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Abstract: Climate change is expected to impact the global distribution and diversity of arthropods,
with warmer temperatures forcing species to relocate, acclimate, adapt, or go extinct. The Arctic
and Antarctic regions are extremely sensitive to climate change and have displayed profound and
variable changes over recent decades, including decreases in sea ice extent, greening of tundra, and
changes to hydrological and biogeochemical cycles. It is unclear how polar-adapted arthropods will
respond to such changes, though many are expected to be at great risk of extinction. Here, we review
the adaptive mechanisms that allow polar arthropods to persist in extreme environments and discuss
how the effects of climate change at the poles will likely favour non-native species or those with
the ability to rapidly evolve and/or acclimate. We find that physiological, behavioural, plastic, and
genetic data are limited in scope for polar arthropods and research on adaptive responses to change
is scarce. This restricts our ability to predict how they may respond to a warming climate. We call
for a greater investment in research that specifically targets the ecology and evolution of these taxa,
including genomic and transcriptomic approaches that can evaluate the potential for plastic and
evolved environmental responses.
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1. Introduction

Climate change is having increasingly detrimental impacts on the natural environ-
ment. In particular, potential warming beyond 1.5 ◦C is predicted to increase extreme
weather events (e.g., floods, droughts, cyclones), impact human livelihoods by limiting
potable water/food availability and damaging infrastructure, and threaten many species
with extinction due to physically intolerable conditions, changing the entire landscape of
ecosystems [1].

Situated at opposite ends of the Earth, the polar regions (Arctic and Antarctic) are
some of the most harsh, remote, and inhospitable habitats on the planet (Figure 1). Where
the Arctic is an ocean covered by perennial sea ice and surrounded by land, Antarctica
is a continent covered by thick ice and surrounded by the Southern Ocean. Both are
considered ‘barometers’ of global health for the role they play in providing planetary-
scale balance and circulation—regulating energy exchange between climatic and oceanic
systems, driving atmospheric and weather processes, acting as sinks for carbon dioxide, and
providing thermal density gradients that drive thermohaline circulation [2,3]. Observed
and projected climatic changes in the Anthropocene are comparable to some of the largest
environmental changes of the past 65 million years, though human activities such as
fossil fuel combustion and land-use change have meant that this is occurring much more
rapidly than previously observed in the geological record [4]. Despite their isolation
from civilisation, the Arctic and Antarctic polar regions have responded rapidly to human-
induced climate change, with small changes in temperature having large impacts on species
diversity and distribution [5–7].
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Figure 1. Map of (A) Antarctic and (B) Arctic regions identifying key locations. Red circles in
(A) represent relative locations of the main sub-Antarctic Islands.

Arthropods—insects, arachnids, myriapods, and crustaceans—comprise the bulk di-
versity of species on Earth, with some taxa that have survived all five mass extinction
events in evolutionary history (e.g., horseshoe crabs) [8]. As such, they are fundamental
members of many ecosystems, playing crucial roles in food webs, pollination, decomposi-
tion, nutrient cycling, and pest control [9]. Polar regions are no exception, with some biota
that have been present for millions of years throughout glacial cycles and since the breakup
of Gondwana, and others that have arrived since the last glacial maximum (<30 kya) [10,11].
Resident polar arthropods must endure environmental stresses beyond the physiological
limits of many other species, such as extremely low temperatures (routinely <−15 ◦C),
intense heat stress due to solar radiation that exceeds air temperature (>20 ◦C) during
summer months, dry and windy conditions, and 24 h of darkness during winter [12–14].
As a result, these taxa have evolved unique physiological adaptations to tolerate their
local environment.

Nevertheless, arthropods are highly sensitive to environmental changes owing to their
diverse life-histories, typically short generation times, large population sizes, and often
high rates of adaptability [9]. Therefore, they are excellent research models for elucidating
the extrinsic and intrinsic mechanisms that promote survival in a rapidly changing world.
Here, we review the literature to ask how climate change might affect arthropods in polar
regions. We first examine current Arctic and Antarctic arthropod diversity and some of
the most important adaptations that have allowed these species to persist in extreme polar
environments. Next, we evaluate how climate change might affect arthropod diversity
and distribution in polar regions, with comments on biological invasions and ecological
responses of native arthropods. Throughout, we examine both adaptive and acclimatory
responses, which we delineate based on timescale—acclimation occurs over a shorter
timescale and is more likely to be a temporary response compared to adaptation, which
takes longer to express and tends to be more permanent. We consider examples from the
high Arctic, low Arctic, and sub-Arctic in our definition of the Arctic region; and both
continental Antarctica and nearby sub-Antarctic maritime islands in our definition of the
Antarctic region (Figure 1).

