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Biological invasions have significant ecological and economic impacts. Much attention is therefore focussed on
predicting establishment and invasion success. Trait-based approaches are showing much promise, but are mostly
restricted to investigations of plants. Although the application of these approaches to animals is growing rapidly,

:Oﬂ, faltm_? it is rare for arthropods and restricted mostly to investigations of thermal tolerance. Here we study the extent to
ringtails . L . . Lo . . . Lo
Tl: aitsg which desiccation tolerance and its phenotypic plasticity differ between introduced (nine species) and indigenous

(seven species) Collembola, specifically testing predictions of the ‘ideal weed’ and ‘phenotypic plasticity’ hypothe-
ses of invasion biology. We do so on the F2 generation of adults in a full factorial design across two temperatures,
to elicit desiccation responses, for the phenotypic plasticity trials. We also determine whether basal desiccation
resistance responds to thermal laboratory natural selection. We first show experimentally that acclimation to
different temperatures elicits changes to cuticular structure and function that are typically associated with water
balance, justifying our experimental approach. Our main findings reveal that basal desiccation resistance differs,
on average, between the indigenous and introduced species, but that this difference is weaker at higher temper-
atures, and is driven by particular taxa, as revealed by phylogenetic generalised least squares approaches. By
contrast, the extent or form of phenotypic plasticity does not differ between the two groups, with a ‘hotter is
better’ response being most common. Beneficial acclimation is characteristic of only a single species. Laboratory
natural selection had little influence on desiccation resistance over 8-12 generations, suggesting that environ-
mental filtering rather than adaptation to new environments may be an important factor influencing Collembola
invasions.

Water balance

1. Introduction

Invasive alien species are one of the leading drivers of environmen-
tal change. They can cause significant economic and environmental
damage (Simberloff et al., 2013; Diagne et al., 2021), and are increas-
ing in number and global extent (Seebens et al., 2017). Much effort
has focussed on understanding the intrinsic (e.g., life history character-
istics) and extrinsic (e.g., receiving environment, propagule pressure)
factors which contribute to the successful movement of species along
the invasion pathway (Richardson and Pysek, 2006; Blackburn et al.,
2011; Enders et al., 2020). Increasing appreciation of traits-based ap-
proaches to understanding ecological communities (Kearney et al. 2006;
Gallagher et al., 2020) has seen growth in their application to biological
invasions (van Kleunen et al., 2010a; Hulme and Bernard-Verdier, 2018;

Renault et al., 2018), building on early work demonstrating their utility
(Kolar and Lodge, 2001; Jeschke and Strayer, 2008).

Until recently, plants have been the main focus of such trait-based
approaches (van Kleunen et al., 2010b; Davidson et al., 2011) and they
continue to dominate empirical research in this area (Gallien et al.,
2019; Milanovi¢ et al., 2020). A suite of traits is thought to underlie
the success of plant invasions, related in part to the typical form of
such traits (e.g., fast growth) (Van Kleunen et al., 2015) and in part to
the extent of their phenotypic plasticity (Enders et al., 2020). Yet com-
parative information is now accumulating about animals in this con-
text, with similar, consistent variation in traits often being found be-
tween indigenous and introduced species (Kelly, 2014; Capellini et al.,
2015; Allen et al., 2017; Redding et al., 2019). Surprisingly, only a few
studies have sought to adopt a traits-based approach to understanding
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arthropod biological invasions, despite the diversity and impor-
tance of terrestrial arthropods as invasive species (Hill et al., 2016;
Cicconardi et al., 2017), and their extraordinary economic impacts
(Bradshaw et al., 2016). Typically, these studies have concerned ther-
mal traits of the groups under investigation (Janion et al., 2010;
Weiner et al., 2010; Yu et al., 2012; Jarosik et al., 2015; Janion-
Scheepers et al., 2018).

For terrestrial ectotherms, however, water balance — and desicca-
tion resistance in particular (the ability to resist loss of body water
through a variety of mechanisms (Hadley, 1994; Chown and Nichol-
son, 2004)) - have profound influences on the abundance and dis-
tribution of many species, including those that have become inva-
sive (Holway et al., 2002; Parkash et al., 2008; Chown et al., 2011;
Peguero et al., 2019). By contrast with thermal traits, much less at-
tention has been given to the extent to which indigenous and invasive
species might differ consistently in desiccation resistance. The few stud-
ies that have been undertaken on multiple species have either identi-
fied variation in basal desiccation resistance, or in plasticity of desic-
cation resistance, as important differences among indigenous and in-
vasive species (Chown et al., 2007; Ajayi et al., 2020; Phillips et al.,
2020; da Silva et al., 2021). But their outcomes have not been consis-
tent, despite suggestions from environmental correlates of the success
of invasive species (Staubus et al., 2019), and from macrophysiological
investigations of species-level variation in desiccation resistance (Addo-
Bediako et al., 2001; Kellermann et al., 2020), that expectations of re-
liable differences among indigenous and invasive species are plausible,
and that these might largely be expected in basal resistance.

Therefore, whether desiccation resistance plays a role in the success
of invasive animal ectotherm species remains unclear. Moreover, if it has
a role, whether this role is through environmental filtering of species in
the initial stages of invasion (Renault et al., 2018), or through evolution-
ary shifts in desiccation resistance following establishment in the intro-
duced range, as is recognised for other traits (Van Kleunen et al., 2018;
Reznick et al., 2019; Szfics et al., 2019; but see also Bertelsmeier and
Keller, 2018), remains unknown. Such differences lie at the heart of dis-
cussions about whether species distribution modeling is useful for under-
standing and forecasting the outcomes of invasions (Liu et al., 2020). For
ectotherms this may be especially important because some factors asso-
ciated with water balance or environmental precipitation are routinely
identified by selection procedures used in such modeling (Bradie and
Leung, 2017).

In this study, we therefore explicitly examine variation in desicca-
tion resistance between indigenous and introduced species, focussing
on basal resistance and on its plasticity in response to different thermal
regimes (Chown et al., 2007). In doing so we test predictions from the
two traits-based hypotheses central to invasion biology (Van Kleunen
et al., 2018; Enders et al., 2020). The ‘ideal weed’ hypothesis predicts
that invasive alien species have one or more traits (including physio-
logical traits) which provide them with an advantage over their indige-
nous counterparts. The ‘plasticity’ hypothesis makes the prediction for
which it is named. That is, phenotypic plasticity is key to the success
of invasive species and is more pronounced in this group when com-
pared with indigenous species (though these comparisons have some
complexity (van Kleunen et al., 2010a, 2018)). As the exemplar group
for testing these hypotheses, we use Collembola because of their signif-
icance in soil systems (Potapov et al., 2020), because invasive spring-
tails displace indigenous species (Convey et al., 1999; Terauds et al.,
2011; Chown et al., 2022), alter ecosystem structure (Greenslade, 2018;
Treasure et al., 2019), and have the potential to affect ecosystem func-
tioning (Leinaas et al., 2015; Potapov et al., 2020), and because tests of
these hypotheses have so far been developed most extensively for this
group, but only for species from the sub-Antarctic islands (Chown et al.,
2007; Phillips et al., 2020).

