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Social dimensions of physiological responses to global climate change: what we can
learn from ants (Hymenoptera: Formicidae)
Lacy D. CHICK, Abe PEREZ & Sarah E. DIAMOND
Abstract
Organisms possess a wide range of physiological mechanisms to cope with climate change, yet most of what we know
about these mechanisms comes from solitary organisms. Because there is a tight linkage between climate change and
organismal physiologies, understanding the physiological mechanisms driving the responses of species to climate change
has emerged as a research priority in ecology and evolutionary biology. However, responses become more complex
when considering social organisms, as their responses to a changing climate can involve hundreds or even thousands of
individuals that make up a single colony. Ants are especially good model systems for how social organisms may
physiologically cope with global changes in climate, as they are geographically widespread and occur across diverse
climatic regimes. Surprisingly, ants have received remarkably little attention in context of physiological responses to
climate change given their ubiquity and key roles in many ecosystems. In particular, we have yet to bridge the gap between individual and colony-level responses to climate change in social organisms. In this review, we use ants as a focal
taxon to examine the general patterns and mechanisms associated with thermal physiology and performance in individuals; how colony-level performance might differ in social organisms; and where the fields of physiological ecology
and myrmecology can converge to better understand how ants will respond to anthropogenic changes in climate.
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Introduction
Climate change is one of the greatest threats to biodiversity (BELLARD & al. 2012). Recent climate change has
already altered the phenology, ranges, distributions, and
local abundance of many organisms (PARMESAN & YOHE
2003, PARMESAN 2006, SINERVO & al. 2010, CHEN & al.
2011, CRIMMINS & al. 2011, WARREN & CHICK 2013),
and extirpations are expected to accelerate with continuing
increases in temperature (URBAN 2015). As a consequence,
much research effort has been devoted to forecasting responses to climate change to better improve vulnerability
assessments and conservation planning (ELITH & al. 2010,
SINERVO & al. 2010, BUCKLEY & al. 2012).
Traits that quantify how organisms cope with temperature rise under global climate change – up to nearly 5 °C
above historical baselines by the end of the century in some
scenarios (IPCC 2014) – have been reasonably successful
predictors of responses to climate change (CHOWN & al.
2004, BUCKLEY & al. 2010, KEARNEY & al. 2010, SINERVO & al. 2010, BUCKLEY & al. 2011, FORDHAM & al.
2013). Despite this, the success of thermal physiologies in
predicting responses to climate change at local to macroecological scales is largely derived from work in solitary
organisms. How climate change affects social organisms
and the degree to which their responses can be predicted
by thermal physiologies is less understood. In particular,

how individuals and the entire social unit converge or fail
to converge in their responses to climate change remains
largely unknown. Here we use ants – an abundant, geographically widespread, and climatically diverse group –
as a model taxon to consider the social dimension of physiological responses to climate change, and highlight areas
for future expansion.
Patterns and mechanisms of temperature-driven
physiological responses to climate change: For ectothermic species, thermal performance curves, which describe performance expressed as a function of body temperature, have a characteristic shape: Rising from the lower
critical thermal tolerance (CTmin), there is a gradual increase in performance with increasing body temperature
until maximum performance (Pmax) is reached, after which
point performance declines rapidly as the organism approaches its upper critical thermal tolerance (CTmax) (Fig. 1,
see Box 1 for a glossary of terms) (HUEY & KINGSOLVER
1989, ANGILLETTA 2009). Both thermal performance curves
and their endpoints, defined by the upper and lower critical thermal tolerances, have been used to predict organismal responses to climate change (DEUTSCH & al. 2008,
KEARNEY & P ORTER 2009, D IAMOND & al. 2012a, b),
though there has been considerably more focus on thermal
tolerances compared with thermal performance curves, as

Box 1: Glossary of terms in thermal physiological ecology.
CTmax Critical thermal maximum. An organism's upper limit of performance, often used as a physiological
endpoint for high temperatures.
CTmin Critical thermal minimum. An organism's lower limit of performance, often used as a physiological
endpoint for low temperatures.
Pbreadth The range of temperatures at which performance efficacy is maintained.
Pmax

The maximum performance of an organism, illustrated by the peak of the performance curve.

Tb

Core body temperature of an organism.

Topt

The optimum body temperature for maximum performance.

Tpref

The preferred body temperature of an organism, often reported as a range of temperatures and measured
within the laboratory using thermal gradients and behavioral thermoregulation.

