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1 | INTRODUCTION

Ants are a globally important insect group. They evolved in the

Cretaceous up to 168 million years ago (Moreau et al., 2006) and have
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Abstract

Ants (Hymenoptera: Formicidae) are one of the most dominant terrestrial organisms
worldwide. They are hugely abundant, both in terms of sheer numbers and biomass,
on every continent except Antarctica and are deeply embedded within a diversity of
ecological networks and processes. Ants are also eusocial and colonial organisms—
their lifecycle is built on the labor of sterile worker ants who support a small number
of reproductive individuals. Given the climatic changes that our planet faces, we need
to understand how various important taxonomic groups will respond; this includes
the ants. In this review, we synthesize the available literature to tackle this question.
The answer is complicated. The ant literature has focused on temperature, and we
broadly understand the ways in which thermal changes may affect ant colonies, popu-
lations, and communities. In general, we expect that species living in the Tropics, and
in thermally variable microhabitats, such as the canopy and leaf litter environments,
will be negatively impacted by rising temperatures. Species living in the temperate
zones and those able to thermally buffer their nests in the soil or behaviorally avoid
higher temperatures, however, are likely to be unaffected or may even benefit from a
changed climate. How ants will respond to changes to other abiotic drivers associated
with climate change is largely unknown, as is the detail on how altered ant populations
and communities will ramify through their wider ecological networks. We discuss how
eusociality may allow ants to adapt to, or tolerate, climate change in ways that soli-
tary organisms cannot and we identify key geographic and phylogenetic hotspots of
climate vulnerability and resistance. We finish by emphasizing the key research ques-
tions that we need to address moving forward so that we may fully appreciate how

this critical insect group will respond to the ongoing climate crisis.
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come to occupy nearly all terrestrial microhabitats and trophic positions

(Holldobler & Wilson, 1990; Parker & Kronauer, 2021). They currently
number more than 17,000 described ant species (AntWeb, www.ant-

web.org), are found on all continents except Antarctica, and dominate
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terrestrial ecosystems in terms of their abundance and biomass (Tuma
et al., 2020). Ant biology is underpinned by a eusocial lifestyle—they live
in colonies where sterile workers gather resources to provision the re-
productive caste. While many ant colonies live in a single, static nest with
a sole reproductive queen, a myriad of variations on this basic eusocial
plan have evolved leading to nomadic, parasitic, agricultural, and aggres-
sively territorial life-history strategies (Holldobler & Wilson, 2009).

Across the globe, ants are considered key contributors to many
ecosystem processes, including seed dispersal, pest control, and soil
bioturbation, and are thought to structure invertebrate communi-
ties via predation and competition (Del Toro et al., 2012). In conse-
qguence, changes to ant abundance and occurrence patterns due to
ongoing climate change are likely to have significant implications for
the structure, integrity, and functioning of terrestrial ecosystems.

In this review, we summarize the state of knowledge on how

ant colonies, populations, species, and communities will respond to
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climate change. Crucially, we argue that the eusocial nature of ants
will greatly influence their response to present and future climate
change. Although ants are holometabolous insects—undergoing full
metamorphosis (Figure 1)—their sociality provides them with a be-
havioral and phenotypic plasticity that may allow many species to
escape the effects of climate change in ways that solitary species
cannot. This is because ants have both their individual, holome-
tabolous lifecycle, and their social, colony lifecycle. As a result, the
climatic challenges that social individuals face represent different
balances of risk and reward compared with solitary organisms. We
begin by reviewing the literature on the direct and indirect climate
change effects that ants are likely to face and outline the geographic
and phylogenetic contexts where ants may be particularly vulner-
able or resistant to climate change (Sections 2-4). We continue by
considering how the social nature of ants will likely have a major, yet

largely unappreciated, influence on their response to climate change
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FIGURE 1 Typical ant life cycle. Mated queens shed their wings, found a new colony, and lay either diploid (fertilised) or haploid
(unfertilised) eggs. Haploid eggs develop into males, who die after mating. Diploid eggs develop into workers or new queens. The
development cue which triggers queen development varies by species but can be nutritional, pheromonal, or environmental. All ants are
holometabolous and undergo full metamorphosis from egg, to larva, to pupa, to adult ant. Based on figure 5.9 from Hélldobler and Wilson

(2009)
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(Sections 5-6). We then explore the wider ecosystem consequences
of predicted changes (Section 7), before highlighting the major re-
search questions that should be tackled moving forward (Section 8).

We focus on native ants in this review. This is because there
have been recent reviews on climate change and invasive ants
(Bertelsmeier et al., 2015, 2016), and invasive range changes are
often driven more by human actions (i.e., jump dispersal), with cli-
matic niche shifts being much less pronounced in invasive than non-

invasive species (Bates et al., 2020).

2 | DIRECT EFFECTS

The direct effects of climate change include elevated temperature,
altered precipitation patterns and increased frequency and severity
of extreme weather events (e.g. cyclones), but other abiotic changes
include elevated atmospheric CO, and UV. Here for each driver, we
describe how these environmental changes will directly impact ants
across scales (individuals to populations to communities) and axes

(spatial, temporal, and self, Bellard et al., 2012).

2.1 | Temperature

Ectotherms are constrained by temperature with ants considered
especially sensitive. Ants have been described as thermophilic—or
cryophobic (Bishop et al., 2017)—for as long as they have been for-
mally studied (Archibald et al., 2011; Holldobler & Wilson, 1990).
Temperature clearly influences nearly every aspect of ant biology,
but the blanket characterization of them as thermophilic is mis-
leading. Ants display a thermal performance curve that is similar to
many other poikilothermic ectotherms (Figure 2): ecological per-

formance or fitness increases with temperature up to an maximum
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FIGURE 2 lllustration of a typical thermal performance curve.
Critical temperatures (CTmin and CTmax) are illustrated by dashed
vertical lines. The perfomance curve is marked as the black dashed
curve. Topt indicates the optimum temperature where performance
(measured as growth, reproductive success, or some ecological proxy
such as running speed) is maximised. The grey shaded area indicates
the temperatures over which a hypothetical species may actively
forage
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level before rapidly declining as temperature becomes too high to
allow normal cellular and organismal functioning (Angilletta, 2009).
Consequently, at extreme low and high temperatures ant metabo-
lism, performance, and diversity drop to near zero (Hurlbert et al.,
2008; Jenkins et al., 2011). Different ant species have adapted the
general shape of this performance curve to specialize on a range of
extreme temperatures, both hot (Wehner & Wehner, 2011) and cold
(Berman et al., 2010). Many researchers have focused on the hot end
of this spectrum and describe ants as thermophilic—but no formal
comparative analyses between paired ant and non-ant taxa exist to
definitively demonstrate this. We argue that, like many other ecto-
therms, a better description of ants is that they are a highly thermally
responsive taxon. Across the globe and their phylogeny, ant individu-
als, populations, and communities respond quickly and strongly to
thermal gradients. This responsiveness has clear implications for the
response of ants to ongoing climate change.

