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Human-induced climate change, dominated by warming
trends, poses a major threat to global biodiversity and
ecosystem functioning. Species interactions relay the direct
and indirect effects of climate warming on individuals to
communities, and detailed understanding across these levels is
crucial to predict ecological consequences of climate change.
We provide a conceptual framework that links temperature
effects on insect physiology and behaviour to altered species
interactions and community dynamics. We highlight key
features of this framework with recent studies investigating the
impacts of warming climate on insects and other ectotherms
and identify methodological, taxonomic and geographic
biases. While the effects of increased constant temperatures
are now well understood, future studies should focus on
temperature variation, interactions with other stressors and
cross-system comparisons.
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Introduction
Human activities induce a rapid climate change that
poses a major threat to global biodiversity and ecosystem

Check for
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functioning [1]. Increasing and more variable tempera-
tures that dominate future climate scenarios will affect all
biota on Earth including insects, the most diverse and
abundant group of terrestrial animals, which provides key
ecosystem services such as pollination [2,3]. Understand-
ing how temperature effects on individuals scale up to
communities is thus crucial to assess and predict the
ecological consequences of climate change.

Altered temperature regimes can affect individuals, popu-
lations and communities directly and indirectly in multi-
ple ways (Figure 1). Temperature directly alters metabo-
lism and other physiological rates [4], modifying
behavioural and life history traits of individuals [5,6]
(Figure 1, arrows 1 and 2). These direct effects translate
into altered species interactions (Figure 1, arrows 4 and 5),
which in turn determine community structure and
dynamics [7°%,8°9°] (Figure 1, arrow 6) and provide
ecological and evolutionary feedbacks on the individuals
(grey arrows in Figure 1). We review recent evidence for
this conceptual framework in insects with emphasis on
species interactions, as both modelling [10] and experi-
mental studies [11,12] show that trophic interactions
modulate the strength of warming effects on individuals
and communities. We omit related topics covered
elsewhere in this issue: mismatches in predator and prey
phenologies [13°°,14] and evolutionary and plastic
responses to climate change [15,16].

Recent advances: from individuals to species
interactions

Kinetic effects of warming on individuals
Environmental temperature directly underpins insect phys-
iology and behaviour (Figure 1, arrow 1). Warming increases
the kinetic energy of biochemical reactions, speeding up the
rate of physiological processes to a maximum at an optimal
temperature above which performance declines steeply
[17]. Below the optimal temperature, warming leads to faster
development (e.g. Refs. [18-20]) that often outpaces body
growth and leads to smaller adult body sizes at warmer
temperatures ([21], see below). More rapid development,
fuelled by a faster metabolism (e.g. Ref. [22]), increases
individual energetic demands and typically translates into
higher feeding rates [23,24°°]. Higher feeding rates at higher
temperatures can be driven by faster locomotion rates, more
frequent encounters between individuals [25], or faster prey
capture [26] (Figure 1, arrow 4).
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Figure 1
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Overview of the conceptual framework linking direct effects of warming on individuals (arrows 1 and 2) to species interactions (arrows 4 and 5)

and communities (arrow 6). We distinguish the immediate kinetic effects of temperature on biological rates of individuals and the lagged effects on
individual behaviour and lagged shifts in species range, phenology and body size that are driven by temperature directly and indirectly through its
kinetic effects (arrow 3). Warming-induced changes in community structure and dynamics and in species interactions also feedback on individuals

(grey arrows).

This body of evidence corroborates previous studies
showing that warming strengthens plant-herbivore inter-
actions  [24°°,27] and predator-prey interactions
[22,28,29] (but see Ref. [26]) including intraguild preda-
tion [30] and cannibalism [31] in various insect groups.
However, warming can also decrease the impact of pred-
atory insects on prey populations. Energetic demands
typically increase faster with temperature than feeding
rates [24°°,32°,33] which, in the long-term, can lead to
starvation, prolonged development [18] and population
extinctions, particularly at higher trophic levels [34,35].
Such a loss of top-down control may partly explain the
growing impact of insect pests on crop yields with climate
change [36,37].

Beyond kinetics: integrated behaviours

In addition to short-term kinetic effects, warming
imposes mid-term lagged effects on insect behaviour,
phenology and phenotypic traits (Figure 1, arrows
2 and 3). Many insects can sense temperature and actively
modify their behaviour [38°°]. These ‘integrated beha-
vioural effects’ include behavioural thermoregulation,
thermal orientation and thermosensory behavioural
adjustments (i.e. use of integrated thermal information
to modify behaviours [38°°]). While insects are likely to
display one or more of these integrated responses to

warming, few studies assessed their implications for spe-
cies interactions (Figure 1, arrow 5). For instance, the egg
parasitoid Trichogramma euproctidis modulates offspring
sex-ratio allocation, increasing the proportion of males at
high and low temperatures [39]. This altered sex-ratio
could affect the population dynamics of the parasitoid and
feedback on the host population [40].

