-
mate events are linked to the temporal and spatial structure of natural communities. To answer this question, we used
a combination of laboratory experiments, field experiments, and analysis of multi-year field observations to reveal the
effects of extreme high temperature events on the demographic rates and relative dominance of three co-occurrence
aphid species which differ in their transmission efficiency of different agricultural pathogens. We then linked the geo-
graphical shift in their relative dominance to frequent extreme high temperatures through a meta-analysis. We found
that both frequency and amplitude of extreme high temperatures altered demographic rates of species. However,
these effects were species-specific. Increasing the frequency and amplitude of extreme temperature events altered
which species had the highest fitness. Importantly, this change in relative fitness of species was consistent with signif-
icant changes in the relative dominance of species in natural communities in a 1 year long field heating experiment
and 6 year long field survey of natural populations. Finally, at a global spatial scale, we found the same relationship
between relative abundance of species and frequency of extreme temperatures. Together, our results indicate that
changes in frequency and amplitude of extreme high temperatures can alter the temporal and spatial structure of nat-
ural communities, and that these changes are driven by asymmetric effects of high temperatures on the demographic
rates and fitness of species. They also highlight the importance of understanding how extreme events affect the life-
history of species for predicting the impacts of climate change at the individual and community level, and emphasize
the importance of using a broad range of approaches when studying climate change.
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Introduction

The increase in frequency and severity of extreme cli-
mate events (heat waves, cold snaps, droughts, floods,
etc.) has become an important topic for the global
change agenda and ecological research. Observations
and climate projections indicate a continuing increase
in average surface temperatures (IPCC, 2013). Impor-
tantly, even small changes in average temperature can
dramatically increase the frequency and magnitude of
extreme high temperature events (EHTs) (Fig. 1). Such
EHTs have already caused a series of severe social,
economic, and ecological problems (Easterling et al.,
2000; Parmesan et al., 2000; Jiguet et al., 2011) and are
expected to increase in intensity and in frequency with
the continuation of climate warming (Easterling et al.,
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2000; Meehl & Tebaldi, 2004; Hansen et al., 2012; IPCC,
2013). Yet, previous studies have largely focused on
how changes in mean temperature affect populations
and community structure while neglecting changes in
EHTs (reviewed in Easterling et al., 2000; Jiguet et al.,
2011; Smith, 2011a; Lloret et al., 2012; Reyer et al.,
2013). Consequently, we still have a poor understand-
ing of when EHTs influence the structure of natural
communities and what the underlying mechanisms
are.

Recent theory and empirical work suggest that
extreme temperatures are often more important for fit-
ness and demographic rates of species than mean tem-
perature. For instance, important fitness components
such as critical thermal maximum and thermal opti-
mum are more closely related to the variation in tem-
perature than to the mean (Clusella-Trullas ef al., 2011).
As a consequence, studies based on constant tempera-
tures often overestimate optimal temperature, thermal
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Fig. 1 (a) Theoretical relationship between the frequency of extreme high temperatures (EHTs) and the increases in mean temperature
assuming a normal temperature distribution [Source: adapted from IPCC (2013)]. (b) The relationship between the mean temperature
and EHTs frequency (number of days with maximum temperatures >30 °C during ~2 months before winter wheat harvest) across glo-
bal areas where cereal aphids infest [Linear regression (solid line): y = —0.43-0.03x, R? = 0.448, P < 0.001]. Data collected from Table 1.

safety margins (Clusella-Trullas et al., 2011), and tem-
perature-dependent fitness in animals (Ragland &
Kingsolver, 2008; Paaijmans et al., 2010; Clusella-Trullas
et al., 2011; Lyons et al., 2013) and plants (reviewed in
Reyer et al., 2013). EHTs could therefore have signifi-
cant negative impacts on the fitness of species even if
the mean temperature is still within a suitable (or even
optimal) temperature range.

While these studies suggest that EHTs can influence
the fitness of species, EHTs will only affect the structure
of communities (i.e. relative abundances of species)
when they differentially affect the fitness of coexisting
species. Such species-specific responses require that
organisms differ in how their demographic rates and
fitness are affected by high temperatures and that EHTs
push the temperature above a threshold level at which
these differences become significant. Hence, variation
in the amplitude of EHTs should determine when and
how EHTs alter community structure. In addition,
these EHT episodes have to be frequent enough for fit-
ness differences to manifest. For instance, exposing the
aphid Metopolophium dirhodum to an extreme high tem-
perature for a single day had no consequences, but its
performances were greatly decreased when this treat-
ment was repeated for several successive days (Ma
et al., 2004a,b). Thus, when and how EHTs alter com-
munity structure should depend on the interactive
effects of their frequency and amplitude on the relative
fitness of coexisting species.

While increasing evidence indicates that EHTs have
the potential to alter animal and plant communities
(Smith, 2011b; Reyer et al., 2013; Wernberg et al., 2013),
studies examining the effects of changes in the
frequency and amplitude of EHTs are rare (Kreyling &
Beier, 2013). The few existing studies that manipulated
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the frequency and amplitude of EHTs clearly demon-
strate that variation in the frequency and amplitude of
EHTs has the potential to alter communities, but they
were restricted to laboratory systems and did not mea-
sure which demographic rates were affected and
whether these effects were species-specific (Gillespie
et al., 2012; Sentis et al., 2013). Thus, we still lack a
detailed mechanistic understanding of how relative dif-
ferences in demographic rates and fitness of coexisting
species are linked to changes in EHTs and the temporal
and spatial structure of natural communities.

To address this conceptual gap, we used a combina-
tion of laboratory and field experiments, analysis of
field observations, and a meta-analysis to determine
how the frequency and severity of EHTs influence the
structure of natural communities (Fig. 2). In particular,
we used a guild of aphid species to test the hypothesis
that changes in the amplitude and frequency of EHTs
differentially affect demographic rates (and thus popu-
lation growth rates) of coexisting species and thereby
alter relative abundances of species across temporal
and spatial scales. First, we used a laboratory experi-
ment to test how intensity and frequency of EHTs
affected demographic rates and relative fitness of spe-
cies. Second, we conducted a field study, a 6 year field
investigation, and a meta-analysis to determine how
EHT frequency is correlated with changes in the rela-
tive dominance of these species across time and space
in complex natural communities and whether this cor-
responds to observed changes in relative fitness across
species. This combination of controlled experiments
and field observations overcomes limitations of previ-
ous approaches (Kreyling & Beier, 2013; Reyer et al.,
2013) and allowed us to explicitly link fitness differ-
ences among species to variation in the frequency
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Fig. 2 Four complementary approaches used in this study to determine how changes in extreme temperature events (EHTs) will affect

structure of natural communities.

and amplitude of ETHs and the structure of natural
communities.

