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The impacts of climate change on natural pop-
ulations are only beginning to be understood.
Although some important changes are already
occurring, in the future these are predicted to
be more substantial and of greater ecological
significance. Insects are a key taxonomic group
for understanding the ecological impacts of cli-
mate change, due to their responsiveness to
environmental change and importance as food
for other organisms. Insects are highly sensitive
to rising temperatures, changes in rainfall pat-
terns and erratic weather conditions, driving rapid
short-term variations in their abundance, mobil-
ity, distribution and phenology. Such variations
represent changes in their availability as prey
to insectivores, a diverse range of insect-eating
animals that include mammals, fish, amphib-
ians, reptiles and birds. The impacts of these
changes on the ecology of insectivores are com-
plex and include population increases or decreases,
broad-scale shifts in distribution, and changes
in behavioural traits such as foraging strategy,
investment in parental care, and the timing of
breeding and migration. Although some insectiv-
orous species are able to respond to – and even
benefit from – climate change, those that fail to
respond appropriately may struggle to reproduce,
disperse and survive, leading to population decline
and ultimately, to extinction.
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Introduction

Climate change is typically described in terms of long-term
increases (across multiple years or decades) in average global
temperatures, but the overall warming of the planet is highly vari-
able across local and regional scales. Although climate change
has been well documented over the last century, the most signifi-
cant changes have mainly occurred over the last 40 years (Walther
et al., 2002). As well as rising temperatures, climate change
includes disruptions in the patterns of other meteorological vari-
ables including rainfall, humidity, solar radiation and wind, in
which the changes are less predictable. Weather is the short-term
manifestation of climate on a scale of days to weeks; extreme
weather events such as heatwaves, droughts, storms and floods
are also becoming more frequent and more intense.

Inevitably, by varying abiotic conditions, climate change can
have substantial direct effects on the biotic components of ecosys-
tems. Insects are one such biotic component that, by being small
and having relatively rapid life-cycles, are strongly affected by
changes in temperature, rainfall and wind. Physiologically, their
development, metabolism, activity and phenology are all strongly
influenced by their local conditions. Increases in temperature
are linked with higher rates of insect activity, higher survival,
increases in fecundity, accelerated life cycles and greater rates
of dispersal (Bale et al., 2002; Wilf, 2008).

Insects are the most abundant and diverse animal group on
Earth and are present in practically all freshwater and terrestrial
ecosystems. As such, changes in their abundance, activity, distri-
bution and phenology will have important ramifications for their
roles as herbivores, detritivores, predators and parasitoids, but
also as prey to a carnivorous guild of mammals, amphibians, rep-
tiles, birds, fish, other invertebrates and even plants. These are the
insectivores, which rely on insects and other invertebrates as food,
either as their primary diet across the annual cycle or as a protein
supplement during the breeding season. Although climate change
biology is an active area of research, the majority of the research
on insectivores so far has focused on terrestrial vertebrates includ-
ing birds, mammals and reptiles. Rather than attempt to describe
the reported impacts on all insectivorous taxa, we have focused
this article upon these groups.

Insectivores play an important regulatory role in their ecosys-
tems by suppressing arthropod populations of ectoparasites,
herbivores and predators. For example, the little brown bat
Myotis lucifugus can consume up to 1200 mosquitos (Culicidae)

eLS © 2019, John Wiley & Sons, Ltd. www.els.net 1



�

� �

�

Climate Change and Insectivore Ecology

in one hour (Ducummon, 2000), and a colony of 150 big brown
bats Eptesicus fuscus are capable of consuming 50 000 leafhop-
pers (Cicadellidae), 38 000 cucumber beetles (Diabrotica and
Acalymma), 16 000 June bugs (Phyllophaga) and 19 000 stink
bugs (Pentatomidae), over the course of one breeding season
(Whitaker, 1995). Climate-driven changes in the spatial and
temporal availability of prey as well as other resources including
water and suitable foraging habitat can have important implica-
tions for insectivore populations. The reported impacts include
changes in abundance, geographical shifts towards the poles and
towards higher elevations, and the timing of seasonal events. In
this article, we assess the evidence for such impacts, examine
the mechanisms by which these impacts may be mediated,
and discuss the future conservation of insectivores in a rapidly
changing world.