2. Polar Arthropods Are Abundant and Diverse, and Exhibit a Range of Adaptations to
the Cold
2.1. Abundance and Diversity

The biodiversity of polar arthropods was once thought to be scarce owing to an overly
simplistic understanding of their ecology and roles in the ecosystem. For instance, past
Arctic food web models collated individual species into related groups (e.g., considered all
beetle species one entity), neglecting to account for the wide range of feeding specialisations
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and adaptations that exist at the species level [15]. In reality, arthropods are the most diverse
and abundant phylum found near the poles, accounting for approximately 90% of all known
species there, though many are small and have only basic body forms [15,16].

In Antarctica, most terrestrial arthropods are restricted to the less harsh sub-Antarctic
islands. For example, at least 41 endemic species of insects and spiders occupy Possession
and Kerguelen Islands alone [17]. However, some species inhabit mainland Antarctica in
high densities—including soil microarthropods (e.g., springtails, mites), most of which
are endemic to the continent [18], and two species of chironomid midges (endemic Belgica
antarctica and native Parochlus steineii). The majority of Arctic arthropod diversity is
similarly distributed in less harsh environments of the sub-Arctic and low-Arctic regions,
and predominantly consists of springtails, lice, chironomid midges, crane flies, aphids,
beetles, moths, and wasps. In the high-Arctic, the same orders exist, though with much
fewer species [15,19].

2.2. Adaptations to the Cold

All polar-dwelling arthropods are exposed to cold temperatures, often below the
freezing point of their body fluids. Resident species, at least to some degree, have a variety
of adaptations that allow them to tolerate these local conditions, including physiological,
plastic, behavioural, and genetic (Figure 2). For example, some microarthropods have
developed parasitic relationships with warm-blooded hosts (e.g., ticks with seals or birds),
while others buffer against immediate environmental temperatures by living in a microcli-
mate (e.g., soil or water), or migrating seasonally [14]. By far the greatest focus of research
to date has been on physiological adaptations of polar arthropods; we outline some of
these below.
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Figure 2. The potential physiological, behavioural, plastic, and genetic responses associated with
surviving life at the poles. For simplicity, we depict discrete categories, though responses may fall
into >1 category.

2.2.1. Thermal Tolerance

Thermal tolerance is the ability of an organism to survive short- or long-term exposure
to temperature extremes. The ectothermic nature of arthropods means that temperature
plays a major role in the effectiveness of their chemical and biological functions, therefore,
thermal tolerance is a critically important trait for survival and success at the poles [20].
Polar arthropods can be classified as either freeze-avoidant or freeze-tolerant depending on
their strategy to survive overwintering, although the factors that determine which species
employ which strategy are largely unclear.
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Freeze-Avoidance

Most polar arthropods are freeze-avoidant—they survive subzero temperatures in
a supercooled state by lowering the point at which their body fluids freeze, referred to
as the super-cooling point (SCP) [18,21]. This is achieved through the accumulation of
antifreeze and/or heat shock proteins [22], or by the removal of ice-nucleating particles,
such as food and microbes in the digestive tract. Bimodal SCP distributions are commonly
described, with less cold-hardy species being more active and higher-foraging, while more
cold-hardy species are thought to be non-feeding and therefore lacking in ice nucleators
from food in the gut [18,23]. However, this is not the case for all species. For example, the
Antarctic springtail Gomphiocephalus hodgsoni prevents inoculative freezing of body fluids to
temperatures as low as −35.4 ◦C through the accumulation of thermal hysteresis proteins
and increased haemolymph osmolality [18,24,25].