Materials and methods

Study system

To examine the effects of EHTs on natural communities, we
used a guild of three coexisting aphid species as a model
system: Sitobion avenae, Schizaphis graminum, and Rhopalosip-
hum padi. These species coexist in our local study site where
they face extreme summer temperatures during the growing
season in their natural habitat, and these temperature
extremes are predicted to increase in both intensity and fre-
quency in this geographic region (Liu et al., 2004; Zhang et al.,
2008). The species have short life-cycles and are consequently
highly vulnerable to the changes in short-term EHTs (Danks,
2006). Their field population dynamics and outbreaks are
known to be temperature-dependent (Acreman & Dixon,
1989; De Barro & Maelzer, 1993; Ma, 2000; Asin & Pons, 2001).
Importantly, the three focal species tolerate different constant
high temperatures (Asin & Pons, 2001; Merrill et al., 2009; Tof-
angsazi et al., 2010), suggesting that changes in EHTs could
alter their relative abundance in the community. Finally, while
all these aphid species are important pest species causing
severe yield losses, they differ in their preferred infestation
site on cereals (Dean, 1974; Dixon, 1977; Qureshi & Michaud,
2005a) and their ability to transmit Barley Yellow Dwarf Virus
(BYDV) (Zhang et al., 1983; Seabloom et al., 2009, 2013), one of
the most widely distributed viral disease of cereals. Thus,
changes in the relative abundances of these species are likely
to have important, ecosystem wide consequences.

Effects of EHTs on demographic rates and fitness:
laboratory experiment

Experimental design. We used a factorial design that
independently manipulated the frequency and amplitude
(peak temperature) of EHTs in conjunction with a modified
life-table experiment to test how the frequency and intensity
of EHTs affect demographic parameters and population
growth of the three aphid species. The resulting four EHT
regimes were: LL: low intensity-low frequency with one
peak of 34 °C every 2 days, LH: low intensity-high fre-
quency with one peak of 34 °C daily, HL: high intensity-low
frequency with one peak of 38 °C every 2 days, and HH:
high intensity-high frequency with one peak of 38 °C daily
(Figure S1). We selected these treatments for several reasons.
34 °C was a frequently recorded high temperature in our
study region (see Figure S2). The maximum temperature
observed during aphid infestation in our study area in 2013
was 37.5 °C (see Figure S3), and climate models for our
study site region predict that the extreme maximum temper-
ature will increase by 1.27 °C by the end of this century
(Liu et al., 2004). Thus, 38 °C is an extreme temperature that
naturally occurs in our field sites and is expected to be
more frequent in the future. Finally, we used our two fre-
quency treatments for EHTs (0.5 and 1.0 EHT per day)
based on climate change models which also predict that the
frequency of extreme heat events in China will increase by
more than five times in the future (2071-2100) (Zhang et al.,
2008). Based on current frequencies of EHTs (see Table S1),
this would result in an average frequency of EHTs exceed-
ing 0.5 in our study region. Thus, our design follows previ-
ous studies (Gillespie et al., 2012; Sentis et al., 2013) by using
two typical intensities and two frequencies of EHTs in our
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experiment which represent possible future climate condi-
tions in our study area.

Temperature was kept constant at 22 °C on days without a
peak. On days including a peak, temperature started to
increase linearly at 08:00 hours, reached and stayed at the
maximum (34 or 38 °C) from 12:00 to 13:00 hours, and then
decreased to 22 °C by 16:00 hours. Temperature was kept con-
stant at 22 °C for the rest of the day. While this inevitably lead
to small differences in daily mean temperatures of the four
regimes (23.3, 24.4, 23.6, and 25.3 °C respectively), keeping
minimum temperatures constant eliminated the confounding
effects of different minimum temperatures that occur in our
study system (Zhao et al., 2014). In addition, these differences
were very small and daily means were below the range of
upper critical mean temperatures for population growth
[intrinsic rate of increase (r,) > 0] recorded for all three aphid
species in different regions, ie. 25-26.5 °C for S. avenae,
25-27 °C for S. graminum and 27-28.5 °C for R. padi (Table S2).
The small differences in mean temperatures we used are
therefore unlikely to alter the relative abundance of these spe-
cies, while changing other aspects of the temperature regime
(e.g., reducing minimum temperatures) are known to alter
life-history traits and thereby lead to confounding effects of
EHT treatments (see Discussion).

Experimental manipulation. We ran the life-table experiment
for one generation in climatic chambers (PQX, Laifu Ltd.,
Ningbo, China; accuracy: 1 °C). The three species were tested
separately to eliminate possible direct or indirect interspecific
competition. For each species, 30 newborn aphids (0-6 h old)
were tested for their whole life from birth to death. All aphids
were obtained from stock colonies reared on 520 cm high
winter wheat seedlings (CA0045) in screen cages
(60 x 60 x 60 cm) at a constant temperature of 20 °C at 50—
70% relative humidity and 16 : 8 light : dark photoperiod.
These aphids were placed into six translucent clip-cages
(diameter = 35 mm, with two window screens for ventilation)
in groups of five. The aphids in each clip-cage were fed on
one fresh leaf (clamped by the clip-cage) of wheat seedlings.
Nymphal development and survival were checked twice per
day at 07:00 and 19:00 hours, respectively. Different instar
nymphs were determined by their exuvia and exuvia and any
dead nymphs were removed from the clip-cage. Reproduction
and survival of adults were observed once a day at
19:00 hours, and dead adults and new offspring were
removed. After each observation, the focal aphids from a clip-
cage were placed into a new one and returned to climatic
chambers. The aphids were transferred to new seedlings
weekly. Within each chamber, photoperiod was 16L: 8D, with
light from 06:00 to 22:00 and darkness from 22:00 to 06:00, and
relative humidity was the same to their rearing condition.

