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ARTICLE INFO ABSTRACT

Keywords: Assessing the resilience of polar biota to climate change is essential for predicting the effects of changing envi-
Climate Change ronmental conditions for ecosystems. Collembola are abundant in terrestrial polar ecosystems and are integral
Arctic ) to food-webs and soil nutrient cycling. Using available literature, we consider resistance (genetic diversity; be-
;‘;‘;:;I;;y havioural avoidance and physiological tolerances; biotic interactions) and recovery potential for polar Collem-
Genetic diversity bola. Polar Collembola have high levels of genetic diversity, considerable capacity for behavioural avoidance,
Ecology wide thermal tolerance ranges, physiological plasticity, generalist-opportunistic feeding habits and broad ecolog-

ical niches. The biggest threats to the ongoing resistance of polar Collembola are increasing levels of dispersal
(gene flow), increased mean and extreme temperatures, drought, changing biotic interactions, and the arrival
and spread of invasive species. If resistance capacities are insufficient, numerous studies have highlighted that
while some species can recover from disturbances quickly, complete community-level recovery is exceedingly
slow. Species dwelling deeper in the soil profile may be less able to resist climate change and may not recover
in ecologically realistic timescales given the current rate of climate change. Ultimately, diverse communities are
more likely to have species or populations that are able to resist or recover from disturbances. While much of the
Arctic has comparatively high levels of diversity and phenotypic plasticity; areas of Antarctica have extremely

low levels of diversity and are potentially much more vulnerable to climate change.

1. Introduction

Polar regions are experiencing rapid and extreme climatic changes
(Hogg and Wall, 2011; Convey and Peck, 2019; Siegert et al., 2019).
These changes modify the abiotic environment and terrestrial habitats
are already experiencing rising and increasingly variable temperatures
(Convey et al., 2018; Koltz et al., 2018a; Clem et al., 2020). Concur-
rently, patterns of precipitation are changing, resulting in decreased
winter snowpack with decreased insulation of soils, increased summer
snow melt, and extended biologically active periods (Callaghan et al.,
2011; Schmidt et al., 2019). Thawing permafrost and melting glaciers
further modify summer water availability (Nielsen and Wall, 2013;
Everatt et al., 2015). Glacial retreat will expose new habitat, with ice-
free areas in Antarctica predicted to increase by 25 % above current
levels by 2100 (Lee et al., 2017). Many of these changes, such as in-
creased maximum temperatures, can cause physiological stress for po-
lar inhabitants, as they exceed the parameters under which the biota
has evolved, particularly in Antarctica. Conversely, some changes may

ameliorate abiotic stresses, for example by increasing liquid water avail-
ability (Convey and Peck, 2019).

Newly-exposed terrestrial habitats resulting from glacial retreat and
snow melt will facilitate the colonisation and spread of both native and
invasive species (Chown et al., 2012; Duffy and Lee, 2019). Different
biogeographic factors constrain the endemic fauna in each polar re-
gion (Fig. 1; see also Meredith et al. 2019 for further definition of po-
lar regions). The Antarctic terrestrial fauna has been isolated for over
28 Ma by the Southern Ocean and Circumpolar Current (Sinclair and
Stevens, 2006; Pugh and Convey, 2008) with mites and Collembola the
only known terrestrial arthropods present on the continent (Wise, 1967;
Strandtmann, 1967; Wise, 1971). By contrast, the Arctic has remained
largely contiguous with lower latitudes, allowing post-glacial migration
and colonisation of arthropods from lower latitudes including Collem-
bola, arachnids (spiders, mites, and pseudoscorpions), and a wide range
of insects (Danks, 1990; Hodkinson et al., 2013). In the Antarctic, this
limited diversity leads to a simple, short, food web (Adams et al.,
2006). In the Arctic, the higher levels of arthropod diversity, abundance,
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Fig. 1. Arctic and Antarctic regions showing place names used in the manuscript. Key differences between the polar regions are highlighted in the boxes
to the right of the maps: A) Map showing Arctic circle at 66°33’N (black-dashed circle) and the boundary for the Conservation of Arctic Flora and Fauna
(red solid line); and B) Key regions of the Antarctic continent and Maritime Antarctic Islands. The approximate location of the Antarctic Polar Front is in-
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dicated by a red dashed line. Both poles are indicated by a + symbol. (Base maps sourced from https://d-maps.com/carte.php?num_car=3197&lang=en; and
https://data.aad.gov.au/aadc/mapcat/display_map.cfm?map_id=13137).
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Fig. 2. Examples of: A) an epiedaphic (surface-dwelling) Collembola (Isotomu-
rus sp. from the Canadian Arctic) showing elongated appendages including legs,
antennae, furcula (indicated by blue arrow), and ‘ventral tube’ (collophore, visi-
ble between the second and third pairs of legs); B) an eudaphic taxon (Tullbergia
mediantarctica) from the southern Transantarctic Mountains, showing lack of
pigmentation or eye spots, short appendages and absence of a furcula; and C)
an Antarctic hemiedaphic (intermediate soil profile) taxon from the Antarctic
Dry Valleys (Gomphiocephalus hodgsoni), showing reduced appendages and fur-
cula (indicated by blue arrow). Scale bars (500um) are shown for each taxon.
All images copyright University of Waikato.

and productivity support diverse multitrophic communities including
migratory invertebrate-feeding birds (Hodkinson and Coulson, 2004;
Wirta et al., 2015).

Collembola (springtails; Fig. 2) are among the most abundant
and widely-distributed arthropods globally and are central to nutri-
ent cycling in most soils, particularly in species-poor polar ecosys-
tems (Danks, 1990; Krab et al., 2013; Hogg et al., 2014). There are
12 species of Collembola on the Antarctic continent, all of which
are endemic (Wise, 1967; Wise, 1971). Higher species richness is
found in the sub-Antarctic with 34 species on Macquarie Island alone
(Phillips et al., 2017). The Arctic supports at least 420 species of
Collembola (only 14 of which are known endemics; Danks, 1990;
Hodkinson et al., 2013). Collembola have been considered as indica-
tors of environmental change (Danks, 1992; Rusek 1998; Hopkin, 1997;
Ponge et al. 2003), and are recognised bioindicators of overall soil health
(Greenslade, 2007; Nakamori et al., 2010). Here, we consider the con-
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sequences of climate change for polar Collembola which can also pro-
vide insights into the resilience of polar terrestrial ecosystems more
generally.

Climate change is primarily a press perturbation (sensu Bender et al.,
1984) and will result in a suite of potentially interacting stressors
(Fig. 3). ‘Resilience’ is narrowly defined as the product of a species’
ability to survive (its resistance) and its ability to recover from pertur-
bation (see Box 1; Holling, 1973), and provides an holistic framework
for determining how populations will respond to change (see review by
Nimmo et al., 2015). Resilience can be influenced by both intrinsic and
extrinsic factors (Nimmo et al., 2015). Intrinsic characteristics that pro-
mote resistance typically include physiological and behavioural traits
(and their plasticity) at the individual level, whilst dispersal and recolo-
nization abilities as well as population-level reproductive rates influence
recovery potential (Nimmo et al., 2015; Hughes et al., 2019). Extrinsic
factors such as the presence of vegetation or biotic interactions can mod-
erate organismal responses to change, to produce contrasting responses
among populations or species with otherwise similar resistance capaci-
ties (Nimmo et al., 2015). Understanding the factors that influence polar
species’ resistance and recovery capacities will allow for interpretation
of potential responses within a resilience framework and could be used
to inform management and conservation decisions (Oliver et al., 2015;
Convey and Peck, 2019).

Studying (and ultimately predicting) organismal responses to en-
vironmental change in polar regions remains confounded by logistic
constraints (e.g. seasonally-restricted access to sites), patchy baseline
data - especially in the Arctic (Nielsen and Wall, 2013) - and lim-
ited research on the influence of extrinsic factors on resistance capac-
ities of individual organisms. Extrinsic factors, such as biotic interac-
tions (Hogg et al., 2006; Koltz, et al., 2018b; Caruso et al., 2019),
natural variability in environmental conditions, and interacting stres-
sors (Kaunisto et al., 2016) can all exacerbate, or ameliorate stress.
However, few studies have explicitly compared the resistance capaci-
ties of Collembola, even for genetically isolated populations of broadly-
distributed species (see Sengupta et al., 2016; 2017, for two notable
exceptions).