TPC

Thermal Performance Curve; visualization of the physiological performance of an individual.

tolerance endpoints are generally easier to obtain experimentally than entire performance curves.
At regional to global spatial scales, evidence suggests
that ectotherms in tropical regions may be more susceptible to climatic warming than their temperate counterparts
owing to differences in their thermal physiologies. Environmental temperatures of ectotherms in lower to midlatitudes are much closer to their thermal optima (Topt) which
makes them highly susceptible to even small increases in
temperature that lead to rapid declines in performance as
temperatures begin to approach the CTmax (DEUTSCH &
al. 2008, SØMERO 2010, SUNDAY & al. 2011, KINGSOLVER & al. 2013, SUNDAY & al. 2014). Ants also follow
this pattern, with greater vulnerability to experimental (DIAMOND & al. 2012a) and projected (DIAMOND & al. 2012b,
ANDREW & al. 2013) climate change exhibited at lower
latitudes, owing to environmental temperatures being closer
to ant upper thermal tolerances (ANDREW & al. 2013,
KASPARI & al. 2015). Interestingly, there appears to be
marginal evidence of thermal adaptation in CTmax across
latitude for ectotherms in general (SUNDAY & al. 2011) and
ants in particular (DIAMOND & al. 2012a). In contrast, lower
thermal tolerances vary considerably over latitude, which
at least proximately produces the broadening of thermal
performance curves at higher latitudes.
Mechanistically, the basis for these patterns is still debated. These patterns in performance breadth may reflect
climatic variability – cool temperatures are not experienced
in the tropics, but high latitudes still experience warm
temperatures, albeit less frequently (ADDO-BEDIAKO &
al. 2000). Alternatively, these patterns may reflect nonlinearity of the temperature-dependence of physiological
rate processes – many physiological rates increase exponentially with temperature, so the prevalence of thermal
specialism in the tropics may arise from these environments simply being warmer (PAYNE & SMITH 2017). In
any case, because CTmax is relatively invariant across latitude, but mean environmental temperatures decrease with
increasing latitude, ants at higher latitudes have a greater
thermal buffer to cope with rising global temperatures
compared with ants at lower latitudes. Indeed, assuming
simple temperature-dependence of population growth, many
high-latitude ectotherms, including ants, may be expected
to have relatively high growth (e.g., greater numbers of
individuals for solitary ectotherms, or greater numbers of
colonies for social ectotherms) with climate warming com-
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Fig. 1: Ectotherm thermal performance curve. Thermal performance curve typically used for ectothermic organisms
illustrates the relationship between an organism's body
temperature and performance (modified from HUEY &
STEVENSON 1979). The curve shows multiple descriptors
of a common performance curve, including the thermal
optimum (Topt) – temperature at which an organism has
its highest performance measure, performance breadth
(Pbreadth) – range of temperatures at a designated performance efficacy, critical thermal limits (CTmin and CTmax) –
temperatures at which an organism reaches its thermal tolerance designated by a predetermined measure of performance, and maximal performance (Pmax) – the highest performance reached by an organism (coincides with Topt).
pared with low-latitude ectotherms that may experience
significant declines. The data supporting this assumption
come from a variety of different sources, including more
integrative metrics of population growth rate under current and projected thermal environments (e.g., DEUTSCH &
al. 2008) to more basic metrics of how much of a thermal
buffer exists between organismal performance and tolerance limits under current and future climates (e.g., DIAMOND & al. 2012b). From a conservation perspective, this
global pattern of susceptibility to climate change is unfortunate as ant biodiversity is greatest at lower latitudes where
the greatest climate-driven declines are expected (JENKINS

Fig. 2: Ant brood indirectly "tracking" optimal temperatures via colony workers. Panels represent different times of day in
which workers move brood to follow a thermal optimum (Topt) along a heat gradient. In early morning, brood are moved
nearer to the surface of the nest where temperatures are highest, are moved lower in the soil column during midday
when temperatures are too high for optimal development and solar radiation is the most intense for nest-dwellers, and
are moved further below the surface during cool evenings to buffer the effects of cold temperatures on development.
& al. 2011, DIAMOND & al. 2012b). However, most of
these inferences are focused exclusively on the responses
of individual workers, and do not consider how colonylevel responses may modulate the ability of the colony to
tolerate changes in temperature.
How thermal environments vary across developmental stage and caste: Ant colonies may experience different thermal regimes across developmental stages (i.e.,
egg to adult) and across castes (specialized groups within
a colony, i.e., queen, workers, soldiers, etc.) (ASANO &
CASSILL 2011, DIAMOND & al. 2013). Often, the earliest
stages of development (i.e., egg, larvae, pupae, or collectively, brood) of ants are confined to a nest environment
that is somewhat buffered from environmental variation.
However, even modest changes in nest temperatures can
have appreciable impacts on worker mortality (CALABI &
PORTER 1989), brood development (ABRIL & al. 2010, KIPYATKOV & LOPATINA 2015, PENICK & al. 2017, but see
BOULAY & al. 2009) and queen oviposition rates (ABRIL &
al. 2008). At the more extreme end of temperature change,
a study investigating the influence of temperature on the
brood development in the Argentine ant, Linepithema humile, found that the development time of the egg stage
decreased almost four-fold – from 58 days at 18 °C to 15
days at 30 °C (ABRIL & al. 2010). Survival at each immature developmental stage was also affected by temperature; however, temperature influenced each stage in different
ways. At higher temperatures egg survival decreased, but
at lower temperatures, it was larval survival that decreased
(ABRIL & al. 2010). While on the surface it may appear
that temperature has idiosyncratic effects on performance
and survival throughout early development, the nature of
temperature-dependence of egg viability and brood development (at least in this system) coincides with seasonal
fluctuations in temperature. Linepithema humile queens
exhibit the greatest egg production when environmental
temperatures are cooler during the spring and autumn,