Response variables. Proportional survival, developmental rate,
lifetime fecundity, adult longevity, and lifespan were used as
demographic variables, and the intrinsic rate of increase, 7y,
was used as a measure of relative fitness and population
growth. For each variable, we calculated cage means by averag-
ing across all five individuals within a cage. Proportional
survival was the number of alive nymphs that developed into
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adult stage. Developmental rate was given by the number of
days until nymphs reached the adult stage. Lifetime fecundity
(no. offspring/female) and adult longevity were calculated as
the total number of offspring and days from adult emergence
until death respectively. Lifespan was given by the number of
days from newborn to death. r,, was calculated from the
life-table with Pop Tools 3.2.5 according to Hood (2011).

Statistical analysis. The effects of changes in EHTs on each
response variable were analyzed using a 2 x 2 x 3 factorial
design, with frequency and amplitude of EHTs and species
identity as fixed factors. The effects on developmental rate,
lifetime fecundity, adult longevity, lifespan and r,,, of different
species were analyzed with ANOvas and normally distributed
errors using the GLM procedure in SAS V8. Proportional sur-
vival was analyzed with a generalized linear mixed model
(GLM) with binomial error distribution using the GENMOD
procedure. For each variable, the levels of significant differ-
ences between different species under the four regimes were
compared using planned contrasts based on least-square
means.

Effects of EHTs on the structure of natural communities:
field experiment

Experimental design. To reveal the effects of different EHT
frequency on the population dynamics and relative domi-
nance of the three species under natural climate conditions
and species interactions (e.g., competition, predation, parasit-
ism), a field study was conducted in winter wheat fields
(ZM9023) in Wuhan (30°28' N, 114°25 E), Hubei province,
China, from April 1 to May 31, 2013. Each of five randomly
selected plots was divided into two 2 x 2 m paired subplots
and one subplot was exposed to warming and the other to a
control (ambient) treatment. In the warming treatment, we fol-
lowed previous studies (Dollery et al., 2006; Fujimura et al.,
2008; Villalpando et al., 2009) by using open-top chambers
(height: 1.0 m; area: 3.5 m?) to simulate an increase in average
surface temperature (~ ambient + 1.5 £ 0.5 °C across years).
Natural enemies were frequently observed to enter (and
reproduce in) the open-top chambers as well as the ambient
treatment. As expected (Fig. 1a), the warming treatment ele-
vated daily maximum temperatures (Figure S2a) and thereby
increased EHT frequency (the number of days with daily max-
imum temperatures > 30 °C during aphid infestation) by ~
60% (Figure S2b). Thus, the ambient and warming treatments
represented low EHT frequency (0.361) and high EHT fre-
quency (0.508) conditions, respectively. The 30 °C was
selected as the threshold temperature because field aphid pop-
ulations of S. avenae typically collapse when daily maximum
temperatures exceed this value (Castanera, 1986). Tempera-
tures within the ambient and warming treatments were
recorded every 20 min (Hobo Pro Ltd., Bourne, MA, USA;
accuracy: 0.1 °C). Importantly, differences in mean tempera-
tures between the ambient and warming treatments were
small (20.0 £ 4.6 °C vs. 21.5 £ 4.7 °C, respectively) and well
below the upper critical mean temperatures for population
growth of all species (Table 52).
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Experimental manipulation. The winter wheat was sown in
late October 2012. When the winter wheat revived from over-
wintering (early March), it was naturally colonized by alate
(winged) aphid morphs. After this colonization period, we
placed the open-top chambers on the subplots in warming
(high frequency) treatment. In both ambient and warming
treatments, the aphids came just from natural colonization
and subsequent reproduction, and no aphid was added. The
original abundances (adults per tiller) of S. avenae, S. graminum
and R. padi were 0.32, 0.04, 0.12 (ambient), and 0.04, 0.0, 0.14
(warming), respectively. Within each subplot, number of indi-
viduals per tiller of each of the three aphid species was
recorded on 10 tillers (belonging to ten different wheat plants)
every 3—4 days from April 1st to May 31st (~5-8 generations
for each species).

Statistical analysis. We first examined the effect of EHT fre-
quency on the relative dominance of each species using a mul-
tivariate permutation test PERMANOVA (Anderson, 2001) with
the average proportional abundance of the three species as
dependent variable and ambient (low frequency) and warm-
ing (high frequency) conditions as fixed effect and plot as ran-
dom effect. The community matrix was based on proportional
abundances of species to account for any potential differences
in total abundance across plots. The analysis was based on
Bray—Curtis dissimilarity index and 9 999 permutations. Aver-
age proportional abundance was based on all observations in
a subplot during April-May where at least one individual of a
species was observed. To gain further insight into the patterns
driving shifts in community structure, we examined species-
specific responses to EHT frequency using a one-way ANOVA
with species as fixed effect, the difference in average propor-
tional abundance (high frequency—low frequency) between
subplots as dependent variable and plot as random effect. This
allowed us to determine whether the relative abundance of a
species changed significantly with treatments, and whether
this change was species-specific.

Effect of EHTs on the structure of natural communities:
field observation

Experimental design. To reveal how variation in EHT
frequency between years would affect the relative dominance
of the three species in natural communities, a 6 year field
observation was conducted in the same location during
2008-2013. Five monitoring plots (2 x 2 m) were randomly
selected in each year. Within each plot, we recorded the
number of aphids on each of 10 tillers every 3—4 days, using
the same method described in the field study (see above).
For each species, we calculated aphid abundance and pro-
portional abundance per year as the mean aphid number
(cumulative per tiller) and their proportion within each of
the five plots. Daily mean and maximum temperatures were
recorded (Hobo Pro Ltd.; accuracy: 0.1 °C) during the grow-
ing season of winter wheat. Here, a hot day was again
defined as a day where the maximum day temperature
exceeded 30 °C. We focused on frequency of a much lower
threshold (30 °C) than in the laboratory experiment (34 and

38 °C) because the air temperatures (which we recorded in
field) were found to be much lower than the temperatures
on wheat plant (Pararajasingham & Hunt, 1991; Asin & Pons,
2001; Inagaki & Nachit, 2008). The number of hot days dur-
ing April and May were used for calculating EHT frequency
because the aphids mainly infested fields during this period.
During 2008-2013, the EHT frequency ranged from 0.066 to
0.164 and the average temperatures from 18.6 °C to 21.1 °C
(Table S1).

Statistical analysis. To determine whether changes in EHT
frequency influence community structure, we used PERMANOVA
with frequency of EHT events within a year as fixed effect.
The community matrix was again based on proportional
abundances of species to account for any potential differences
in total abundance across years and plots. Statistics are based
on Bray—Curtis distances and 9 999 permutations. We then
determined the effect of EHT frequency on proportional abun-
dance of each species using GLM with binomial distributed
error terms with the GENMOD procedure in SAS.