Box 1. Definitions of key terms in resilience (after Ingrisch and
Bahn, 2018).

Resistance: the capacity to limit the impact of a disturbance and
maintain survival.

Recovery: the capacity to return to a pre-disturbance state or an
alternative stable state.

Resilience: the capacity to resist disturbances and recover accord-
ingly.

The genome encodes the physiological and behavioural responses of
an individual and provides the raw material for evolution. A genetically-
diverse population is therefore more likely to include individuals with
genotypes that can respond to novel conditions, improving resistance
(Somero, 2010). Overall, the capacity to evolve in natural systems
within the timescales of climate changes depends on genetic varia-
tion within and among populations and the ability to buffer envi-
ronmental changes through physiological and behavioural responses
(Somero, 2010; Sunday et al., 2014; Marshall et al., 2020). Physio-
logical and behavioural plasticity operate in concert and allow organ-
isms to endure environmental extremes. Although polar marine organ-
isms appear to lack such plasticity (Buckley and Somero, 2008), ter-
restrial organisms are usually physiologically plastic, and can change
their environmental tolerances over scales of hours and days to sea-
sons (Teets and Denlinger, 2013; Sinclair et al., 2015). Furthermore,
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Fig. 3. Conceptual diagram showing a hypothetical and fluctuat-

B ing press disturbance (A) and corresponding ecological response
(B) resulting from climate change. Once maximal tolerance limits
(maximum resistance capacity) are exceeded, steep declines in as-
sociated ecological responses such as fecundity or abundance are
expected (B). Increased tolerance levels increases initial resistance
(C), which may delay ecological responses (D). The fluctuating
nature of almost all climates allow opportunities for recovery (*)
which can influence ongoing resistance capacities.
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mobile animals can modify their exposure to stress, or even avoid it alto-
gether. Life forms of Collembola are often classified depending on where
in the soil profile they reside, which impacts their exposure to stres-
sors. Epiedaphic Collembola (Fig. 2A) are surface-dwelling; whereas eu-
edaphic species (Fig. 2B) live deeper in the soil profile; and hemiedaphic
species (Fig. 2C) are intermediate between these extremes (Christiansen,
1964; Hopkin 1997). However, beyond determining fine-scale distribu-
tion (e.g. Hertzberg et al., 1994; Hayward et al., 2004; Sinclair, et al.,
2006a; Caruso et al. 2010), behavioural plasticity of polar arthropods,
including the ability to avoid stress, has received less attention than
other ecological characteristics (e.g. Krab et al., 2013; Sengupta et al.,
2017; Koltz et al., 2018b).

Any recovery of polar biota following perturbation will depend
on fecundity, life history and the likelihood of available habitat be-
ing recolonised (i.e. dispersal characteristics) (Hodkinson et al., 2004;
Hagvar and Pedersen, 2015; Oliver et al., 2015). Recovery potential in-
tersects with resistance to shape overall resilience (Fig. 3). For exam-
ple, if populations have low resistance but high recovery potential then
the risk of extinction is minimised (and overall resilience is increased).
However, if populations have high resistance but low recovery poten-
tial, they may persist until a stress event occurs at the margins of tol-
erance, from which they cannot recover (decreased overall resilience)
(Nimmo et al., 2015). Further, if genes underlying the ability to resist
and recover from environmental changes are negatively correlated with
each other, one strategy (resistance or recovery) may dominate at the
expense of the other. It is therefore important to consider that if popula-
tion size recovers to pre-disturbance levels but genetic variation is lost
(i.e. a genetic bottleneck), the resistance and resilience of the popula-
tion to continued and future environmental changes will likely decline
(Oliver et al., 2015). One exception to this would be if a bottleneck event
resulted in directional selection that increased resistance (e.g. selection
for warm-adapted individuals in a warming climate, provided they can
still survive cold winters).

We examine the potential resilience of polar Collembola to a chang-
ing climate and focus on three aspects that we think may drive resis-
tance: 1) genetic diversity; 2) physiological tolerances and behavioural
plasticity; and 3) biotic and ecological responses. We then discuss the
recovery potential of polar Collembola. Together, this allows us to iden-

tify key traits underlying resistance and recovery potential as well as
recommend profitable research avenues integrating this information to
more fully understand resilience.

2. Genetic diversity and adaptive capacity

Genetic diversity provides the raw material for evolution and thus
determines the probability that a population will persist by having
genetic variants (individuals) capable of surviving an environmental
perturbation (Hoffmann et al., 2003; Somero, 2010). Mutation is the
ultimate source of that genetic variation (Sung et al., 2012). How-
ever, the rate of beneficial mutations is almost certainly too slow
relative to the timescales of rapid climate change (Thomas et al.,
2010; Sung et al., 2012; Lynch et al., 2016). Polar Collembola evolve
and mutate more slowly than their temperate counterparts because
they take longer to reach maturity and have lower reproductive rates
(Convey, 1996; Thomas et al., 2010). Selection, meiotic recombina-
tion, and dispersal (gene flow) are therefore the main factors likely to
maintain genetic variation of polar Collembola during rapid decadal
climate changes. Selective responses to severe environmental changes
can be rapid (<10 generations) in the laboratory (experiments using
Drosophila: Gibbs et al., 1997; Gefen et al., 2006), and meiotic recombi-
nation facilitates the potential selection of individuals most suited to the
local environment (Becks and Agrawal, 2010). Most Antarctic Collem-
bola reproduce sexually (Janetschek, 1967; Wise, 1967; Peterson, 1971).
However, soil-dwelling species are often asexual, which means that
more taxa may be asexual in the Arctic where there is greater soil
development and higher species diversity (Chernova et al., 2010;
Bokhorst et al., 2018). If individuals can survive acute climate change
effects, rising temperatures could shorten generation times leading to
increased reproductive rates and accelerating local adaptation by in-
creased mutation and potential selection (Birkemoe and Leinaas, 1999;
Thomas et al., 2010; Sengupta et al., 2017). Assessing genetic diver-
sity within and among populations can help to determine which popu-
lations have greater genetic variation and hence individuals with phe-
notypes potentially better able to respond to changing environmental
conditions.
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2.1. Current knowledge of genetic diversity in polar Collembola

Historical geological and glaciation events have structured the ge-
netic diversity of polar Collembola (Avila-Jiménez and Coulson, 2011;
Collins et al., 2020). The long-term isolation of the Antarctic conti-
nent has elicited high levels of endemism (Pugh and Convey, 2008;
McGaughran et al., 2010) in contrast to the Arctic which has a higher
degree of physical connectivity with lower latitudes, and lower levels
of endemism (Avila-Jiménez and Coulson, 2011). Within Antarctica,
large-scale geographic barriers such as glaciers and mountain ranges
have prevented dispersal, resulting in highly-structured and genetically-
differentiated populations (Nolan et al. 2006; McGaughran et al., 2008;
Collins et al., 2019). Collembola are susceptible to desiccation and un-
likely to routinely disperse aerially over long distances, although spo-
radic dispersal events can occur (Coulson et al. 2002a; Sinclair and
Stevens, 2006; Hawes et al., 2007; Vega et al., 2020). Over long dis-
tances, Collembola likely disperse by rafting on the surface of inland and
coastal waters (Hawes, 2011; McGaughran et al., 2011; Collins et al.,
2020). Consequently, estimates of divergence times between popula-
tions of Antarctic species often correlate with periods of ice sheet col-
lapse and open seaways (McGaughran et al., 2010; Bennett et al., 2016;
Collins et al., 2020). The Arctic fauna has also been influenced by his-
torical glacial cycles with ocean currents facilitating dispersal and re-
colonization (Avila-Jiménez and Coulson, 2011).