Freeze-Tolerance

Freeze-tolerant arthropods can withstand the formation of ice between their body
tissues. They prevent intra-tissue damage by producing ice-nucleating and heat-shock
proteins [26], and/or accumulating cryoprotectants (polyols and sugars) that control the
rate of freezing and protect the membrane bilayer [27]. Freezing is often initiated slowly at
relatively high subzero temperatures in order to promote the growth of small, site-specific
ice crystals in the extracellular spaces, as opposed to the rapid formation of ice that can cause
injury [22]. For example, an Arctic species of stonefly, Nemoura arctica, cools to around
−1.5 ◦C before freezing and can then survive temperatures as low as −15 ◦C for over
two weeks by increasing hemolymph glycerol concentrations and antifreeze proteins [28].

Cryoprotective Dehydration

Cryoprotective dehydration (CPD) is a form of freeze-tolerance that occurs when
an organism loses extreme amounts of body fluids to reach a vapour pressure equilibrium
with surrounding ice. It has only been observed in a handful of arthropod species, includ-
ing several Arctic springtails (e.g., Megaphorura arctica, Hypogastrura viatica, and Folsomia
quadrioculata) [29,30], the Alaskan beetle Cucujus clavipes puniceus [31], and larvae of the
Antarctic midge Belgica antarctica. In B. antarctica, ~40% of the body fluid is lost and high
concentrations of solutes, such as osmolytes, accumulate until vapour pressure equilibrium
with the surrounding ice is reached. This prevents internal freezing, allowing survival over
7–8 months of continuous subzero temperatures in a matrix of soil and ice [32].

Rapid Cold Hardening

Polar environments provide increasingly variable microhabitat temperatures and un-
predictable freeze–thaw periods in any season throughout the year. In response, some
species have the ability to plastically enable cold tolerance via ‘rapid cold hardening’
(RCH)—a fast response to cold that can last a matter of minutes or hours [33]—providing
an ecological advantage over species that must acclimate or adapt over much longer
timescales. The mechanisms that underpin RCH are relatively unclear: it was thought
that since RCH has similar ecological outcomes to seasonal freeze-tolerance or avoidance
(i.e., higher survival rate, increased fitness at low temperatures), it is achieved through
similar mechanisms albeit at shorter timescales. However, recent work suggests that RCH
is rather mechanistically distinct to seasonal cold-hardening. For instance, cryoprotec-
tant/antifreeze protein synthesis and up-regulated stress-related genes (i.e., heat shock
proteins) are important factors associated with seasonal cold hardening, but either are
not involved in, or act ambiguously during, RCH. Factors that are important to RCH
include calcium signalling, inhibition of apoptotic cell death, membrane restructuring, and
adjustments to ion transport mechanisms [34].

RCH has been identified in some native polar arthropods and microarthropods (e.g.,
Antarctic mites, Alakaozetes antarcticus and Halozete belgicae) [35] and is hypothesised to
reduce the developmental cost of employing long-term overwintering strategies, such as
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freeze tolerance. However, others argue that RCH offers little advantage to some polar
arthropods (such as the Arctic springtail, Hypogastrura tullbergi) that migrate through soil
profiles during cold snaps, as this often offers sufficient protection from short-term low
temperatures [36].

2.2.2. Metabolism

While metabolism is mainly driven by the availability of food and oxygen, environ-
mental temperatures have profound effects on metabolic rate, with higher metabolic rates
across all phyla generally occurring in warmer climates and vice versa [37,38]. However,
some research proposes that ectotherms from cold habitats have elevated metabolisms
compared to those from warm habitats, owing to short, cool growing seasons that select
for an increase in growth rates and development times—referred to as ‘metabolic cold
adaptation’ [39–42].