Linking EHT frequency and community structure on a
global scale: a meta-analysis

Relative dominance. We used a meta-analysis to reveal
whether and how the frequency of EHTs affects the relative
dominance of the three aphid species at a large geographical
scale. Data for their relative dominance worldwide were col-
lected by using the following search engines: Google, CAB
Abstract, and Web of Knowledge, with the scientific names of
at least two species (because not all areas have all three spe-
cies) as key words. Previous studies indicate that, although
the relative abundances of the three species could vary in
some years, their relative dominance is typically stable over
long time periods for a given area (Carter et al., 1982; Huang
et al., 1996; Leslie et al., 2009). Therefore, we only included
studies based only on long-term observations that fulfilled at
least one of the following criteria: (i) successive observations,
including field investigations (>4 successive growing seasons),
literature reviews or the data on official websites of extension
services and research institutes; (ii) nonsuccessive observa-
tions, including at least four different growing-season obser-
vations in the same areas where each observation showed the
same relative dominances of the three species. Data collected
from cold areas, such as Sweden and Finland, were excluded
because the presence of the primary host (Prunus padus) for
overwintering of R. padi may lead to more overwintering sur-
vival in this species and consequently higher abundance (rela-
tive dominance) than the others in these areas (Rautapaa,
1976; Chiverton, 1986). Studies on the aphid abundance only
based on migration data (suction, water, sticky traps, etc.) or
autumn/overwintering number were also excluded because
these data might not represent the aphid density in spring and
early summer. We then determined the relative dominance of
the three species for each area using three groups: 3 = domi-
nant, 2 = subdominant, 1 = least dominant (no record or
restrict distributed according to the Distribution Maps of
Plant Pests, CABI). We only used one randomly selected
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representative location to represent the relative dominance of
the three species in each area to avoid pseudo replication.

Frequency of EHTs. For each location, we determined the
mean temperature and number of hot days with daytime max-
imum temperature >30 °C during main aphid infestation time
period to calculate the frequency of EHTs. Data for daily
maximum and mean temperatures for each location were col-
lected from China Meteorological Data Sharing Service System
(CMDS) (http://cdc.cma.gov.cn). Overall, each metrological
data point was chosen to be as close as possible to the study
site (no more than 1° latitude x longitude). For each location,
the data for 10 years before the latest literatures were used for
calculating the frequency of EHTs and mean temperatures. The
10 years were selected as the typical climatic conditions
because the data for relative dominance in most locations were
within this time scale. For some locations (9/36 of the total
sites) where temperature data could not be obtained from
CMDS, data for daily maximum and mean temperatures were
collected from Weather Underground (http://www.wunder
ground.com). In field conditions, the aphid density of all three
species increased rapidly before wheat maturity. Therefore, the
2 months before wheat harvest were selected as the main time
period for aphid infestation. The wheat harvest time for each
location was determined according to World Wheat Harvesting
Calendar (International Wheat Council), Usual Planting and
Harvesting Dates for U.S. Field Crops (USDA) and Australian
Wheat (AWB). The relative dominance of the three aphid
species in different areas with various latitude, frequency of
EHTs, and mean temperatures were shown in Table 1.

Statistical analysis. We analyzed the relationships between
relative dominance of the three species and the frequency of
EHTs for various areas using ordinal regression. Because EHT
frequency and mean temperature are closely correlated
(Fig. 1), we included mean temperature in the full model to
separate the effects of EHT frequency from change in mean
temperature. Significance of mean temperature and EHT
effects were determined with likelihood ratio test and we only
report partial coefficients and significance values that control
for the other main effect. We used the package ‘ordinal’ in R,
with probit-link function and flexible thresholds. All assump-
tions of the model were met.

Results

Effects of EHTs on demographic rates and fitness:
laboratory experiment

The results of aNovas and GENMOD analyses for the
effects of intensity, frequency and species on propor-
tional survival, developmental rate, lifetime fecundity,
adult longevity, lifespan and r,, of the aphids were
given in Table 2. Overall, intensity and frequency had
significant effects on almost all demographic rates and
fitness of species, but the significant interactions with
species indicated that these effects were typically spe-
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cies specific. These interactions were generally driven
by a switch in the relative ranking of fitness and demo-
graphic rates of S. gramium and R. padi with changing
in EHT intensity. In low intensity—low frequency treat-
ments, the three species had little difference in nymphal
survival (3%, 15 = 1.12, P = 0.5718) and adult longevity
(F2,17 = 2.06, P = 0.1618), but S. graminum had signifi-
cant higher developmental rate (F,i; =43.67, P <
0.0001) and lifetime fecundity (F,i7 = 9.45, P = 0.0022)
than S. avenae and R. padi. Although S. graminum had
the shortest lifespan (Fp;7 = 3.09, P = 0.0754), it still
had a significant higher fitness (i.e. intrinsic rate of
increase, ry,) (Fp17 = 25.18, P < 0.0001) than the other
species (Fig. 3). In the low intensity—high frequency
treatment, there was no significant difference between
these species on nymphal survival (3? = 0.63, df = 2, 15;
P =0.7289), lifetime fecundity (F,,7 = 2.23, P = 0.1419),
and lifespan (F,17 = 2.93, P = 0.0841). S. graminum had
significant higher developmental rate (F,;7 = 27.26,
P <0.0001). Despite R. padi having the longest adult
longevity (Fp17 = 5.15, P =0.0198), S. graminum still
had the highest fitness (r,y,) (F2,17 = 5.55, P = 0.0157).

However, the pattern changed dramatically in the
high intensity—low frequency treatment. Now, R. padi
had a significant higher developmental rate (Fyi7 =
30.81, P <0.0001), lifetime fecundity (F,;; =38.17,
P =0.0040), nymphal survival (x?>=4.89, df =2, 15;
P =0.0866), and adult longevity (Fi; =538, P =
0.0173) than S. avenae and S. graminum, but there was
no significant difference for lifespan between these
species (Fp17 = 2.15, P = 0.1507). Consequently, R. padi
had also the highest fitness (ry,) (Fz16=7.87,
P =0.0051), reversing the relative fitness difference
observed in both low intensity treatments (Fig. 3).