leading to higher larval densities during the summer months
when environmental temperatures are the highest (ABRIL
& al. 2010, MARKIN 1970). Together, these results suggest
an important role for the stage-dependence of responses
to temperature change. But they likewise suggest that a
better understanding of responses of each stage to natural
fluctuations in temperature may help us to predict thermal
sensitivities to temperature change throughout ontogeny.
Early in development, workers are often confined to
the relatively buffered nest environment. The range of temperatures that nest workers (and their charges, i.e., brood)
experience is comparatively stable not only due to the nest
environment being thermally buffered, but also due to the
ability of colonies to thermoregulate and maintain temperatures within an optimal temperature range (JONES &
OLDROYD 2006, PENICK & TSCHINKEL 2008, KADOCHOVÁ
& FROUZ 2014). For example, many ground-nesting species can avoid excessive heat by moving deeper into the
soil column (KADOCHOVÁ & FROUZ 2014, DEL TORO &
al. 2015) (Fig. 2) or by relocating their nest to a more
favorable site altogether (SMALLWOOD 1982). Fire ants
are especially adept at tracking temperature patterns, as
workers move brood higher in the mound in the early
morning until temperatures surpass the Topt of ~ 32°C, at
which point the workers move brood into the lower, cooler
parts of the nest (PENICK & TSCHINKEL 2008). Owing to
this behavioral plasticity, high temperature events may have
marginal immediate impacts on nest worker and brood
development and survival; however, under chronic heat
stress, longer-term colony growth may decline as resource
acquisition via foraging activity is suppressed (GORDON
2013) (see Fig. 3 for an example). Unlike ants, many solitary organisms lay eggs that are not moved to more favorable microhabitats. Throughout development, which can
last several months or even years for some solitary organisms (HELIÖVAARA & al. 1994; GRANT 2005), increases
in mean temperatures and extreme weather events (IPCC
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Fig. 3: Direct and indirect effects of current and future temperature on ant colonies. Direct (solid lines) and indirect
(dashed lines) impacts of temperature on individual performance for queens, workers, brood, and alates can scale up to
affect colony success (i.e., survival and geographic distribution). Brood development and worker and queen survival
and success are all directly dependent on the thermal environment. Survival at each stage may increase, decrease, or
show no significant differences with warming. Reproduction is directly influenced by the thermal environment through
temperature-dependent physiological processes (i.e, potential fecundity) and indirectly through resource acquisition of
workers (foraging success). Ranges and distributions of species are emergent properties impacted by the dispersal of
alates and the survival of the reproductive unit (colony). Panel A represents examples of thermal performance curves
for heat-tolerant (orange line) and heat-intolerant (green line) species. Examples of species are pictured, from left to
right: a heat-tolerant species, the acorn ant, Temnothorax curvispinosus, and a heat-intolerant species, Aphaenogaster
rudis (photo credit: Lauren M. Nichols). Panel B represents the general impacts of temperature on an ant colony under
current conditions. Panel C represents projected impacts of chronic climate warming (red, positive; blue, negative) for
species that are heat-tolerant (left) and heat-intolerant (right). Warming is expected to increase the potential fecundity
and development rate for both heat-tolerant and heat-intolerant species, but will likely contribute to higher forager
mortality. To a point, forager mortality will have minimal effects on the colony, but survival combined with foraging
success will subsequently impact the condition of the queen and brood. Heat-tolerant species that have increased foraging
success in warmed conditions will likely increase realized fecundity, as the condition of the queen and brood improves
with more resources. Given the potential for higher colony success and greater dispersal capabilities, heat-tolerant species are expected to extend their current distributions as a result of warming. Heat-intolerant species may be expected to
have shorter dispersal distances, and lower survival for queens and brood (and lower realized fecundity) under chronic
warming, leading to distributional shifts favoring cooler environments; ultimately, range sizes may contract, as these
species experience negative effects of warming on many aspects of their biology.
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2014) or an increase in the number of days outside an optimal temperature range for development could prove detrimental to the next generation of the population. In this
case, sociality provides ant brood with the benefit of indirect mobility via colony workers, which can increase
survival rate during development.
As workers mature and take on foraging roles, they are
likely to encounter greater heterogeneity in the thermal
environment (PENICK & TSCHINKEL 2008). Foragers often
experience considerable thermal heterogeneity in moving
from the nest to foraging environment and even across the
foraging environment itself (RETANA & CERDÁ 2000);
however, ant foragers exhibit remarkable behavioral plasticity to cope with variable and extreme environments. For
example, Iridomyrmex purpureus reduces foraging activity
when surface temperatures exceed 50 °C, but increases its
running speed (ANDREW & al. 2013). While I. purpureus
voluntarily forages at stressful temperatures, adjustments
in foraging behavior such as running faster back to the
thermal refuge of the nest, or changing foraging routes to
spend more time in cooler microclimates (e.g., shade) allow this ant species to maximize foraging during times of
extreme thermal stress (ANDREW & al. 2013). Similarly,
Cataglyphis ants curl their abdomens upwards (CERDÁ &
RETANA 2000) or climb sticks (BOULAY & al. 2017) to
avoid heat stress when surface temperatures become excessively warm. Therefore, while foraging workers are
likely to encounter more heterogeneous environments than
nest workers, they exhibit many behavioral adaptations for
coping with that variability.
Despite these coping mechanisms, the lives of foragers
are dangerous and likely short. Yet for a social organism,
the death of an individual worker does not immediately
translate to reproductive death meaning that if a few individuals die from exposure to extreme conditions, the colony can still survive because it would be a specific caste
depleted rather than the entire reproductive unit, as would
be the case for a solitary organism. This social structure
provides some degree of buffering that solitary organisms
do not have access to. Of course, the loss of a forager can
still be costly in terms of prior energetic investment and
diminished future resource acquisition, and ants have
evolved strategies to mitigate these losses. For some desert ant species, colonies will not send out additional foragers until the previous foragers return with food (GORDON & MEHDIABADI 1999). This is important for days
where surface temperatures rise above CT max (CERDÁ &
al. 1997, 1998a) and foragers are exposed to extreme heat.
In this case, even if some foragers never return, the colony benefits by cutting its losses and not continuing to
send additional foragers until conditions improve. In the
short term this strategy can be beneficial, but for longer
periods of high temperatures due to climate change, if
enough foragers die or they spend too little time foraging, the colony will starve. In this context, colony fitness
may actually be more constrained by the high temperatures outside the nest.
Except during colony foundation and mating flights,
reproductives are typically confined to the nest, and are
surrounded by a team of worker ants, which protect them
from the outside world. Like brood, queens are most directly impacted by nest temperatures (Fig. 3), though
here again behavioral thermoregulation within the nest