Temperature also influences diet selection in insects and
other ectotherms [7°°,41-44] (Figure 1, arrows 2 and 3).
Two hypotheses currently link temperature, diet selec-
tion and food quality (i.e. C:N:P ratios). Under the
‘growth rate hypothesis’ [45], warming increases demand
for phosphorus, fuelled by increased growth rates [46,47];
and for nitrogen, owing to increased protein denaturation
and turnover rates [48]. Under the ‘respiration
hypothesis’, warming increases demand for carbon over
phosphorus or nitrogen, as respiration increases faster
than growth with temperature [49°]. Despite the mixed
results of experiments investigating the thermal effects
on diet selection [7°°,41,44] and the lack of consensus on
the underlying mechanisms, both hypotheses highlight
the potential for warming-induced shifts in trophic inter-
actions in ectotherm communities. Such shifts could alter
the structure and stability of ectotherm-dominated food
webs (e.g. in freshwaters); recent modelling studies
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demonstrated that prey quality can influence food web
dynamics [50] and that warming-related extinctions are
driven mainly by the indirect effects of temperature on
trophic links, rather than by its direct effects on individual
physiology [51].

Beyond kinetics, three lagged responses: shifts in
species range, phenology and body size

Climate change can influence species’ phenotypes and
spatial distribution through plastic or selective processes,
leading to shifts in geographical ranges, phenology, and
individual body sizes [2,52] (Figure 1, arrows 2 and 3).
Even though these responses are lagged, they have
important consequences for species interactions
[22,24°°] (Figure 1, arrow 5, and Figure 2).

The distributional ranges of many European butterflies
shifted northwards by 35-240 km during the 20th century
in response to climate change [53], although some species
also shifted southwards in Britain [54]. Similarly high
variation in species-specific distributional range shifts,
attributable to delayed species responses, differences in
physiological constraints and alternative drivers of change,
was reported in British ground beetles and grasshoppers
[54]. These species-specific rates and extents of distribu-
tional range shifts may induce spatial mismatches in inter-
acting species and disrupt current ecosystem processes, but
this phenomenon is poorly understood [55].

Warming also influences the phenology of insects and
their host plants. The green cover period lengthens by
3—4 days per decade due to advancing spring events and
delayed leaf fall in autumn [56]. These phenological
changes may lead to temporal mismatches between spe-
cies and alter trophic and mutualistic interactions [13°°],
covered elsewhere in this issue [14].

Finally, ectotherm body sizes vary systematically within
and between species with temperature [52,57°°,58].
Decreasing body sizes with warming, known as the tem-
perature-size rule [57°°], are common in insects, and
documented long-term trends in body size have been
linked to climate change [58]. The magnitude of body
size change with temperature varies among insect taxa
and habitats, with stronger size reductions in aquatic
species and weaker or even reversed responses in terres-
trial ones [59-61]. Absolute and relative consumer-
resource body sizes are key determinants of trophic
interaction strengths and food web structure. Warming
may thus indirectly alter predator—prey size ratios and
modify species interactions and community dynamics
[62,63] (Figure 1, arrows 5 and 6, and Figure 2). As aquatic
food webs are more strongly size-structured than terres-
trial ones, the ecological consequences of body size
reductions are predicted to be stronger in aquatic than
in terrestrial systems [8°].

Summary of current evidence

Temperature strongly influences the kinetic energy of
biochemical reactions, which scales up to affect insect
physiology, behaviour and interactions. Temperature can
also induce lagged effects on the behaviour, spatial dis-
tribution, phenology and phenotypic traits of insect spe-
cies. These can modulate the extent of the kinetic effects
of temperature on insects as described above (Figure 1,
arrows 1-3). While both the kinetic and lagged effects of
warming are likely to be important for insects, as well as
their interactions, most studies focused on the kinetic
effects of temperature.

Recent advances: from species interactions
to community dynamics

Importance of species interactions for population and
communities in a warming world

Species interactions are important for ecosystem stability
and resilience to warming (Figure 1, arrow 6, and Figure 3).
Forexample, impacts of herbivory on plant distribution can
modify plant responses to climate change [10], as plant—
herbivore interactions can mediate the transition between
dominant vegetation types at higher temperatures [10]. On
the contrary, host—parasitoid interactions were found to
alleviate the negative effects of heat shocks on aphid
survival [12], suggesting that community complexity
may buffer the negative effects of warming on individuals
and populations as proposed in Ref. [11]. Even though
trophic complexity may shield populations and communi-
ties, warming is likely to reduce this complexity and lead to
cascading effects. The persisting species in altered com-
munities may experience stronger negative effects of
warming, that may further accelerate their decline [11]
and increase the likelihood of regime shifts.

Effects of warming on community structure

Warming leads to long-term changes in ecological com-
munities (Figure 3). For example, Floury ez @/. [64] found
warming to increase functional diversity of invertebrates
in streams and rivers across France. LLong-term data on
European freshwater communities show that vulnerabil-
ity varies across functional groups, and species composi-
tion tends to shift towards generalist and tolerant species
that often are or become invasive [64,65].