A similar pattern was observed in high intensity—
high frequency treatment. R. padi had again significant
higher lifetime fecundity (Fy14 =29.5, P < 0.0001),
adult longevity (F,14 = 31.09, P < 0.0001), nymphal sur-
vival (y?=8.29, df =2, 15; P = 0.0159), and develop-
mental rate (Fp14 = 15.96, P = 0.0004) than the other
two species, but now it also had the highest lifespan
(Fp,17 = 291, P = 0.0858). Thus, R. padi had even higher
relative fitness (1) (F11 = 15.98, P = 0.0011) compared
to the other two species (Fig. 3).

Effect of EHTs on the structure of natural communities:
field experiment

The aphid community structure differed significantly
between high and low EHT frequency treatments (PER-
MANOVA, Fy9 = 5.0, P = 0.035) but not plots (Fy9 = 2.9,
P =0.138) (Fig. 4a). This change was driven by a
species-specific response to change in EHT frequency
(species x frequency: Foeg; =7.97, P =0.0162). The
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proportional abundance of S. graminum significantly
decreased by 21.4% (+7.53, SE) (P = 0.047), while R.
padi significantly increased by 19.9% (+6.4, SE)
(P = 0.036) with higher EHT frequency, while S. avenae
did not differ significantly (P = 0.916) between treat-
ments (Fig. 4b).

Effect of EHTs on the structure of natural communities:
field observation

During 2008-2013, aphid abundance of the three
species varied substantially between years (Fig. 5a).

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 1794-1808

More importantly, relative abundances of each spe-
cies were also significantly influenced by EHT
frequency (PERMANOVA, Fjog=23.0, P =0.001). This
change in community structure was driven by a spe-
cies-specific response to EHT frequency. Consistent
with the laboratory study, the proportional abun-
dance of S. avenae (y =0.94 —491x, F;y9 = 18.08,
R*=10.392, P <0.001, Fig. 5b) and S. graminum (y =
0.35-1.86x, F;20=9.61, R*=0.256, P =0.004, Fig. 5c)
decreased whereas that of R. padi (y = —0.28 + 6.77x,
Fip9 = 31.81, R?=0532, P <0.001, Fig. 5d) increased
with EHT frequency.
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Linking EHT frequency and community structure on a
global scale: a meta-analysis

The relative dominance of S. avanae did not change sig-
nificantly with mean temperature, but significantly
decreased with EHT frequency (regression coefficient
p = —10.88, 95% CI: —18.1-4.25, P < 0.001). In contrast,
the relative dominance of R. padi strongly increased
with EHT frequency (f =121, 95% CI. 2.95-224,
P =0.008), even after accounting for the positive effect
of mean temperature (f =0.40, 95% CI: 0.09-0.74,
P =0.01). The relative dominance of S. gramium also

increased with EHT frequency (f = 11.86, 95% CI: 1.43—
22.23, P = 0.03) but instead was negatively related to
mean temperature (f = —0.83, 95% CI. 1.46-0.31,
P =0.004).

There were significant differences between dominant
species in frequency of EHTs (aNcova, F,3s = 5.94,
P = 0.006; Tean: F135 = 621, P = 0.018). On a global
scale, R. padi was dominant in areas with the highest
EHT frequencies (0.243 £ 0.110). Frequency of EHTs
did not differ between S. avenae and S. graminum
(0.090 + 0.042 and 0.111 + 0.033, respectively) (Fig. 6).

Discussion

Extreme climatic events are predicted to increase in
both frequency and severity under future climate
change scenarios. Despite recent progress, predicting
how extreme climate events influence the structure and
dynamics of natural communities and identifying the
underlying mechanisms have been difficult (Kreyling &
Beier, 2013; Reyer et al., 2013). Here, we found that
changes in the frequency and severity of EHTs altered
a range of demographic rates of coexisting species, but
these effects were species-specific. As a consequence,
changes in EHTs altered the relative fitness of species.
Importantly, these changes in relative fitness were pre-
dictive of how changes in EHT frequency across time
or space altered the relative dominance of species in
natural communities. Together, these results emphasize
the importance of accounting for EHTs and the biology
of species for predicting how climate change will affect
natural ecosystems.

Changes in heat frequency and amplitude alter relative
fitness of species

Episodic extreme high temperatures can cause multiple
physiological and developmental problems in organ-
isms (Denlinger & Yocum, 1998; Zhang et al., 2013).
Thus, even small shifts in temperature extremes may
significantly influence fitness and population dynamics
of organisms (Karl et al., 2011). Consistent with these
predictions, we found that increasing EHT amplitude
had strong negative consequences on most demo-
graphic rates of species. However, we also found that
increasing the frequency of EHTs significantly reduced
the fitness of two (S. avenae and S. graminum) of the
three species. Frequent EHTs mean that organisms may
not have sufficient time and/or resources to recover
themselves from potential heat injury (Sentis et al.,
2013). Consequently, frequent EHTs can cause much
more severe damages, which could explain the
observed negative effects. These results emphasize the
importance of accounting for change in both amplitude

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 1794-1808
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and frequency of EHTs to predict how EHTs affect the
natural populations.

While increasing severity and frequency of EHTs
clearly affected individuals, we also found that the

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 1794-1808

effects varied among species and demographic rates.
Increasing the severity and frequency of EHTs had
generally a negative consequence on lifespan, adult
longevity, and proportional survival of all species.
However, R. padi was able to compensate for these neg-
ative effects with an increase in lifetime fecundity and
developmental rate. This was not the case for the other
two species where both rates either did not change or
declined dramatically. As a consequence, the fitness
(intrinsic rate of increase) of R. padi was not negatively
affected by increasing the frequency or amplitude of
EHTs, while the other species experienced a clear
decline (Fig. 3). These results indicate that, depending
on the specific species, changes in EHTs can have both
negative and positive effects on demographic rates.
These findings are consistent with previous studies
which found that in the absence of predators, increas-
ing amplitude or frequency of EHTs had either no
effect on the abundance of aphid species (Gillespie
et al., 2012), or decreased aphid abundance (Sentis
et al., 2013). Together, these results emphasize the
importance studying all major demographic rates to
predict the net effects of EHTs on the fitness of species.
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Frequent extreme temperature events alter the spatial and
temporal structure of natural communities