can allow the queen to maintain body temperatures near
those optimal for brood production. In a way, this natural
buffering of the queen within the nest has led to a "buffering" of scientific knowledge about the physiology of ant
queens in that, despite decades of research on ants, very
little is known about the physiological constraints of queens.
Changes in nest temperature can impact queen physiology in a number of different ways. At the most basic
level, temperature can affect the rate at which queens accumulate fat reserves which in turn affects queen reproductive rates (PORTER & TSCHINKEL 1986). In many ants,
a positive feedback exists between fecundity and brood,
where queen fertility is positively related to the number
of brood (TSCHINKEL 1987), therefore, everything trickles
back to the performance of the queen (Fig. 3). Apart from
these direct effects of temperature on reproduction, queen
performance is also indirectly regulated by forager thermal
performance and their ability to acquire resources (TSCHINKEL 1988, CERDÁ & RETANA 1997). These effects can be
far-reaching with respect to colony performance and demography, as nutrient availability has been shown to influence sex allocation such that in times of scarcity, there
are uneven shifts in queen: worker ratios (DESLIPPE & SAVOLAINEN 1995).
Although queens spend most of their lives inside the
nest, dispersal events can also shape queen physiological
performance. Queens can disperse from their natal nests to
form new colonies either alone (independent colony founding), or by taking some workers from her natal colony
with her to aid in the establishment of a new nest (dependent colony founding) (PEETERS & MOLET 2009). Dependent colony founding adds a physiological benefit to the
new queen since she can stay safely enclosed in the new
nest rather than be exposed to potentially harsh or suboptimal environments while foraging and can allocate
energy to brood production rather than resource acquisition (PEETERS & MOLET 2009). Dependent colony founding does, however, come with the cost of shorter dispersal distances since the queen is limited by the dispersal
capabilities of flightless workers, which can lead to high
competition for nest space, especially in patchy habitats.
While both modes of colony founding have their costs
and benefits, the success or failure of colonies with such
strategies – specifically independent colony founding –
may be dependent on a queen's sensitivity to temperature.
In general, we need more data on queen thermal sensitivities in key performance traits both inside and outside the
nest environment. While we are gaining a clearer picture
of how temperature influences different castes and stages,
a major gap in our knowledge is how responses scale
from individuals to the entire colony over the course of
individual development and colony reproduction.
A recent study by PENICK & al. (2017) explicitly addressed this issue of whether individual vs. colony-level
performance-metrics provide consistent interpretations of
responses to increasing temperature. In general, there was
congruence between these metrics within and among species: Individual tolerances were correlated with colony
growth, and species whose workers were able to tolerate
higher temperatures actually required higher temperatures
for brood development. This is not to say that the range
of temperatures permissive for the survival of individuals
is the same as those that permit colony growth – indeed
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for many ectotherms including ants, the range of temperatures tolerated for survival lie well outside those tolerated
for colony growth (DIAMOND & al. 2013) – but simply
that these metrics yield qualitatively similar predictions
of responses to temperature increase. Ideally, these results
would be extended to longer-term colony and population
level performance and fitness under changing temperatures, but there currently is only one long-term study of
ant demography that explicitly measures realized fitness.
INGRAM & al. (2013) measured colony reproductive success in the red harvester ant, Pogonomyrmex barbatus, for
up to nearly 30 years in some cases, and concluded that
commonly used metrics of reproductive output (e.g., queen
longevity, age at first reproduction) may not reflect realized reproductive success (net reproductive rate). Therefore, while it is encouraging that individual thermal tolerance metrics appear to reflect short-term colony success,
the longer-term colony dynamics and responses to changing environmental temperature are unclear.
How thermal environments vary across species with
different life histories: The foregoing has largely been
focused on intra-specific comparisons of stage- and castedependence of thermal performance; however, comparative
work among species has also uncovered important patterns
in responses to temperature change. For example, KASPARI & al. (2015) found links between interspecific variation in ant life history traits and thermal tolerance. Canopydwelling ants had on average, CTmax values that were 3.5
- 5 °C higher than ants nesting in the rainforest understory. In part, the greater thermal tolerance of arboreal ants