Community structure and food webs can be further
modified by phenology mismatches, distribution range
shifts and altered species interactions induced by warm-
ing ([14], arrow 6 in Figure 1, and Figure 2). Current
theory predicts that warming-induced impacts on com-
munity structure and dynamics, owing to altered species
interactions, depend on both direct and indirect thermal
effects [9°]. Warming-induced changes in species compo-
sition or abundance can have cascading effects on other
trophic levels [65]. For instance, Lister and Garcia [66]
showed that climate warming decreased the abundance of
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Figure 2
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Examples of the consequences of the three main lagged responses to warming for species interactions: changes in phenology (left panel),
distribution (middle) and body size (right); all of which can substantially alter species interactions. While changes in phenology and distributional
areas are better understood in terrestrial ecosystems, the effects of changing body size are particularly important for aquatic habitats. Trophic link
strength (right panel) indicated by arrow width; relative population sizes indicated by numbers of individuals.

forest arthropods, leading to a restructuring of the tropical
forest food web in Puerto Rico.

Asymmetric behavioural responses of predators and her-
bivores to warming can also affect trophic interactions,
with potential cascading effects on local plant communi-
ties. A long-term mesocosm experiment using Pisuarina
mira spiders (predator) and Melanoplus femurrubrum grass-
hoppers (prey) showed that, depending on the time of the
day, warming can either weaken or strengthen a trophic
cascade as spiders seek thermal refuge or become more
active, with knock-on effects on grasshopper grazing
pressure [67]. A field transplant experiment with five
coupled populations of these two species found that
the spiders selected cooler sites than the grasshoppers,
which were less sensitive to warming. This led to reduced
top-down control and higher grazing pressure, which in
turn altered plant community composition [68].

Effects of warming on community stability

Beside structural changes, temperature-driven changes in
consumer phenotypes at different trophic levels may lead
to stabilizing or destabilizing cascading effects on com-
munities (Figure 1, arrows 4-6). Decrease in stability is

often predicted, as responses to warming vary across
trophic levels [25,69,70] and thermal sensitivity varies
substantially within and among species [71,72]. Plant—
herbivore interactions can also influence ecosystem resil-
ience, increasing the rate of short-term responses of the
vegetation to climate change (initial resilience) and
reducing the long-term rate at which equilibrium is
restored (asymptotic resilience) [10].

The generally greater thermal sensitivity of parasitoids,
compared to their hosts, suggests that warming may
disrupt the synchrony of host—parasitoid interactions
[73] and lead to increased host abundance and fluctua-
tions (e.g. in aphid—parasitoid interactions [74]). How-
ever, sensitivity does not always change monotonically
with trophic level or body size, with potential implications
for multi-trophic systems. For example, the critical ther-
mal maximum (CT,,,,) of the parasitoid wasp Cozesia
congregata is substantially lower than in both its host
caterpillar Manduca sexta and its own parasitoid wasp
Conura sp. [71]. Similarly, a study on ant-hemipteran—
plant communities showed that plant growth and ant
activity increased with temperature, while the hemip-
teran growth, abundance and size decreased [75].
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Figure 3
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Warming impacts community structure and dynamics through its effects on species interactions (solid lines; both trophic and non-trophic) and
dispersal (dotted line). Typical responses include top predator losses that can trigger trophic cascades or change ecosystem stability, especially in
simple communities (left panel). Arrival of more tolerant and often invasive species can rewire the entire food web (right panel). Community and
food web complexity may buffer against these changes, owing to functional redundancy and multiple interactions (left versus right panel).
Interaction strength indicated by arrow width; relative population size indicated by number of individuals.

Effects of warming on dispersal and metacommunity
dynamics

Along with species interactions, warming can alter species
dispersal [76], but their combined effects remain poorly
explored. Temperature affects dispersal rates directly by
changing body size, behaviour and phenotypes (Figure 1,
arrow 1), or indirectly by prompting dispersal away from
low-quality resource patches [77] (Figure 1, arrow 6). For
instance, Wang ¢z a/. [78] found that warming reduces the
proportion of winged aphids, in turn altering their top-
down control by ladybeetle predators. Warming may also
affect arrival times and priority effects, leading to signifi-
cant changes in communities and metacommunities,
since early arrival offers competitive advantage [76].
Increased connectivity observed in metacommunity
experiments suggests that higher dispersal rates may
counter biodiversity loss resulting from warming [79].

Dispersal decisions depend on the quantity and quality of
local resources. Grainger and Gilbert [77] showed that, in
the absence of resource limitations, warming did not
affect dispersal and benefitted herbivore insects by
increasing population size. Under resource limitations,
increased dispersal rates and declines in insect popula-
tions are expected [77]. This suggests context-dependent
effects of warming on dispersal rates, modulated by

resource availability and competitive interactions. Alto-
gether, these results imply that climate warming will
trigger restructuring of insect communities, but more
studies are needed to determine the frequency and
magnitude of these structural changes.

Summary of current evidence

Temperature-induced changes in species abundance,
interactions and dispersal directly or indirectly impact
community structure and ecosystem functioning. Evi-
dence is mounting that warming will restructure commu-
nities. The various context-dependent warming effects
on communities are also reliant on the system complexity
and, therefore, difficult to disentangle. However, despite
the inherent challenges, studies at higher levels of orga-
nisation will be critical to understand warming effects on
biodiversity.

Future directions

Given the unpredictable nature of climate change over
long timescales, robust predictions of climate change
impact on species interactions and their consequences
for community structure and dynamics remain elusive.
While the effects of increased constant temperatures
are now reasonably well understood, we argue that
future studies should focus on temperature variation,
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interactions with other stressors and comparisons across a
wider range of taxa and systems.