Our study found several independent lines of evi-
dence indicating a clear connection between the
spatial and temporal dynamics of natural communi-
ties and frequency of extreme temperatures. It also
suggests that this variation is driven by asymmetric
effects of extreme temperatures on demographic rates
of species. In our field experiment, we found a strong
change in relative abundance of species in warming
treatments with had 60% more EHT events than the
controls (Figure S2 and Fig. 4). In addition, our field
observations revealed that inter-annual variation in
species abundance and community structure was
strongly correlated with changes in EHT frequency
(Fig. 5). Importantly, these changes in community
structure in the field were similar in both field studies
and could not be predicted based on changes in mean
temperature (see Table S3 and discussion below).
However, the changes were consistent with shifts in
relative fitness observed in our laboratory experi-
ments. This consistency is especially impressive given
that species were raised in isolation under controlled
conditions in the laboratory, while they were embed-
ded in a complex natural community in the field, with
interspecific competitors, predators, and parasitoids,
and other abiotic variation (which likely explained
much of the remaining variation). Finally, we found
the same general pattern again in our meta-analysis,
where variation in EHT frequency across large spatial
scales was correlated with shifts in the relative abun-
dance and distribution of the three species (Fig. 6). In
the meta-analysis and our field observations, these
effects were observed even after accounting for poten-
tial effects associated with changes in mean tempera-
ture. Taken together, results of these four studies
clearly indicate that the observed spatial and temporal
variation in the structure of natural communities was
driven by asymmetric effects of EHT frequency on the
relative fitness of species. These predictions from our
study are consistent with long-term observations in
southwest China which found that S. avenae was the
dominant species before the mid-1970s when the fre-
quency of EHTs was at a lower level. However, R.
padi became dominant starting 1975 when the fre-
quency of EHTs was much higher (Huang ef al., 1996;
Hu et al., 2008). Given that small changes in mean
temperatures can lead to disproportionally large
changes in EHT frequency (Schar et al., 2004; IPCC,
2013), our results suggest that some of the main
effects of climate change on the structure of natural
communities are likely mediated through changes in
EHT frequency.

Effects of changes in mean vs. frequency of extreme
temperatures

Separating the effects of changes in mean vs. extreme
temperatures is a challenge because both factors are
inherently correlated. Any attempt to prevent that cor-
relation (i.e. keeping the mean constant) requires
changes in other aspects of the temperature regime.
These changes could, however, confound the effects of
changes in EHT regimes and there is no a priori reason
to believe that keeping the mean constant is more
important than keeping any other aspect of the temper-
ature pattern constant. For instance, previous studies in
our system have demonstrated that altering minimum
temperatures can significantly alter the effect of tem-
perature extremes (Zhao et al., 2014). Thus, we inten-
tionally avoided changing any other aspects of the
temperature regime (e.g., changes in minimum temper-
ature) with changes in EHT severity of frequency.
While this also inevitably slightly changed the mean
temperature among treatments in both the laboratory
and field experiment, several lines of evidence suggest
that results in both cases were driven by changes in
EHT patterns and not by changes in mean temperature.
First, differences in mean temperatures were small in
the life-table (<2 °C) and field experiment (~1.5 °C).
Second, although we did not test how constant temper-
atures (i.e. without EHT) affect species, all previous
studies indicate that demographic rates and fitness (r,,)
of these species changes little under the mean tempera-
tures we used in life-table and field experiment (see
Tables S3 and S4). If anything, the increase in mean
temperature should have slightly increased growth
rates of all species without changing their relative fit-
ness ranking. Yet at least some demographic rates of all
species and the fitness of two species were negatively
affected by higher frequency and strength of EHTs, and
the relative fitness and relative abundances changed
dramatically with shifts in EHT patterns in our life-
table and field experiments respectively. In addition,
the difference in mean temperature between both low
intensity treatments in the life-table experiment (1.1 °C)
was higher than differences between either one of the
low intensity (0.8 °C) or high intensity treatment
(0.9 °C). Yet, relative fitness of species was largely the
same in low intensity treatments while their relative fit-
ness was reversed in the high intensity treatments
(Fig. 3f). Finally, we found the same pattern (.e.
changes in relative fitness and abundance of species)
also in our long-term field observations and meta-
analysis after accounting for potential effects due to
changes in mean temperatures. Together, all four stud-
ies clearly suggest that changes in EHTs were the domi-
nant driver changing the demographic rates, relative

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 1794-1808
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fitness, and relative abundance of coexisting species in
a manner that cannot be predicted by changes in mean
temperatures. Similar discrepancies between predic-
tions based on mean vs. fluctuating temperatures have
been observed in other studies (Sentis et al., 2013). This
suggests that the effects of climate change on natural
communities could potentially be driven more by
changes in extreme climatic events (e.g., EHTs) than by
changes in average conditions, emphasizing the need to
examine both climatic factors in future studies to make
reliable predictions.

Ecological consequences and potential applications

Our results indicate that changes in EHTs can alter the
temporal and spatial distribution of species and struc-
ture of communities. Such changes can have important
consequences of the functioning of natural and agricul-
tural communities. For instance, our focal species differ
in their transmission efficiency of different virus species
(Miller & Rasochova, 1997) which may cause serious
yield losses on cereals (Dixon, 1977). Shifts in commu-
nity structure of these species may therefore strongly
affect virus co-infection rates in hosts and consequently
overall disease prevalence (Seabloom et al., 2009, 2013).
In addition, the three species differ in preferred feeding
sites and spatial distribution within cereal canopy. S.
avenae is predominantly feeding on ears and thus affect-
ing yield or crop quality directly (Dixon, 1977). By con-
trast, S. graminum and R. padi mainly prefer primary
leaves and stems, respectively (Qureshi & Michaud,
2005b) and impact yield or crop quality indirectly. Shift
in relative abundance of these aphid species is likely to
cause changes in the methods for pest management
(Dixon, 1977). Moreover, these species usually share
multiple predators but differ in their specific interac-
tions. Changes in relative abundance may therefore
alter the spatial distribution of prey species which can
influence the predation efficiency and population
growth of predators (Barton & Schmitz, 2009). Given
that most coexisting species differ in their ecological
niche (and thus functional roles), EHT-mediated
changes in community structure are likely to have
important consequences for the functioning of a large
range of ecosystems.