reflected their increased body size, which tends to improve thermal tolerance among many insects (OBERG &
al. 2011, BAUDIER & al. 2015, KASPARI & al. 2015). In addition to differences in body size, BAUDIER & al. (2015)
also found that microhabitat was a significant predictor
of species' CTmax, where species of army ants living in a
more thermally stable environment – just 10 cm below
ground – had lower CT max values compared to aboveground species.
Seasonal activity pattern traits likewise appear to be
related to thermal tolerance traits in ants. PENICK & al.
(2017) examined the relationship between upper thermal
tolerance and the length of the activity season among several forest-dwelling ants. Species whose workers had a
high CTmax exhibited shorter activity seasons compared
with species with lower CTmax values, indicating a possible tradeoff between thermal tolerance and the duration
of seasonal activity patterns. Particularly given that ants
are a very speciose group, developing generalizations for
susceptibility to warming based on species life history traits
is an essential aspect of forecasting ant responses to climate
change. Indeed, as large-scale databases of traits become
increasingly available, including a recent database for ants
(PARR & al. 2017), broad-scale predictions of susceptibility to climate change based on species traits are becoming
more tractable.
Direct and indirect effects of temperature change:
Above, we considered how temperature change can impact
castes, developmental stages and species in different ways,
but in each case, we focused on the direct effects of temperature on individuals. While convenient for making general predictions of responses to climate change, this approach does not necessarily capture biological reality, as
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species are embedded within communities. The degree to
which and the nature of how temperature change alters
species interactions is a major open question, not only for
social organisms like ants, but for all biological communities (KEARNEY & al. 2009, STUBLE & al. 2013).
Ant communities are often organized in terms of competitive dominance hierarchies where dominant species outcompete and reduce the foraging success of other species
(ANDERSEN & P ATEL 1994, HUMAN & GORDON 1996,
CERDÁ & al. 1997). Some evidence suggests a positive relationship between dominance and thermal tolerance. For
example, under experimental warming of forest ant communities, those species with the greatest heat tolerance
increased forager densities and the length of foraging time
at baits (STUBLE & al. 2013), and their occupancy of highquality nest sites (D IAMOND & al. 2016). Importantly,
however, others have found that thermal tolerance trades
off with dominance (CERDÁ & al. 1998a, b, BESTELMEYER
2000). When ant species within a Mediterranean grassland community were ranked from highest to lowest for
behavioral dominance and thermal preference, resulting in
a negative relationship where dominant species foraged
at lower temperatures than subordinate species (CERDÁ
& al. 1998a). This finding suggests that species have the
capacity to partition thermal niches in order to limit interspecific interactions and increase foraging success. In some
cases, this partitioning not only shifts seasonal foraging
times (ANDERSEN 1983, FELLERS 1989) but can also result in shifts from nocturnal to diurnal foraging patterns
(VEPSÄLÄINEN & SAVOLAINEN 1990, ANDERSEN & PATEL
1994).
It is important to note the work demonstrating tradeoffs between dominance and thermal preference was not
examined in context of climate change per se, and higher
levels of warming could shift the competitive landscape,
even in species that are limited by cold, rather than warm
temperatures. For example, BISHOP & al. (2017) found
that ant species that were less cold-tolerant (those with a
high CT min) increased their abundances with increasing
minimum temperatures, but cold-tolerant species (those
with a low CTmin) did not respond strongly to increases in
minimum temperatures. Additionally, WARREN & CHICK
(2013) found that the rise in minimum, rather than maximum, temperature was responsible for the upward elevational shifts of two Aphaenogaster species. As a result, the
more cold-tolerant of the two species, A. picea, is thought
to be partially displaced as the less cold-tolerant A. rudis
gains access to previously unsuitable high-elevation sites.
Increasing temperatures, whether at the low or high end
of the spectrum, can have cascading effects on activity and
community structure, and despite the considerable behavioral plasticity in ant activity patterns, there may be limits
on the capacity of ants to cope with altered species interactions under climate change. Recent work from experimental warming of forest ant communities showed that
altered species interactions destabilized ant communities
at both high and low latitude temperate region sites (DIAMOND & al. 2016). Interestingly, it appears that within these
warming arrays, thermophilic ant species are driving the
loss of stability by holding nest resources for longer periods of time; thermophilic species also appear to escape
competitive interactions over food resources unlike less
heat-tolerant species that are losing climatic niche space