At the individual colony level, ants show a high degree of ther-
mal preference in their nesting and brood-rearing behaviors. For
instance, ants frequently choose to nest in species-specific ther-
mally optimal microsites. They do this by constructing their nests at
different depths in the soil column (Bollazzi et al., 2008; Tschinkel,
1987), under differently sized stones (Dean & Turner, 1991), or in
exposed areas on bare ground (Pedersen & Boomsma, 1999; Pontin,
1960). Within a given location, these optima are often toward the
higher end of available environmental temperatures (Brian & Brian,
1951; Sanada-Morimura et al., 2006), although not always (Warren
et al., 2019). Furthermore, experimental and seasonal changes in
temperature can cause ants to relocate their established nests to
more suitable thermal environments (Carlson & Gentry, 1973; Heller
& Gordon, 2006; McGlynn et al., 2010). While not all nesting behav-
iors are driven primarily by temperature (Banschbach et al., 1997,
McGlynn, 2012), the ability of many ants to choose and move nest
sites offers them great flexibility under a range of thermal conditions
(Kadochova & Frouz, 2013).

The underlying reason for the ants’ thermal preference in nest
site selection is that temperature strongly constrains their metabo-
lism (Shik et al., 2019), development (Porter, 1988), and performance
(Hurlbert et al., 2008)—in line with the thermal performance curve
(Angilletta, 2009). To boost developmental rates and to complement
their broad-scale nest site selection, ants also take advantage of the
hyper-local thermal gradients that exist within their nests. These
local gradients are caused by soil depth and nest aspect. Many spe-
cies track these intra-nest thermal gradients and transport their
brood from the cooler subterranean chambers to the warmer cham-
bers closer to the soil surface at different times of the day. This al-
lows them to optimize the developmental rate of their brood (Penick
& Tschinkel, 2008; Roces & Nunez, 1989; Vanderplank, 1960). This
careful manipulation of brood development also extends to plasti-
cally altering nest architecture to seasonally increase the surface
area directed at the sun (Vogt et al., 2004). These two mechanisms,
nest site selection and intra-nest brood transport, lead to a sim-
ple prediction in the light of rising temperatures: many ant species
will relocate their nests and alter their brood movement cycles to
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plastically adapt to warmer thermal regimes. Consequently, through
the regulation of nest temperature ants will be able to reduce the
negative effects of rising temperatures and may even benefit from
them.

Ant thermal sensitivity can also be found outside of the nest
and in the daily and seasonal rhythms of their foraging schedules
(Holldobler & Wilson, 1990). For most ant species, foraging above
ground is the main mechanism of resource capture. These forag-
ing trips cost resources, however, in terms of energy and worker
condition because these environments are thermally exposed and
variable. Consequently, ant colonies must avoid the inefficiencies of
foraging at low temperatures (where low walking speeds may inhibit
effective resource capture), and the lethal risk of foraging at ex-
tremely high temperatures. Ants largely select intermediate to high
thermal ranges within which to forage, although this differs depend-
ing on the local thermal regime. For example, in general, ant foraging
activity (i.e., number of foraging workers) is unimodal in many cool
environments or during the winter, and peaks at the warmest times
of the day (Cros et al., 1997). In hot environments and seasons, a
bimodal daily foraging schedule is followed whereby the extreme
heat of midday, and the relative cool of dawn and dusk, are avoided
(Greenaway, 1981). Consequently, as temperatures rise it likely that
many ant species will be able to flexibly adjust their foraging sched-
ules to compensate (Bernstein, 1979; Villalta et al., 2020; Vogt et al.,
2004). Indeed, simulation models and empirical data indicate that
this alteration of foraging schedules will occur as temperatures rise:
cold-active species may gain more time to forage while warm-active
ones will lose available foraging time (McMunn & Pepi, 2022; Roeder
et al., 2022). This flexibility, however, may be constrained in some
contexts. For instance, a major narrative in ant ecology is that sub-
ordinate species forage at suboptimal temperatures to avoid direct
competition with dominant species (Cerda et al., 1998). Whether
these patterns reflect the “ghost of competition past” or current
competitive hierarchies, and how common this is remains to be fully
resolved (Stuble et al., 2017). If these foraging patterns represent
ancient competitive interactions, then “subordinate” species which
are now adapted to higher temperatures may benefit from longer
periods of optimal foraging time as temperatures rise.

Temperature also shapes the structure of entire ant communi-
ties in the wild. In general, warmer locations and time periods host
greater ant abundance and species richness. These patterns can be
seen at the local scale (Joseph et al., 2019), across elevational gradi-
ents (Bishop et al., 2014; Sanders et al., 2007), latitudinal gradients
(Dunn et al., 2009; Economo et al., 2018; Gibb et al., 2015; Jenkins
et al., 2011), and seasons (Andersen, 1983; Bishop et al., 2014). This
link between temperature and community-level richness at a range
of scales and contexts suggests that communities will support a
greater diversity of ant species as temperatures rise. The logic here
is that environments that were previously inaccessible to many ant
species, or were unable to support many colonies, due to their low
temperatures will become warmer, opening up immigration and es-
tablishment opportunities (Bishop et al., 2019). There is evidence
for this idea from both observational and experimental studies. For

instance, Kaspari et al. (2019) used observational data from a diver-
sity of natural habitats resampled over 20 years to show that moder-
ate temperature increases (+1°C) increased the number of colonies
and species supported at a site. This effect was non-linear, however,
as even greater temperature increases (+2.4°C) reduced colony
abundance and species richness (Kaspari et al., 2019). With large
temperature increases, especially from a high starting point, it is
hypothesized that many populations “tipped over” their thermal op-
tima and into the negative part of their thermal performance curve
(Figure 2). This non-linear impact of temperature on ant communi-
ties can also be seen in their geographic distributions. Using species
distribution modelling techniques to forecast the future, Fitzpatrick
et al. (2011) show how ant diversity will likely increase in temperate
regions as temperatures rise but that it will decrease in the Tropics as
temperatures become intolerable. This is the thermal performance
curve writ large at the community and macrogeographic scale. In the
field, increased temperatures have caused upslope shifts in entire
ant communities as species climb to higher elevations in an attempt
to keep track of their thermal optima (Menke et al., 2014). This high-
lights how the thermal responsiveness of ants can play out across
relatively short (20 year) timescales. Similarly, experimental warming
treatments in the eastern USA have shown that higher temperatures
can increase colony occupancy rates, decrease colony abandonment
and extinction rates, and increase forager abundance and richness
(Diamond et al., 2016; Stuble et al., 2013). However, these artificial
temperature rises also caused decreases in overall community sta-
bility (Diamond et al., 2016). As temperatures rise, we expect that
ant communities will largely track their thermal envelopes, moving
to higher latitudes and elevations in a similar way to other organisms
(Pecl et al., 2017).

Several studies have experimentally manipulated the tempera-
tures that ant communities experience to understand how these
new conditions will influence community dynamics and diversity
(Diamond et al., 2016; Menke et al., 2014; Pelini et al., 2011). These
studies reveal a mixed set of effects: ant communities become less
stable following warming (Diamond et al., 2016); community com-
position changes in orthogonal ways relative to change recorded
along natural temperature gradients (Menke et al., 2014); warm-
ing may show no effect on diversity and community composition
relative to controls (Menke et al., 2014); and diversity in warmed
plots can be reduced in sites which are already relatively warm,
with no change recorded following warming at relatively cool sites
(Pelini et al., 2014). Furthermore, compositional changes following
artificial warming, when they occur, can be due to changes in the
abundance of less than 10% of the species present (Pelini et al.,
2014). The effects of artificial warming appear therefore depen-
dent of species and geographic contexts. These experiments typ-
ically warm an area of between 5-10 m in diameter (Menke et al.,
2014; Pelini et al., 2011). The experimental logic is that because
most of the ant species in these warming chambers do not forage
much further than 1 m from their nest, that the warming treat-
ment is manipulating the resident ant communities. This is true in

the sense that any ant colonies living in these heat treatments are
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experiencing elevated temperatures with knock-on consequences
for their foraging ability, growth, and survival. These treatments,
however, do not alter the wider population dynamics within which
these experimental communities are embedded. Consequently,
heat treatments on this scale may simply be acting as sink pop-
ulations that are constantly fed by immigrants from outside the
experiment. Findings from these kinds of studies should therefore
be interpreted with caution and should represent a conserva-
tive estimate of the effect of rising temperatures on natural ant
communities.