Changes in temperature extremes are thought to be
more important to organisms, communities and ecosys-
tems than changes in mean under climate warming
(Easterling et al., 2000; Parmesan et al., 2000; Kreyling
& Beier, 2013; Reyer ef al., 2013). However, linking cli-
mate extremes to the spatio-temporal dynamics of natu-
ral communities is a major challenge in the 2lst
century. We have used a combination of approaches
which allowed us to overcome limitations of previous

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 1794-1808

studies and to identify a clear mechanistic link between
the demographic rates and relative fitness of species,
changes in the frequency and amplitude of ETHs, and
the spatial and temporal structure of natural communi-
ties. These results also confirmed that small increases in
average temperature can lead to a substantially increase
in EHT frequency and concurrent changes in commu-
nity structure, indicating that species and community
are more sensitive in response to climate warming than
we expected.

Acknowledgements

We thank Yao Du and Xiang-qian Chang for their assistance in
completing laboratory and field experiment. We express appre-
ciation to Bing-ting Long, Lin Wang, Tian-bo Ding and Li-hui
Cheng for their assistance in completing field observations. This
research was mainly financially supported by research grants of
the National Natural Science Foundation of China (31170393,
31272035) and Beijing Natural Science Foundation (6132029).
Partial financial support was provided by a research project
(2011-G9) of the Ministry of Agriculture (MOA), China.

References

Acreman SJ, Dixon AFG (1989) The effects of temperature and host quality on the rate
of increase of the grain aphid (Sitobion avenae) on wheat. Annals of Applied Biology,
115,3-9.

Anderson MJ (2001) A new method for non-parametric multivariate analysis of vari-
ance. Austral Ecology, 26, 32-46.

Asin L, Pons X (2001) Effect of high temperature on the growth and reproduction of
corn aphids (Homoptera: Aphididae) and implications for their population
dynamics on the Northeastern Iberian peninsula. Environmental Entomology, 30,
1127-1134.

Barton BT, Schmitz OJ (2009) Experimental warming transforms multiple predator
effects in a grassland food web. Ecology Letters, 12, 1317-1325.

Carter N, Dixon AFG, Rabbinge R (1982) Cereal Aphid Populations: Biology, Simulation
and Prediction, pp. 1-92., Pudoc, Wageningen, The Netherlands.

Castanera P (1986) Present status of cereal pests in Spain with special reference to cer-
eal aphids. In: Integrated Crop Protection in Cereals (eds Cavalloro R, Sunderland
KD), pp. 13-24. A.A. Balkema Publishers, Rotterdam.

Chiverton PA (1986) Predator density manipulation and its effects on populations of
Rhopalosiphum padi (Horn.: Aphididae) in spring barley. Annals of Applied Biology,
109, 49-60.

Clusella-Trullas S, Blackburn TM, Chown SL (2011) Climatic predictors of tempera-
ture performance curve parameters in ectotherms imply complex responses to cli-
mate change. The American Naturalist, 177, 738-751.

Danks HV (2006) Short life cycles in insects and mites. Canadian Entomologist, 138,
407-463.

De Barro PJ, Maelzer DA (1993) Influence of high temperatures on the survival Rho-
palosiphum padi (L.) (Hemiptera: Aphididae) in irrigated perennial grass pastures
in South Australia. Australian Journal of Zoology, 41, 123-132.

Dean GJ (1974) The four dimensions of cereal aphids. Annals of Applied Biology, 77,
74-78.

Denlinger DL, Yocum GD (1998) Physiology of heat sensitivity. In: Temperature Sensi-
tivity in Insects and Application in Integrated Pest Management (eds Hallman GJ,
Denlinger DL), pp. 7-57. Westview Press, Oxford.

Dixon AFG (1977) Aphid ecology: life cycles, polymorphism, and population regula-
tion. Annual Review of Ecology, Evolution, and Systematics, 8, 329-353.

Dollery R, Hodkinson ID, Jénsdéttir IS (2006) Impact of warming and timing of snow
melt on soil microarthropod assemblages associated with Dryas-dominated plant
communities on Svalbard. Ecography, 29, 111-119.

Easterling DR, Meehl GA, Parmesan C, Changnon SA, Karl TR, Mearns LO (2000)
Climate extremes: observations, modeling, and impacts. Science, 289, 2068-2074.
Fujimura KE, Egger KN, Henry GHR (2008) The effect of experimental warming on

the root-associated fungal community of Salix arctica. The ISME Journal, 2, 105-114.



1808 G. MA etal.

Gillespie DR, Nasreen A, Moffat CE, Clarke P, Roitberg BD (2012) Effects of simu-
lated heat waves on an experimental community of pepper plants, green peach
aphids and two parasitoid species. Oikos, 121, 149-159.

Hansen ], Sato M, Ruedy R (2012) Perception of climate change. Proceedings of the
National Academy of Sciences of the United States of America, 109, E2415-E2423.

Hood GM (2011) PopTools version 3.2.5. Available at: http://www.poptools.org
(accessed 22 September 2011).

Hu HR, Mao XL, Liang L (2008) Temporal and spatial variations of extreme high-tem-
perature event of summer over Sichuan and Chongging region in last 50 years.
Plateau and Mountain Meteorology Research, 3, 15-20.

Huang RH, Xie XM, Zeng W, He B, Zong Y (1996) Succession of predominant species
of wheat aphids in Sichuan. Journal of Southwest Agricultural University, 18, 554—
556.

Inagaki MN, Nachit MM (2008) Visual monitoring of water deficit stress using infra-
red thermography in wheat. In: The 11th International Wheat Genetics Symposium
proceedings (eds Appels R, Eastwood R, Lagudah E, Langridge P, Mackay M, McIn-
tyre L, Sharp P), pp. 1-3. Sydney University Press, Sydney, Australia.

IPCC (2013) Climate Change in 2013: The Physical Science Basis. Available at: http://
www.ipcc.ch/report/ar5/wgl/ (accessed 27 September 2013)

Jiguet F, Brotons L, Devictor V (2011) Community responses to extreme climatic con-
ditions. Current Zoology, 57, 406-413.

Karl I, Stoks R, De Block M, Janowitz SA, Fischer K (2011) Temperature extremes and
butterfly fitness: conflicting evidence from life history and immune function. Glo-
bal Change Biology, 17, 676-687.

Kreyling ], Beier C (2013) Complexity in climate change manipulation experiments.
BioScience, 63, 763-767.

Leslie TW, van der Werf W, Bianchi FJ, Hongk A (2009) Population dynamics of cer-
eal aphids: influence of a shared predator and weather. Agricultural and Forest
Entomology, 11, 73-82.

Liu B, Xu M, Henderson M, Qi Y, Li Y (2004) Taking China’s temperature: daily
range, warming trends, and regional variations, 1955-2000. Journal of Climate, 17,
4453-4462.