Genetic variation is generally high in polar Collembola (Porco et al.,
2014; Collins et al., 2019), and might confer greater resistance rela-
tive to less diverse populations (Hawes et al., 2010). Knowledge of
genetic diversity for polar Collembola has been largely informed by
variation in sequence fragments of the mitochondrial cytochrome ¢
oxidase subunit I (COI) gene (Costa et al., 2013; Pentinsaari et al.,
2020). COI data have been used to reconstruct phylogeographic pat-
terns and infer historic levels of population connectivity (Stevens et al.,
2007; McGaughran et al., 2011). COI data are available for all known
continental Antarctic species including ten Ross Sea Region species
(Beet et al., 2016; Collins et al., 2019; Collins et al., 2020), two
from the Antarctic Peninsula (one of which has been recently re-
described from Friesea grisea to F. antarctica) (McGaughran et al., 2010;
Torricelli et al., 2010; Carapelli et al., 2020) and one from East Antarc-
tica (Stevens and D’Haese, 2014). COI data indicate that genetic vari-
ation within some species may be high (greater than 2 % intraspe-
cific pairwise divergence) with sequences differing by 1.7-14.7 % be-
tween populations of seven Antarctic species (Collins et al., 2019). By
way of comparison COI sequencing of 33 species found across a 330
km range in temperate Estonia revealed that 57 % of species had in-
traspecific divergences of <2 %, and 81 % of species had divergences
<5 % (Anslan and Tedersoo, 2015). Despite the prevalence of Holarc-
tic Collembola, there are high levels of localised COI diversification
and potential cryptic speciation in the Arctic (Hogg and Hebert, 2004;
Porco et al., 2014; Pentinsaari et al., 2020). Genetic variation within
the mitochondrial COI gene can also reflect genetic variation across the
wider genome (Stevens and Hogg, 2003; Monsanto et al., 2019). For
example, genome-wide single nucleotide polymorphisms (SNPs), were
used to corroborate the three genetically distinct regional populations
of Cryptopygus antarcticus antarcticus previously identified by COI se-
quencing (McGaughran et al., 2010; 2019). Thus, spatially explicit sur-
veys using COI sequences likely provide an informative baseline for de-
tecting climate change-induced alterations in diversity and distribution
patterns.

2.2. Potential impacts of climate change on genetic diversity

Climate change will likely influence extant genetic diversity in four
complex and interacting ways. First, changes in mean and maximum
temperatures will likely increase mortality, directly leading to genetic
bottlenecks (Convey et al., 2018). Second, increased population con-
nectivity could simultaneously threaten the unique diversity borne of
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isolation while increasing recovery and recolonisation following bottle-
necks in the Antarctic and Arctic. Genetic bottlenecks can have per-
sistent effects on population dynamics depending on the sex-ratios
of surviving individuals with small populations more at risk of ge-
netic drift and decreased fitness of individuals (the Allee effect, e.g.
Courchamp et al. 2008), increasing the likelihood of localised extinc-
tions (Oliver et al., 2015). Third, warmer temperatures may facilitate
the spread of invasive species into areas of the sub-Antarctic, Antarc-
tic Peninsula and High Arctic. These invasive species may outcompete
local populations and decrease overall genetic diversity (Chown et al.,
2012; Phillips et al., 2017; Hughes et al., 2020). Finally, altered con-
nectivity arising from increased habitat availability (Lee et al., 2017)
and enhanced dispersal opportunities (via meltwater and open seaways)
(Collins et al., 2020) could directly affect existing genetic diversity (via
altered rates of gene flow) and mediate the impacts of other processes
including genetic bottlenecks.

Climate change is likely to decrease extant genetic diversity
through more frequent genetic bottlenecks, increased competition, and
homogenisation of divergent populations via increased connectivity
(Collins and Hogg, 2016; Baird et al., 2019; 2020). Warmer conditions
will increase the hydrological connectivity among habitats, enhancing
dispersal opportunities (e.g. rafting) between sites in addition to human-
mediated transfer of native and non-native species (Baird et al., 2020).
Many genetically divergent Antarctic populations have been isolated for
thousands to millions of years and are likely adapted to their local, and
microscale, environment (Convey and Peck, 2019; Siegert et al., 2019;
Collins et al., 2020). Increased gene flow from larger source populations
could disrupt co-adapted gene complexes, purging unique genetic diver-
sity, and decreasing the ability of populations to respond to future per-
turbations (Case and Taper, 2000; Convey and Peck, 2019; Siegert et al.,
2019, Gutt et al., 2021). By contrast, increased connectivity between
less-divergent populations could introduce new and favourable alleles
to enhance individual fitness levels (Costa et al., 2013; Nielsen and
Wall, 2013). Increased population connectivity could also improve re-
covery from bottlenecks by increasing population density and genetic
diversity (Hertzberg et al., 1994; Jangjoo et al., 2016). Although data on
polar Collembola are lacking, experiments on other invertebrates are be-
ginning to reveal that low levels of gene flow can increase a population’s
adaptive potential while the hybridization of long-term isolated popula-
tions has only a limited or negative effect on adaptability (Swindell and
Bouzat, 2006; Hudson et al., 2021; Hoffmann et al., 2021). Overall, an
increase in connectivity and gene flow is only likely to negatively impact
the adaptability of unique isolated Antarctic populations (Gutt et al.,
2021).

Arctic Collembola are more connected at the landscape scale than
their Antarctic counterparts. Consequently, many Arctic taxa have Hol-
arctic distributions (Avila-Jiménez and Coulson, 2011; Hodkinson et al.,
2013). However, the effects of warming on heavily-glaciated Arctic re-
gions such as Greenland are likely to be similar to those experienced
in Antarctica. Much of the Arctic is already unglaciated and hydro-
logically connected, particularly in tundra areas where water has in-
filled thermokarst (irregular pocked surface landscapes arising from
frost heaving and melting permafrost) (Abnizova and Young, 2010). This
increased connectivity has also disrupted soil structure and soil com-
munity stability stemming from permafrost degradation (Fraser et al.,
2018; Farquharson et al., 2019). Available genetic data indicate low
levels of population differentiation (high connectivity) for many species
of Arctic Collembola (Hogg and Hebert, 2004; Porco et al., 2014). For
example, low levels of population differentiation were observed for 38
of the 45 morphologically identified species in the Canadian sub-Arctic
(Churchill, Manitoba) (Porco et al., 2014), and 17 of the 19 species
found in the Canadian mid to high Arctic (Hogg and Hebert, 2004).
This high level of population connectivity could mitigate the im-
pacts of permafrost degradation and thermokarst expansion by increas-
ing recolonisation rates (Nielsen and Wall, 2013; Fraser et al., 2018;
Farquharson et al., 2019).



C.R. Beet, 1.D. Hogg, S.C. Cary et al.

Intensive sampling and COI sequencing of Antarctic Collembola have
revealed inherent levels of genetic variation, population connectivity
and evolution. By contrast, although Arctic species and habitats are di-
verse, few Arctic Collembola have been sampled and sequenced. Im-
proving baseline measures of Arctic genetic diversity and distribution
will be critical for detecting future climate change impacts. Expand-
ing knowledge of the genetic basis of key traits underlying the distri-
butions of polar Collembola will help determine their ability to evolve
and resist disturbance. In particular, mitogenome sequences currently
exist for several Antarctic species (see Carapelli et al. 2019; Monsanto
et al. 2019), and genome-wide studies are now tractable and afford-
able (Hohenlohe et al., 2021). These could be used to estimate the
rates of evolution (and therefore adaptive potential) in polar populations
(Faddeeva-Vakhrusheva et al., 2016, 2017; Wu et al., 2017) as well as
identify the resistance potential of Collembola, for example by allowing
sequence-level analysis of stress response genes such as heat shock pro-
teins (Michaud et al. 2008; Cucini et al. 2021). Ultimately, connectivity,
selection, and distribution need to be monitored temporally to under-
stand the changing genetic diversity and resilience of polar Collembola.