and experiencing greater competition as the climate warms
(DIAMOND & al. in press).
In some cases, increasing temperatures may shift the
competitive advantage towards invasive species. Pheidole
rugosula, a species native to New Zealand, occupies and
defends baits when temperatures are between 20 °C and
30 °C. However, as temperatures increase, the invasive
Monomorium sydneyenses begins to dominate baits as temperatures exceed 30 °C (STRINGER & al. 2007). Climate
change is predicted to have species-specific effects, benefiting some and subjecting others to sub-optimal environmental conditions (P ELINI & al. 2011, STUBLE & al.
2013, PELINI & al. 2014). For exotic species, these novel
environmental conditions may favor invasion, potentially
leading to the displacement of persisting native species
(BERTELSMEIER & al. 2016). However, invasive ant species
often have lower thermal tolerances relative to native species and as a result, forage at lower temperatures. For example, foraging performance of Linepithema humile is reduced at high summer temperatures, conferring the competitive advantage over to the native species (ANGULO &
al. 2011). Thus, it is unlikely that climate change will systematically increase exotic ant invasions, however, some
species will benefit which may ultimately impact ant communities and responses to climate change (BERTELSMEIER
& al. 2016).
Methodological considerations: Throughout this review, we have generally discussed thermal performance
and tolerance traits as if they are fixed, when in fact these
trait estimates can be quite sensitive to the methods used to
estimate them. Here we consider the methodological sensitivities of thermal tolerance traits as one example. How
the thermal challenge is applied, for example, static assessments where the temperature at which half the sample
dies or time to knockdown is assessed versus dynamic assessments where the temperature is increased gradually and
the temperature at which loss of muscular coordination,
righting-response or death is recorded, can yield different
tolerance estimates. The rate of temperature increase within
dynamic ramping protocols can also influence the estimates
of tolerance, with faster rates of temperature increase generally causing upward bias in the estimates (TERBLANCHE
& al. 2007, 2011, REZENDE & al. 2014). In workers of Linepithema humile, CHOWN & al. (2009) found that higher
rates of temperature change not only improved CTmax values, but also resulted in smaller variances of the critical
thermal tolerances. Although faster rates of temperature
increase are thought to minimize the confounding effects of
water and food stress that may interfere with slower rates
of temperature increase (REZENDE & al. 2011, SANTOS &
al. 2011), slower rates of temperature increase are thought
to be more biologically relevant rates of temperature change
(LIGHTON & TURNER 2004). While some researchers have
advocated for assessing thermal tolerances over a range
of temperature challenges (REZENDE & al. 2014), there
are often practical limitations on this approach with respect to time and sample sizes. However, the question of
how tolerances should be estimated is an important one,
as the approaches can sometimes qualitatively alter the
outcomes and interpretations of a study, e.g., whether or
not there exists a latitudinal cline in upper thermal tolerance (SGRÒ & al. 2010). At a minimum, the goals of the
study should be considered in light of these responses,