Studies on the thermal response of ant communities empha-
size that outcomes will be trait dependent. The thermal perfor-
mance curves of species are different, yet all species in a locality
will experience similar temperature changes. Therefore, some
species will move up their performance curve closer to their
optima, while others will exceed this threshold and experience
negative performance and fitness consequences (Figure 2). In
this way, different thermal responses can lead to uneven and
sometimes idiosyncratic responses at the community level. For
instance, biophysics dictates that key features of gross ant mor-
phology, specifically body size and color, have key roles to play
in heat gain and loss. In general, larger bodies gain and lose heat
more slowly than smaller bodies, and darker colored organisms
heat up more rapidly than paler colored ones (Willmer & Unwin,
1981). These relationships appear to play out at the community
level: ant species with darker (Bishop et al., 2016) and larger
(Bishop et al., 2016; Gibb et al., 2017) workers are more abun-
dant in colder environments across the globe. Consequently, as
the climate warms, we may expect to see species with smaller
and paler workers coming to dominate ant communities as their
phenotypes are more suited to existing in warm conditions. This
may lead to the generation of non-analogous communities in the
future as species respond to temperature in different ways de-
pendent on their traits (Bishop et al., 2019). The extent to which
these trait-environment relationships will predict the dynamics of
individual species in reality, however, is unclear. Data from birds
suggest that there is a disconnect between the trait-environment
relationships of species vs, those of entire communities (Delhey,
2017); therefore, although traits may drive the overall shape of
communities, the responses of individual species to their environ-
ment are much less predictable.

Similar community-level patterns can be seen from the perspec-
tive of ant thermal physiology. Different ant species have different
thermal tolerances. These tolerances are typically estimated as the
highest (CT

max) OF lowest (CT,

min) temperature at which individual ants
can retain muscular coordination (Roeder et al., 2021b). A general
observation is that ants have lower CT_, in colder environments and
higher CT___ in hotter environments (Baudier et al., 2015; Bishop
et al., 2017; Diamond et al., 2012; Kaspari et al., 2015; Roeder et al.,
2021b). There is potentially large variation, however, in thermal
tolerance at the local scale (Kaspari et al., 2015). As environments
warm, this variation in thermal tolerance can dictate which species

are able to thrive. For instance, (Roeder et al., 2021a) showed that

ST v -

over a 20-year time period where temperatures rose on average 1°C,
ant species with higher CT__ values increased their occupancy of
local plots over those species with lower CT__ values. This effect is
probably caused by thermally tolerant species being able to continue
foraging under stressful temperatures. Indeed, Stuble et al. (2013)
showed that species with higher CT__ values were able to maintain
higher forager densities under higher temperatures, adding support
to this idea. Further, it has been shown that some species with high
CT, .., may also require higher developmental temperatures (Penick
et al., 2017). If this effect is general, then rising temperatures may
boost the populations of thermally tolerant species by providing
more optimal foraging and developmental conditions. The ant ther-
mal physiology literature has been recently reviewed in detail by
Roeder et al. (2021b). Consequently, the response of individual ant
species to altered temperature regimes will be dependent on their
morphological and physiological traits - for instance, there are con-
flicting reports as to whether larger body sizes also confer more ex-
treme thermal tolerances (Kaspari et al., 2015; Roeder et al., 2021b).
Finally, it is unclear how these thermal physiological responses will
interact with other physiological tolerances with which they may
be co-adapted (Sinclair et al., 2013). In ants, different trade-offs
between thermal tolerance and desiccation resistance exist in dif-
ferent environments (Bujan et al., 2016), yet few data exist to draw
solid conclusions as to how these physiological interdependencies

will alter species and community level response.

2.2 | Carbon dioxide

Rising atmospheric CO, is a pervasive component of climate change.
Levels have risen to 416 ppm at the time of writing (August 2021)
and are higher than at any point in the past 800,000 years, with the
previous highest concentration >300,000 years ago (at 300 ppm)
(gml.noaa.gov). Rising atmospheric CO, can have profound effects
on plant growth (e.g., C3 plants being particularly responsive), physi-
ology and chemistry (e.g., higher C:N). In contrast, effects on ani-
mals have received much less attention and, for ants, the effects
are virtually unknown. Recent work by Tocco et al. (2021), however,
demonstrated that elevated CO, can increase dung beetle develop-
mental time, increase mortality and result in reduced adult body size
and mass. Because many ants also spend a large proportion of their
life, including their developmental phase, underground, it is possible
they will respond similarly.

Yet, currently CO, levels inside ant nests belowground can be
much higher than background levels (e.g., 1-3% in leafcutter nests)
and this does not pose a problem (Rémer et al., 2017, 2018)—as is
the case for some other insects too (e.g., termites, tiger beetles,
Tocco et al.,, 2021). Ants also manage CO, levels via nest architecture
and ventilation systems, and ground-nesting ants can move brood
to shallower depths (and therefore lower CO, levels) when neces-
sary (Kleineidam & Roces, 2000; Romer et al., 2018). The ability of
ground-nesting ants to cope with higher CO, has, however, evolved
over hundreds of thousands of years. How ants in smaller colonies
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generally not exposed to as high levels of CO, in the nest (as fewer
individuals are respiring) will respond to rapidly rising atmospheric
CO, levels remains unknown. Given the consequences have the
potential to be quite profound in terms of developmental time in-
creases, this requires greater attention.

2.3 | Precipitation

Globally temperature is a key determinant of ant diversity, but pre-
cipitation also influences ant richness and it can strongly interact
with temperature (Jenkins et al., 2011; Szewczyk & McCain, 2016).
Although warming is not uniform across the globe, the upward
trend in the globally averaged temperature indicates that more
areas are warming than cooling. The effects of altered precipita-
tion linked to climate change, however, are much more spatially
variable with some areas predicted to experience increased pre-
cipitation while other regions will become much drier. Research
to-date has focused on the effects of drought, which are antici-
pated to increase in frequency and severity in many regions, rather
than increased rainfall. These studies suggest in both wet tropi-
cal environments and deserts, drought may reduce ant richness
and alter species composition (Almeida et al., 2020; Gibb et al.,
2019), in part because rainfall moderates ecosystem productivity.
Changes to precipitation, in tandem with temperature, are likely
to alter humidity and therefore the desiccation risk for ants. In
drying environments, ants that are better able to reduce desicca-
tion should be favored. Studies have found that arboreal ants are
better adapted to drier conditions in the canopy showing higher
desiccation resistance (ability to tolerate water loss) than ground
ants (Bujan et al., 2016; Hood & Tschinkel, 1990).