3. Physiological tolerances and behavioural plasticity enable
survival in extreme and highly variable environments

Polar Collembola are exposed to extreme environmental conditions,
including winter temperatures below -30 °C (Coulson et al., 1995;
Velasco-Castrillon et al., 2014), daily temperature fluctuations of 30 °C
or more (Worland and Convey, 2001; Sinclair et al., 2003), and surpris-
ingly high microclimate temperatures in summer (Sinclair et al., 2006b;
Convey et al., 2015; Convey et al., 2018). Arid polar desert conditions
and high solar radiation further expose Collembola to intense ultraviolet
light (Hawes et al., 2012; Beresford et al., 2013) and high desiccation
stress (Sinclair et al., 2006b; Elnitsky et al., 2008; Holmstrup, 2018b).
Collembola are soft-bodied and respire through a permeable exterior
cuticle which makes them susceptible to desiccation, although suscep-
tibility varies within and among species (Hertzberg and Leinaas, 1998;
Worland and Block, 2003; Aupic-Samain et al., 2021). Determining how
resistant polar Collembola will be to climate changes requires an inte-
gration of their exposure to extremes, the proximity of their physiolog-
ical limits to current environmental extremes, and consideration of the
effects of interacting environmental changes (Somero, 2010).

3.1. Behaviour and microhabitat occupation modifies exposure to
environmental stressors

Environmental extremes only affect animals that are exposed to
them. Thus, behavioural avoidance of environmental stressors is a key
response to climate changes (Sunday et al., 2014; Kovacevic 2019). For
example, Collembola can avoid exposure to a range of soil pollutants
(Boitaud et al., 2006; Boiteau, Lynch, and MacKinley 2011; Zortéa et al.,
2015), and the fine-scale distribution of Collembola in Antarctica is as-
sociated with soil moisture content (Hayward et al., 2004; Sinclair et al.,
2006a). Unfortunately, not all environmental stressors can be easily
avoided at the scale of an individual collembolan and the role of be-
haviour in mitigating natural environmental stressors is still poorly un-
derstood (Boiteau and MacKinley, 2013; Krab et al., 2013).

Collembola can generally evade stress by microhabitat selection, for
example migrating deeper into the soil, or moving among surface mi-
crohabitats (Hertzberg et al., 1994; Sinclair et al., 2006a; Krab et al.,
2013). Thus, effective behavioural avoidance requires an ability to
move, and the availability of suitable habitat. Mobile surface-dwelling
species (which may have longer limbs and furculae) can walk faster
and “spring” away from disturbances, but may be unable to burrow ef-
fectively in the soil pack (Hopkin, 1997; Krab et al., 2013). Deeper-
dwelling species are less mobile although they are inherently better
buffered from environmental extremes and thus, initially, more resistant
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to climate changes (Hopkin, 1997; Detsis, 2000; Ponge, 2000). Collem-
bola that reside deeper in the soil profile tend to be less heat tolerant
(Kovacevic, 2019), and may be killed when stressors penetrate deeper
into the soil profile (Thakur et al., 2017).

In summer, migrating into the soil profile or under large rocks
buffers temperature extremes (Huey et al., 1989; Huey et al., 2021),
while simply moving into the shade is enough to mitigate UV, heat
and desiccation stress (Hawes, Marshall, and Wharton 2012; Dahl et al.,
2017; Asmus et al., 2018). Collembola clearly take advantage of mi-
crohabitat variation: in a mesocosm experiment involving sub-Antarctic
Collembola, abundance in deeper soil layers increased by 75 % dur-
ing a heat wave event, and this response was exacerbated by drought
(Kovacevic, 2019). Experimental warming in a sub-Arctic peatland re-
duced collembolan densities at the soil surface, although downward mi-
gration of larger surface-dwelling species (e.g. see Fig. 2A) was not de-
tected, perhaps due to difficulties of moving through the smaller soil
pore sizes (and often waterlogging) found with increasing depth in many
of these habitats (Krab et al., 2013).

Behavioural avoidance is easier for Collembola in the sub-Antarctic
and Arctic where soils are more developed and vegetative communities
are more abundant and diverse, providing greater variation in micro-
habitats (Coulson et al., 2003; Wilhelm et al., 2011; Boike et al., 2018).
For example, temperatures exceeded 0°C only 74 times across the sum-
mer at a polar desert site in Svalbard, whereas nearby vegetated sites
had more than 120 days above 0 °C (Convey et al., 2018). Of course,
more heavily vegetated sites also carry additional risks of competition
and predation, demonstrating a trade-off that possibly drives occupation
of the more extreme sites (Coulson et al., 2003; Convey et al., 2018).
On the Antarctic continent and in High-Arctic polar deserts, vegetation
is scarce and soil development is limited, with shallow top-soils (often
only a few centimetres in depth) underlain by permafrost, which limits
access to the soil column (Bockheim et al., 2007; Seppelt et al., 2010).

Capacity for behavioural avoidance is truncated in winter. At night
(at sub-polar latitudes in the summer) and during the polar winter, there
is no insolation to heat some microhabitats, and soil with shallow per-
mafrost permits no downward escape from sub-freezing temperatures
(Coulson et al., 1995; Sinclair and Sjursen 2001a). Over winter, snow
cover provides considerable buffering from extreme air temperatures
and the worst desiccation stress (Gooseff et al., 2003; Pauli et al., 2013).
Snow also accumulates differentially by aspect or in patterned ground
(e.g. Gooseff et al., 2003; Scott et al., 2008), which means that some
microhabitat variation is still available. It is often assumed that po-
lar Collembola are inactive and immobile over winter, where critical
thermal minima can be below -10°C (e.g. Sinclair et al., 2006b). How-
ever, Collembola are active under the snow in the (very cold) Canadian
prairies (Aitchison, 1979), which suggests that there may be winter ac-
tivity (and therefore capacity for microhabitat selection) in at least some
polar environments.

Climate changes are introducing more extreme and variable fine-
scale environmental stressors, and it is uncertain whether collembolan
behaviour will be effective in avoiding these stressors or novel combi-
nations thereof (Hgye et al., 2021). Furthermore, there are complica-
tions in evaluating the relationship between microhabitat selection and
physiological tolerances and plasticity (see Hawes et al. 2008). Surface-
dwelling species are likely to have an advantage in behaviourally avoid-
ing adverse environmental conditions associated with climate change
due to an increase in vegetation/ microhabitats, improved mobility, and
capacity to move between optimal microhabitats (see Kutcherov et al.,
2020 for an example of habitat change rapidly modifying collembolan
responses to temperature in Iceland). By comparison, deeper-dwelling
species may be less exposed, initially, to changing temperature. How-
ever, they may also be exposed to large changes in hydrology and per-
mafrost. Eventually, the full soil profile will change, challenging even
the deeper-dwelling soil-taxa. Unfortunately, very little is known about
behavioural responses to environmental conditions in Collembola, and
almost nothing about the responses of polar soil-dwellers; filling these
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gaps is essential for predicting the exposure to (and avoidance of) chang-
ing environmental conditions, and building a framework for interpreting
resilience.

3.2. Tolerance of environmental extremes requires plasticity

Physiological tolerances determine survival when environmental ex-
tremes cannot be avoided. These tolerances are often divided into
basal tolerances (the steady-state tolerance) and plasticity (the exten-
sion of those tolerances in response to changing environmental condi-
tions; Somero, 2010). However, in nature, even basal tolerances change
throughout the year (Cannon and Block, 1988) and extreme tempera-
tures have been a significant evolutionary pressure on the evolution of
Collembola (Zizzari and Ellers, 2014; Carapelli et al., 2019). As thermal
variability and the frequency of extreme temperatures increases with
climate change (Meredith et al., 2019), we expect that extreme thermal
tolerances will remain key to resistance and resilience of polar spring-
tails.

All Antarctic (and most Arctic) Collembola appear to be freeze-
avoidant, keeping their body fluids liquid at sub-freezing temperatures
via ice-binding (i.e. antifreeze) proteins (Sinclair and Sjursen 2001;
Graham et al. 2020) and by accumulating small molecules such as
glycerol (Cannon and Block, 1988; Sgmme, 1999). Some Arctic species
use cryoprotective dehydration, relying on external ice to remove body
water, thereby concentrating the remaining body fluids and prevent-
ing them from freezing (Holmstrup and Spmme, 1998; Worland et al.,
1998; Sgrensen and Holmstrup, 2011; Holmstrup, 2018a). Cold toler-
ance strategies are not well studied except for a few species, so alterna-
tive strategies may yet be discovered. For example, freeze-tolerant mites
— also previously presumed to be exclusively freeze-avoidant — have
been reported from temperate Canada (Anthony and Sinclair, 2019).
The lethal temperatures of cold-hardy, freeze-avoidant Collembola co-
incide with the supercooling point (SCP, the temperature at which they
freeze). The SCPs of Antarctic Collembola can be very low — for exam-
ple, a minimum of -38°C in early spring for Gomphiocephalus hodgsoni
on Ross Island (Sinclair and Sjursen, 2001a). Thus, native Collembola
appear well-equipped to survive the polar winter (Convey et al. 2015).
Importantly, warm winters do not necessarily reduce cold-related mor-
tality. Mid-winter snow melt exposes Collembola to extreme cold tem-
peratures, which means that climatically warmer winters can increase
cold stress (Coulson et al., 2000; Bokhorst et al., 2012; Williams et al.,
2015).