specifically whether realistic rates of temperature change
versus intrinsic estimates of thermal tolerance alone are
desired.
Although underappreciated, there may be value in comparing estimates of tolerance obtained using slower and
faster rates of temperature increase. For social organisms
such as ants, we can take advantage of these differences
in methodologies to examine differences in responses to
warming for different castes and developmental stages. For
ants that reside within the thermally buffered nest environment (i.e., brood, queens, and workers in early developmental stages), slower rates of temperature increase
may be more biologically relevant. For worker ants that
leave the nest to forage, they may encounter substantially
faster rates of temperature change both as they move between the nest environment and foraging area and between
microhabitat differences within the foraging area (e.g., light
gaps versus shaded patches). As a consequence, different
rates of temperature increase may be more or less biologically relevant depending on the stage and caste of ants.
Moving forward
Looking beyond the growing season: Most of what we
know about ant thermal physiology comes from studies
conducted during warmer months of the year (in temperate systems) and it remains unclear how temperature
change during the winter will impact ants. We know very
little about the physiological mechanisms that allow ants
to cope with cooler temperatures or the mechanisms associated with overwintering strategies, even though overwintering is a key driver of organismal performance and
ecological interactions, and constrains geographical distributions (ANDERSEN & al. 2015). Many ant species have
developed physiological and behavioral adaptations that
enhance survival during winter.
A common strategy among ants is behavioral avoidance of winter temperatures. The majority of ants living
in the temperate zone overwinter underground at depths
where they are less likely to experience extreme or variable temperature regimes (BERMAN & al. 2010). But there
are exceptions to every rule: Prenolepis imparis is a winterspecialist ant species that is active during the winter season but remains quiescent in its underground nest during
the growing season. In fact, foragers are entirely absent for
7 - 8 months in warmer parts of their geographic range
(TSCHINKEL 1987). Commensurate with the winter-active
habits of this species, peak foraging occurs from 7 - 16 °C
(TALBOT 1943), and the maximum temperature they can
tolerate is 39 °C (DIAMOND & al. 2012b) – values which are
considerably lower compared with most other ant species.
Although many temperate ant species overwinter underground, there are a few ant species that overwinter
above ground. Ants in the genus Temnothorax are able to
withstand winter conditions through the productions of glycerol and other antifreeze compounds (HERBERS & JOHNSON 2007). Despite these coping mechanisms, overwintering above ground comes at a cost: Colonies of Temnothorax crassispinus that overwinter on the surface have a
much higher mortality compared to those overwintering
just 5 cm below the soil surface (MITRUS 2013). These
costs can be mitigated by the insulating effects of snow,
or exacerbated by freeze-thaw events throughout the winter (M ITRUS 2016). The benefit to overwintering above
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ground appears to be earlier access to limited food and
nest resources at the onset of spring (HERBERS 1989, HERBERS & JOHNSON 2007).
Clearly ants possess remarkable strategies for coping
with winter climates, but how will they respond to ongoing
changes in climate over winter? At the most basic level,
chronic winter warming and even short-term warm spells
can increase metabolic demands and consumption of stored
energy reserves at a time when food availability is at its
lowest (BROWN & al. 2004, ANGILLETTA 2009). For example, warmer winter temperatures decrease the body fat
reserves of the boreal wood ant, Formica aquilonia and
consequently decrease overwintering survival (SORVARI &
al. 2011). Yet, species vary in their sensitivity to winter
and efforts to forecast biological responses to climate change
must take this into account. Currently, evidence for both
the fields of physiological ecology in general, and myrmecology in particular, are lacking in studies of overwintering
and diapause (SINCLAIR & al. 2015). Data on the physiological consequences of winter warming are rare; there is
an urgent need to investigate these responses and further
see how they may carry over into the growing season.
Other sources of environmental change: While our
focus has been on the impacts of climate change on ant
communities, changes in land-use are also having major
effects. The conversion of land for human settlement has
been accelerating over the last few decades (SETO & al.
2011), but the effects of urbanization on communities has
received considerably less attention than climate change
(DUNN & al. 2006, MENKE & al. 2011, DIAMOND & al.
2015). As urbanization increases worldwide, urban areas are
relevant for study on their own, but they can also provide
insight into global climate change as a space-for-time substitution (FUKAMI & WARDLE 2005). Although our understanding of how the composition of biological communities changes from undeveloped rural habitats to nearby
urbanized areas is improving (STRINGER & al. 2009, IVANOV & KEIPER 2010, GUÉNARD & al. 2015), our understanding of the physiological mechanisms that allow organisms to cope with the increased environmental temperatures of urban areas is less well known (CHOWN & al.