Changes in Abundance
of Insectivores

There are several reported instances of changes in insectivore
abundance observed at the local and regional scales that have been
attributed to the effects of climate change, particularly increases
in temperature, changes in rainfall patterns and higher frequency
of extreme climatic events. Changes in these parameters can both,
directly and indirectly, affect rates of insect survival and fecun-
dity, which together lead to changes in insect population size.
The direct physiological effects of rising temperatures are more
significant for ectothermic species such as reptiles and amphib-
ians, which are less able to thermoregulate effectively compared
to endotherms such as mammals and birds. Reptiles, in particular,
are susceptible to very high temperatures, which force them to
spend more time sheltering in the shade, rather than foraging
for insects. For example, energetic shortfalls during hot spring
weather prevent Mexican populations of Sceloporus lizards from
breeding, leading to decreases in lizard population size and local
extinction of several local populations (Sinervo et al., 2010).

In some circumstances, the dynamics of insectivore popula-
tions seem to be more strongly affected by minimum tempera-
tures rather than average temperatures. Bats, as small endotherms
occupying temperate regions, have to expend large amounts of
energy on thermal regulation when ambient temperatures are low.
During unfavourable conditions such as low temperatures or pro-
longed wet and stormy conditions, bats can also use brief periods
of torpor or protracted hibernation, to reduce energy expendi-
ture (Geiser and Turbill, 2009). Minimum roost temperatures are
rising with climate change, which lowers the cost of thermoregu-
lation and enables bats to invest more energy in breeding activities
and embryonic development (McNab and O’Donnell, 2018).

The lesser and greater horseshoe bats (Rhinolophus hip-
posideros and Rhinolophus ferrumequinum, respectively) are
two species that suffered steep population declines in the UK
during the second half of the twentieth century, due to prolonged
periods of freezing temperatures (Ransome and McOwat, 1994).
Although milder winter temperatures reduce mortality rates
among hibernating bats, warmer spring temperatures cause bats
to emerge from hibernation earlier in the year. Such periods of

emergence are energetically costly if there is insufficient prey
for the bats to feed on. Starvation and dehydration are major
causes of mortality among early-emerging bats (Jones et al.,
2009). Most temperate bat species mate in autumn or winter and
females delay fertilization by storing spermatozoa in their repro-
ductive tract until conditions are suitable for reproduction in late
spring (Racey and Entwistle, 2000). Stored sperm can quickly
die in active individuals if the conditions are not yet suitable
to initiate ovulation and pregnancy, compromising reproductive
success during the breeding season (Sherwin et al., 2013).

Even during spring, summer and autumn, flying insects in tem-
perate regions are less active when night temperatures drop below
10 ∘C (Jones et al., 2009). For many temperate-zone insects,
this temperature is a thermal threshold for flight, below which,
aerial-hawking bats struggle to find prey. Warmer and drier night
temperatures improve foraging conditions for aerial hawking
species of bat, by increasing the activity of flying insect prey
(Sherwin et al., 2013). Consequently, warmer foraging condi-
tions are associated with higher rates of pregnancy and lactation,
faster juvenile development and population growth (Ransome and
McOwat, 1994; Linton and Macdonald, 2018).

In high temperatures, bats are highly susceptible to evaporative
water loss due to the large surface-to-volume ratio of their wing
membranes. Increasing frequency of drought conditions in arid
regions increases energetic costs for bats, which must make
regular trips to drink at nearby water sources. This is particularly
problematic for lactating females, which require large volumes
of water (Webb et al., 1995). The reproductive success of Myotis
bat species in arid regions is predicted to decline by 84% with
an increase in temperature of 5 ∘C and a reduction in water
availability (Figure 1, Adams and Hayes, 2008).

The effects of changes in food availability are especially evi-
dent in species with high metabolic rates. Shrews (Sorex spp.)