Inaddition to warming, natural populations also experience
predictable seasonal and daily variation, stochastic variation
and extreme temperatures (e.g. ‘heat waves’), which are
projected to increase with climate change [80,81]. A recent
review showed that thermal performance curves may be
used to predict the effects of daily variation and heat waves
on species interactions [82°], but data on many groups and
community-level consequences are lacking.

Little is known about the interacting effects of tempera-
ture with other abiotic (e.g. pollution, eutrophication and
droughts) [65] and biotic stressors (e.g. invasive species).
Such interactions increase the risk of cascading effects
and may strongly impact ecosystem diversity and func-
tioning. For example, warming may accentuate drought
and increased rainfall effects on the fitness of herbivorous
insects and their predators by modulating food quality
and predator—prey interactions [83,84]. In aquatic com-
munities, warming and altered rainfall can have opposite
effects on different functional groups [65]. Changes in
rainfall are particularly important in small water bodies
such as tank bromeliads, in which they disrupt trophic
relationships [85]. Furthermore, warming may remove
or weaken environmental barriers and thus facilitate
the expansion of invasive, often cold-limited species
(Figure 3), and change the nature of their impacts [34].

Despite recent advances, we also lack data on the effects of
warming in many taxa and ecosystems, and have to rely on
generalizations. Among terrestrial insects, current knowl-
edge derives from several model tritrophic systems such as
plant—aphid—parasitoid and plant—grasshopper—spider sys-
tems. Among aquatic insects, warming cffects are best
understood in larval odonates. Future work should encom-
pass underrepresented taxa, such as wood-boring insects or
aquatic insects breathing atmospheric oxygen.

Moreover, current research carries a temperate zone bias
[86], although changes in trophic interactions driven by
climate change are particularly relevant for Arctic and
tropical regions. The Artic will experience the highest rates
of temperature increase, with potentially high increases in
invertebrate herbivory [27]. Tropical arthropods, due to
their lower thermal tolerance, are highly vulnerable to
climate warming [87] that has been identified as the main
driver of arthropod abundance declines in a Neotropical
rainforest, with strong impacts on higher trophic levels [66].

Finally, short-term effects of warming on the kinetic effects
and trophic interactions (Figure 1, arrows 1 and 4) are much
better understood and supported by theory [4,25]. Consid-
erably less is known (but see Ref. [67]) about how changes
in species interactions, measured over hourly to daily time-
scales, translate into long-term, multi-generational changes

Warming effects on species interactions Boukal et al. 93

in complex communities (Figure 1, arrow 6). To this end,
studies on thermal effects should also look beyond trophic
interactions and investigate other interaction types such as
non-trophic interactions or habitat provisioning [28].

Declaration of Competing Interest

T'he authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Acknowledgements

This work was supported by the Grant Agency of the Czech Republic
(project number 17-15480S). BMC was supported by University of South
Bohemia, Faculty of Science, Dept. of Ecosystem Biology and Soil and
Water Research Infrastructure (MEYS; projects LM2015075, EF16 013/
0001782 — SoWa Ecosystems Research).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Pereira HM, Leadley PW, Proenca V, Alkemade R,
Scharlemann JPW, Fernandez-Manjarrés JF, Aradjo MB,
Balvanera P, Biggs R, Cheung WWL et al.: Scenarios for global
biodiversity in the 21st century. Science 2010, 330:1496-1501.

2. Parmesan C: Ecological and evolutionary responses to recent
climate change. Annu Rev Ecol Evol Syst 2006, 37:637-669.

3. Séanchez-Bayo F, Wyckhuys KAG: Worldwide decline of
the entomofauna: a review of its drivers. Biol Conserv 2019,
232:8-27.

4. Brown JH, Gillooly JF, Allen AP, Savage VM, West GB: Toward a
metabolic theory of ecology. Ecology 2004, 85:1771-1789.

5. Dell Al, Pawar S, Savage VM: Systematic variation in the
temperature dependence of physiological and ecological
traits. Proc Natl Acad Sci U S A 2011, 108:10591-10596.

6. Machekano H, Mvumi BM, Nyamukondiwa C: Loss of coevolved
basal and plastic responses to temperature may underlie
trophic level host-parasitoid interactions under global
change. Biol Control 2018, 118:44-54.

7. Rosenblatt AE, Schmitz OJ: Climate change, nutrition, and

ee bottom-up and top-down food web processes. Trends Ecol
Evol 2016, 31:965-975.

Excellent review of the interacting impacts of temperature and other biotic

and abiotic stressors on multi-trophic interactions.

8. Sentis A, Binzer A, Boukal DS: Temperature-size responses

. alter food chain persistence across environmental gradients.
Ecol Lett 2017, 20:852-862.

Extensive simulation study showing that temperature-induced body size

shifts can have important consequences on the stability and persistence

of food webs, especially in aquatic systems.

9. Uszko W, Diehl S, Englund G, Amarasekare P: Effects of warming

e on predator-prey interactions - a resource-based approach
and a theoretical synthesis. Ecol Lett 2017, 20:513-523.

Detailed modelling study elucidating the effects of temperature on the

stability and persistence of predator-prey systems.