Metabolic cold adaptation does not appear to be a phenomenon characterising all
polar arthropods and warrants further research at the species level [43]. Nevertheless,
metabolism produces the energy required for movement, growth, healing, feeding, di-
gestion, and reproduction; thus, the ability to metabolise efficiently in cold environments
may represent an ecologically advantageous trait for polar arthropods [44]. For example,
during chill coma, arthropods lose ionic and osmotic homeostasis as the cellular mem-
brane structure is altered and metabolic processes are down-regulated. As temperature
increases again, whole-organism recovery involves restoring neuromuscular movement,
repairing damage, and re-establishing ionic and osmotic gradients to restore homeostasis,
all of which is energetically expensive. Thus, faster metabolism (and therefore recovery
time) may allow for additional opportunities for foraging, dispersal, and reproduction,
while reducing susceptibility to predation [39,45]. Indeed, arthropods from high-latitude
environments may have a quicker chill coma recovery time than those from temperate
regions [46]. Meanwhile, metabolomic studies have revealed abundant variation in core
metabolic enzymes between polar species in response to thermal stress [12,47]. For example,
B. antarctica enhances thermotolerance by increasing concentrations of metabolites, such as
α-ketoglutarate (a Krebs cycle intermediate), to aid the synthesis of cryoprotectants [12].
In contrast, the Arctic seed bug, Nysius groenlandicus, actively alters metabolite levels on
a daily basis, with higher concentrations of sugars found in individuals that were caught at
the lowest daily field temperatures [48].

2.2.3. Body Size

Body size is integral to an organisms’ ecological success—larger individuals tend
to produce more offspring and live longer, and may be better at competing and avoid-
ing predators than smaller individuals [49]. Body size is influenced by many factors,
including metabolic energy, resource availability, and selection (both sexual and predation-
driven) [50,51].

The temperature size rule (TSR) describes how individuals maintained at low temper-
atures tend to grow slower, but attain a larger body size upon maturity [52,53]. Similarly,
Bergmann’s rule describes how larger individuals are found in higher latitudes and colder
environments (i.e., higher altitudes) [52]. Body size distribution patterns have been found
to be largely consistent with TSR and Bergmann’s rule for many endothermic species, such
as birds and mammals [54]. Some ectothermic species follow these trends to a degree,
though much less consistently, while other species follow a contradictory trend where
body size decreases in response to cold temperatures (‘converse Bergmann’s rule’) [55].
For example, wing length in two high-Arctic butterfly species (Boloria chariclea and Colias
hecla) decreased significantly between the years 1996 and 2013 in response to warmer
Arctic temperatures, supporting TSR [52], whereas small insects characterised by rapid
development (such as aphids and small flies) are dominant in both polar regions, in counter
to Bergmann’s rule [56]. Variability in body size is likely to be idiosyncratic, depending
largely on a number of species-specific and abiotic (e.g., oxygen) variables [49].



Diversity 2023, 15, 47 6 of 14

3. Climate Change Will Bring New Challenges for Polar Arthropods: How Might
They Cope?
3.1. Challenges of Climate Change

Anthropogenic activities, such as fossil fuel combustion, deforestation, land-use
change, and pollution have variable and profound impacts on the global climate and
are already driving changes in species’ range extent [57]. The poles are no exception.

The Arctic warms at roughly twice the rate as the rest of the globe due to complex
interactions between the cryosphere, atmosphere, and ocean, referred to as ‘Arctic Ampli-
fication’ [5,58]. Consequently, Arctic sea ice has rapidly declined in thickness and extent
over the last four decades [59,60], particularly the Greenland Ice Sheet, which is melting
faster than any climate models have projected [61]. Future climate projections suggest that
this trend will continue well into the 21st century, with potential warming by an additional
1.5–4 ◦C predicted for scenarios that include completely ice-free summers [5,62,63].

Climate change in Antarctica has not been uniform. Despite the fact that the Antarc-
tic Peninsula, Scotia Arc, and Magellanic sub-Antarctic were some of the most rapidly
warming areas on Earth for the second half of the 20th century, Antarctic sea ice extent
across the entire continent has increased slightly since the 1970s [64,65]. This paradox has
been attributed to the ozone hole that occurs over Antarctica during the austral summer,
which causes stratospheric radiative cooling from ozone depletion and strengthened wind
speeds [64,66,67]. When the ozone layer repairs, as it is predicted to do within the next
century under a ‘business as usual’ scenario (i.e., continued increase of greenhouse gas
emissions) [68], Antarctic surface temperatures are expected to increase by ~4 ◦C by the
year 2100 [6].