In summer, polar collembolan SCPs are often bimodal, with a high
group (putatively those with food in their guts; Somme, 1986) whose
SCPs can be as high as -2 °C, and a low group (those moulting or
with empty guts) with SCPs 10°C or more lower (e.g. Cannon and
Block, 1988; Worland et al., 2006). Individual Collembola appear to
be able to shift between these groups in a matter of hours (Worland and
Convey, 2001; Sinclair et al., 2003; Worland, 2005). This plasticity is
critical to allow feeding and also to ensure survival of low summer tem-
peratures and freeze-thaw cycles (Coulson et al., 1995; Sinclair et al.,
2003). The frequency of such freeze-thaw may increase with climate
change (Nielsen and Wall, 2013). Collembola (particularly small deeper-
dwelling individuals) are more sensitive to freeze-thaw cycles than mites
which could lead to community level changes (Coulson et al., 2000;
Bokhorst et al., 2012).

In summer, bare ground and (in some places) dark rocks in po-
lar regions can capture a surprising amount of heat from the sun.
Heat tolerances have been less-commonly measured, but reported high-
temperature thresholds for polar Collembola range from 34 to 40 °C
(Hodkinson et al., 1996; Sinclair et al., 2006b; Everatt et al., 2013;
Everatt et al. 2014). This suggests that many Collembola may have ther-
mal tolerances similar to their non-polar counterparts: upper functional
thermal limits of Australian and South African Collembola range from
30-45 °C (Janion-Scheepers et al., 2018; Liu et al., 2020). Regardless, mi-
croclimate temperatures in some microhabitats at Cape Hallett, Antarc-
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tica, regularly exceeded the critical thermal maximum of two of three
Collembola species at the locality, highlighting their potential vulner-
ability to continued warming (Sinclair et al., 2006b). Further studies
have also suggested that there is little plasticity and acclimation capac-
ity in heat tolerances (Slabber et al., 2007; Everatt et al., 2013; Janion-
Scheepers et al., 2018; Phillips et al., 2020). High temperature toler-
ance can decline rapidly in dry conditions or during long exposures
(Hertzberg and Leinaas, 1998), suggesting that these acute measures
probably underestimate the risk of high temperature exposure. Climate
change is expected to yield longer periods of more extreme tempera-
tures in both the Arctic and Antarctic (Meredith et al., 2019), although
at the highest latitudes, changes in cloud cover (increasing cloudiness,
particularly over areas of sea ice retreat) will likely have the greatest
impact on surface temperatures (Morrison et al., 2018; Meredith et al.,
2019). Even sub-lethal warming could increase the time spent above
optimum temperatures for growth and corresponding reductions in fe-
cundity (Sweeney and Vannote, 1978).

Collembola can rapidly increase their heat tolerance through
the heat shock response, largely mediated by heat shock proteins
(Escribano-Alvarez et al., 2022; Serensen et al., 2003). For example,
heat survival of Orchesella cincta increases by >60 % after only an
hour at 35°C (Bahrndorff et al., 2009). This improved thermotolerance
can persist for two days, thereby improving resistance to future ther-
mal extremes and stochasticity (Bahrndorff et al., 2009). However, the
heat shock response is energetically expensive and can reduce subse-
quent activity, foraging, reproduction and development (Zizzari and
Ellers, 2011; Klepsatel et al., 2016). Thus, induction of heat shock
at sub-lethal temperatures, and repeated and fluctuating temperatures
(Marshall and Sinclair, 2012; Colinet et al., 2015; Dillon et al., 2016),
could have long term consequences on individual performance and
population dynamics. Understanding the performance implications of
real-world temperature regimes remains a challenge for any ectotherm
(Dillon et al., 2016), and is especially relevant for contextualising exist-
ing thermal tolerance data in a resilience framework.

3.3. Water balance is critical for polar Collembola

Desiccation susceptibility determines microhabitat selection and
local distribution in both the Antarctic (Hayward et al., 2004;
Sinclair et al., 2006a; 2006b) and Arctic (Hertzberg and Leinaas, 1998).
Surface-dwelling Collembola are generally more resistant to desiccation
and exhibit a lower water loss rate (Kersgaard et al. 2004; Lindberg and
Bengtsson, 2005; Makkonen et al., 2011). By comparison, soil-dwelling
species usually have more permeable integuments and are less resis-
tant to desiccating conditions (Aupic-Samain et al., 2021). Under exper-
imental conditions, exposing Collembola to dry air, smaller individuals
tended to be more sensitive to desiccation stress due to their larger sur-
face area to volume ratios (Hertzberg and Leinaas, 1998). However, dry
air is not necessarily representative of drought conditions within soils.
For example, Hilligsg and Holmstrup (2003), found that drought condi-
tions within a simulated soil environment did not have a disproportion-
ate effect on (temperate) Folsomia candida juveniles or smaller individ-
uals. Experimentally reducing water availability considerably reduced
collembolan density in both the sub-Arctic (Makkonen et al., 2011) and
sub-Antarctic (McGeoch et al., 2006; but see, e.g. Aupic-Samain et al.,
2021 and Holmstrup et al., 2013 for equivocal responses in temper-
ate regions). Like most other traits, collembolan desiccation tolerance
is plastic. For example, pre-exposure of Antarctic Cryptopygus antarcti-
cus to mild desiccating conditions improved desiccation survival by 35
% (Elnitsky et al., 2008), and the Arctic Megaphorura arctica (formerly
Onychiurus arcticus) is inherently desiccation tolerant (Hodkinson et al.,
1994; Worland 1996; Holmstrup and Sgmme, 1998). While desiccation
survival can be high in natural conditions, collembolan reproduction
can be highly sensitive to declines in soil water potential (Wang et al.
2022). Given its clear importance in determining distribution, influenc-
ing reproduction, and responses to climate change, the mechanisms un-
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derlying variation in water balance and desiccation susceptibility must
be a priority for future physiological investigations in polar Collembola.

Modelling the impacts of large-scale climate changes on local-scale
soil moisture levels is critical to predicting the resilience of polar Collem-
bola. Precipitation models are complex and highly variable on several
spatial scales with predictions involving both increases and decreases
in snowfall and precipitation depending on the region and landscape
dynamics (see review by Box et al., 2019). In the Arctic, an increase
in desiccation stress is likely to arise in areas with permafrost degra-
dation (thaw increases soil drainage and drying) and where increased
soil evaporation (from warmer temperatures) is not offset by rates of
precipitation (Box et al., 2019). Furthermore, winter warming (Arc-
tic winter temperatures have risen by 3.1 °C since 1971; Box et al.,
2019) is contributing to declines in snowpack accumulation which im-
pacts not only summer soil moisture levels but the thermal buffer-
ing of overwintering Collembola (Box et al., 2019; Hgye et al., 2021).
In the Antarctic, soil moisture will predominantly be influenced by
winter snow accumulation and increased glacial melt (Convey and
Peck, 2019). Snow cover itself varies considerably with microtopog-
raphy at a scale that directly influences soil moisture and Collembola
distribution (Sinclair and Sjursen, 2001b; Sinclair et al., 2006a). Thus,
it is very challenging to translate global- or regional-scale changes in
precipitation to population-level impacts. Polar areas with intermediate
warming and sufficient soil moisture are likely to see dramatic increases
in Collembola abundance (Convey and Peck, 2019)

3.4. Environmental stressors interact in nature and vary among populations

In nature, environmental stressors interact with one another to ei-
ther exacerbate or mitigate the stress (Todgham and Stillman, 2013).
Understanding these interactions requires extensive multifactorial ex-
periments (e.g. Brennan and Collins, 2015). Although frameworks exist
to predict the outcome of interactions among stressors a priori based
on shared mechanisms in a comparative phylogenetic context (e.g.
Kaunisto et al., 2016), they remain to be applied in a polar context. We
can, however, identify clear interactions based on our existing knowl-
edge, and at least take them into account when considering Collembola
responses to climate change.