10. Boulangeat I, Svenning J-C, Daufresne T, Leblond M, Gravel D:
The transient response of ecosystems to climate change is
amplified by trophic interactions. Oikos 2018, 127:1822-1833.

11. Rudolf VHW, Roman A: Trophic structure alters consequences
of environmental warming. Oikos 2018, 127:1646-1656.

12. Trotta V, Forlano P, Falabella P, Battaglia D, Fanti P: The aphid
Acyrthosiphon pisum exhibits a greater survival after a heat
shock when parasitized by the wasp Aphidius ervi. J Therm Biol
2018, 72:53-58.

www.sciencedirect.com

Current Opinion in Insect Science 2019, 35:88-95


http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0005
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0005
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0005
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0005
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0010
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0010
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0015
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0015
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0015
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0020
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0020
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0025
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0025
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0025
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0030
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0030
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0030
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0030
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0035
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0035
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0035
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0040
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0040
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0040
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0045
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0045
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0045
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0050
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0050
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0050
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0055
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0055
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0060
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0060
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0060
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0060

94 Global change biology

13. Renner SS, Zohner CM: Climate change and phenological

ee mismatch in trophic interactions among plants, insects, and
vertebrates. Annu Rev Ecol Evol Syst 2018, 49:165-182.

Excellent review summarizing how climate change can induce trophic

mismatches among insects and their resources or predators.

14. Damien M, Tougeron K: Prey-predator phenological mismatch
under climate change. Curr Opin Insect Sci 2019, 35:60-68.

15. Gibert P, Debat V, Ghalambor C: Will phenotypic plasticity in
response to global change influence the speed of evolution?
Curr Opin Insect Sci 2019, 35:34-40.

16. Tuzin N, Verheyen J, De Meester L, Stoks R: Evolutionary
responses to global change: new insights and challenges. Curr
Opin Insect Sci 2019, 35:10-19.

17. Pdrtner HO, Farrell AP: Physiology and climate change. Science
2008, 322:690-692.

18. Boukal DS, Ditrich T, Kutcherov D, Sroka P, Dudova P, Papacek M:
Analyses of developmental rate isomorphy in ectotherms:
introducing the Dirichlet regression. PLoS One 2015, 10:
e€0129341.

19. SuhlingF, Suhlingl, Richter O: Temperature response of growth of
larval dragonflies — an overview. Int J Odonatol 2015, 18:15-30.

20. Frances DN, Moon JY, McCauley SJ: Effects of environmental
warming during early life history on libellulid odonates. Can J
Zool 2017, 95:373-382.

21. Forster J, Hirst AG: The temperature-size rule emerges from
ontogenetic differences between growth and development
rates. Funct Ecol 2012, 26:483-492.

22. Sentis A, Morisson J, Boukal DS: Thermal acclimation
modulates the impacts of temperature and enrichment on
trophic interaction strengths and population dynamics. Glob
Change Biol 2015, 21:3290-3298.

23. Rall BC, Brose U, Hartvig M, Kalinkat G, Schwarzmiiller F, Vucic-
Pestic O, Petchey OL: Universal temperature and body-mass
scaling of feeding rates. Philos Trans R Soc Lond B Biol Sci 2012,
367:2923-2934.

24. Schaum CE, Team SR, Ffrench-Constant R, Lowe C, Olafsson JS,
ee Padfield D, Yvon-Durocher G: Temperature-driven selection on
metabolic traits increases the strength of an algal-grazer
interaction in naturally warmed streams. Glob Change Biol
2018, 24:1793-1803.
Transplant experiment in geothermally warmed streams showing that
both warming and phenotypic response to warming tend to increase
respiration rate and trophic interaction strength. Thermodynamic effects
of higher temperatures on physiological rates were not mitigated by
metabolic compensation in this system.

25. Dell Al, Pawar S, Savage VM: Temperature dependence of
trophic interactions are driven by asymmetry of species
responses and foraging strategy. J Anim Ecol 2014, 83:70-84.

26. Herrera EQ, Casas J, Dangles O, Pincebourde S: Temperature
effects on ballistic prey capture by a dragonfly larva. Ecol Evol
2018, 8:4303-4311.

27. Barrio IC, Lindén E, Te Beest M, Olofsson J, Rocha A,
Soininen EM, Alatalo JM, Andersson T, Buchwal A, Bueno CG
et al.: Background invertebrate herbivory on dwarf birch
(Betula glandulosa - nana complex) increases with
temperature and precipitation across the tundra biome. Polar
Biol 2017, 40:2265-2278.

28. Sentis A, Gémard C, Jaugeon B, Boukal DS: Predator diversity
and environmental change modify the strengths of trophic and
nontrophic interactions. Glob Chang Biol 2017, 23:2629-2640.

29. Frank T, Brambdck M: Predatory beetles feed more pest
beetles at rising temperature. BMC Ecol 2016, 16:21.

30. Frances DN, McCauley SJ: Warming drives higher rates of prey
consumption and increases rates of intraguild predation.
Oecologia 2018, 187:585-596.

31. Start D, Kirk D, Shea D, Gilbert B: Cannibalism by damselflies
increases with rising temperature. Biol Lett 2017, 13:20170175.

32. Vucic-Pestic O, Ehnes RB, Rall BC, Brose U: Warming up the

e system: higher predator feeding rates but lower energetic
efficiencies. Glob Change Biol 2011, 17:1301-1310.