2.4 | Ultraviolet-B

The effects of ultraviolet-B (UVB) are likely to be less significant for
the ants than the other changes associated with climate change. The
amount of UV radiation received at the Earth's surface is anticipated
to change markedly as a consequence of altered cloud, snow and ice
cover, and greenhouse gas-induced transport of ozone (Williamson
et al., 2014). By 2100, it is predicted that increased cloud at high lati-
tudes (especially in the north) will reduce UV, while the Tropics are
predicted to experience an increase in UV because cloud and ozone
levels will decline (Williamson et al., 2014). The principal effects
of altered UVB are likely to be via morphological changes. As ec-
totherms, the effects of UVB interact with temperature. With low-
moderate UVB, there is a benefit to being darker in cool locations
and paler in hot locations, however, in hot locations with very high
UVB, ants tend to have darker pigmentation as protection (Bishop
et al,, 2016; Law et al.,, 2020). We might, therefore, expect that
where UVB is especially high, assemblage composition will change as
darker colored ant species will do better. Canopy ants in the Tropics
already have darker pigmentation (Law et al., 2020), so it is unclear

how much darker ants can get and whether they will be negatively
affected by increased UVB or will simply move into more sheltered
microhabitats. At an individual level, ants may develop darker body
color, although current available evidence suggests intraspecific
variation in ant morphology is not correlated with range size or en-
vironment (Gaudard et al., 2019; but see Warren et al., 2016), thus

whether ants can adapt to increased UVB remains to be seen.

3 | INDIRECT AND INTERACTIVE EFFECTS

Generally, many ants appear to be flexible and can adapt behaviors
to mitigate the effect of climate change (e.g., movement of brood
within nest). However, because ants engage in a multitude of diverse
mutualistic interactions varying in strength and importance, there
may be important climatic impacts that spread across ecological net-
works. Perhaps unsurprisingly given the diversity and huge number
of ant mutualistic interactions, there has been relatively little work
on the potential effects of climate change on these important in-
teractions; this lack of attention matters, however, given how criti-
cal many of these mutualisms are for structuring communities and
ecosystems.

Broadly speaking most mutualisms relate either to dispersal or
defence. Myrmecochory, or seed dispersal by ants, is widespread
among plants with more than 3,000 plant species known to have
their seeds dispersed in this way (Beattie & Hughes, 2002; Rico-Gray
& Oliveira, 2007). Ants consume the fatty, nutrient-rich eliaosome,
and in return move the seed, often burying it. Because ant foraging
is strongly influenced by temperature, particularly for species with

lower CT

max (€-8., the keystone seed-dispersing ant, Aphaenogaster

rudis, in North America), it might be predicted that if foraging win-
dows (Figure 2) are reduced by rising temperatures, the number of
seeds dispersed and the distance the seeds are taken will decline.
There is, however, little evidence currently to support this. Indeed,
in a warming experiment, Stuble et al. (2014) found seed removal
rates did not change with experimental warming treatment and they
concluded this process may be relatively resistant to climate change.

There is, nevertheless, some suggestion that rainfall may influ-
ence myrmecochory. Seed dispersal rates and distances have been
found to decrease with increasing aridity (Oliveira et al., 2019); high-
quality seed dispersers appear disproportionately affected which
could be problematic where there is low functional redundancy.
Conversely, in regions where rainfall is predicted to increase, seed
dispersal services may in fact be enhanced, although the extent to
which these effects are dependent on relative and absolute rainfall
change is unknown.

As with many mutualisms, but particularly for obligate ones, phe-
nological timing is critical and misalignment is highly problematic. For
example, seed dispersal outcomes for early vs late flowering plant
species may differ because it depends on whether cold or warm-
adapted ant species are foraging. In a novel transplant experiment,
Warren and Bradford (2014) found that early blooming plant species
were more at risk from asynchronous phenological timing because
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they were dependent on cold-adapted species alone whereas later
blooming species had their seeds dispersed by both warm- and cold-
adapted ants species which enhanced effective seed dispersal.

Ant-plant interactions related to defence are abundant and di-
verse. Via these facultative and obligate defensive mutualisms, ants
protect the plant from herbivory, and, in return, the plants provide
rewards such as nutrition (via extrafloral nectaries—EFNs—and
Beltian bodies) and nest sites (domatia) (Ness et al., 2010). Climate
change research in this field is rare, particularly in relation to tem-
perature effects, although generally it is thought that stress con-
ditions may mean plants invest more in ant defences (Coley et al.,
1985) and climate change may enhance the sensitivity of plants
with EFNs to anthropogenic disturbance (Arnan et al., 2022). With
elevated temperatures in East Africa, the activity of ants defend-
ing Acacia plants increased, increasing the degree of protection the
plant received (Tamashiro et al., 2019); therefore, greater protection
from herbivory may result under climate change. Elsewhere this re-
lationship might not be as evident because higher temperatures may
shrink the window available for foraging, ultimately decreasing ant
activity (e.g., in tropical canopies), reducing ant access to EFNs with
consequences for the plant via increased herbivory. This remains to
be investigated.

There is some suggestion that overall nectar production from
EFNs may not alter with reduced rainfall or elevated CO,, but ant
protection services may nevertheless be compromised because the
composition of attendant ant species can change (Oliveira et al.,
2019). Elevated CO, may have a somewhat more complex effect as
although the proportion of leaves producing nectar increases, less
nectar is produced per active leaf (Fabian et al., 2018)—it is unclear
whether this may have the effect of increasing ant defence by in-
creasing the area ants cover, or decreasing defence because rewards
are reduced.

Perhaps one of the most well-known mutualistic interactions
ants participate in is with Hempiterans: ants protect aphids and scale
insects from predation, while in return are provided with honeydew,
a sugar-rich secretion. These interactions have attracted relatively
more attention in relation to climate change, presumably because
there are implications for agricultural systems. With elevated tem-
perature and CO,, and reduced precipitation, honeydew produc-
tion can increase, as a result, the frequency with which ants tend
aphids increases, ant aggression and colony size can increase and
herbivory is reduced (Kremer et al., 2018; Pringle et al., 2013; Zhou
et al., 2017)—although this needs weighing against the downside
of increased damage by aphids. These effects are most likely to be
pronounced in temperate regions where temperatures are not too
high (<26°C, Blanchard et al., 2019). Elsewhere, elevated tempera-
tures can cause the breakdown of ant-aphid mutualisms because
ant aggression declines, predators increase and aphid abundance
declines (Barton & Ives, 2014), ultimately causing the decline of an
agricultural pest. As with seed dispersal, phenological mismatches
between hempiterans and ants could disrupt the benefits exchanged
(Mooney et al., 2019) and a switch from a mutualistic to antagonistic
relationship.
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Other nutritional benefits from mutualisms include the less vis-
ible. Many species of ants, particularly those from the Camponotini
taxonomic group, have bacterial endosymbionts that live within spe-
cialized host cells and provide nutritional functions. Ants exposed
to high temperatures for 4 weeks had almost complete elimination
of their bacterial endosymbiont (Blochmannia) (Fan & Wernegreen,
2013)—what remains unknown is how this will play out in natural
environments, what the outcome of such endosymbiont depletion
would be and whether symbionts may be able to adapt to changing
temperatures.