In these previous investigations, temperature exposures in the form
of acclimation treatments have been used to examine plasticity in des-
iccation resistance. Here we do so too. A response in desiccation resis-
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tance to temperature as a cue (and specifically temperature acclima-
tion) alone has been demonstrated in hemiedaphic and other Collem-
bola (Chown et al., 2007; Leinaas et al., 2009; Phillips et al., 2020)
and in insects (Terblanche and Chown, 2006; Fischer and Kirste, 2018;
Baumgart et al., 2022). Using temperature as a cue to elicit a response
to dry conditions not only has these empirical precedents, but also has a
firm basis in theory. From a theoretical perspective, at a constant humid-
ity, lower temperatures necessarily mean a reduced vapor pressure (or
saturation) deficit (Campbell and Norman, 1998). Moreover, hygrosens-
ing in arthropods typically involves an integrated and combined sensory
system, serving both thermo- and hygrosensing, which includes a va-
riety of receptors and integration pathways (Altner and Loftus, 1985;
Frank et al., 2017; Marin et al., 2020). Such a system appears to be
conserved across invertebrates (Russell et al., 2014; Enjin, 2017). More-
over, at high temperatures more cuticular hydrocarbons (CHCs) melt
and those that are liquid show a viscosity decline (Baumgart et al.,
2022). Therefore, a theoretical expectation exists and some empirical
data support the idea that temperature change alone should elicit a des-
iccation resistance response. In an initial experiment, we first further
test this theoretical expectation (complementing Baumgart et al., 2022)
by examining traits of the cuticle associated with water management.
These are contact angle between water and the cuticle (Helbig et al.,
2011; Gunderson et al., 2015; Hensel et al., 2016) (a functional trait)
and the general elemental composition of the cuticle (a structural trait,
as a proxy for hydrocarbon types, which we lacked the instrumen-
tation to measure) (Menzel et al., 2007, 2022; Nickerl et al., 2014;
Schmiiser et al., 2020), recalling that in the Collembola we examine
here, tracheae are absent, precluding water loss via such a gas exchange
system (Hopkin, 1997).

We also examine the extent to which desiccation resistance might
respond to laboratory selection under high temperatures. We do so
to inform perspectives on what the relative roles of environmental
filtering and post-introduction evolutionary change might be given
the focus on such matters in forecasting and understanding invasions
(Bertelsmeier and Keller, 2018; Liu et al., 2020).

2. Material and methods
2.1. Collection, identification, and alien species assignment

For this study, sixteen springtail species (nine alien, seven indige-
nous) were collected mostly from across Australia (two species were
collected on the sub-Antarctic island of South Georgia to broaden the
latitudinal scope of the study) (Table 1), between 2013 and 2015 as
part of a broader study investigating differences in traits among in-
digenous and alien springtail species across a broad latitudinal gradient
(Janion-Scheepers et al., 2018). Hemiedaphic (litter-dwelling) species
(Christiansen, 1964) were the main focus of this study. At each site, leaf
litter samples were collected and extracted using Tullgren funnels. Indi-
viduals were initially assigned to species in the field based on morpho-
logical characteristics with between 50 and 100 individuals collected
per species. Adults were maintained in 70 mL plastic vials lined with
moist, mixed Plaster-of-Paris:Charcoal powder (9:1) base substrates un-
til their return to the laboratory (Janion-Scheepers et al., 2018), typi-
cally within one to two weeks of collection.

Species were identified to genus- and, where species had been de-
scribed, to species-level using available keys (e.g., Fjellberg, 1998;
Greenslade et al., 2014). DNA barcoding was used to confirm species
identifications and/or to establish a reliable means for ongoing asso-
ciation of unnamed species with this study. Mitochondrial DNA ex-
traction and sequencing of the cytochrome c oxidase subunit I gene
was undertaken by the Biodiversity Institute of Ontario, University of
Guelph, Canada, following standard protocols developed for Collembola
(Hogg and Hebert, 2004; Janion-Scheepers et al., 2018). Sequences of 47
specimens from 16 species were compared with the > 75 000 springtail
sequences available through the Barcode of Life Data Systems (BOLD)
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Table 1
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Species investigated in this study, including their status (alien or indigenous), mean survival time (in minutes =+ s.d., at 76% relative
humidity) at the low temperature treatment acclimation values and trial conditions for each species, and the latitude from which
they were collected. Note that all species were collected in Australia, except for H. viatica and M. caeca, which were collected on

the sub-Antarctic Island of South Georgia.

Order/Species Family Status Survival time  Test/ acclimation temperatures  Latitude (decimal)
Poduramorpha

Hypogastrura purpurescens Hypogastruridae  Alien 846 + 278 15°C,25°C 37.9°S
Hypogastrura viatica Hypogastruridae ~ Alien 941 + 252 7°C, 17 °C 54.2°S
Triacanthella sp. Hypogastruridae ~ Indigenous 151 + 32 15°C, 25 °C 31.2°S
Neanura muscorum Neanuridae Alien 580 + 134 15°C,25°C 37.9°S
Deuteraphorura sp. 2 Onychiuridae Alien 102 + 32 15°C, 25 °C 37.9°S
Orthonychiurus sp. Onychiuridae Alien 85+ 31 15°C, 25 °C 37.9°S
Entomobryomorpha

Hemisotoma thermophila Isotomidae Alien 24 +5 20°C, 30°C 20.3°S
Mucrosomia caeca Isotomidae Indigenous 168 + 46 7 °C, 17 °C 54.2°S
Isotomurus sp. Isotomidae Alien 56 + 14 20 °C, 30 °C 20.3°S
Lepidocyrtus (Ascocyrtus) sp. 2 Entomobryidae Indigenous 86 + 18 20 °C, 30 °C 17.8°S
Lepidocyrtus sp. 1 Entomobryidae Indigenous 88 + 21 20°C,30°C 16.0°S
Lepidocyrtus sp. 2 Entomobryidae Alien 185 + 51 20°C,30°C 16.1°S
Lepidocyrtus sp. 5 Entomobryidae Alien 82 +29 20°C, 30 °C 20.3°S
Lepidocyrtus sp. 6 Entomobryidae Indigenous 99 + 33 15°C,25°C 21.2°S
Lepidocyrtus sp. 13 Entomobryidae Indigenous 128 + 30 15°C, 25 °C 37.9°S
Lepidocyrtus sp. 14 Entomobryidae Indigenous 94 + 34 20°C, 30 °C 20.3°S

(www.barcodinglife.org; SI Appendix: Supplementary Information Ta-
ble S1). Individuals that could not be identified using available keys
and which were not represented in BOLD were examined by one of the
authors (CJ-S), in discussion with other systematic experts, and assigned
to uniquely identifiable species based on morphological characteristics
and/or a barcoding gap of at least 2.5% (Meyer and Paulay, 2005).
Sequences are available on BOLD (www.boldsystems.org) as part of
Project COLMU (Collembola of Monash University). Species clearly
identified as indigenous to Australia in faunal treatments and those sim-
ilarly identified as alien were considered as such in the classification
of species as alien or indigenous. Undescribed species not represented
in BOLD previously, or represented only from individuals already col-
lected across Australia, New Zealand or south of the Wallace line were
considered indigenous. Following previous authors (Cicconardi et al.,
2017), undescribed species that had sequences present in BOLD from
other distant tropical regions (such as the Neotropics) or from the Hol-
arctic (typically Europe) were considered alien species (Supplementary
Information Table S1). Given the extensive nature of the BOLD informa-
tion on springtails (> 75 000 sequences, representing several thousand
species), and the systematic expertise we consulted, we are confident in
the species assignments to alien or indigenous species. Species numbers
conform to the codes used for operational taxonomic units in our Aus-
tralian barcoding efforts (Janion-Scheepers et al., 2018; Phillips et al.,
2020).

2.2. Colony maintenance

Species were reared at constant rearing temperatures that typi-
cally reflect the average soil temperatures of the sites at which they
were collected (following Janion-Scheepers et al., 2018) in controlled-
temperature incubators (MIR-154-PE, SANYO Electric Co. Ltd., Osaka,
Japan) (Table 1). Thus, the sub-Antarctic species were reared at 7 °C,
whereas the tropical species were reared at 20 °C and the temperate
species at 15 °C. A 12 light:12 dark light cycle was used. iButton Hy-
grochron® data loggers (Maxim Integrated, USA) deployed in the cabi-
nets verified temperatures were typically within + 0.7 °C of the intended
temperature (data not shown). Adults of the F2 generation were used
for experiments to minimize any carry-over effects from the environ-
ment of origin, including parental effects, and to reduce the possibility
of adaptation to laboratory conditions (Hoffmann and Sgro, 2017). Be-
tween 50 and 100 adults from the collected (FO) individuals were ran-
domly assigned to two to four 70 mL plastic vials. The vials were lined
with moistened Plaster-of-Paris:Charcoal powder (9:1) substrate. De-

ionised water was added once to twice a week to maintain high humidity
(~ 100%) and, depending on the species, individuals were fed two to
three times a week with algae from the bark of Platanus sp. or on slime
mold ad libitum (Janion-Scheepers et al., 2018; Hoskins et al., 2015),
enabling individuals to select nutrients optimally.