2004, DIAMOND & al. 2015). ANGILLETTA & al. (2007)
demonstrated phenotypic shifts in upper thermal tolerance
of leaf-cutter ants in São Paulo, Brazil: Ants from within
the city, where environmental temperatures were warmer,
had a longer knock-down time at higher temperatures than
ants from outside the city. However, this study was not
able to disentangle plasticity (increases in heat tolerance
without genetic change) from evolutionary changes in heat
tolerance. Recent work using acorn ants in a common
garden experimental design was able to demonstrate roles
for both plasticity and evolutionary change underlying increases in heat tolerance and losses of cold tolerance in
urban ant colonies from Cleveland, Ohio USA compared
with nearby rural colonies (DIAMOND & al. 2017). These
results are somewhat surprising as evolutionary change is
typically thought to operate over longer timescales and
therefore would have limited use for organisms coping
with rapid changes in environmental temperature. Indeed,
thermal tolerances in ants tend to be phylogenetically
constrained (DIAMOND & al. 2012a), making it all the
more surprising that there is evidence of rapid evolution
of thermal tolerance traits under urbanization. More work
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is needed to uncover the relative contributions of both
plasticity and evolution toward the ability of ants and other
organisms to cope with temperature change, and comparative and experimental work along urbanization gradients
can help to meet this goal.
Other physiological stressors: With much of our
knowledge of the ecophysiology of ants coming from studies focusing on temperature, we know very little about
other physiological stressors (for general reviews on physiological mechanisms of insect responses to stress see
FEDER & HOFFMAN 1999, CHOWN & N ICOLSON 2004,
CHOWN & TERBLANCHE 2006, BALE & HAYWARD 2010).
One important physiological stressor for ectotherms is desiccation. Future climate projections show that many regions will experience a shift to a more arid climate (SEAGER & al. 2007), as well as increases in the frequency and
severity of extreme droughts (IPCC 2014). Consequently,
water conservation may be a significant problem for small
ectotherms such as ants, where evaporative water loss is
a function of the surface-to-volume ratio. Traditionally,
studies of desiccation physiology have focused on identifying the mechanism in reducing water loss, such as fluidity of epicuticular lipid layers for waterproofing (HOOD
& TSCHINKEL 1990). Few have examined how these traits
interact, specifically, thermal tolerance and desiccation
resistance and how these interactions influence responses
to warming (but see BUJAN & al. 2016). Often these two
traits are studied independently, despite the known interplay between the two. A recent study however, has elucidated some of these interactions by investigating canopy
and understory dwelling tropical ants. BUJAN & al. (2016)
found that desiccation resistance increases with CTmax in
litter dwelling species, while canopy species showed the
reverse pattern: decreased desiccation resistance as a function of increasing CTmax. This is a prime example of how
multiple stressors can interact to become co-limiting factors for organisms and more extensive studies are imperative if we are to attempt to predict responses of ants in the
face of climate change.
Conclusions
In this review, we have made a case for the importance
of thermal physiologies toward predicting ant responses
to climate change, and have outlined some unique considerations for ants as social organisms. While thermal tolerances of the most conspicuous members of ant colonies,
foraging workers, can indeed predict the so-called winners
and losers of climate change, there is still a great deal of
variation not being captured when we ignore the fact that
different castes, developmental stages and species with
different life histories can each have different responses to
temperature change. Further, while there appears to be a
general concordance between individual forager responses
to temperature and colony-level responses, this relationship may only hold for short-term responses. How longerterm dynamics of ant colony responses to temperature
change unfold is a major unanswered question. Throughout this review, we have emphasized the high level of behavioral plasticity that ants exhibit in response to temperature, but this plasticity may be insufficient to shield
ants from the effects of climate change, as warming still
leads to changes in community composition and the reduction of dynamical stability. Now that we have a solid

foundation of how thermal performance and tolerance
traits might allow us to forecast responses to global climate change in ants (see Fig. 3 for a conceptual overview), we suggest that future work could be aimed at understanding how robust these predictions are to variation in
caste, developmental stage, the nature of how performance
and tolerances are estimated, other types of physiological
stress and stressors, and interactions among species. Ideally, these physiological responses to environmental change
(including their sensitivities to the additional axes of variation listed above) can then be used to improve broadscale forecasts of range and distributional shifts of entire
lineages.
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