The effects of climate change on mutualistic interactions are
among the most complex, challenging and likely the most signifi-
cant responses to understand, and yet we know so little about
them. Clearly, species involved in specific obligate relationships are
especially vulnerable: ants, their insect partners and plants can all
be affected depending on the strength of the relationship. For ex-
ample, many species of Lycaenid butterfly depend on ants for their
survival (Jordano & Thomas, 1992): climate change effects that re-
sult in asynchrony between ants and the butterfly could therefore
have detrimental outcomes. But, species that depend heavily, even
if not entirely, on another species for nutrition or shelter may also
be vulnerable to population declines. The extent to which ants are
dependent on particular trophobionts or whether they can easily
switch (e.g., diet) is therefore critical if we are to understand fully
the consequences of climate change on mutualisms.

Habitat change linked to climate change adds additional com-
plexity to these ant-plant and ant-insect interactions. Examples
of habitat change linked to rising atmospheric CO,, or increased
temperatures and precipitation are now widespread. Vegetation
is shifting along both elevational and latitudinal gradients, woody
thickening is becoming widespread in open ecosystems, and fires
are increasing in severity and frequency in many regions (Barlow
et al., 2018); these effects may alter biome integrity with potential
switches in ecosystem state and functioning as a consequence.
Thus, although many ants may be relatively resilient to climate
change, changes that affect nest sites, resource availability and
microclimates may impose additional stress. For example, across
Africa woody thickening in open savannas and grasslands is in-
creasing because elevated atmospheric CO, favors woody C4 spe-
cies at the expense of C3 grasses. With the loss of the grassy
understory, increased shading and build-up of a litter layer, Parr
et al. (2012) found that not only did species composition of the
ant community shift, but there were functional consequences
with increases particularly in predatory ant species. Given the
widespread nature of encroachment, the potential for the loss
of open ecosystem-associated species (e.g., seed-harvesters) is
a concern. Conversely, in some tropical forested regions, climate
has increased habitat flammability with repeated fires driving the
transition to degraded forest and open grass-dominated habitat
(Barlow et al., 2018). Studies now indicate that the ant fauna too
undergoes a parallel change as loss of forest-associated species
decline while open-associated epigeic species increase (Bishop
et al., 2021; Paolucci et al., 2017).



PARR anp BISHOP

ey

4 | HOTSPOTS OF GEOGRAPHIC,
PHYLOGENETIC, AND PHENOTYPIC
VULNERABILITY

If we can identify which geographic regions, macrohabitats, micro-
habitats and ant clades are most at risk from climate change, we will
be in a better position to predict and understand what the conse-
qguences of population declines, and species losses will be. Which
are most likely to be affected, but also, which may be able to resist
or adapt to climate change?

Although climate models suggest temperature increases at low
latitudes will not be as great as those experienced at high latitudes,
tropical ants are considered more vulnerable because they generally
have lower warming tolerance and already operate closer to their
critical thermal limits than temperate ants (Diamond et al., 2012).
Globally, therefore, ants in the Tropics at low elevations are most at
risk due to their physiological susceptibility (Diamond et al., 2012;
Fitzpatrick et al., 2011). Although models vary, overall drying scenar-
ios are anticipated for the eastern Amazon, Central and West African
rainforests, Indonesia, and Malaysia by end of 21st century (NOAA):
combined with temperature effects, we predict that ants in these
regions are likely among the most vulnerable globally. Unfortunately,
because these are also the regions that harbor the bulk of ant di-
versity globally (Dunn et al., 2009; Economo et al., 2018), the con-
sequences of extensive ant declines across the Tropics, combined
with widespread disruption of their associated interactions, have the
potential to be catastrophic.

Within tropical regions, however, the type and strength of ef-
fect will likely further vary with habitat strata. Plasticity of nesting
and brood movement is possible for hypogeic (subterranean) and
epigeic (ground-nesting) ants that live in the thermally buffered
soil because temperatures decrease and become more stable
with depth, a fact that will likely impact many invertebrate taxa
(Duffy et al., 2015). In contrast, canopy and leaf-litter ants, which
have fewer thermal microhabitat refuges available to them, will
be particularly vulnerable: they will be more directly exposed to
rising temperatures, both inside and outside the nest. The low
desiccation resistance of ground ants means that litter ants will be
especially susceptible to reduced humidity as a result of reduced
precipitation (Hood & Tschinkel, 1990). Across the globe, at least
35.4% of ant genera nest exclusively in the leaf litter and 14.6%
exclusively in canopy environments (Lucky et al., 2013; although
with a larger sample size we estimate that these values may be
much larger, Figure 3). Consequently, for this large fraction of ant
diversity a warmer world will likely lead to increased competition
for environmentally suitable nesting locations and potentially re-
duced fitness; common garden experiments have shown that ants
brought into suboptimal and higher temperatures have reduced
fitness and increased mortality (Pelini et al., 2012), highlighting
that if behavioral responses mean ants are unable to source cooler
microclimates, there will likely be fitness-related consequences of

warming for ants.

Other genera

Ponerinae
(13.83%)

Litter or canopy
specialists (47.06%)

FIGURE 3 Euler diagram illustrating the percentage of ant
genera (n = 340) worldwide that are in the at-risk categories that
we identified based on biome, nesting microhabitat and phylogeny.
Ant data are based on publicly available global specimen records
from AntWeb.org. We extracted specimen metadata to determine
whether specimens were collected in the canopy, the leaf litter, or
elsewhere. We assigned the most common of these microhabitat
classifications within each genus to the entire genus. Geographic
coordinates from each specimen were used in combination with the
WWEF global biome classifications (Olson et al., 2001) to identify
genera that were collected in tropical moist broadleaf forest 275%
of the time. These genera were classed as tropical forest specialists.
In the Euler diagram, bold text and percentages refer to each of

the primary risk categories (Ponerines, litter or canopy specialists,
tropical forest specialists). Percentages in normal text refer to

the fractions of genera that fall into two or more of the identified
risk categories. For example, 15% of ant genera are both tropical
forest and litter or canopy specialists. Only 39.71% of ant genera
worldwide do not fall into one of these risk categories

In addition to macro- and microhabitat risk factors, there are
several traits that will make particular ant taxa more susceptible
to climate change. For example, cold climates tend to drive the
evolution of larger body size, while smaller body sizes are favored
under hot conditions (and, possibly, high CO,). Although there
are several explanations for the temperature-size rule (Verberk
et al., 2021), this relationship suggests large bodied ants would
be at more of a disadvantage with rising temperatures (although
see Baudier et al., 2015). Dark coloration and low physiological
thermal tolerance of ants are also a disadvantage with increasing
temperatures. Most species in the basal ant subfamily Ponerinae
are dark colored (indeed many are entirely black), and they tend
to have a relatively large body size. Furthermore, thermal toler-
ances for Ponerine, and large bodied-species, species tend to be
low (typically <42°C, Bishop et al., 2017; Boyle et al., 2021; Penick
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et al., 2017). Taken together, these traits of body size, color, and
thermal tolerance suggest that the Ponerinae may be dispropor-
tionately affected by rising temperatures associated with climate
change.

When considering the risk factors of biome (tropical rainforest),
microhabitat (canopy and litter-nesting), and phylogeny (Ponerinae),
the majority of ant genera (60%) fall into one of these categories, and
~20% into two of more risk categories (Figure 3), suggesting a large
proportion of ant species could be negatively affected. For instance,
the diverse genera Hypoponera and Pachycondyla fall into these three
risk categories. To calculate these percentages, we extracted georef-
erenced specimen-level data for all extant genera from AntWeb.org,
assigned each genus crude microhabitat associations by text-mining
their collection metadata, and assigned them biome identities from
the WWF (Olson et al., 2001). This is analysis is coarse, but illus-
trative of these kind of trends. Detailed species-level analyses are
likely to find quantitatively different answers, but we suspect that
they will not change the conclusion that a large fraction of ant diver-
sity is at risk of climate change due to their geographic or ecological
contexts.