2.3. Temperature effects on water balance characteristics of the cuticle

Previous work has used temperature to induce acclimation effects
in water balance characteristics (rate of water loss and survival time)
(Chown et al., 2007; Phillips et al., 2020). Although the approach
has a clear theoretical foundation (see Introduction), few tests have
been conducted to determine whether traits associated with the cuti-
cle, through which most water is lost in the springtails examined here
(Hopkin, 1997), respond to thermal acclimation (see Baumgart et al.,
2022 for an exception using ants). Here we first provide such a test.

Individuals of Orthonychirus sp. were collected from 1 L leaf lit-
ter samples from the Jock Marshall Reserve on the Monash University
Clayton Campus, in the early spring of 2020 using the Tullgren funnel
method. Collected individuals were maintained in groups of approxi-
mately 100 individuals in 200 mL plastic vials with a 1 cm plaster of
Paris and charcoal (9:1) base to maintain humidity. They were housed
in controlled-temperature incubators (MIR-154-PE, SANYO) set at 15 °C
on a 12 light:12 dark light cycle as above. Animals were fed as described
above for the main acclimation trials.

Two experimental and one control group of individuals was then
established by dividing the total colony into thirds. The control popula-
tion was maintained at 15 °C as above. One experimental population was
then placed at 5 °C and the other at 28 °C (both maintained in controlled-
temperature incubators [MIR-154-PE, SANYO] on a 12 light:12 dark
light cycle). Populations were sampled weekly (Fig. 1) and their con-
tact angle measured to determine if the hydrophobicity of the cuticle
had changed. Once the contact angle measurements showed no further
change (Day 21, checked on Day 22), the 5 °C and 28 °C populations
were switched to the alternative temperature, and the measurements
continued until stability of the traits and subsequent termination of the
experiment in Day 58.

Two traits were measured. The first, as noted, is the contact an-
gle between a water droplet and the individual cuticle, which indi-
cates changes to the surface properties of the cuticle that determine
whether the surface is wettable or hydrophobic (Hensel et al., 2016).
Generally, contact angles of 90° and above are considered hydropho-
bic (Gunderson et al., 2015), and those of 150° and above, superhy-


http://www.barcodinglife.org
http://www.boldsystems.org

S.L. Chown, C. Janion-Scheepers, A. Marshall et al.

Current Research in Insect Science 3 (2023) 100051
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28°C SEM =20 SEM=0 SEM = 0 SEM =20 SEM = 20 SEM =0 SEM =0 SEM =0 SEM =0 [[ SEM =20
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o
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Day 0 Day 7 Day 14 Day 21 Day 22 Day 29 Day 36 Day 43 Day 50 Day 57 Day 58
Switch Termination

Fig. 1. Experimental approach for exploring the effects of temperature on cuticle traits. CA = contact angle, SEM = scanning electron microscopy with EDS.
Numbers after the equals signs refer to sample sizes in each case. Zero indicates no individuals measured. Large numbers to the left indicate treatment temperatures:
15 °C = control; 5 °C and 28 °C are experimental treatments, with the switch of populations to the opposite temperature indicated after Day 22.

drophobic (Gunderson et al., 2014). A contact angle of 180° implies an
unwettable surface. Measurements of contact angle were made weekly,
following previous approaches (Gunderson et al., 2014, 2015), using an
Attension Theta Flex tensiometer (Biolin Scientific, Gothenburg, Swe-
den) with picolitre dispenser (Microdrop Technologies GmbH, Norder-
stedt, Germany) attachment. Here, for each individual a single 1500
pl droplet of water purified by reverse osmosis was dispensed onto the
dorsal side of the abdomen. The contact angle was measured by the
OneAttension (Biolin Scientific) software for a period of 10 s and the
average recorded as the final measurement for an individual.

The second trait is cuticular elemental composition because cuticu-
lar hydrocarbons respond profoundly to changes in desiccation stress
in a range of arthropods including springtails (Helbig et al., 2011;
Nickerl et al., 2014; Schmiiser et al., 2020; Menzel et al., 2007, 2022).
Elemental composition was measured on Day 0, 7, 22, 29 and 58, us-
ing scanning electron microscopy-energy dispersive X-ray spectroscopy
(SEM-EDS) (Sugiura et al., 2008; Yudha et al., 2019). We were unable
to determine the specific structure of the compound mixture (such as
alkenes, alkanes), but consider the elemental composition assessment
indicative, given previous work (Schmiiser et al., 2020; Baumgart et al.,
2022; Menzel et al., 2022). Specimens for SEM-EDS were immediately
freeze-dried to preserve cuticle structure and stored at —20 °C until anal-
ysis could be conducted. They were then mounted dorsal side up to alu-
minum sample stages with the use of silver glue, and sputter coated
with approximately a 1 nm layer of iridium. The silver glue and iridium
improve conductance of the samples and prevent deleterious overcharg-
ing effects during analysis. Once mounted and coated, SEM-EDS analysis
was conducted using a FEI Nova Nano SEM 450 FEGSEM (FEI Company,
Hillsboro, USA) with a Bruker Quantax 400 X-ray attachment (Bruker
Corporation, Billerica, USA). For each individual the same protocol was
followed: an accelerating voltage of 5 kVe was used, with the sample
positioned 5.1 mm from the electron gun, and the image zoomed and
focused on a 120 x 90 pum area on the abdomen of the individual. The
Bruker ESPRIT software was then used to perform the SEM-EDS analysis.
Using the “Line Scan” function an EDS analysis was conducted along a
100 um line with a scan depth of 0.2-0.3 pm. This depth corresponds to
the epicuticle in Collembola which comprises significant hydrocarbon-
based waxes (Noble-Nesbitt, 1963; Nickerl et al., 2014), though a part
of the exocuticle may also have been measured.

From these scans, the major elements comprising the cuticle were
determined automatically by the ESPRIT software, and netto counts
of each element were recorded, as well as percentage contribution of
each element for each specimen investigated. A netto count is indica-
tive of the concentration of that element along the course of the line

scan. In SEM-EDS analysis, certain elements are deliberately not de-
tected/recorded by the sensor. Crucially for this study, this includes
hydrogen, which is a key component of hydrocarbons. Changes in hy-
drocarbons can still reliably be informed by measures of carbon change
especially, given the way in which components of the hydrocarbons
respond to changes in water availability (Menzel et al., 2007, 2022;
Nickerl et al., 2014 Schmiiser et al., 2020; Baumgart et al., 2022).

2.4. Acclimation to assess phenotypic plasticity

Following previous work using temperature to induce acclimation ef-
fects (Chown et al., 2007; Phillips et al., 2020), prior to the experimental
trials, all species were subject to two temperature treatments (referred to
as ‘acclimation’ hereafter), in controlled-temperature incubators (MIR-
154-PE, SANYO). Experimentally, to ensure that acclimation treatments
are not confounded with starvation, individuals have to be fed, which
necessarily requires the provision of moist food (Hoskins et al., 2015). In
turn, for small animals such as Collembola, this might mean providing a
confounding effect in the form of altering the exposure humidity away
from, for example, some alternative humidities to elicit a desiccation re-
sponse. Hence, an exposure to temperature also avoids such a confound-
ing effect. Acclimation treatments lasted seven days, given that complete
responses usually occur within seven days in terrestrial arthropods, in-
cluding Collembola (Weldon et al., 2011; Janion-Scheepers et al., 2018;
Kuyucu and Chown, 2021). Acclimation treatments were as follows: sub-
Antarctic (7 °C or 17 °C), temperate (15 °C or 25 °C) and tropical (20 °C
or 30 °C) (Table 1). The experiments were undertaken after these one-
week exposures to the acclimation temperature treatments.