Water availability

Number of successful
lactating bats

0
0

200

400

600

800

1000

2000

1200

1400

1600

1800

1 2 3 4 5

Climate warming °C

P
re

di
ct

ed
 d

ec
lin

es

6

Figure 1 Myotis bat species are predicted to suffer from significant declines
in breeding success under increases in climate warming and reduced water
availability. Reproduced with permission from Adams and Hayes (2008). ©
John Wiley and Sons.
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breeding in temperate regions must spend a large proportion of
their waking hours hunting for ground invertebrates such as bee-
tles (Coleoptera). Climate warming, at least in the short term,
is predicted to improve rates of survival, growth and reproduc-
tion of shrews (Newman and Macdonald, 2013) by increasing the
abundance and activity of invertebrate prey (Graham and Grimm,
1990; Berthe et al., 2015).

There is much evidence for the positive effect of warmer spring
temperatures on breeding success, productivity and survival of
birds, through greater prey availability. Instances of very high
temperatures can, however, have a negative effect on breeding
success and survival of aerial insectivorous birds, by reducing
the abundance of flying insects. This is particularly problem-
atic for aerial insectivores such as crag martins Ptyonoprogne
rupestris breeding in southern Europe. Drought conditions in the
Alpine rivers and streams can lead to shortages of flying insect
populations, which can result in nestling starvation (Acquarone
et al., 2003).

Survival and population size in white-throated dippers Cinclus
cinclus in temperate regions are strongly influenced by winter
temperatures. In particular, carrying capacity and winter mortal-
ity are dependent on the extent of ice formation over the streams
in which dippers hunt for aquatic invertebrates. Milder winter
temperatures increase the availability and accessibility of prey,
leading to lower mortality rates among dippers, and consequent
population growth (Loison et al., 2002; Nilsson et al., 2011).

Changes in Distribution
of Insectivores

The geographical and altitudinal distribution of a species rep-
resents the spatial extent of suitable conditions represented by
available habitat, environmental tolerances and sufficient food
resources. The distribution of a species is not static but expands,
contracts and shifts dynamically in response to natural variation
in conditions within and between years. For example, the Euro-
pean breeding distribution of golden plovers Pluvialis apricaria
depends on the synchronised emergence of their cranefly (Tipul-
idae) prey when their chicks hatch. The abundance of emerging
craneflies at this time is higher following a period of low tem-
peratures (15 ∘C) during the previous August (Pearce-Higgins
et al., 2010). Warmer late summer temperatures reduce the
emergence rates of craneflies at lower altitudes, which drives
golden plovers to breed at higher altitudes where the temper-
atures are low enough to maintain high cranefly emergence
rates (Pearce-Higgins et al., 2005, 2010). Temperature variation
between years drives altitudinal shifts in suitable breeding con-
ditions, but the long-term trend of increasing temperatures is
gradually pushing golden plovers to breed at ever-higher alti-
tudes, where higher altitude terrain is available.

There are numerous studies describing long-term range shifts
of insectivorous species associated with climate change, although
it is unknown whether these are directly mediated by changes
in insect prey resources. Many of these shifts are of mid-to-high
latitude species shifting towards the poles or towards higher
altitudes. Northward range expansions have been observed

among populations of insectivorous bats, including Nathusius’
pipistrelle Pipistrellus nathusii and insectivorous birds such as
Cetti’s warbler Cettia cetti. These expansions have been driven
by increasing minimum temperatures and increasing availabil-
ity of suitable habitats (Robinson et al., 2007; Sherwin et al.,
2013). Bioclimatic modelling predicts that there will be twice
as much suitable habitat for Nathusius’ pipistrelle in the UK by
2050, under projected climate conditions (Lundy et al., 2010;
Figure 2). The Cetti’s warbler is a nonmigratory insectivorous
wetland songbird that has advanced its northern range limit
northwards from central and southern Europe to northern France
and the UK (BirdLife International, 2017), in association with
warmer overwinter temperatures. It is unclear whether warmer
winter temperatures increase survival due to fewer and less
protracted freezing events, or because of the resulting increase in
food availability; indeed it is likely that both mechanisms act in
concert (Robinson et al., 2007).