Even small changes in temperature can cause irreversible changes to polar landscapes.
For example, tundra greening in the low Arctic due to warming creates opportunities
for plants in nearby sub-Arctic regions to expand their range toward higher latitudes, as
seen in Hieracium aurantiacum (orange hawkweed), Elodea nuttallii (western waterweed),
and Bromus tectorum (cheatgrass)—all of which are capable of dramatically changing the
local ecosystem through changes in biogeochemical cycles, fire regimes, and hydrological
processes [69].

3.2. Potential Responses to a Changing Climate

The ability for a species to adapt to climate change depends on its life-history traits
and genetic architecture, both of which will affect the speed at which responses may occur
(i.e., rapid/plastic versus slower/genetic). Despite this, most methods for evaluating
responses to climate change rely largely on correlative species distribution models and
limited ecological community data, neglecting to consider evolutionary potential (i.e.,
adaptive response) or species-specific idiosyncrasies [70,71]. Yet, species in polar regions
will almost certainly respond differentially to climate change, even those that occupy similar
niches and/or are closely related. For example, larvae of the endemic Antarctic midge
B. antarctica are freeze tolerant to −14 ◦C, but die within a week at 10 ◦C, and only survive
a couple of hours at 30 ◦C [72]. By comparison, the native Antarctic midge P. steinenii
has a wide thermal tolerance across all life stages, remaining active between temperatures
ranging from −5 ◦C to 28.6 ◦C [73], while the crane fly Trichocera maculipennis—a recent
Antarctic coloniser—has a lower thermal tolerance limit similar to P. steineii but a higher
limit of 30.1 ◦C [73]. Though all three species will experience the same environmental
changes, P. steinenii and T. maculipennis are better set to benefit from a warmer climate and
may rapidly colonise new habitats as they become available.

Climate change may also impact the phenological patterns of polar arthropods, which
are generally characterised by long periods of dormancy and development times [74,75].
For example, the Arctic woolybear caterpillar Gynaphora groenlandica, native to the high Arc-
tic in the Canadian archipelago, is dormant for 11 months of the year. For just one month
(June), G. groenlandica actively feeds, basks, and moves about the tundra, developing very
slowly—for up to and sometimes over five years [74]. Elevated temperatures caused by
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climate change may stimulate the development of arthropods as well as increase the dura-
tion of the growing season, thereby increasing voltinism. In some cases, this may delay the
induction of winter diapause, resulting in the production of an additional generation in au-
tumn that cannot survive or enter diapause (i.e., the “lost generation hypothesis”) [75–77].
Furthermore, if a chilling cue is not received, diapause expression may be delayed, re-
duced, or abandoned—causing individuals to emerge later or not at all [78]. Changes to
phenology in polar arthropods may also result in other ecological consequences, such as
seasonal mismatches between species and their key resources, as has been observed in
honeybees [79,80], or lead to increased exposure to winter-active predators [81].

Studies on species life histories have found that, while warming may benefit Arctic
herbivores [82], it will likely negatively impact detritivores, such as Collembola [83] as well
as certain above-ground and soil-dwelling Arctic arthropods [15]. Thus, in polar regions
as elsewhere, a major consequence of ongoing climate change will be the redistribution
of arthropod diversity: (a) the reduction of native species diversity through extinction;
(b) the movement of species as they track changes in temperature to meet optimal condi-
tions determined by their physiology (including the poleward shift of endemic species and
the arrival of species inadvertently introduced to polar regions with increased survival and
the potential to become invasive); and/or (c) the response of native species to additional en-
vironmental and ecological pressures through changes in behaviour, physiology, plasticity,
and/or genetics [15,16] (Figure 2). However, the intricacies of such responses are largely
uncertain due to a lack of relevant knowledge at the species level. Additionally, as noted
above, arthropods are likely to respond differentially to climate change: though many
will respond negatively (e.g., heat stress, desiccation, phenological mismatches), some will
benefit from warmer temperatures through alleviated cold thermal stress, lengthened active
seasons that promote growth and reproduction, and increased habitat availability provided
by new ice-free environments [84–86]. Overall, climate change may drive a variety of
adaptive changes in species at the poles [7], as outlined in the following section.