2.5. Desiccation resistance experiments

An experimental protocol for desiccation resistance, measured as sur-
vival time at 76% relative humidity, was established based on previ-
ous work (Kaersgaard et al., 2004; Chown et al., 2007; Leinaas et al.,
2009; Phillips et al., 2020). Choice of such a relative humidity might
seem, at first, too low for Collembola living in the litter layer. Individ-
ual springtails living in such a layer, in a variety of environments are,
however, routinely likely to encounter conditions as dry or drier than
this. For example, at a temperature of 20 °C and a relative humidity of
76%, vapor pressure deficit (VPD, the drying power of the air relevant
to a springtail) is 0.56 kPa (Campbell and Norman, 1998). Yet such a
VPD is less than those which might be found in litter in a variety of
environments (Liu et al., 2021). Even in the relatively cold, moist, sub-
Antarctic, relative humidities within the vegetation layer (often below
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closed canopies) can routinely encompass 76% (Lee et al., 2009) (Sup-
plementary Information Figure S1). Moreover, use of such a relative hu-
midity enables comparisons across a wide range of species and settings,
especially when capabilities of springtails which live in a variety of habi-
tats and soil depths are being investigated (Liu et al., 2021). Lower hu-
midities are typically not considered suitable for use with hemiedaphic
springtails because they are rarely encountered (though not impossible)
(Liu et al., 2021), and because they preclude reasonable experimental
assessment.

Experiments were undertaken at two test temperatures for each
species matching the acclimation temperatures they had been exposed
to for a week, in a full factorial design (Supplementary Information Fig-
ure S2). An intermediate temperature, or set of temperatures, could
have been used for both the acclimation and test temperatures across
all species. Such intermediate temperatures would, however, have likely
brought sublethal effects during acclimation to the species from the sub-
Antarctic and may have done so for others (Janion et al., 2010; Janion-
Scheepers et al., 2018; Phillips et al., 2020). Moreover, our interest is
in the responses of animals at temperatures typical of their habitats,
rather than those that might be considered unusual. Similarly, had we
used intermediate test temperatures, we would not have had a full fac-
torial design required for testing the predictions of the hypotheses being
examined.

Springtails were contained within glass vials covered with fine mesh,
which were then housed in sealed, 70 mL plastic pots containing 15 mL
of saturated NaCl solution as a desiccant. Saturated NaCl was used be-
cause it provides a consistent relative humidity of 76% from 0 °C to
30 °C. Each pot contained two glass vials with ~ 5 springtails per vial,
and an iButton Hygrochron® data logger (Maxim Integrated, USA) to
verify temperature and relative humidity. Throughout the experiments,
conducted in controlled-temperature rooms, springtails were examined
every 10 min under a Leica M80 microscope (Leica Microsystems Pty
Ltd, Wetzlar, Germany), and time to death (minutes) was recorded for
each individual. Four to five replicates of 10 individuals were used per
experiment. Typical times to death (average for all species of 232 min,
maximum for any individual of 1490 min) were well within the range
of starvation resistance of even small soil-dwelling species, such as
Folsomia candida, which can be up to six weeks (Hilligsge and Holm-
strup, 2003). Following the experiment, springtails were dried at 40 °C
for 24 h and then weighed in groups using a high-resolution (0.1 ug)
microbalance (Mettler-Toledo XP2U, Switzerland) to obtain an estimate
of individual dry body mass per species per test temperature and ac-
climation temperature. Thus, the experimental unit of analysis is the
individual, but masses were considered to be identical for individuals
in each species x test temperature x acclimation temperature treatment.
Despite the resolution of the microbalance, individual dry weights could
not be estimated within the acceptable resolution of the balance.

2.6. Selection experiment

Laboratory natural selection (Gibbs, 1999) was used to determine
whether desiccation resistance (measured as survival time of a 76%
relative humidity treatment, as above) responds to rearing at elevated
temperatures, following the previous rationale concerning the influ-
ence of temperature on desiccation resistance capabilities. The animals
used were surplus individuals from an experiment examining laboratory
natural selection on critical thermal limits, described in full elsewhere
(Janion-Scheepers et al., 2018). Four species, used in the previous tri-
als (as described), were selected for this experiment. That is, a tropical
alien species (Desoria trispinata), a tropical indigenous species (Lepido-
cyrtus (Ascocyrtus) sp. 2), a temperate alien species (Orthonychiurus sp.),
and a temperate indigenous species (Lepidocyrtus sp. 10).

For each species, mass-reared colonies were established from approx-
imately 100 individuals of field-caught individuals. For two generations,
these were maintained on a 12:12 h light:dark cycle at constant tempera-
tures representing mean temperatures from their environment of collec-
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tion (temperate = 15 °C [mean + s.d.: 14.88 + 0.56 °C], tropical = 20 °C
[mean + s.d.: 20.16 + 0.29 °C], verified with iButton Hygrochron® data
loggers (Maxim Integrated, USA)). Springtails were maintained at an
intermediate density (70 - 100 individuals) in 70 mL plastic vials with
a saturated Plaster-of-Paris:Charcoal powder (9:1) substrate, and were
supplied with bark from Platanus sp. trees ad libitum for shelter and food
(Hoskins et al., 2015).

At the F2 generation, laboratory natural selection was initiated, with
springtails of each species being assigned to one of two treatment con-
ditions. Individuals were exposed to either a high (selection group) or
low (control group) constant temperature for successive generations.
Collembola in the control group were maintained under the original
rearing temperatures (temperate = 15 °C [mean + s.d.: 14.88 + 0.56 °C],
tropical = 20 °C [mean + s.d.: 20.16 + 0.29 °C], temperatures measured
using iButton Hygrochron® data loggers, (Maxim Integrated, USA)),
and those in the selection group were maintained under higher tem-
peratures (temperate = 25 °C [mean =+ s.d.: 24.89 + 0.54 °C], tropi-
cal = 27 °C [mean + s.d.: 27.08 + 0.61 °C]). These warmer tempera-
tures were selected as 25 °C and 27 °C were the highest temperatures at
which the temperate and tropical species could still reproduce, respec-
tively (Janion-Scheepers et al., 2018). Within the treatment and control
group for each species were two, independent, replicate lines with a
starting population of 150 individuals which were divided between two
separate vials. Springtails were maintained as previously described un-
der each of the temperature conditions, and eggs were collected and
transferred to new vials 2 - 3 times a week to ensure that generations
remained discrete. Eggs from multiple vials within replicate lines for
each species/treatment condition were combined within generations to
maintain genetic diversity.

Desiccation resistance (assessed as above) was determined for tem-
perate species after eight generations of laboratory natural selection and
for tropical species after twelve generations. To assess desiccation resis-
tance in terms of both plasticity and evolution in a cross-tolerance frame-
work, a crossed factorial design was used (see Supplementary Informa-
tion Figure S3). For each species, within each treatment and replicate
line (from now on called an ‘experimental unit’), this involved transfer-
ring individuals from the temperature that they had been selected under
to either the opposite temperature treatment, or, leaving them at the
same temperature, for seven days prior to the desiccation experiment.
This week-long acclimation was implemented to disentangle the effects
of short-term plasticity versus a longer-term evolutionary response to
the specific laboratory selection temperature treatments. Following ac-
climation, the desiccation experiment was conducted under each of the
two temperatures. Thus, for each experimental unit there were three
variables: the selection temperature, the acclimation temperature, and
the test temperature. New individuals from each experimental unit were
used to assess desiccation resistance for each combination of variables.

2.7. Statistical analyses

All analyses were conducted in R version 4.0.2 (R Core Team, 2020)
implemented in R Studio v. 1.3.1056, with plots made using the ggplot2
package. All code and data files are archived in the Monash Bridges
(Figshare) repository: https://doi.org/10.26180/21670898.v1.