It is predicted that isotherms in temperate latitudes will shift
300–400 km polewards and 500 m in elevation, with each 3 ∘C
increase in the average global temperature (Hughes, 2000).
Insects and their insectivorous predators are expected to track
these conditions polewards and to higher elevations. The ability
to physically move in response to changing resources or envi-
ronmental conditions depends upon the dispersal capability of
the species and the availability of unoccupied habitat where the
new resources or conditions exist. This may be more feasible
for aerial species of birds and bats but may be more difficult
for less mobile, ground-based taxa such as amphibians, reptiles
and small mammals. These taxa may face obstacles to move-
ment, including natural barriers such as mountain ranges and
oceans, and fragmentation of suitable habitat to disperse through,
in an increasingly agricultural and urbanized landscape (Levinsky
et al., 2007). Furthermore, any poleward and altitudinal shifts in
suitable thermal conditions can only be matched by insects and
their predators if there is higher altitude terrain or higher lati-
tude land available for the organisms to move into, which may
not always be the case.

Changes in the Phenology
of Insectivores and Their Insect
Prey

Phenology, the timing of periodic life cycle events such as
reproduction and migration, is strongly associated with climate
(Walther et al., 2002; Linton and Macdonald, 2018). There is
compelling evidence for long-term impacts of rising temperatures
on the phenology of insects, representing both fitness benefits and
costs for insectivores.

Reproduction is energetically expensive and requires a lot of
food to support the production, parturition and provisioning of
offspring. It is no coincidence that the timing of breeding in
insectivorous taxa is generally timed to coincide with the period
of greatest insect abundance. In temperate ecosystems, the sea-
sonal timing of this peak in insect prey availability is advancing
with warmer spring temperatures, and some insectivore popu-
lations are failing to adjust their timing sufficiently to maintain
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Figure 2 Mapped habitat suitability change of Pipistrellus nathusii across the UK from 1980 to 2080. Change is based on actual climatic change from 1980
to 2000 based on UK Meteorological Office climate data (http://www.metoffice.gov.uk). The projected suitability change from 2020 to 2080 is based on the
CGCM3 climate model (http://www.cccma.ec.gc.ca). Shaded areas have a suitability greater than 0.65. The records prior to each date are represented in
black on the corresponding map (1980, 1990, 2000), with records prior to 2010 shown on the habitat suitability map for 2020. Reproduced with permission
from Lundy et al. (2010). © John Wiley and Sons.

synchrony with the availability of their food supply. Both et al.
(2006) have shown this trophic mismatch effect among pied fly-
catchers Ficedula hypoleuca breeding in oak woodlands, which
have advanced their laying date at a slower rate than that of their
caterpillar prey. There are, however, examples of successful phe-
nological adaptation in response to shifts in the timing of prey
abundance in insectivorous birds, bats and reptiles (Urban et al.,
2014; Linton and Macdonald, 2018) such as Brazilian free-tailed
bats Tadarida brasiliensis, in Texas advancing migration initia-
tion by 2 weeks over 22 years, to match shifts in prey availability
(Stepanian and Wainwright, 2018).

Beyond obtaining a sufficient supply of food for breeding
activities, an advancement in the timing of reproduction can
have important fitness benefits for breeding adult insectivores and
their offspring. For example, in bats, earlier breeding provides a
longer period leading up to winter in order to store fat reserves,
which increases over-winter survival (Sherwin et al., 2013). Little
brown bat pups born earlier in the summer have higher survival
and greater breeding probabilities than those born later (Frick
et al., 2010). In birds, earlier breeding is associated with larger
clutch sizes (von Haartman, 1982), increased offspring survival
(Figure 3, Naef-Daenzer et al., 2001) and a greater opportunity
to complete multiple broods within a single breeding season
(Halupka et al., 2008).

Climate change may influence the phenology of organisms
unequally across trophic levels, commonly advancing the phenol-
ogy of invertebrate populations at a faster rate to that of the insec-
tivores. This can result in a ‘trophic mismatch’ between the timing
of reproduction by insectivores and the timing of peak abun-
dance of their invertebrate prey (Ovaskainen et al., 2013). Such
trophic mismatches can have large impacts on reproductive suc-
cess among birds, particularly by impairing offspring growth and
reducing survival (Daan et al., 1989; Rodenhouse and Holmes,
1992). Trophic mismatch is a particular problem for insectivores
breeding in highly seasonal habitats, in which the opportunity to
breed is constrained to a short time-window, whereas across many
less seasonal habitats, trophic mismatch may be a relatively rare
phenomenon and of much less importance in driving changes in
insectivore populations.