Excellent empirical study showing that metabolic rate increases faster

than feeding rate with warming resulting in an energetic miss-match at

high temperature.

33. Sentis A, Hemptinne JL, Brodeur J: Using functional response
modeling to investigate the effect of temperature on predator
feeding rate and energetic efficiency. Oecologia 2012,
169:1117-1125.

34. Fussmann KE, Schwarzmiiller F, Brose U, Jousset A, Rall BC:
Ecological stability in response to warming. Nat Clim Change
2014, 4:206-210.

35. Binzer A, Guill C, Brose U, Rall BC: The dynamics of food chains
under climate change and nutrient enrichment. Philos Trans R
Soc B Biol Sci 2012, 367:2935-2944.

36. Deutsch CA, Tewksbury JJ, Tigchelaar M, Battisti DS, Merrill SC,
Huey RB, Naylor RL: Increase in crop losses to insect pestsina
warming climate. Science 2018, 361:916-919.

37. Lehmann P, Ammunét T, Barton M, Battisti A, Eigenbrode SD,
Jepsen JU, Kalinkat G, Neuvonen S, Niemela P, @kland B et al.:
Complex responses of global insect pests to climate change.
bioRxiv 2018, 425488.

38. Abram PK, Boivin G, Moiroux J, Brodeur J: Behavioural effects of
ee temperature onectothermic animals: unifying thermal physiology

and behavioural plasticity. Bio/ Rev 2017, 92:1859-1876.
Outstanding review of the impacts of temperature on insect behaviour. It
provides empirical evidence and theoretical framework to separate the
kinetic effects of temperature from the integrated behavioural effects and
lagged responses.

39. Moiroux J, Brodeur J, Boivin G: Sex ratio variations with
temperature in an egg parasitoid: behavioural adjustment and
physiological constraint. Anim Behav 2014, 91:61-66.

40. Wogin MJ, Gillespie DR, Haye T, Roitberg BD: Female-biased sex
ratio shifts in a solitary parasitoid and their effects on virginity,
population dynamics, and biological control. Entomol Exp Appl
2013, 146:165-176.

41. Carreira BM, Segurado P, Laurila A, Rebelo R: Can heat waves
change the trophic role of the world’s most invasive crayfish?
Diet shifts in Procambarus clarkii. PLoS One 2017, 12:e0183108.

42. Carreira BM, Segurado P, Orizaola G, Gongalves N, Pinto V,
Laurila A, Rebelo R: Warm vegetarians? Heat waves and diet
shifts in tadpoles. Ecology 2016, 97:2964-2974.

43. Lemoine NP, Shantz AA: Increased temperature causes protein
limitation by reducing the efficiency of nitrogen digestion in
the ectothermic herbivore Spodoptera exigua. Physiol Entomol
2016, 41:143-151.

44. Rho MS, Lee KP: Temperature-driven plasticity in nutrient use
and preference in an ectotherm. Oecologia 2017, 185:401-413.

45. Elser JJ, Dobberfuhl DR, Mackay NA, Schampel JH: Organism
size, life history, and N:P stoichiometry. BioScience 1996,
46:674-684.

46. Dobberfuhl DR, Elser JJ: Elemental stoichiometry of lower food
web components in arctic and temperate lakes. J Plankton Res
2000, 22:1341-1354.

47. Persson J, Wojewodzic MW, Hessen DO, Andersen T: Increased
risk of phosphorus limitation at higher temperatures for
Daphnia magna. Oecologia 2011, 165:123-129.

48. Lemoine NP, Drews WA, Burkepile DE, Parker JD: Increased
temperature alters feeding behavior of a generalist herbivore.
Oikos 2013, 122:1669-1678.

49. Cross WF, Hood JM, Benstead JP, Huryn AD, Nelson D:
e Interactionsbetweentemperature and nutrients acrosslevels of
ecological organization. Glob Change Biol 2015, 21:1025-1040.
Excellent study summarizing known and potential interactions between
temperature and nutrients in ectotherms from multiple perspectives.
Patterns at the individual level are used to predict interactive effects of
temperature and nutrients at higher levels of organisation and changes in
energy flow in metazoan food webs.

Current Opinion in Insect Science 2019, 35:88-95

www.sciencedirect.com


http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0065
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0065
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0065
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0070
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0070
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0075
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0075
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0075
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0080
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0080
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0080
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0085
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0085
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0090
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0090
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0090
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0090
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0095
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0095
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0100
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0100
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0100
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0105
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0105
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0105
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0110
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0110
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0110
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0110
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0115
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0115
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0115
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0115
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0120
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0120
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0120
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0120
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0120
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0125
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0125
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0125
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0130
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0130
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0130
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0135
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0135
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0135
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0135
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0135
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0135
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0140
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0140
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0140
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0145
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0145
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0150
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0150
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0150
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0155
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0155
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0160
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0160
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0160
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0165
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0165
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0165
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0165
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0170
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0170
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0170
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0175
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0175
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0175
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0180
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0180
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0180
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0185
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0185
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0185
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0185
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0190
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0190
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0190
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0195
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0195
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0195
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0200
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0200
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0200
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0200
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0205
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0205
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0205
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0210
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0210
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0210
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0215
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0215
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0215
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0215
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0220
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0220
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0225
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0225
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0225
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0230
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0230
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0230
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0235
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0235
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0235
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0240
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0240
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0240
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0245
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0245
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0245

50. Raatz M, Gaedke U, Wacker A: High food quality of prey lowers
its risk of extinction. Oikos 2017, 126:1501-1510.

51. Zhang L, Takahashi D, Hartvig M, Andersen KH: Food-web
dynamics under climate change. Proc R Soc B 2017,
284:20171772.