For example, desiccation co-occurs and interacts with responses to
other stresses. At high temperatures, vapour pressure deficit and there-
fore water loss rates increase, and cuticular hydrocarbons can melt fur-
ther exacerbating cuticular water loss (Chown and Nicholson, 2004).
Thus, high temperature mortality in terrestrial arthropods is often a
product of thermal stress per se and water loss (Chown et al., 2011).
In Antarctic Collembola, more heat-tolerant species are often also more
desiccation resistant (Sinclair et al., 2006b), although the mechanistic
links have not been explored. At low temperatures, some of the mecha-
nisms of desiccation stress and cold stress — particularly loss of ion home-
ostasis — appear to overlap in chill-susceptible insects (Sinclair et al.,
2013), and ice in the environment can dehydrate permeable, unfrozen
Collembola (Holmstrup et al., 2002). Some soil-dwelling Collembola in
moist Arctic habitats exploit this in a strategy termed cryoprotective de-
hydration (Holmstrup et al., 2002; Sgrensen and Holmstrup, 2011). The
Antarctic Cryptopygus antarcticus shows responses to dehydration con-
sistent with the capacity for cryoprotective dehydration (Elnitsky et al.,
2008). Thus, water availability could directly impact collembolan sur-
vival and also modify resistance to thermal stressors in ways that are
currently poorly understood.

A less well-explored potential interaction among stressors traverses
the boundary between the changes to the physical environment wrought
by climate change with the all-pervasive pollution output of human
activities. Based on work using Collembola as an ecotoxicological
model, we know that they are susceptible to pollution (Hopkin, 1997;
Mooney et al. 2019) and at least some pollutants modify responses to
other environmental stressors in temperate Collembola. For example,
some detergents and polycyclic aromatic hydrocarbons reduce desicca-
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tion and high temperature tolerance (Sjursen et al., 2001; Sgrensen and
Holmstrup, 2005; Mikkelsen et al., 2019), mercury reduces cold toler-
ance (Holmstrup et al., 2008), and microplastics perturb the gut mi-
crobiota (Ju et al., 2019). Conversely, increased temperatures make
Collembola more susceptible to copper toxicity (Callahan et al., 2019).
Many of these experiments rely on high concentrations of pollutants
that are not environmentally realistic. However, there is significant pol-
lution associated with human activities at the local scale in both the
Arctic and Antarctic (Errington et al., 2018; Ferguson et al., 2020;
Rudnicka-Kepa and Zaborska, 2021). Pollutants generated elsewhere
are also deposited into polar soils, including persistent organic pollu-
tants (e.g. pesticides Ma et al., 2011), heavy metals (Chu et al., 2019),
black carbon (Schacht et al., 2019), nitrogen (Stewart et al., 2014)
nanoparticles (Kumar et al., 2012), and microplastics (Obbard, 2018,
Gonzalez-Pleiter et al. 2021). In addition to the increased deposition
of many of these pollutants, warming can exacerbate their impacts.
For example, newly-active organic matter in melting permafrost mo-
bilises methylmercury (Yang et al., 2016; Obrist et al., 2017), while
warming coupled with atmospheric nitrogen deposition increases cur-
rently limited plant productivity (Stewart et al., 2014). Experiments us-
ing lower, more realistic levels of pollutants will be needed to prop-
erly evaluate their potential influence. The longer-term implications
of these pollutants in determining the resistance or recovery poten-
tial of polar Collembola are currently unknown and require urgent
attention.

Polar Collembola can display remarkable physiological tolerances
to extreme conditions with individuals in some cases tolerating tem-
peratures below -30 °C and above +30 °C. Research-to-date has also
highlighted high levels of physiological plasticity and acclimation ca-
pacity, particularly in cold tolerance (Sinclair and Sjursen 2001a;
Sinclair et al. 2003; Worland and Convey 2008; Bahrndorff et al. 2007).
The impacts of winter warming is largely unknown owing to the in-
herent logistical constraints of studying polar Collembola in winter.
However, summer abundances of Collembola in Greenland have de-
clined in response to warmer winters, with impacts more pronounced
in drier habitats (Koltz et al., 2018a). This reinforces the need to
better study the impacts of multiple interacting stressors, particu-
larly in natural communities. Stressors can further prompt transgen-
erational and multigenerational impacts in Collembola (Hafer et al.,
2011; Szabé et al., 2019), although this has not been investigated in
polar species. Future physiological studies should explicitly account
for size and developmental stages to assess levels of intraspecific vari-
ation in thermal tolerances. Disproportionate effects on juveniles are
likely to result in high mortality (low resistance), and fewer individu-
als reaching maturity would also limit recovery (Franken et al., 2018;
Widenfalk et al., 2018). A few Arctic studies have begun compar-
ing physiological tolerances of species with widely distributed popu-
lations (e.g. Bahrndorff et al., 2007; Sgrensen and Holmstrup, 2013;
Sengupta et al., 2016; Sengupta et al., 2017). No such study has been
conducted in the Antarctic despite the high levels of genetic differ-
entiation documented among populations (Collins et al., 2019). Until
recently, the links between physiology and genetics had not been ex-
plored for Collembola and available studies include only a few genes and
proteins (e.g. heat shock proteins, aquaporins, Faddeeva et al., 2015;
Faddeeva-Vakhrusheva et al., 2016; Cucini et al., 2021). A broader in-
vestigation of the molecular responses to environmental stressors and in-
teracting stressors would help determine whether polar Collembola have
the genetic capacity and physiological adaptability to survive climate
changes.

4. Biotic interactions and resistance to climate change

Polar Collembola often live in biologically simple systems with lim-
ited trophic structure (Hodkinson and Coulson, 2004; Hogg et al., 2006).
In Antarctica, biotic interactions are particularly limited and abiotic con-
ditions are largely thought to regulate populations (Hogg et al., 2006;
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Caruso et al., 2019; Lee et al., 2019). By contrast, terrestrial Arctic food-
webs are more complex, with higher levels of trophic structure, compe-
tition, predation (e.g. by spiders, mites) and a wider range of available
trophic niches (Danks, 1990; Post et al., 2009; Koltz et al., 2018b). Cli-
mate change is likely to disrupt terrestrial food-webs as biota across
trophic levels exhibit differential responses. For example, flowering pe-
riods may no longer coincide with peak availability/activity of polli-
nators (Urbanowicz et al., 2018; Tiusanen et al., 2019). Predicting the
potential biotic responses of lower trophic level taxa is therefore critical
for understanding ecosystem resilience.

4.1. Collembola mediate complex soil decomposition interactions

Collembola are omnivorous detritivores with diets of bacteria, fungi,
and plant and animal material (Hopkin, 1997). Current understanding
of polar collembolan diets is largely based on dissection and morpholog-
ical identification of gut contents (Broady, 1979; Hodkinson et al., 1994;
Davidson and Broady, 1996). Such studies indicate considerable flexi-
bility in feeding habits and that the studied species can readily exploit
a wide range of available food resources (Broady, 1979; Davidson and
Broady, 1996; Bokhorst et al., 2007). In a changing environment, a gen-
eralist opportunistic diet should confer a high level of resilience for in-
dividual taxa.