A particularly well-studied example of a trophic mismatch in
terrestrial ecosystems is between birds and their invertebrate prey
in temperate oak (Quercus) woodlands. Oak woodlands exhibit a
brief period of productivity in spring when oak leaf burst prompts
the mass emergence of geometrid moth caterpillars, which feed
on the young leaves before they contain too much tannin and phe-
nolic compounds to be edible. This feeding period occurs within
a brief period of around 3 weeks (Burger et al., 2012) in which the
caterpillars provide the main prey for songbirds such as migratory
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Figure 3 Relative mortality in great tit (Parus major L.) and coal tits (Parus
ater L.) is lower in earlier fledging individuals. Data from 1995 (circles),
1996 (squares) and 1997 (triangles). Reproduced with permission from
Naef-Daenzer et al., 2001. © John Wiley and Sons.

pied flycatchers F. hypoleuca and resident great tits Parus major
provisioning their nestlings, after which spiders become the pri-
mary prey as the nestlings grow larger (Pagani–Núñez et al.,
2011). Increasing spring temperatures advance the timing of oak
leaf burst and caterpillar emergence. Although birds are advanc-
ing their laying date to synchronise the period of nestling provi-
sioning with changes to food availability, if they cannot match
the rate of change in caterpillar phenology, the nestlings will
be increasingly prone to starvation). See also: Climate Change
Impacts: Birds

Resident insectivore species that remain on the breeding
grounds (e.g. great tits) appear better able to avoid trophic
mismatches than long-distance migrants (e.g. pied flycatchers),
whose timing of arrival on the breeding grounds is strongly con-
strained by factors operating far away on the wintering grounds.
Substantial mismatches tend to occur for long-distance migrants,
which fail to adjust the onset of breeding to match the changes in
timing of insect abundance. For example, in one study, caterpillar
peak abundance advanced by 7.5 days per decade between 1988
and 2005, while pied flycatcher hatching only advanced by 5
days per decade over the same period (Both et al., 2009). In
contrast, resident insectivores are able to adjust the timing of
their breeding in order to avoid shortages during the nestling
period.

Migratory insectivorous wading birds breeding in Arctic wet-
lands rely on seasonal peaks of emergent invertebrate taxa
(particularly mosquitoes and chironomids), to feed their young
(Schekkerman et al., 2003). The effects of climate change include
dramatic changes in spring temperatures and water levels (Gilg
et al., 2009), which can cause large shifts in the timing of inver-
tebrate availability. The environmental cues used by migrant
species to initiate departure from the wintering grounds include
changes in day length or availability of food, neither of which
are closely linked to conditions on the breeding grounds. The

potential for trophic mismatch is increasing and such mismatches
are implicated in the decline of migratory insectivores breeding
in highly seasonal habitats.

For some species, the timing of food peaks is not the most
important selective pressure for the optimal timing of reproduc-
tion. For example, sanderling Calidris alba breeding in Green-
land have not advanced their hatching dates despite the median
date of invertebrate emergence shifting forward by 12.7 days per
decade between 1996 and 2013 (Reneerkens et al., 2016). For
sanderling, avoiding the high rates of nest predation by Arctic
foxes Vulpes lagopus early in the breeding season is more impor-
tant than matching the nestling phase with high food peaks.

There is no evidence of phenological mismatch affecting insec-
tivorous bird populations breeding in less seasonal habitats such
as temperate wetlands. In this habitat, macro-benthic insects
emerge continuously throughout the summer months, provid-
ing a protracted period of abundant prey supply for insectivores
(Dunn et al., 2011). Warmer spring temperatures are predicted
to lengthen the period of high invertebrate availability in wet-
lands, allowing insectivorous birds, such as Eurasian reed war-
blers Acrocephalus scirpaceus to nest earlier and to fit additional
broods into the breeding season, increasing the birds’ overall
breeding productivity (Halupka et al., 2008).