A further factor that will undoubtedly make species more or
less vulnerable to climate change is dispersal ability. The ability to
track climate envelopes will be critical for many species, but the
extent to which that is possible will depend on dispersal ability:
species that only disperse short distances (<tens of meters) are
therefore expected to be most at risk. These include species that
rely on Dependent Colony Foundation (DCF); here the queen and
a few nestmate workers leave the original colony and disperse on
foot (Peeters, 2012; Peeters & Molet, 2010). In addition, species
that use non-claustral independent colony foundation may also be
at risk because the queen must forage outside the nest until the
workers are able to takeover this role—to what extent queens can
tolerate changing conditions outside the nest is virtually unknown.
This strategy is used widely in poneroid species (Peeters & Ito, 2015;
Peeters & Molet, 2010) enhancing their risk. To further compound
the vulnerability of Ponerines, the queens tend to have low fecundity
and consequently colonies are small (Wilson & Hoélldobler, 2005).
Thus, while Ponerines have been globally successful despite being
socially primitive (Holldobler & Wilson, 2009; Wilson & Hélldobler,
2005), under global climate change this may be their Achilles heel.
The potential phylogenetic signal in climate change impacts could
have important implications when considering their role in the wider
ecosystem because most Ponerines are predators (Boyle et al., 2021;
Pfeiffer et al., 2014; Schmidt & Shattuck, 2014). Loss of predators
and their trophic control could result in a reorganization of inter-
actions among ants and with their prey (see Section 7). The effects
might be particularly acute in Africa given its high species richness of
Ponerines (Schmidt & Shattuck, 2014; AntWeb.org, 29 Afrotropical
Ponerinae genera, the most of an biogeographic realm). It is also
likely that other groups across the phylogeny fit some of these crite-
ria and will also be vulnerable (e.g., some Dorylinae).

Other ants that may be disproportionately affected include noc-
turnal ants. Temperatures are expected to increase at night as well as
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in the day, and yet nocturnal ants have much lower thermal tolerance
than day—active ants (Garcia-Robledo et al., 2018)—consequently,
nocturnal ants may face significant challenges, particularly in cooler
environments. In addition, it is possible day-active ants may shift
their window of activity to cooler periods of the day (dusk, eve-
ning) and may possibly outcompete night-active ants. Day-active
ants could shift foraging to become crepuscular or nocturnal if the
ants do not rely heavily on visual cues (Cros et al., 1997; Greenaway,
1981; Houadria & Menzel, 2020; Jayatilaka et al., 2011) and are not
constrained by availability of resources and competition or preda-
tion risk. This remains to be determined, however.

The focus here has been on ants most at risk and yet, there are a
number of ants that will likely do much better with climate change.
Ants in temperate regions will benefit from increased temperatures
with positive effects on development and foraging. In addition, the
majority of ants in these regions are soil-nesting and can there-
fore take advantage of the buffering soil provides. While Ponerine
predators may be particularly at risk, herbivorous ants, such as the
Formicines, which dominate temperate regions, may be able to take
advantage of increases in honeydew availability predicted under cli-
mate change and increase in abundance. Overall, we predict a shift
in trophic dynamics and the dominance of ants at lower trophic
levels. To what extent these shifts may cascade through the wider
food-web is uncertain but given that ants not only decrease pre-
dation and parasitism of honeydew-producing Hemiperans but also
decrease survival and abundance of other insect herbivores (Styrsky
& Eubanks, 2007), it is plausible that overall plant herbivores may
decline with cascading consequences across the wider food-web.

5 | THE SOCIAL DIMENSION

The eusocial nature of ants often goes unappreciated in work at-
tempting to understand their current and future responses to the
environment. Eusociality, however, may strongly modulate how ants
respond to climate change. Solitary organisms must complete tasks
sequentially (i.e., nest building, then egg laying, then foraging, then
larvae provisioning), but eusocial organisms, like ants, can perform
these tasks in series-parallel (Wilson, 1990), that is, ant colonies can
perform each of these different tasks simultaneously. This is be-
cause multiple workers attempt each task at the same time and can
move flexibly between them as the need arises. This series-parallel
processing contributes to two key ecological advantages that we
argue are likely offer ants an advantage relative to solitary insects
and ectotherms under climate change.

First, ant colonies can maintain fine homeostatic control over
their nest environments. Series-parallel behavior means that many
ants can control their nesting environments constantly, without sac-
rificing the need to reproduce, forage, or defend themselves. Ants
can actively and passively regulate temperature (Jones & Oldroyd,
2006), humidity (Bollazzi & Roces, 2010), and CO, levels (Bollazzi
& Roces, 2007). This means that they can often find optimal condi-
tions for growth and survival in environments that otherwise appear
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inhospitable. For instance, the Floridian winter ant, Prenolepis im-
paris, moves its active nesting chambers up and down the soil col-
umn depending on the season—different depths provide different
temperatures (Tschinkel, 1987). As we discuss above, ants can also
move their nests entirely to find more optimal thermal conditions
(McGlynn et al., 2010) and can move their brood within the nest to
optimize their developmental rates (Penick & Tschinkel, 2008). For
those species that have access to these kinds of natural thermal
gradients, finding lower nesting temperatures as the Earth warms
may be a relatively easy behavioral adaptation. This offers ants a
potentially large advantage compared with solitary organisms who
must otherwise compete among themselves for the fewer remaining
cool microsites within which to nest and reproduce. Of course, as
we mention above, this effect is not likely to be uniformly available
across the environments that ants live in. In rainforest canopies,
for instance, there may be fewer and shallower thermal gradients
down which ant colonies can retreat and maintain optimal nest
homeostasis.

Second, worker ants are expendable. The relationship between
individual ants and the colony is analogous to that between a sin-
gle cell and the body of a solitary organism (Holldobler & Wilson,
2009). Consequently, the loss of a worker in the defence of the
nest, or on a foraging trip under lethal conditions, will not cause
the collapse of the entire colony. Series-parallel processing en-
sures that there is another worker to pick up and complete the
task. This is not the case for solitary organisms. For them, death
while foraging or defending a resource means that they can no
longer continue to contribute to the next generation. Given this,
we expect that ants and other eusocial animals will be able to
achieve very different risk-reward ratios than solitary organisms
as the climate changes. For instance, ants may be able to afford to

forage much closer to their thermal limits than solitary organisms
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(Figure 4a). In hot environments, ants are known to forage close to
their maximum thermal tolerances, when no other animal can for-
age. They routinely climb up vegetation or seek shade to cool down
before continuing to search for food (Shi et al., 2015; Wehner &
Wehner, 2011). Consequently, we predict that social organisms will
be better able to absorb the risks of living under higher tempera-
ture regimes than solitary organisms. This argument is based on
first principles, however, and it remains to be seen whether this
effect plays out empirically. For instance, Mediterranean ants may
buck this trend (Arnan et al., 2012), as might invasive ants outside
of their native range as they develop large colony sizes without
foraging at the highest temperatures (Angulo et al., 2011). It is un-
known what that consequences of this prediction may be on social
and non-social population dynamics—there are likely to be interac-
tions, for example, with body size and colony size (Figure 4b). We
predict that larger colonies would be able to take on more risk, and
forage closer to their CT . Similarly, we predict that species with
small workers, which gain and lose heat rapidly, will be able to for-
age closer to their thermal limits. However, differences in relative
leg length may allow some species to stilt above the superheated
boundary layer of air sitting atop walkable surfaces (Kaspari et al.,
2015; Sommer & Wehner, 2012). This morphological shape differ-
ence may alter the outcomes of the simple size-foraging limit rela-
tionships we pose here.