Collembola tend to have the greatest influence on soil de-
composition when feeding on microbial communities dominated
by fungi (Wardle et al., 2004; A’Bear et al., 2014). In Alaska,
Koltz et al. (2018c) found that 99.6 % of carbon cycled by inverte-
brates originated from detrital matter and was primarily cycled by
fungal consumers such as Collembola. Collembolan grazing pressures
on bacteria and fungi also limit the ability of microbes to compete
with plants for available nutrients (Chauvat and Forey, 2021). Accord-
ingly, any changes to Collembola feeding habits are likely to strongly
influence soil nutrient cycling (Koltz et al., 2018c), although species-
specific, and/or ontogenetic shifts in food preferences are currently
unknown. Under warming conditions, Collembola abundances will in-
crease thus increasing community-level detritivory. Higher tempera-
tures can also increase rates of metabolism and potentially rates of com-
pensatory feeding, particularly if food quality declines (Sweeney and
Vannote, 1978; Verberk et al., 2021). Together these processes will in-
crease rates of decomposition and nutrient cycling in polar ecosystems
provided they are not limited by water availability or by increased pre-
dation (Thakur et al., 2017).

4.2. Increased habitat complexity will alter food-web structure

Warmer air temperatures are resulting in the greening of both po-
lar regions which increases habitat complexity (Parnikoza et al., 2009;
Myers-Smith et al., 2020; Peng et al., 2020). Warming is also aid-
ing the survival and spread of non-native plant species (Chown et al.,
2012; Hughes et al., 2015; Newman et al., 2018). The establishment of
non-native plants modifies local abiotic conditions, including increased
shading, soil moisture, and organic matter as well as increasing avail-
able trophic niches (Coulson et al., 2003; Convey and Peck, 2019).
Collembola are often the dominant arthropods in simple soil ecosystems
(Collins et al., 2019; Collins et al., 2019). However, as polar systems
increase in biotic complexity, additional arthropod taxa, including non-
native species are likely to establish (Coulson et al., 2003; Convey and
Peck, 2019). While increased niche diversity may foster an associated in-
crease in Collembola diversity, the presence of other arthropod taxa will
shift community composition and decrease the relative role of Collem-
bola. In particular, the arrival of ecosystem engineers, such as earth-
worms, may pose significant challenges to current inhabitants by im-
proving soil habitability and the likelihood of further non-native species
establishing (Hughes et al., 2013; Hughes et al., 2020; Wackett et al.,
2018; Blume-Werry et al., 2020). The arrival and spread of predators
such as invasive carabid beetles on South Georgia and the Kerguelen
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Islands pose a direct threat to extant populations, although they are
currently unlikely to survive in continental Antarctica (Convey et al.,
2011).

Collembola are a major prey item of spiders and mites in the Arc-
tic (Hodkinson and Coulson, 2004; Koltz et al., 2018b) and predatory
mites in the continental (Gless, 1967; Fitzsimons, 1971) and maritime
Antarctic (Jumeau and Usher, 1987). In the maritime Antarctic, densi-
ties of the predatory mite Gamasellus racovitzai and predation rates are
currently low enough that they are unlikely to have a significant impact
on Collembola abundances (Lister et al., 1987). However, many mites
are more heat and desiccation tolerant than Collembola and predation
by mites is likely to increase under warming conditions (Everatt et al.,
2013). Under experimental conditions, increased densities of Arctic wolf
spiders led to a decline in Collembola abundances with an accompany-
ing decline in decomposition rates (Koltz et al., 2018b). Under warming
conditions, collembolan abundance still declined even with low preda-
tor abundance (Franken et al., 2018; Koltz et al., 2018b). Long-term
observational data from Greenland showed that Collembola declined
from 1996 until 2011, during which time spider abundances increased
(Koltz et al., 2018a). These trends were reversed in 2011 with cooler
summer temperatures and a resulting decline in spider abundances and
an increase in Collembola abundances across three different habitats
(Hoye et al., 2021). Thus, spiders benefitted while Collembola were neg-
atively affected by higher temperatures (Hgye et al., 2021).

Predation pressure will likely exacerbate other stressors
particularly for smaller species and juveniles. For example,
Thakur et al. (2017) found that Proisotoma minuta were driven to
extinction under a combination of warming and predation pressure
while the larger Folsomia candida were less affected. In another ex-
periment involving four species of Collembola, predation had the
largest impact on the two smaller species, with the highest impact
(75 % decline in abundance) on the smaller, less mobile, species
(Aupic-Samain et al., 2021). In this same study, a combination of low
moisture, warming, and predation resulted in a >89 % decrease in
abundance of all four species relative to low moisture and warming
alone (Aupic-Samain et al., 2021).

4.3. Invasive Collembola may have a competitive advantage

The arrival of non-native and/or invasive species will provide further
challenges to inhabitants of polar ecosystems. New arrivals have the po-
tential to disrupt existing residents through increased competition for
resources, elevated predation pressure and the transformation of soil
systems through the arrival of ecosystem engineers. The potential for
successful establishment of invasive species varies across polar regions
with some locations exposed to considerably higher rates of propagule
pressure (Chown et al., 2012; Newman et al., 2018; Vega et al., 2019).
Unfortunately, some of the most rapidly warming polar regions are also
exposed to the most propagule pressure. The maritime Antarctic and the
western Antarctic Peninsula receive the highest number of visitors each
year, both researchers and tourists, which increases the risk of species
introductions (Chown et al., 2012; Duffy et al., 2017; Hughes et al.,
2020). In the Arctic, increased shipping, human occupation, mineral ex-
ploration and tourism are also likely to increase the risk of introductions
(Ruiz and Hewitt, 2009; Coulson et al., 2013; Hodkinson et al., 2013).

In Antarctica, high endemism and currently low levels of competi-
tion and predation suggest an increased vulnerability to non-native and
invasive species (Hughes et al., 2015; Enriquez et al., 2018; Chown et al.,
2022). The Antarctic Circumpolar Current has restricted all but sporadic
natural dispersal events to the continent (Fraser et al., 2018). Increas-
ing habitat availability coupled with increased human activity are likely
to reduce dispersal barriers for non-native species. Many sub-Antarctic
and maritime Antarctic islands are already climatically suitable for non-
native Collembola. Hypogastrura viatica was first identified on Deception
Island in the 1940s and already appears to be displacing and outcom-
peting Cryptopygus antarcticus in South Georgia (Convey et al., 1999;
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Hughes et al., 2015; Enriquez et al., 2018). A total of 36 non-native
Collembola species was reported by Baird et al. (2019) in the Antarctic
(including the sub-Antarctic). Recent range expansions have also been
reported for existing non-native species (Greenslade and Convey 2012;
Phillips et al., 2017; Enriquez et al., 2019). Areas of the western Antarc-
tic Peninsula are predicted to become habitable for globally invasive
species within the next decades (Duffy et al., 2017). Protaphorura fi-
mata, a palearctic species (already found in the sub-Antarctic) is one
of 13 species (including plants, freshwater and marine invertebrates)
identified as posing a high risk of becoming invasive in the Antarc-
tic Peninsula region (Hughes et al., 2020). Even with increasing cli-
mate suitability, the establishment of non-native species in continental
areas of the Antarctic (e.g. McMurdo Dry Valleys) remains less likely
(Duffy et al., 2017; Duffy and Lee, 2019). Unfortunately, warming may
still trigger the loss of diversity if an existing endemic species can, un-
der changing conditions, outcompete other native species. In Svalbard,
six non-native Collembola have established accidentally from imported
soils although none appear to have spread (two are considered high
risk) (Coulson, 2015). Since the last glacial maximum, the Arctic has
been susceptible to natural dispersal from lower latitude species, some
of which establish, while others are considered vagrant (Coulson et al.,
2002b; Alsos et al., 2007). Under warming conditions, non-native and
vagrant species could become invasive. With the exception of Svalbard,
the identification and monitoring of non-native Collembola in the Arctic
is currently limited by a lack of baseline data (Hogg and Hebert, 2004;
Porco et al., 2014; Coulson, 2015).

The relative resilience of native and non-native Collembola will
depend on local environmental conditions. Native species are par-
ticularly adapted to their local environment and many new arrivals
may not survive. Accordingly, successful arrivals are likely to exhibit
traits such as active dispersal (Enriquez et al., 2018), generalist feed-
ing habits, and wider thermal tolerances (Phillips et al., 2020). Non-
native species (regardless of phylogeny or place of origin) consis-
tently have higher upper thermal limits compared to native species
(Slabber et al., 2007; Janion-Scheepers et al., 2018; Phillips et al., 2020).
In a warmer and wetter climate, heightened thermal tolerances coupled
with faster reproductive rates may provide non-native species a compet-
itive edge and pose a significant threat to the resilience of existing native
taxa.