3.2.1. Invasive Species

Biological invasions occur when species are transported to regions beyond their
native range by humans and there negatively impact native biodiversity, health, and
economies. The invasion process can be viewed as a series of stages (transport, introduction,
establishment, and spread), with the graduation of each stage dependent on overcoming
specific barriers (e.g., founder effects, abiotic, and ecological pressures) [87].

The quantity and diversity of individuals being introduced to the Arctic and Antarctic
every day is high. For example, 1376 individual alien invertebrates spanning 98 families
were introduced to Antarctica during the summer field season in 2012–2013 [88]. However,
very few individuals survive the journey and even less survive the extreme physical
conditions they encounter when they arrive at the poles [89,90]. Increased patterns of
human use in these areas (e.g., for research and tourism, shipping, fishing, etc.) will affect
the rate of alien species introductions (Figure 3), while changes in climate can be expected
to simultaneously select for, or otherwise promote, their survival upon arrival by creating
conditions that are tolerable, if not favourable, to invasive species [11,69,89,91–95].

All 14 of the known non-native species established in Antarctica are found on the
Antarctic Peninsula—the region where most warming has occurred since the 1950s—and
almost exclusively in the direct vicinity of research centres and visitor sites [96]. Less data
exists for invasive arthropods in the Arctic. However, a thorough inventory of species in
the Svalbard region of the European high Arctic includes ten established alien arthropods
(e.g., the springtail Hypogastrura assimilis), seven vagrants (e.g., the moth Plutella xylostella),
and many other observed invasive species (e.g., the mite Thanatus formicinus), all of which
were likely transported through imported soils [97].
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Figure 3. Depiction of possible arthropod distribution changes in response to warming temperatures
associated with climate change. Blue circles represent native populations that prefer cold temperatures
(i.e., polar regions) and orange circles represent non-native populations that prefer warm temperatures
(i.e., non-polar regions). Grey circles represent different means of mediated dispersal, with size
representing relative transport events to the poles (i.e., larger grey circles indicate higher propagule
pressure). (A) Under a normal latitudinal temperature gradient with fewer introduction events,
non-native species are unlikely to establish populations upon arrival to the poles due to mismatches
between local environment (e.g., air temperature) and physiology; (B) Warmer temperatures and
increased transport events may facilitate the establishment of non-native species at the poles by
creating conditions within their optimal range, or facilitating rapid evolution in the new environment.

Of course, one of the greatest invasive risks at both poles is the local assisted dispersal
of established or even native species to new areas, as such species are already tolerating
polar conditions in their local habitats [98]. For example, the chironomid midge Eretmoptera
murphyi was introduced to Signy Island (South Orkney Islands) from its native range on
South Georgia Island and successfully established a population there due to pre-existing
thermal adaptations [99]; it now significantly impacts local litter turnover and availability
of nutrients [100,101]. With at least 25 distinct biogeographic regions within Antarctica
and the surrounding maritime sub-Antarctic [102], and movement of personnel and cargo
between these regions occuring at high frequency, the risk of human-assisted movement of
species between local populations is high—especially for environments that are becoming
increasingly fragmented [65].

3.2.2. Plastic and Genetic Responses to a Changing Climate
Phenotypic Plasticity

Phenotypic plasticity refers to the rapid expression of different phenotypes from
the same genotype and is often initiated by an environmental change. For example,
winter diapause in arthropods is triggered by shorter days and temperature responses
from an earlier life stage or previous generation [103]. Plasticity may affect phenotypic
outcomes—driving changes in the number of instars, or types and quantities of eggs
or pupae produced—and also intrinsic processes, such as metabolism, gene expression,
and protein/carbohydrate composition [104]. Though plasticity can be maladaptive (e.g.,
seasonal mismatches between species and their resources, as observed in pollinating
insects [105]), the capacity and speed at which a species is able to adaptively respond by
altering its behaviour, morphology, or physiology is an important component of its ability
to cope with, and acclimate to, the effects of climate change [104–107].