Lloret F, Escudero A, Iriondo JM, Martinez-Vilalta J, Valladares F (2012) Extreme cli-
matic events and vegetation: the role of stabilizing processes. Global Change Biol-
ogy, 18, 797-805.

Lyons CL, Coetzee M, Chown SL (2013) Stable and fluctuating temperature effects on
the development rate and survival of two malaria vectors, Anopheles arabiensis and
Anopheles funestus. Parasites & Vectors, 6, 104.

Ma CS (2000) Modelling and Simulation of the Population Dynamics of the Cereal Aphid
Metopolophium dirhodum in Northern Germany. Verlag Franzbecker, Berlin.

Ma CS, Hau B, Poehling HM (2004a) The effect of heat stress on the survival of the
rose grain aphid, Metopolophium dirhodum (Hemiptera: Aphididae). European Jour-
nal of Entomology, 101, 327-331.

Ma CS, Hau B, Poehling HM (2004b) Effects of pattern and timing of high tempera-
ture exposure on reproduction of the rose grain aphid, Metopolophium dirhodum.
Entomologia Experimentalis et Applicata, 110, 65-71.

Meehl GA, Tebaldi C (2004) More intense, more frequent, and longer lasting heat
waves in the 21st century. Science, 305, 994-997.

Merrill SC, Holtzer TO, Peairs FB (2009) Diuraphis noxia reproduction and develop-
ment with a comparison of intrinsic rates of increase to other important small
grain aphids: a meta-analysis. Environmental Entomology, 38, 1061-1068.

Miller WA, Rasochova L (1997) Barley yellow dwarf viruses. Annual Review of Phyto-
pathology, 35, 167-190.

Paaijmans KP, Blanford S, Bell AS, Blanford JI, Read AF, Thomas MB (2010) Influence
of climate on malaria transmission depends on daily temperature variation. Pro-
ceedings of the National Acadenmy of Sciences of the United States of America, 107,
15135-15139.

Pararajasingham S, Hunt LA (1991) Wheat spike temperature in relation to base tem-
perature for grain filling duration. Canadian Journal of Plant Science, 71, 63-69.

Parmesan C, Root TL, Willig MR (2000) Impacts of extreme weather and climate on
terrestrial biota. Bulletin of the American Meteorological Society, 81, 443-450.

Qureshi JA, Michaud JP (2005a) Comparative biology of three cereal aphids on TAM
107 wheat. Environmental Entomology, 34, 27-36.

Qureshi JA, Michaud JP (2005b) Interactions among three species of cereal aphids
simultaneously infesting wheat. Journal of Insect Science, 5, 1-8.

Ragland GJ, Kingsolver JG (2008) The effect of fluctuating temperatures on ectotherm
life-history traits: comparisons among geographic populations of Wyeomyia smithii.
Evolutionary Ecology Research, 10, 29-44.

Rautapaa ] (1976) Population dynamics of cereal aphids and methods of predicting
population trends. Annales Agriculturae Fenniae, 15, 272-293.

Reyer CPO, Leuzinger S, Rammig A et al. (2013) A plant’s perspective of extremes:
terrestrial plant responses to changing climatic variability. Global Change Biology,
19, 75-89.

Schir C, Vidale P, Liithi D, Frei C, Haberli C, Liniger MA, Appenzeller C (2004) The
role of increasing temperature variability in European summer heatwaves. Nature,
427, 332-336.

Seabloom EW, Hosseini PR, Power AG, Borer ET (2009) Diversity and composition of
viral communities: coinfection of barley and cereal yellow dwarf viruses in Cali-
fornia grasslands. The American Naturalist, 173, E79-E98.

Seabloom EW, Borer ET, Lacroix C, Mitchell CE, Power AG (2013) Richness and com-
position of niche-assembled viral pathogen communities. PLoS ONE, 8, €55675.
Sentis A, Hemptinne JL, Brodeur ] (2013) Effects of simulated heat waves on an
experimental plant-herbivore-predator food chain. Global Change Biology, 19, 833

842.

Smith MD (2011a) An ecological perspective on extreme climatic events: a synthetic
definition and framework to guide future research. Journal of Ecology, 99, 656-663.

Smith MD (2011b) The ecological role of climate extremes: current understanding and
future prospects. Journal of Ecology, 99, 651-655.

Tofangsazi N, Kheradmand K, Shahrokhi S, Talebi AA (2010) Temperature-depen-
dent life history of Schizaphis graminum on barley. Bulletin of Insectology, 63, 79-84.

Villalpando SN, Williams RS, Norby R] (2009) Elevated air temperature alters an old-
field insect community in a multifactor climate change experiment. Global Change
Biology, 15, 930-942.

Wernberg T, Smale DA, Tuya F ef al. (2013) An extreme climatic event alters marine
ecosystem structure in a global biodiversity hotspot. Nature Climate Change, 3, 78—
82.

Zhang QF, Guan WN, Ren ZY, Zhu XS, Tsai JH (1983) Transmission of barley yellow
dwarf virus strains from northwestern China by four aphid species. Plant Disease,
67, 895-899.

Zhang Y, Cao L, Xu Y, Dong W (2008) Scenario analyses on future changes of extreme
temperature events over China. Journal of Applied Meteorological Science, 19, 654—
660.

Zhang W, Zhao F, Hoffmann AA, Ma CS (2013) A single hot event that does not affect
survival but decreases reproduction in the diamondback moth Plutella xylostella.
PLoS ONE, 8, 75923.

Zhao F, Zhang W, Hoffmann AA, Ma CS (2014) Night warming on hot days pro-
duces novel impacts on development, survival and reproduction in a small
arthropod. Journal of Animal Ecology, 83, 769-778.

Supporting Information

Additional Supporting Information may be found in the
online version of this article:

Figure S1. Four temperature regimes used in laboratory
experiment.

Figure S2. Daily maximum temperatures and EHT fre-
quency for ambient and heated treatments for the field
experiment.

Figure S3. Daily maximum temperatures in Wuhan during
April-May (1954-2013) and the differences between weather
station records and field observations in 2013.

Table S1. Average temperatures and EHT frequency for the
field observations.

Table S2. Upper critical mean temperatures for population
growth of the three species.

Table S3. Fitness of the three species at different mean tem-
peratures.

Table S4. Demographic parameters for the three species at
constant temperatures.

© 2014 John Wiley & Sons Ltd, Global Change Biology, 21, 1794-1808