For the assessment of cuticular trait variation, both contact angles
and cuticular carbon content were compared using linear models. Con-
trols were examined for absence of differences over time. The exper-
imental treatments were expected to show variation between both the
temperatures and days, with an interaction effect demonstrating that the
switch between temperatures resulted in significant change. Given the
clear nature of the acclimation effects, orthogonal polynomial contrasts
were not considered necessary for the analyses.

Predictions of the phenotypic plasticity hypothesis were examined
in two ways. First, within each species, the effects of test temperature
and acclimation temperature were examined with the expectation of dis-
tinct differences between the indigenous and alien species such that the
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latter would consistently show greater desiccation resistance than the
former following high temperature acclimation (Chown et al., 2007).
To do so, generalized linear models assuming a quasipoisson distribu-
tion and a log link function (given the strong right skew to survival
time data (Phillips et al., 2020), see Supplementary Information Figure
S4) were implemented for each species examining the effects of accli-
mation and test temperatures (fixed factors) and their interactions on
survival time. Mass was typically not significant in these models and
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Fig. 2. Boxplots with point data illustrating the differences in A.
contact angle and B. carbon netto count among the treatments
and controls and the rapid reciprocal change in the experimental
group values when switched from one treatment to the other after
Day 22. Termination on Day 58.

Treatment

28 ->5°C
B 5->28°C
E3 15°C control

Treatment

28 ->5°C
B3 5->28°C
E 15°C control

was excluded. Second, mean survival time values (minutes) per species
per test temperature and per acclimation temperature were calculated.
Then all values were included in a single generalized linear model (as-
suming a quasipoisson distribution and a log link function), with test
temperature, acclimation temperature and dry mass treated as continu-
ous predictors and species status (indigenous or alien) as a fixed factor.
All interactions were investigated and those that were not significant
were removed from models to result in a minimum adequate model
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Fig. 3. Boxplots illustrating the effects of different acclimation treatments [low temperature (black) or high temperature (orange) for 1 week] on desiccation
resistance (provided here as 1og10 time to death in minutes) for alien and indigenous Collembola species measured under 76% relative humidity at test temperatures
equivalent to acclimation temperatures in a full factorial design (see Table 1 for temperature details).

(Crawley, 2013). Because acclimation temperature was not significant
in these models, the analyses were repeated now treating acclimation as
a fixed factor recorded as either low (for low temperature acclimations
irrespective of their absolute value) or high. Acclimation was again not
significant. These analyses were repeated transforming test temperature
to vapor pressure deficit (Campbell and Norman, 1998) to account for
differences in drying power of the air between different temperatures
at a constant relative humidity of 76%. Because of the straightforward
nature of the transformation, the expectation is, however, for little dif-
ference in the outcome of the analyses.

These latter analyses also provided a test of the prediction of the
ideal weed hypotheses that invasive species have, on average, a longer
survival time than indigenous species. In such an approach, however,
outcomes may be influenced by the phylogenetic relatedness of species.
Taking phylogenetic effects into consideration where multiple indepen-
dent data points representing different treatment regimes are available
for single species remains complicated, with various approaches still be-

ing investigated (Uyeda et al., 2018). Therefore, we excluded acclima-
tion given its minimal influence, as documented in the previous analy-
ses, and used survival time data measured at a test temperature as close
to 20 °C as possible for each species, while still including test tempera-
ture (and in a second analysis, VPD) as a covariate.

To take phylogenetic effects into consideration we adopted a phy-
logenetic generalised least squares (PGLS) approach (Garland and
Ives, 2000). Here, the covariance matrix for the species trait values was
constructed adopting a Brownian Motion (BM) model of evolution, as-
suming that evolutionary change along a branch is proportional to the
branch length. Type I error rates of the alternative Ornstein-Uhlenbeck
model are high when the phylogeny is small (< 200 taxa), and its model
parameter is often too low to be biologically distinguishable from the
BM model (Cooper et al., 2016). Thus, this model was not investigated.
Pagel’s lambda (1) (Pagel, 1999) was estimated by maximum likelihood
to indicate the degree of phylogenetic correlation in the data. This index
is more robust to incompletely resolved phylogenies and sub-optimal
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Fig. 3. Continued

branch length information than some others (Molina-Venegas and Ro-
driguez, 2017). The PGLS analyses were implemented in the ‘caper’ (v.
1.0.1, Orme, 2018) and ‘APE’ (v. 5.3, Paradis et al., 2004) packages
inR.

For the PGLS, a phylogeny for the species was constructed following
previous work on some of these species (Janion-Scheepers et al., 2018),
with species relative positions based on the cytochrome c oxidase sub-
unit I gene phylogeny, or in a few cases on morphological similarity ad-
judicated by one of us (CJ-S). The barcoding placements were obtained
from a neighbor-joining tree using standard methods. For the final tree,
branch lengths were assigned using Grafen’s method (Grafen, 1989), and
the tree (Supplementary Information Figure S5) is available as a Newick
file.

For the selection experiment, nested mixed effects models were
used to examine the main and interactive effects of the factors: ac-
climation temperature (high or low), test temperature (high or low),
and treatment (selection [high temperature] or control [low temper-
ature] lines) on the response variable of survival time (minutes) for
each of the four species. ‘Replicate line’ was nested within ‘treatment’
as a random effect. Given the right skew of the response variable,

data were log transformed (log;) prior to analysis. Mixed effects mod-
els were performed using the lme4 package (version 1.1-23), with
p-values provided via Satterthwaite’s degrees of freedom method via
ImerTest.

3. Results

Both contact angle and carbon netto count of the cuticle responded
strongly to the experimental conditions, differing from the control
within a week, and responding to the reciprocal switch in temperature
within the same period (Fig. 2A). Contact angle values did not vary sig-
nificantly between the controls over time (F; 15 = 3.474, p = 0.645),
but varied over time and between the two treatments, with a signif-
icant interaction substantiating the large response to the temperature
switch (Table 2A). By contrast, carbon netto count declined significantly
over time in the controls (F(2)57) = 9.664, p < 0.001), but the effect
size was small compared with the overall variation found in the exper-
iment (Fig. 2B). The two treatments varied significantly through time
with a clear switch associated with the change in acclimation conditions
(Table 2B, Fig. 2B).
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Table 2

Outcome (ANOVA table) of the linear models examining: A. differences in con-
tact angle among the two treatments (5 °C and 28 °C) and their change through
time (as illustrated in Fig. 2A); B. differences in netto carbon counts among the
two treatments (5 °C and 28 °C) and their change through time (as illustrated
in Fig. 2B).

Variable df Sums of squares ~ Mean square  F p
A. Contact angle

Acclimation 1 93.7 93.7 173.89 <0.00001
Week 9 18.1 2.01 3.73 0.0006
Accl:Week 9 1146.5 127.39 236.42 <0.00001
Residuals 80 43.1 0.54

B. Netto carbon counts

Acclimation 1 4.17 x 108 4.17 x 108 1078.59  <0.00001
Week 3 2.59 x 107 8.64 x 10° 22.32 <0.00001
Accl:Week 3 1.05 x 10%° 3.49 x 10° 9008.71  <0.00001
Residuals 152 5.88 x 107 3.87 x 10°

As might be expected, given its effect on saturation vapor pres-
sure (Campbell and Norman, 1998), test temperature had a signifi-
cant effect on survival time in all 16 species investigated (Table 3 ).
Acclimation effects were less pronounced, however. The most promi-
nent effect was an interaction between acclimation and test tempera-
ture such that in nine of the species, survival time was significantly
longer in the high temperature treatment following high temperature
acclimation than after low temperature acclimation (Table 3, Fig. 3).
A beneficial acclimation effect was only observed in the alien temper-
ate Deuteraphorura sp. 2 (Fig. 3A), while only the indigenous temper-
ate Triacanthella sp. showed longer survival times following higher tem-
perature acclimation at both high and low test temperatures (Fig. 1P).
No consistent differences were found among the indigenous and alien
species.