Recent studies have suggested that invasive species may be more capable of respond-
ing plastically, suggesting that plasticity could be important for invasion success [108].
For example, the globally invasive European green crab (Carcinus maenas) demonstrates
short-term acclimatory plasticity and high eurythermal tolerance compared to other crus-
taceans (18–31 days at either 5 or 25 ◦C), which has likely facilitated its ability to colonise
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a wide range of thermally unique environments [109]. RCH (see above) has been identified
in many non-polar arthropods, particularly notoriously invasive species of Hemiptera
(e.g., Sitobion avenae) [110], Diptera (e.g., Culicoides variipenni) [111], Lepidoptera (e.g.,
P. xylostella) [112], and Orthoptera (e.g., Locusta migratoria) [113], highlighting their risk of
potentially establishing populations in polar environments. The ability to assume ideal
phenotypes for environmental variance over short timescales will likely play an important
role in determining species responses to rapid climate change [114], however, limited
research is devoted to understanding phenotypic plasticity of arthropod taxa. This includes
research that utilises next generation sequencing technologies, such as transcriptomics
(the study of RNA transcripts that are expressed in the cell) to examine changes in gene
expression under specific environmental conditions [115]. As a result, the ability of polar
arthropods to respond plastically to increasing temperatures, or compete with invading
species that may also be more plastic, is unclear.

Genetic Responses

Increasing temperature can create de novo genetic diversity by causing spontaneous
replication errors and/or DNA damage [116], and can affect standing genetic variation
by shifting allele frequencies in genes or linked genomic regions associated with climate
response [117,118]. De novo variation tends to operate on a longer timescale, as new
mutations have to occur and then sweep through a population [119]. Conversely, standing
genetic variation can result in more rapid adaptation due to the co-option of existing
variation towards new solutions [120].

Although the majority of mutations provide no additional fitness benefit (i.e., are most
often deleterious or neutral), some give rise to variation within populations that provides
an advantage to survival, with research identifying a clear link between temperature and
mutation rate [121]. The tendency for species density to be greater in lower as opposed
to higher latitudes—i.e., the latitudinal biodiversity gradient—may be partly underlain
by differential rates of mutation among species. For example, temperate and tropical
arthropods have shorter generation times and larger population sizes and are therefore
predicted to have a greater supply and faster rate of mutations for evolution to act upon,
thus driving adaptation [122]. In contrast, polar arthropods are expected to experience
slower rates of mutation owing to the fact that many species must overwinter in a state
of stupor and are only active for the few months of austral summer (thus have longer
generation times overall) [116,122]. Therefore, de novo variation in polar arthropods may
be insufficient to meet the demands of increased temperatures [123], including those driven
by competition with invasives that have higher mutation rates.

Adaptive responses that build from standing variation have not been identified for
polar arthropods to date, however temperate species show that existing genetic variation
across the genome in response to human impacts can drive changes in diapause timing [124],
contribute to insecticide resistance [125], and/or lead to phenotypic changes such as
melanism or wing-loss [126,127].

Genetic responses to climate warming (whether building from de novo or standing
variation) for polar taxa have yet to gain great research traction more generally. This is
an area that would clearly benefit from more focus—particularly because, even if such
responses are unable to occur rapidly for endemic taxa, they may well promote rapid
adaptation of newly invading species [127].

4. Future Steps

Published physiological studies on terrestrial Arctic and Antarctic arthropods are
limited to a small number of species—undoubtedly driven by the various challenges
associated with working at the poles, including financial, time, and resource burdens. For
those taxa that have been studied, physiology is the target of the majority of research
(e.g., freeze-tolerance, metabolism), with a view towards understanding how these unique
adaptations promote survival in the cold.
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However, physiology is dynamic across populations in time and space, as are other
factors that shape evolutionary potential, such as genetic diversity, gene expression, pop-
ulation size, population structure, and mutation rates [106]. Recent population genomic
technologies have shown great potential for elucidating demographic and adaptive pro-
cesses and, when combined with ecological niche modelling, can be used to reconstruct
evolutionary and ecological histories and predict future trajectories [128], aiding evaluation
of the risk of localised biological invasions. Moreover, transcriptomic studies can shed light
on the capacity of species to respond plastically to climate change [129]. However, little
research in these fields targets arthropods, and even less employs a polar lens. Thus, evolu-
tionary potential, the fitness implications and influence of plasticity, and their interacting
effects on the other potential responses of polar species to climate change are key areas in
which future research would provide exceptionally valuable insights.
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