Although most studies of climate impacts on insect and insec-
tivore phenology have focused on temperature, other aspects of
climate variation can also have dramatic effects on breeding phe-
nology, mediated by trophic processes. Delay in laying dates
has been recorded in tree swallows Tachycineta bicolor (Irons
et al., 2017) and great tits and blue tits Cyanistes caeruleus
(Whitehouse et al., 2013) in response to harsh spring conditions,
including persistent wet and windy weather which reduces the
availability of insect prey.

Conclusions

This article identifies some of the potential mechanisms by which
climate change is mediating impacts on insectivores. Although
our understanding of these mechanisms is still limited, we are
beginning to understand why some species are declining as a
result of climate change, while others are benefitting. Warmer
temperatures are causing negative impacts on many insectivores,
through more frequent extreme weather events, and reduced
water availability in arid environments, leading to impacts such
as disruption of hibernation or migration, and energetic short-
falls during the breeding season. Climate-driven changes in insect
abundance is mediating changes in insectivore population growth
rates that result in increases in some species and decreases in
others, and in some cases causing local population extinction.
Although there are population declines and localised extinctions
of insectivores that are likely to be mediated by climate-driven
changes in insect prey availability, there are not yet any definitive
examples of global extinctions of insectivores being caused pri-
marily by food limitation. Climate-mediated shifts in invertebrate
prey resources have been implicated in distributional changes in
insectivore populations, which can be manifested as latitudinal or
altitudinal shifts. Negative impacts of climate on insectivores are
expected to be more severe for taxa that are less able to disperse or
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migrate to escape unfavourable conditions, and thus less able to
shift range to track the changing conditions. Species particularly
susceptible to climate warming are those that are sedentary, with
low dispersal ability, or in high latitudinal or altitudinal ranges,
where more suitable habitat is in short supply.

Climate change may benefit some insectivores by increas-
ing food availability and providing more suitable conditions for
reproduction. However, climate impacts on insect phenology
are often more substantial than the corresponding impacts on
vertebrate phenology, leading to substantial trophic mismatches
between the timing of high insect availability and the timing
of reproduction in vertebrate insectivores which rely on such
resources to provision their offspring. There are substantial dif-
ferences between habitats in the magnitude of such phenolog-
ical mismatches, depending on the behaviour and ecology of
the predator and the phenology of the prey. Oak woodlands and
Arctic tundra are highlighted as habitats where mismatches are
relatively large, whereas, in temperate wetlands, such mismatches
are minimal.

Phenology is affected by increasing temperatures, primarily
by advancing the dates at which insects in temperate and boreal
regions become active in spring and extending the length of
the active season of insects. Specific benefits to insectivores of
this greater and more prolonged food availability include earlier
parturition, faster development of juveniles and range expansion.

Although this article highlights the primary ways in which we
are beginning to understand the ecological impacts of climate
change on insectivores, there is much that we still understand
very poorly. For example, information is sparse on the effects
of climate change on nonavian and nonmammalian insectivore
taxa. Likewise, the impacts of climate change on insects in the
tropics, and the consequences for tropical insectivores remain
largely unknown. Given the large biomass and species diversity
of insects in the tropics, this area of research requires urgent and
extensive study.

The climatic changes over the last 100 years have been rela-
tively small compared to the projections for the next 100 years,
which will likely include increases in average global temperatures
of between 1.5 and 6 ∘C, as well as disruptions to wind and rain
patterns, as well as more frequent extreme weather events. The
long-term impacts of these changes will likely endanger many of
the Earth’s species (Thomas et al., 2004), and lead to further local,
and – eventually global extinctions as the conditions move rapidly
beyond the current tolerances of insects, and the insectivores that
rely upon them.

Glossary

Carrying capacity The number of individuals of a species that
an ecosystem can support.

Ectotherm An animal that is dependent on external sources of
body heat.

Endotherms An animal that generates its own internal body
heat.

Fecundity The ability to produce offspring.
Isotherms A line on a map connecting points having the same

average temperature.

Phenology The timing of periodic life cycle events such as
reproduction and migration.

Sedentary Inhabiting the same locality throughout life; not
migratory or nomadic.

Thermoregulation The self-regulation of internal body
temperature.
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