When the species mean data were investigated, similar outcomes
were found irrespective of whether acclimation was included as a con-
tinuous predictor, using all acclimation temperature values, or categor-
ical predictor, allocating all low temperature values to a low temper-
ature categorical predictor, and all high temperature values to a high
temperature predictor (Table 4). In each case, the only interaction ef-
fect that was positive, was between status (indigenous or alien) and
test temperature (or VPD, see Supplementary Information Table S2).
Thus, the difference between the two groups was more pronounced
at the low than high temperatures (Fig. 4). In the PGLS analysis, sur-
vival time showed strong phylogenetic signal (1 = 0.975), with nei-
ther test temperature (t = —1.223, p = 0.243) nor status (t = 0.687,
p = 0.504) being significant. The outcomes were virtually identical us-
ing VPD (phylogenetic signal 4 = 0.975), again with neither test tem-
perature (t = —1.223, p = 0.243) nor status (t = 0.687, p = 0.504) being
significant).

For the selection experiment, test temperature had a significant ef-
fect on survival for all four species (Table 5, Fig. 5). Unlike the other
three species, the alien Desoria trispinata survived for longer at the higher
temperature (Table 5). However, this result is likely due to their over-
all very low desiccation resistance and thus short survival time gen-
erally (Supplementary Information Figure S6). Desoria trispinata was
also the only species for which acclimation temperature had a signif-
icant effect (Table 5). Treatment (control or selection lines) only had
a significant effect for Orthonychiurus sp., with individuals from se-
lected lines having shorter survival times than those in control lines
(Table 5, Fig. 5). For the other three species, though the main ef-
fect of treatment was not significant, interactions between treatment
and acclimation temperature, and between treatment and test temper-
ature were significant, though the differences between groups were
relatively small (Table 5, Fig. 5). Perhaps the most notable of these
is for Lepidocyrtus sp. 10., where individuals from selected lines per-
formed worse than those in all other groups when acclimated to high
temperatures.
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4. Discussion

Here we set out to test predictions from the two major traits-based
hypothesis of invasion ecology (Enders et al., 2020). The ideal weed
hypothesis makes the prediction that invasive alien species success de-
pends on a specific basal form of a trait, while the plasticity hypoth-
esis makes the prediction that invasive alien species are more phe-
notypically plastic than their indigenous counterparts. Evidence sup-
porting these predictions, in the form of reliable differences in traits
on average between indigenous and alien species, is emerging for a
range of taxa (van Kleunen et al., 2010b, 2015; Davidson et al., 2011;
Kelley, 2014; Capellini et al., 2015; Allen et al., 2017; Gallien et al.,
2019; Redding et al., 2019; Milanovi¢ et al., 2020), including for thermal
traits of arthropods (Janion et al., 2010; Weiner et al., 2010; Yu et al.,
2012; Jarosik et al., 2015; Janion-Scheepers et al., 2018; da Silva et al.,
2021). The situation for desiccation resistance is not well understood,
however, despite the importance of this trait for the survival, distribu-
tion and abundance of terrestrial species (Addo-Bediako et al., 2001;
Chown et al., 2007, 2011; Peguero et al., 2019; Staubus et al., 2019;
Ajayi et al., 2020; Kellermann et al., 2020; Phillips et al., 2020; da Silva
et al., 2021). In the Collembola investigated here, from a range of cli-
matic areas, no support for the plasticity hypothesis was found. Support
for the ideal weed hypothesis was identified, although strong phyloge-
netic signal indicates that it may be mediated through particular taxa.

In the case of the predictions of the plasticity hypothesis, no consis-
tent differences in plasticity between the indigenous and alien species
were found. The only consistent pattern (in 9 of the 16 species inves-
tigated) was an increase in survival time at high test temperatures fol-
lowing acclimation to such temperatures, relative to acclimation to a
lower temperature — supporting a form of the hotter is better hypothesis
(Huey et al., 1999; Chown et al., 2007). Only two other studies have
sought to investigate differences between indigenous and alien Collem-
bola species in phenotypic plasticity of survival time, both of which
considered species from sub-Antarctic island assemblages (Chown et al.,
2007; Phillips et al., 2020). Our results are consistent with those of the
more comprehensive study of 12 species from sub-Antarctic Macquarie
Island (Phillips et al., 2020). This study failed to find consistent differ-
ences between indigenous and alien species in phenotypic plasticity just
as we have here. By contrast, a study of six species from sub-Antarctic
Marion Island (Chown et al., 2007) revealed that alien species tended
to have longer survival times following high acclimation temperatures
than following acclimation at low temperatures, whereas the converse
was true in the indigenous species. In our current study, only the in-
digenous Triacanthella sp. showed the effect found for alien species on
Marion Island. Therefore, the trend emerging thus far is one where the
predictions of the plasticity hypothesis (Enders et al., 2020) are not gen-
erally upheld for hemiedaphic Collembola, though exceptions may exist
in some assemblages. Thus, it seems reasonable to conjecture that phe-
notypic plasticity of desiccation resistance might not be a major contrib-
utor to the success of alien Collembola.

In part this outcome may be the consequence of selecting temper-
ature as the acclimation treatment for desiccation stress. Doing so is
reasonable, however, on both theoretical and empirical grounds. In
the former case, temperature has a pronounced effect on vapor pres-
sure deficit (Campbell and Norman, 1998), and thermo- and hygro-
sensing in arthropods and other invertebrates are closely integrated
(Altner and Loftus, 1985; Russell et al., 2014; Enjin, 2017; Frank et al.,
2017; Marin et al., 2020). In the latter because such responses of desicca-
tion resistance to changes in environmental temperature only have been
documented previous for springtails and for insects (Terblanche and
Chown, 2006; Chown et al., 2007; Leinaas et al., 2009; Fischer and
Kirtse, 2018; Phillips et al., 2020) and because both a previous inves-
tigation of ants (Baumgart et al., 2022) and the experiment here on
springtail cuticle responses to temperature with no change in humidity
reveal pronounced effects. In the experiment on ants, warm acclima-
tion resulted in cuticular hydrocarbon changes and an improvement of
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Table 3

Outcomes of the generalized linear models (quasipoisson distribution, log link) estimating the
effects of acclimation and treatment temperature and their interaction on survival time (as a
measure of desiccation resistance) in each of the species examined in this study.

Species Estimate + S.E. t p
Alien

Deuteraphorura sp. 2

Intercept 4.622 + 0.045 103.48 < 0.0001
Acclimation (25) —0.193 + 0.066 —2.903 0.0044
Test temperature (25) —0.853 + 0.082 -10.438 < 0.0001
Acclimation:Test 0.572 + 0.111 5.162 <0.0001

Residual deviance 719.2; df = 116; quasipoisson dispersion parameter = 6.084
Hemisotoma thermophila

Intercept 3.184 + 0.033 95.521 < 0.0001
Acclimation (30) —0.022 + 0.048 —0.458 0.649
Test temperature (30) —0.579 + 0.056 —10.406 < 0.0001
Acclimation:Test 0.261 + 0.076 3.423 0.0008
Residual deviance 181.73; df = 159; quasipoisson dispersion parameter = 1.100

Hypogastrura purpurescens

Intercept 6.740 + 0.039 174.19 < 0.0001
Acclimation (25) —0.032 + 0.057 -0.561 0.576
Test temperature (25) —1.434 + 0.077 —18.654 < 0.0001
Acclimation:Test 0.151 + 0.108 1.403 0.163

Residual deviance 6242.7; df = 152; quasipoisson dispersion parameter = 41.800
Hypogastrura viatica

Intercept 6.847 + 0.035 193.38 < 0.0001
Acclimation (17) —0.033 + 0.053 -0.627 0.532
Test temperature (17) —0.735 + 0.070 -10.438 <0.0001
Acclimation:Test —0.105 + 0.111 —-0.940 0.349

Residual deviance 9498.4; df = 152; quasipoisson dispersion parameter = 60.137
Isotomurus sp.