52. Gardner JL, Peters A, Kearney MR, Joseph L, Heinsohn R:
Declining body size: a third universal response to warming?
Trends Ecol Evol 2011, 26:285-291.

53. Parmesan C, Ryrholm N, Stefanescu C, Hill JK, Thomas CD,
Descimon H, Huntley B, Kaila L, Kullberg J, Tammaru T et al.:
Poleward shifts in geographical ranges of butterfly species
associated with regional warming. Nature 1999, 399:579-583.

54. Chen I, Hill JK, Ohlemuller R, Roy DB, Thomas CD: Rapid range
shifts of species associated with high levels of climate
change. Science 2011, 333:1024-1026.

55. Pellissier L, Rasmann S: The functional decoupling of
processes in alpine ecosystems under climate change. Curr
Opin Insect Sci 2018, 29:126-132.

56. Pefuelas J, Rutishauser T, Filella I: Phenology feedbacks on
climate change. Science 2009, 324:887-888.

57. Daufresne M, Lengfellner K, Sommer U: Global warming benefits
ee the small in aquatic ecosystems. Proc Nat/ Acad Sci U S A 2009,
106:12788-12793.

Classic study showing the prevalence of body size reduction induced by
climate warming in freshwater systems. It demonstrates that body size
reductions are observed at the intraspecific and interspecific levels and
are associated to plastic responses, demographic effects and species
turnover, favouring smaller species and individuals.

58. Tseng M, Toor HS, Kaur KM, Fograscher K, Sarai K, Toor A,
Yao CH, Soleimani Pari S, Porto P, Chan D: Decreases in beetle
body size linked to climate change and warming
temperatures. J Anim Ecol 2018, 87:647-659.

59. Forster J, Hirst AG, Atkinson D: Warming-induced reductions in
body size are greater in aquatic than terrestrial species. Proc
Natl Acad Sci U S A 2012, 109:19310-19314.

60. Schmitz OJ, Rosenblatt AE, Smylie M: Temperature dependence
of predation stress and the nutritional ecology of a generalist
herbivore. Ecology 2016, 97:3119-3130.

61. Horne CR, Hirst AG, Atkinson D: Temperature-size responses
match latitudinal-size clines in arthropods, revealing critical
differences between aquatic and terrestrial species. Ecol Lett
2015, 18:327-335.

62. Brose U, Jonsson T, Berlow EL, Warren P, Banasek-Richter C,
Bersier LF, Blanchard JL, Brey T, Carpenter SR, Blandenier MFC
et al.: Consumer-resource body-size relationships in natural
food webs. Ecology 2006, 87:2411-2417.

63. Petchey OL, Beckerman AP, Riede JO, Warren PH: Size,
foraging, and food web structure. Proc Nat/ Acad Sci U S A
2008, 105:4191-4196.

64. Floury M, SouchonY, Van Looy K: Climatic and trophic processes
drive long-term changes in functional diversity of freshwater
invertebrate communities. Ecography 2018, 41:209-218.

65. Jourdan J, O’Hara RB, Bottarin R, Huttunen K, Kuemmerlen M,
Monteith D, Muotka T, Ozolin$ D, Paavola R, Pilotto F et al.: Effects
of changing climate on European stream invertebrate
communities: a long-term data analysis. Sci Total Environ 2017,
621:588-599.

66. Lister BC, Garcia A: Climate-driven declines in arthropod
abundance restructure a rainforest food web. Proc Nat/ Acad
Sci U S A 2018, 115:E10397-E10406.

67. Barton BT, Schmitz OJ: Opposite effects of daytime and
nighttime warming on top-down control of plant diversity.
Ecology 2018, 99:13-20.

68. Rosenblatt AE, Wyatt KS, Schmitz OJ: Will like replace like?
Linking thermal performance to ecological function across
predator and herbivore populations. Ecology 2019, 100:e02643.

69. Cheng BS, Komoroske LM, Grosholz ED: Trophic sensitivity of
invasive predator and native prey interactions: integrating

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Warming effects on species interactions Boukal et al. 95

environmental context and climate change. Funct Ecol 2017,
31:642-652.

Xi X, Yang Y, Yang X, Nylin S, Eisenhauer N, Sun S: Differential
responses of body growth to artificial warming between
parasitoids and hosts and the consequences for plant seed
damage. Sci Rep 2017, 7:15472.

Agosta SJ, Joshi KA, Kester KM: Upper thermal limits differ
among and within component species in a tritrophic host-
parasitoid-hyperparasitoid system. PLoS One 2018, 13:
e0198803.

Franken O, Huizinga M, Ellers J, Berg MP: Heated communities:
large inter- and intraspecific variation in heat tolerance across
trophic levels of a soil arthropod community. Oecologia 2018,
186:311-322.