These two effects, homeostasis and worker expendability, are
likely to allow ants to ride out environmental changes to a much
greater degree than solitary organisms. This may further tilt the
dominance of Earth's terrestrial systems in favor of eusocial in-
sects like ants (Tuma et al., 2020). A greater understanding is
needed, however, of how these effects may influence survival,
growth, and population stability among and between social and

solitary animals.
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FIGURE 4 Predictions of how sociality interacts with thermal tolerance. In (a) we predict that the thermal foraging windows of eusocial

species will be wider than those of solitary species, with foraging limits being closer to the critical temperatures (CT_, or CT,
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vertical lines). The diagram shows a typical thermal performance curve (black dashed curve). In (b) we predict that both colony size
and individual body size will determine the amount of risk taken by social animals in the light of climate change. Colony or body size is

represented on the x-axis. The difference between the organism's CT

and the highest temperature at which they forage is represented on

the y-axis. Organisms foraging close to their CT___ will appear lower on the y-axis. We predict that larger colonies will forage closer to their

max

CT__ as individual workers will be more expendable. Furthermore, we predict that smaller workers will forage closer to their CT
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they can more easily thermoregulate due to the low thermal inertia offered by their small size—small organisms heat up quickly but similarly

cool down quickly once in the shade
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6 | ADAPTATION, PLASTICITY, AND
DISPERSAL

A key maxim of climate change biology is that organisms must adapt,
move, or die (Donoghue, 2008; Pecl et al., 2017). As temperatures
rise and the climate changes, organisms could opt to disperse and
track the conditions to which they are already adapted—typically
toward higher elevations and latitudes. This appears to be the de-
fault option for many organisms and is already visible in the ongo-
ing movement and reorganization of ecological communities across
the planet (Chen et al., 2011; Pecl et al., 2017). It seems that in
many cases it is easier to move than to evolve (Donoghue, 2008).
Alternatively, species can adapt to their new conditions in two ways.
They may genetically adapt via natural selection to cope with their
new environment, or they may adapt plastically by exploiting exist-
ing behavioral and physiological variability (Merilad & Hendry, 2014).
Understanding which of these options are available to different ant
species is key to understanding their response to climate change.
Data to assess the likelihood of these alternative scenarios, however,
is severely lacking.

For instance, in terms of ant dispersal, most available data are
summarized in a recent review of ant flight ecology (Helms, 2018).
These data show that queen ants can fly between a few meters to
around 30 km from their mother-nests, and that this variation is
driven partly by body size: larger queens tend fly further. The phy-
logenetic coverage of these data, however, is poor. Almost no data
exist on the basal Ponerinae group (Helms, 2018), and the remaining
data capture only a tiny fraction of known ant diversity (16 species
vs. ~30,000 ant species estimated to exist). Consequently, it is un-
clear how far ants may typically be able to disperse. Taking these
estimates at face value, however, shows that ants which disperse
on the wing may be able to travel ~6 km on average per dispersal
event (mean = 7.4 km, median = 5.7 km). Assuming annual disper-
sal events, this value of 6 km is above the 1.6 km per year average
rate of movement recorded for a range of taxonomic groups in re-
sponse to climate change (Chen et al., 2011). This suggests that, in
theory, and on average, ants will be able to disperse fast enough
to keep pace with their existing climatic niches and tolerances. The
key questions, however, surround the variability of ant dispersal,
whether this variation is phylogenetically biased, and to what extent
species are differently constrained in being able to establish follow-
ing dispersal into new geographic regions. Further, these data do not
take into account the poor dispersal exhibited by species that do not
fly. Most army ants (subfamily Dorylinae), for example, and numer-
ous other species across the ant phylogeny, found new colonies via
Dependent Colony Foundation (DCF) (Section 4). It is not clear how
far ants reliant on DCF will be able to disperse, but we expect that
there will be a much lower upper limit in comparison with species,
which disperse via flight and a much greater impact of barriers such
as rivers (Soare et al., 2014).

Data on the adaptive response of ants to climate change is
also scant. Reciprocal transplant experiments have shown how
acorn ants (Temnothorax nylanderi) adapt to their local thermal
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environment. Martin et al. (2021) transplanted acorn ant colonies
living in urban environments into their ancestral rural environment,
and vice versa. They found strong evidence that the thermal toler-
ances of these groups were locally adapted—the urban populations
had higher maximum and minimum thermal tolerances—and that
these adaptations contributed to higher survival in their home ver-
sus their novel environment. The authors ruled out the influence of
physiological plasticity in this case because subsequent generations
of lab-reared colonies also displayed divergence in their thermal tol-
erances (Martin et al., 2019). While this adaptive pattern was found
across multiple, independent rural-urban gradients in the United
States (Diamond et al., 2017, 2018), it is unclear whether ants in
general will respond in this way to thermal changes and over which
timescales. On the other hand, ants also seem capable of plastically
altering their phenotype in response to environmental changes. In
the same acorn ant system, thermal tolerance could also plastically
respond to rearing temperature, with higher rearing temperatures
leading to individuals with higher thermal tolerances (Diamond et al.,
2017). Similarly, Bujan et al. (2020) found evidence for seasonal plas-
ticity in thermal tolerance across a number of other American ant
species. Workers collected in the summer had higher thermal toler-
ances than those collected during cooler months. Again, how wide-
spread these phenomena are is currently unclear, but combined with
dispersal provide a mechanism by which ants can respond to climate

change alongside their great behavioral flexibility (discussed above).

7 | ECOSYSTEM CONSEQUENCES

The direct and indirect effects of climate change are both likely to in-
fluence the structure of local ant communities and their contribution
to key ecosystem functions. Ants are considered to play important
roles in ecosystem functioning via their physical activities (influenc-
ing soil in particular) and trophic interactions (e.g., predation, seed
harvesting/dispersal) (Del Toro et al., 2012; Folgarait, 1998). Given
their high biomass and abundance in most ecosystems, declines or
changes to ant community structure have the potential for large im-
pacts on the wider ecosystem. There have been few studies directly
exploring the implications of climate change for ecosystem functions
and services provided by ants. In part, understanding how ecosys-
tems will change with fewer, or different ants, is challenging because
there have been relatively few studies examining the contribution
that ants alone make, particularly at an ecosystem level. Here we
consider the ecological processes and functions ants contribute to
and explore how this might change with altered ant abundance.
Bioturbation, the reworking of soil by ants through movement,
tunneling and nest-building activities, is an essential ecosystem
service. This process can profoundly affect nutrient distribu-
tion (e.g., increase P concentration in ant nests) and soil physi-
cal properties including soil porosity (Dostal et al., 2005; Frouz
et al.,, 2003; Nkem et al., 2000) and promotes plant biodiver-
sity (Wilkinson et al., 2009) and growth (Reichman & Seabloom,
2002). Ants also redistribute and alter nutrient availability within
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ecosystems through consumption of plant material, detritus and
seeds combined with bioturbation. Ants can play a critical role as
scavengers in tropical rainforest (Griffiths et al., 2018), and impor-
tantly, when ants were excluded there was no compensation by
other taxa suggesting low functional redundancy if ant numbers
decline. In urban areas too ants can consume and recycle human
food inputs, and therefore play a role in waste removal, with in-
vasive ants especially important (Penick et al., 2015; Youngsteadt
et al., 2015).