Intercept 4.022 + 0.038 105.61 < 0.0001
Acclimation (30) 0.083 + 0.051 1.614 0.108
Test temperature (30) —0.732 + 0.065 -11.201 < 0.0001
Acclimation:Test 0.026 + 0.088 0.295 0.769

Residual deviance 623.16; df = 184; quasipoisson dispersion parameter = 3.481
Lepidocyrtus sp. 2

Intercept 5.219 + 0.039 132.86 < 0.0001
Acclimation (30) —0.129 + 0.059 —2.203 0.029
Test temperature (30) —0.841 + 0.075 -11.158 < 0.0001
Acclimation:Test 0.404 + 0.100 4.026 < 0.0001

Residual deviance 2185.2; df = 167; quasipoisson dispersion parameter = 12.535
Lepidocyrtus sp. 5

Intercept 4.409 + 0.047 93.311 < 0.0001
Acclimation (30) 0.157 + 0.060 2.619 0.010
Test temperature (30) —0.695 + 0.081 —8.632 < 0.0001
Acclimation:Test 0.086 + 0.104 0.823 0.412

Residual deviance 1172.3; df = 166; quasipoisson dispersion parameter = 6.786
Neanura muscorum

Intercept 6.363 + 0.029 222.85 < 0.0001
Acclimation (25) 0.008 + 0.041 0.200 0.842
Test temperature (25) -1.262 + 0.074 -16.972 < 0.0001
Acclimation:Test 0.300 + 0.100 2.997 0.003

Residual deviance 4481.8; df = 167; quasipoisson dispersion parameter = 25.534
Orthonychiurus sp.

Intercept 4.433 + 0.038 116.63 < 0.0001
Acclimation (25) —0.073 + 0.058 -1.255 0.211
Test temperature (25) —0.601 + 0.058 -10.307 < 0.0001
Acclimation:Test 0.085 + 0.088 0.970 0.333
Residual deviance 1360.5; df = 209; quasipoisson dispersion parameter = 6.167

Indigenous

Lepidocyrtus (Ascocyrtus) sp. 2

Intercept 4.455 + 0.032 141.04 < 0.0001
Acclimation (30) —0.088 + 0.045 -1.974 0.0501
Test temperature (30) —0.704 + 0.054 -13.148 < 0.0001
Acclimation:Test 0.288 + 0.074 3.878 0.0002

Residual deviance 562.8; df = 155; quasipoisson dispersion parameter = 3.263
Lepidocyrtus sp. 1

Intercept 4.473 + 0.355 126.04 < 0.0001
Acclimation (30) —0.033 + 0.048 —-0.684 0.495
Test temperature (30) —0.744 + 0.062 -12.111 < 0.0001
Acclimation:Test 0.168 + 0.079 2,113 0.036

Residual deviance 789.44; df = 181; quasipoisson dispersion parameter = 4.194

Lepidocyrtus sp. 6
Intercept 4.600 + 0.037 124.69 < 0.0001

(continued on next page)
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Table 3 (continued)

Species Estimate + S.E. t p
Acclimation (25) —0.065 + 0.055 -1.180 0.239
Test temperature (25) —0.432 + 0.059 -7.392 < 0.0001
Acclimation:Test 0.210 + 0.082 2.567 0.011

Residual deviance 1512.9; df = 212; quasipoisson dispersion parameter = 7.308

Lepidocyrtus sp. 13

Intercept 4.855 + 0.031
Acclimation (25) —0.037 + 0.044
Test temperature (25) —0.497 + 0.055
Acclimation:Test 0.248 + 0.072

Residual deviance 830.0; df = 158; quasipoisson dispersion parameter = 5.110

Lepidocyrtus sp. 14

Intercept 4.543 + 0.034
Acclimation (30) —0.043 + 0.047
Test temperature (30) —0.828 + 0.067
Acclimation:Test 0.154 + 0.092

Residual deviance 968.5; df = 176; quasipoisson dispersion parameter = 5.227

Mucrosomia caeca

Intercept 5.122 + 0.028
Acclimation (17) —0.027 + 0.038
Test temperature (17) —0.423 + 0.045
Acclimation:Test 0.182 + 0.060

Residual deviance 2509.0; df = 280; quasipoisson dispersion parameter = 8.807

Triacanthella sp.

Intercept 5.022 + 0.037
Acclimation (25) 0.298 + 0.046
Test temperature (25) —0.807 + 0.062
Acclimation:Test —0.092 + 0.082

155.85 < 0.0001
—-0.847 0.398
-9.051 < 0.0001
3.458 0.0007
133.45 < 0.0001
—-0.911 0.364
-12.33 < 0.0001
1.678 <0.0951
181.54 < 0.0001
-0.714 0.476
-9.341 < 0.0001
3.009 0.003
136.11 < 0.0001
6.508 < 0.0001
-12.948 < 0.0001
-1.122 0.264

Residual deviance 1443.3; df = 178; quasipoisson dispersion parameter = 7.848

Table 4

Outcomes of the generalized linear models (quasipoisson distribution, log link) estimating the
effects of acclimation, treatment temperature, status and mean mass, and their significant in-
teractions on survival time (as a measure of desiccation resistance). Acclimation treatment was
either treated as a continuous variable with all values included, or as a categorical variable with
treatments for each species assigned either to a low (L) or high (H) category. Supplementary
Information Table S2 provides the same information, but for analyses with test temperature

replaced by vapor pressure deficit.

Analysis Estimate + S.E. t p
Acclimation continuous

Intercept 7.807 = 0.279 28.02 < 0.0001
Test temperature -0.127 + 0.016 -7.739 < 0.0001
Status (Indigenous) —2.216 + 0.514 -4.313 <0.0001
Acclimation temperature —0.014 + 0.013 -1.041 0.3022
Mean mass 4.341 + 1.482 2.929 0.0049
Test:Status 0.083 + 0.027 3.042 0.0035

Residual deviance 3493; df = 58; quasipoisson dispersion parameter = 65.273

Acclimation categorical

Intercept 7.689 + 0.265 29.003 < 0.0001
Test temperature —0.134 + 0.015 -9.116 < 0.0001
Status (Indigenous) —-2.227 + 0.515 —4.293 <0.0001
Acclimation temperature (L) —0.025 + 0.157 -0.156 0.876
Mean mass 4.307 + 1.484 2.903 0.0052
Test:Status 0.084 + 0.028 3.045 0.0035

Residual deviance 3562; df = 58; quasipoisson dispersion parameter = 65.531

desiccation tolerance, though species-specific difference in response be-
tween the two Lasius species investigated were found (Baumgart et al.,
2022). Here we verified such responses for springtails, finding strong re-
sponses to temperature, in ways that were similar in reciprocal acclima-
tions (i.e. a switch between the 5 °C and 28 °C temperature conditions),
in both contact angle and in the netto carbon count of the cuticle. Both
of these traits are strongly related to water relations in springtails and
in insects (Menzel et al., 2007, 2022; Helbig et al., 2011; Nickerl et al.,
2014; Gunderson et al., 2015; Hensel et al., 2016; Schmiiser et al., 2020;
Baumgart et al., 2022). What precise changes in hydrocarbons were tak-
ing place in the species we investigated here would be useful to under-
stand, but were beyond the scope of this verification of temperature re-
sponse despite constant ~100% humidity of the acclimation treatments.
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By contrast with these findings, basal resistance differed signifi-
cantly and substantially between the indigenous and alien species. An
effect of test temperature demonstrated, however, that this difference
became weaker with an increase in test temperature and therefore va-
por pressure deficit. Thus, differences are marked under the conditions
that hemiedaphic springtails, dwelling in litter (Christeiansen 1964;
Liu et al., 2021), are most likely to encounter. Such a finding of dif-
ferences in basal resistance, in this case survival time, accords with
the differences found between indigenous and alien species in the sub-
Antarctic Macquarie Island assemblage (Phillips et al., 2020). Nonethe-
less, a major difference between our results and those from that study, is
the marked effect of phylogenetic correlation found here (4 = 0.975) rel-
ative to the situation for the Macquarie Island Collembola fauna (4 = 0).



S.L. Chown, C. Janion-Scheepers, A. Marshall et al.