Schreven SJJ, Frago E, Stens A, De Jong PW, Van Loon JJA:
Contrasting effects of heat pulses on different trophic levels,
an experiment with a herbivore-parasitoid model system.
PL0oS One 2017, 12:e0176704.

Castex V, Beniston M, Calanca P, Fleury D, Moreau J: Pest
management under climate change: The importance of
understanding tritrophic relations. Sci Total Environ 2018, 616-
617:397-407.

Sagata K, Gibb H: The effect of temperature increases on an
ant-hemiptera-plant interaction. PLoS One 2016, 11:1-14.

Grainger TN, Rego Al, Gilbert B: Temperature-dependent
species interactions shape priority effects and the persistence
of unequal competitors. Am Nat 2018, 191:197-209.

Grainger TN, Gilbert B: Multi-scale responses to warming in an
experimental insect metacommunity. Glob Change Biol 2017,
23:5151-5163.

Wang YJ, Nakazawa T, Ho CK: Warming impact on herbivore
population composition affects top-down control by
predators. Sci Rep 2017, 7:1-7.

Grainger TN, Gilbert B: Dispersal and diversity in experimental
metacommunities: linking theory and practice. Oikos 2016,
125:1213-1223.

Schar C, Vidale PL, Luthi D, Frei C, Haberli C, Liniger MA,
Appenzeller C: The role of increasing temperature variability in
European summer heatwaves. Nature 2004, 427:332-336.

Donat MG, Alexander LV: The shifting probability distribution of
global daytime and night-time temperatures. Geophys Res Lett
2012, 39:L14707.

Stoks R, Verheyen J, Van Dievel M, Tiiziin N: Daily temperature
variation and extreme high temperatures drive performance
and biotic interactions in a warming world. Curr Opin Insect Sci
2017, 23:35-42.

Excellent review on how daily temperature fluctuations and extreme
temperature impacts multiple levels of organisation from physiology to
biotic interactions.

83.

84.

85.

86.

87.

Rosenblatt AE: Shifts in plant nutrient content in combined
warming and drought scenarios may alter reproductive fitness
across trophic levels. Oikos 2018, 127:1853-1862.

Karban R, Grof-Tisza P, Holyoak M: Wet years have more
caterpillars: interacting roles of plant litter and predation by
ants. Ecology 2017, 98:2370-2378.

Pires APF, Marino NAC, Srivastava DS, Farjalla VF: Predicted
rainfall changes disrupt trophic interactions in a tropical
aquatic ecosystem. Ecology 2016, 97:2750-2759.

Mundim FM, Bruna EM: Is there a temperate bias in our
understanding of how climate change will alter plant-
herbivore interactions? A meta-analysis of experimental
studies. Am Nat 2016, 188:S74-S89.

Polato NR, Gill BA, Shah AA, Gray MM, Casner KL, Barthelet A,
Messer PW, Simmons MP, Guayasamin JM, Encalada AC et al.:
Narrow thermal tolerance and low dispersal drive higher
speciation in tropical mountains. Proc Nat/ Acad Sci U S A 2018,
115:12471-12476.

www.sciencedirect.com

Current Opinion in Insect Science 2019, 35:88-95


http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0250
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0250
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0255
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0255
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0255
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0260
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0260
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0260
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0265
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0265
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0265
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0265
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0270
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0270
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0270
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0275
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0275
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0275
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0280
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0280
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0285
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0285
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0285
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0290
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0290
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0290
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0290
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0295
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0295
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0295
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0300
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0300
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0300
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0305
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0305
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0305
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0305
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0310
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0310
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0310
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0310
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0315
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0315
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0315
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0320
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0320
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0320
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0325
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0325
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0325
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0325
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0325
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0330
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0330
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0330
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0335
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0335
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0335
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0340
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0340
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0340
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0345
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0345
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0345
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0345
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0350
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0350
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0350
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0350
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0355
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0355
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0355
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0355
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0360
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0360
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0360
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0360
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0365
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0365
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0365
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0365
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0370
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0370
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0370
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0370
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0375
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0375
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0380
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0380
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0380
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0385
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0385
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0385
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0390
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0390
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0390
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0395
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0395
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0395
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0400
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0400
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0400
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0405
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0405
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0405
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0410
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0410
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0410
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0410
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0415
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0415
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0415
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0420
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0420
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0420
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0425
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0425
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0425
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0430
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0430
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0430
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0430
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0435
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0435
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0435
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0435
http://refhub.elsevier.com/S2214-5745(19)30044-6/sbref0435

	Species interactions under climate change: connecting kinetic effects of temperature on individuals to community dynamics
	Introduction
	Recent advances: from individuals to species interactions
	Kinetic effects of warming on individuals
	Beyond kinetics: integrated behaviours
	Beyond kinetics, three lagged responses: shifts in species range, phenology and body size
	Summary of current evidence

	Recent advances: from species interactions to community dynamics
	Importance of species interactions for population and communities in a warming world
	Effects of warming on community structure
	Effects of warming on community stability
	Effects of warming on dispersal and metacommunity dynamics
	Summary of current evidence

	Future directions
	Declaration of Competing Interest
	References and recommended reading
	Acknowledgements