5. Resilience of polar Collembola in a changing world

The resilience of polar Collembola to climate change is predicated
on appropriate resistance capacities and the ability to recover following
disturbances. Potential insights can be gained from historical responses
to glacial cycles, observational evidence in Antarctica and the Arctic,
as well as recovery rates following disturbances in lower latitude envi-
ronments. However, these lower latitude studies often monitor recov-
ery following short-term, acute disturbances while longer-term climate
changes are unlikely to return to pre-disturbance conditions. In this con-
text, successful recovery would be when communities reach a new stable
state which would occur through a combination of local adaptation and
recolonization processes.

Polar Collembola have persisted through glacial cycles
(McGaughran et al., 2019; Collins et al., 2020) with recolonization
dependent on migration of individuals from refugial habitats following
disturbance. Resilience will depend on whether individuals already in-
habit (or are able to migrate to) future refuges from the most damaging
environmental changes. Numerous Antarctic glacial refugia have been
identified through phylogeographic analyses with geothermal sites also
representing possible oases (McGaughran et al., 2011; Fraser et al.,
2014; Collins et al., 2020). Past Arctic refugia have included areas of
Beringia and much of Siberia in addition to localised cryptic refugia
and nearby lower latitude areas (Babenko, 2005; Avila-Jiménez and
Coulson, 2011). Whether similar refugia to escape climate change exist,
remains to be seen. The existence of Holarctic species indicates the
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potential for widespread dispersal via open sea-ways followed by sub-
sequent localised diversification (Avila-Jiménez and Coulson, 2011).
Glacial retreat provides a useful analogue for likely recolonisation
scenarios in Antarctica and areas of the Arctic (Hodkinson et al., 2004;
Hagvar, 2010; Hagvar and Pedersen, 2015). Glacial retreat at a High
Arctic Svalbard site revealed that after initial colonisation by three to
four species (within two years), additional species did not arrive until
100-150 years later. Two low-mobility, deeper-dwelling species only
appeared towards the end of the chronosequence — 1900 years later
(Hodkinson et al., 2004). This suggests that recovery can be very slow,
and if resistance capacities are limited, the overall resilience of polar
Collembola is likely to be limited in the face of rapid environmental
change.

Antarctic Collembola appear particularly vulnerable to disturbance
and are exceedingly slow to recover. Anecdotal evidence from Ross Is-
land in the Ross Sea region suggests that the relatively widespread Gom-
phiocephalus hodgsoni was once common in the vicinity of Hut Point
near Scott’s 1901 expedition hut (Wise, 1967). Construction activities
for McMurdo Station and Scott Base, in the late 1950s, would have re-
sulted in considerable disruption. Despite numerous searches by several
different researchers, Collembola have not been recorded on this part
of Ross Island for at least 60 years (Stevens and Hogg, 2002; Beet and
Lee, 2021). The presence of extant populations of G. hodgsoni within
~25 km of the Station suggests that individuals do not effectively dis-
perse and/or recolonise disturbed areas. This is further supported by
high levels of genetic differentiation observed within single Dry Val-
leys indicating limited dispersal and isolation over evolutionary time
scales (McGaughran et al., 2010; Collins et al., 2019). Accordingly,
recovery within decadal timescales is unlikely for polar Collembola
(Convey, 1996). Recovery in areas of human disturbance will be fur-
ther complicated by the possibility of alien and invading species which
may be better at colonising these disturbed sites (Duffy and Lee, 2019;
Hughes et al., 2020).

In the Arctic, recovery of taxa following disturbance is likely to
be more successful relative to the Antarctic. Higher densities, more
widespread distributions, increased inter-population connectivity, and
increased niche diversity all increase intrinsic capacities to recolonize
disturbed areas. For example, increased vegetative abundances increase
niche diversity (and potential refugia) which when coupled with higher
abundances reduce the likelihood of complete extirpation of a popula-
tion or species (Asmus et al., 2018; Myers-Smith et al., 2019). How-
ever, recovery would be dependent on the existing inhabitants of the
disturbed communities and the proportionate rates of predation. If the
surviving community is predominantly composed of smaller individuals,
predators could have a more dramatic effect thus limiting any potential
recovery (Thakur et al., 2017; Koltz et al., 2018b). Alternatively, re-
covery could be facilitated if predators were also negatively affected by
disturbance (Koltz et al., 2018a; Hgye et al., 2021).

Studies on a diverse range of disturbances such as opencast min-
ing (Dunger et al., 2002; Dunger et al., 2004), fire (Huebner et al.,
2012; Malmstrom, 2012), deforestation (Cuchta et al., 2019) and
drought (Lindberg and Bengtsson, 2005) have identified common pat-
terns in Collembola recovery following acute disturbances. The first
species to recolonise are generally those with a high dispersal capacity,
surface-dwelling (epiedaphic) nature, and generalist/opportunistic feed-
ing habits (Malmstrom, 2012). In Antarctica, most taxa live in the soil
profile or beneath rocks and appear to have very limited dispersal, and
hence low ability to recolonize habitats (Janetschek, 1967; Collins et al.,
2019). In the Arctic, collembolan communities are more diverse and dis-
turbances are likely to have variable effects on different taxa. Deeper-
dwelling asexually reproducing species are slower to recolonise and
thus are likely to be less resilient to disturbances (Huebner et al., 2012;
Malmstrom, 2012). Ultimately, while some species will recover within
decadal timescales, whole communities will not (see Malmstrom, 2012).
Lower latitude studies have demonstrated that whole community recov-
ery is slow, even after 50 years following opencast mining, Collembola
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assemblages still failed to resemble neighbouring undisturbed commu-
nities (Dunger et al., 2004).

5.1. Conclusions

Polar taxa have adapted over millennia to habitats that are now
changing faster than any other on the Earth. Polar Collembola possess a
suite of characteristics that enable their survival in extreme conditions
and may help them adapt to changing conditions. These include high
levels of genetic diversity, wide thermal tolerance ranges, physiological
plasticity, generalist-opportunistic feeding habits and considerable ca-
pacity for behavioural avoidance. However, the biggest threats to polar
Collembola are likely to be increasingly extreme and variable temper-
ature regimes, drought, and changing biotic interactions. More diverse
communities are likely to have some member taxa that are able to resist
or recover from disturbances (Somero, 2010). Climate change will ex-
acerbate the variance and extremes of environmental conditions which
is generally assumed to favour Collembola adapted to variability. Over-
all, deeper-dwelling species that fail to resist climate change may not
recover in ecologically relevant timescales, especially given the current,
rapid rates of change (Malmstrom, 2012). The Arctic, with higher lev-
els of diversity, may have higher levels of taxonomic redundancy which
could moderate ecosystem response (Koltz et al., 2018a; Meredith et al.,
2019). Unfortunately, areas such as the McMurdo Dry Valleys of Antarc-
tica, with very low levels of taxonomic diversity are potentially more
vulnerable and Collembola there will probably see the most profound
changes (Collins et al., 2019).

Ongoing understanding of the issues covered in our review will facili-
tate an integrative approach to study the effects of climate change on po-
lar Collembola. For example, in Antarctica, established baseline genetic
data presents opportunities to investigate the interaction between ge-
netic diversity and physiological tolerances at the finer population and
individual scale, without the widespread influence of biotic interactions.
Profitable areas of research that would benefit from immediate attention
include: 1) improved baseline levels of species and genetic diversity for
the Arctic fauna; 2) evaluating the behavioural avoidance capacity of
polar Collembola to stressors in natural systems; 3) determining phys-
iological tolerances (heat, cold, drought, pollution, and their interac-
tions) for a wider range of Arctic and Antarctic taxa; 4) using genome
and transcriptome sequencing to understand the genetic and physiolog-
ical mechanisms of polar Collembola responses to stressors and their
interactions; and 5) employing molecular tools to catalogue the diets a
broad array of species and life stages. Collectively, these avenues of re-
search will help to further illuminate the resilience of polar Collembola
as well as their role in mediating the resilience of wider polar terrestrial
ecosystems to climate change.
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