Many ants are seed harvesters and through seed predation can
strongly influence plant composition and diversity where they occur
(De Almeida et al., 2020; MacMahon et al., 2000). For many pro-
cesses, it is not known how important ants are relative to other taxa
(e.g., rodents) because experiments that manipulate different groups
are needed to disentangle contributions. A long-term manipulative
experiment at Portal, Arizona, however, found that rodent and har-
vester ants compete for food, and ants increased plant diversity by
differentially harvesting seeds of dominant species (Brown et al.,
1979).

As competitors and predators, ants are thought to strongly
shape communities of plants and animals. Manipulative experi-
ments have demonstrated powerfully that the presence of ants al-
ters invertebrate community structure and food webs (Parr et al.,
2016), with some suggestion that herbivores and decomposers do
better when ant abundances are low (Sanders & van Veen, 2011).
Similarly, low ant abundance can promote the dominant decom-
poser invertebrate in savannas, termites, with positive effects
on decomposition (Parr et al., 2016). Given that predatory ants,
including Ponerines, may be particularly susceptible to climate
change (Section 4 above) and there may be a change in trophic
structure, predation pressure may decline in future with import-
ant implications for prey (e.g., termites) and consequently the pro-
cesses the prey mediates (e.g., decomposition). Broad changes in
ant community composition are highly likely (Bishop et al., 2019)
and the dominant ant species may alter too. This matters because
we know dominant ants exert considerable pressure on local com-
munities and can regulate community structure via competition
and predation (Andersen & Patel, 1994; Parr, 2008). It is possible
under climate change that there will be a shift in the dominance
of ants globally from the Tropics to temperate regions as tropical
ants fare less well and those at higher latitudes are able to take
advantage; the high number of ground-nesting and herbivorous
ants in temperate regions also lends further support to this idea.

The value of ants for pest-control has long been recognized
as ants are voracious predators of plant herbivores and can re-
duce herbivory (Hélldobler & Wilson, 1990), but only more re-
cently have studies partitioned out the value of ants versus other
taxa; for example, Pifiol et al. (2010) demonstrated that ants had
a greater effect regulating arthropod populations on citrus than
birds did. The predation biocontrol service provided by ants is
especially valued in agricultural systems with studies suggesting
ants can significantly promote crop vyields (e.g., in shade cocoa,
Gras et al., 2016). In addition, ant pest-control services extend to

weed control too: in an Australian agricultural system, the pres-
ence of ants reduced the number of tumbleweed plants by almost
a half (Evans & Gleeson, 2016). Predicted declines in arboreal ants
in the Tropics will therefore be especially detrimental to agricul-
ture in these regions.

Finally, disruptions to mutualisms will have important ramifica-
tions across ecosystems. In particular, where seed dispersal by ants
(myrmecochory) declines due to phenological mismatches between
plant species and their disperser ants, or fewer ants to disperse
seeds, there will likely be shifts in the composition of plant com-
munities; the breakdown of seed dispersal mutualism in the Fynbos
with the introduction of the invasive Argentine ant demonstrates
this potential outcome clearly (Christian, 2001). Similarly, there will
also be community-level implications for arthropod communities
with changes to the relationship between ants and honeydew-dew
producing insects (Hemipterans). Because these ants often also
predate on other plant herbivores (Kaplan & Eubanks, 2005), they
can dramatically alter the structure of the arthropod community.
This has knock-on effects for plant protection services as reduced
non-Hemipteran herbivory damage can result in increased plant
growth and seed production (Styrsky & Eubanks, 2007). While the
negative effects of interactions between ants and Hemipterans
on plant fitness have seldom been demonstrated, where there is a
strong positive feedback between Hemipterans and ants, there can
be detrimental outcomes for plants (e.g., the association between
Yellow crazy ants and scale insects on Christmas Island resulted in
the growth of sooty mould on leaves and canopy die-back, O'Dowd
et al., 2003). How climate change-induced changes to ants will ulti-
mately affect primary production is unknown.

8 | KNOWLEDGE GAPS AND FUTURE
QUESTIONS

We identify several key research knowledge gaps and testable hy-
potheses which we argue are critical to address for us to understand
more fully the implications of a changing climate on the ants. These

include:

1. How will altered precipitation, CO, and UV regimes affect
ants? Currently, we know very little about these important
drivers. And, because climate change drivers do not operate
in isolation, it is essential we explore how they may, or may
not, interact with temperature change.

2. How will variable ant performance at sublethal temperatures play
out in altered thermal regimes? It is becoming clear that critical
temperatures do not explain all the variation in ant distribution
and activity (Braschler et al., 2020; Guo et al., 2020), yet ecologi-
cal performance at sublethal temperatures, and how this impacts
individual fitness and population growth, is vastly understudied.

3. How does sociality alter the risk-reward ratios of foraging under al-
tered thermal regimes? We hypothesize here that social organisms
will respond differently to solitary organisms, and that this response
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may depend on body and colony size (Section 5, Figure 4). Empirical
data testing this, and accounting for other morphological traits such
as leg length (particularly for ground-active taxa), will be key to under-
standing potential changes to relative success of solitary and social
organisms under climate change.

4. How do ants disperse and establish new nests? How do these
processes feed into population dynamics? There is extremely lim-
ited fundamental empirical data on these topics within the ants,
yet they are critical in fully predicting the response of ants to cli-
mate change.

5. What are the species-specific contributions to ecosystem func-
tioning? We are moving towards a better understanding of how
ants in general influence the ecosystem (e.g., Parr et al., 2016),
but because there will be differential effects of climate change on
ants, we need to know more about how individual species con-
tribute. Only when we know this can we understand what the
ecosystem consequences will be of altered and rearranged ant di-
versity. The wider impact of altered or disrupted mutualisms also
falls into this area.

6. Finally, we need a shift in the focus for much of this work to the
Tropics—this is where effects are likely to be most pronounced,
and it is especially urgent we understand how ant communities
will respond and what the implications will be.

9 | CONCLUSION

In sum, we face huge knowledge gaps in terms of our understanding
of how ants will respond to climate change. We know the most about
the thermal response of ants. In this case, we expect that Tropical
species, particularly those living in the litter of canopy microhabi-
tats, will be more vulnerable to rising temperatures. Elsewhere in
the world, and for those species, which can exploit their eusocial-
ity behaviorally to avoid increased temperatures for large parts of
their developmental and foraging activities, we anticipate minimal
impacts or even benefits. It is far from clear how ants will respond to
altered precipitation, CO,, or UV regimes. Furthermore, how these
climatic changes will ramify through the complex food and mutu-
alistic webs within which ants are embedded are largely unknown,
but we anticipate that they may be profound. What does seem clear,
based on the phylogenetic signal of ecologies and traits among the
ants, is that the Ponerinae appear particularly vulnerable to changing
climates. More broadly, we expect that there will a rearrangement of
the current patterns of ant diversity and community structures. It is
these changes that we urge a focus on, particularly in the context of
ecosystem function, only then we can predict and begin to mitigate
the climatic impacts on this important group of insects.
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