Current Research in Insect Science 3 (2023) 100051

Fig. 4. The relationship between test temperature and desiccation

resistance (log;, of survival time in minutes) for the alien (black
circles) and indigenous (orange circles) Collembola species investi-
gated here, including data from both acclimation treatments. Fitted
3.0 ? . . .
a lines are taken from the generalised linear model of the relation-
® ships (Table 3).
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In fact, a difference so large here that it rendered the effects of test tem-
perature, status, and their interactions insignificant.

Clearly this outcome has to do, in part, with the exceptionally
long survival times of the species in the family Hypogastruridae and
Neanuridae (Table 1), which in this study were dominated by alien
species. Some species in these families are among the most success-
ful invaders, particularly those investigated here (Convey et al., 1999;
Greenslade, 2002, 2018), with ecological investigations demonstrating
that invasive hypogastrurids can displace other Collembola species at
local scales (Terauds et al., 2011; Chown et al., 2022). Moreover, they
are among the most desiccation tolerant species known, at least as far
as comparisons, even with atmobiotic species, have revealed (Liu et al.,
2021). Nonetheless, it is clear that members of the family Entomobryi-
dae and Isotomidae can be successful invaders too (Greenslade, 2018),
but differences among them in desiccation resistance are less clear. In
consequence, it appears that other characteristics, which may be phy-
logenetically conserved, likely also play a role in the outcome of inva-
sions, though extent of habitat disturbance and other local factors prob-
ably also influence outcomes (Richardson and Pysek, 2006; Moles et al.,
2007; Enders et al., 2020). Disentangling the factors which lead to inva-
sion success in the Collembola can clearly benefit from a combination
of approaches applied across a range of scales which combine both eco-
logical and trait-based studies. So far, this approach has yet to be fully
applied in this group (see discussion in Phillips et al., 2020), though it
is now widely used for plants, providing clear insights into the factors
enabling success along the invasion pathway (van Kleunen et al., 2010a;
Powell et al., 2011; Hulme and Bernard-Verdier, 2018).
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One of the factors which may be important is, of course, the ex-
tent to which introduced species are likely to adapt to local conditions
(Oduor et al., 2016; Enders et al., 2020), relative to simply being filtered
out along the invasion pathway owing to unsuitable local conditions
(Kolar and Lodge, 2001; Renault et al., 2018). Here, we used laboratory
natural selection (Gibbs, 1999) to determine if differences in adaptation
might exist between indigenous and invasive species in response to vary-
ing environmental conditions. By contrast with what we expected, es-
pecially given evidence for heritability of desiccation resistance at least
in some arthropods (Hoffmann and Parsons, 1993; Gibbs et al., 1997;
Kellermann et al., 2009), laboratory natural selection had little effect
on the indigenous or alien species after 8-12 generations. Recent work
has revealed, however, that heritability for desiccation-related traits can
be highly variable among species from different regions (e.g., tropical
versus temperate areas) and experimental conditions (Kellermann and
van Heerwaarden, 2019). Here, we found no differences among species
from tropical or temperate regions, and little response to laboratory nat-
ural selection either. Obviously, selection must have led to differences
among major groups and species of Collembola at some point, but what
circumstances may have given rise to such differences is not clear. As is
the case with thermal traits, perhaps short-term extreme conditions are
most important (Kingsolver and Buckley, 2017; Janion-Scheepers et al.,
2018). Irrespective, the outcomes here suggest that environmental fil-
tering may have an important role to play, as is the case with invasions
involving other taxa (Renault et al., 2018).

In interpreting these results, consideration of other responses to
desiccation stress are also important. Arthropods, including spring-
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Fig. 5. Line graph illustrating desiccation resistance under 76% relative humidity (as the mean # s.d. of log10 time to death in minutes) at two test temperatures
for four species of springtails that had evolved at a high (orange) or low (black) temperatures for successive generations, which were then exposed to a high (dashed
lines) or low (solid lines) acclimation temperature for one week prior to experimentation. Repeated lines represent replicates of each of the four treatments for each

species.

tails, may alter survival of dry conditions by either limiting wa-
ter loss rate through various adaptive and/or short-term plastic re-
sponses, or they may alter initial body water content, or simply tol-
erate greater water loss (Hadley, 1994; Chown and Nicholson, 2004).
The approach taken here does not reveal which of these strategies are
used by the species in question. An investigation of the relative con-
tributions in other springtail species has revealed, however, that alter-
ations to change rates of water loss are most common, with changes
in the tolerance of water loss being less important (Keersgaard et al.,
2004; Leinaas et al., 2009). Although body water content change
in responses to laboratory selection has been found in insects, it is
thought to be less common in the wild (Gibbs et al., 2003). These
questions deserve greater consideration in the examination of vari-
ation in responses to dry conditions by indigenous and introduced
springtails.
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In conclusion, our work has indicated that basal desiccation resis-
tance may be a factor influencing the success of invasive Collembola.
The extent to which this is as a consequence of the identity of the in-
vasive species in a particular assemblage, or the role of environmental
filtering or adaptation cannot, however, yet be resolved. Importantly,
it does appear that phenotypic plasticity of desiccation tolerance plays
less of a role in differentiating indigenous from alien Collembola species
than might be the case for plasticity of other traits in other taxa. Ul-
timately, the most revealing outcome is how much still needs to be
done to understand the factors underlying Collembola invasions, that
are significant in many parts of the world (Cicconardi et al., 2017;
Greenslade, 2018; Phillips et al., 2020), with indications that they may
displace local species and alter ecosystem structure and potentially func-
tioning (Convey et al., 1999; Terauds et al., 2011; Leinaas et al., 2015;
Treasure et al., 2019; Potapov et al., 2020; Chown et al., 2022).
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Outcomes of nested mixed effects models estimating the effects of acclimation temperature, test tem-
perature and treatment (control or selection lines) and their interaction on survival time (as a measure
of desiccation resistance) for four springtail species that were selected under high (selection) or low
(control) temperatures for multiple generations. In each model, replicate line is nested within treat-
ment as a random effect. P-values calculated using Satterthwaite’s degrees of freedom approach.

Species Estimate + S.E. t p
Indigenous Lepidocyrtus (Ascocyrtus) sp. 2

Intercept 1.848 + 0.034 55.044 < 0.0001
Acclimation temperature (high) —0.036 + 0.034 —-1.048 0.2952
Test temperature (high) —0.13 + 0.036 —-3.555 0.0004
Treatment (treatment) —0.056 + 0.047 -1.198 0.2691
Acclimation temp x Test temp 0.142 + 0.05 2.859 0.0044
Acclimation temp x Treatment 0.148 + 0.048 3.063 0.0023
Test temp x Treatment 0.149 + 0.05 2.99 0.0029
Acclimation temp x Test temp x Treatment —0.207 + 0.068 -3.043 0.0025
Random Effects Percentage of variation explained

Replicate line 2.15%

Residual 97.85%

Alien Desoria trispinata Estimate + S.E. t P
Intercept 1.078 + 0.028 38.443 < 0.0001
Acclimation temperature (high) 0.221 + 0.033 6.666 < 0.0001
Test temperature (high) 0.081 + 0.032 2.551 0.012
Treatment (treatment) 0.043 + 0.04 1.076 0.3158
Acclimation temp x Test temp —0.309 + 0.047 -6.514 < 0.0001
Acclimation temp x Treatment —0.238 + 0.046 -5.141 < 0.0001
Test temp x Treatment —0.144 + 0.045 -3.183 0.0015
Acclimation temp x Test temp x Treatment 0.437 + 0.065 6.677 < 0.0001
Random Effects Percentage of variation explained

Replicate line 1.27%

Residual 98.73%

Indigenous Lepidocyrtus sp. 10 Estimate + S.E. t P
Intercept 2.242 + 0.034 65.51 < 0.0001
Acclimation temperature (high) —0.061 + 0.034 -1.791 0.0738
Test temperature (high) —0.189 + 0.033 -5.649 < 0.0001
Treatment (treatment) —0.002 + 0.048 —-0.047 0.9645
Acclimation temp x Test temp 0.157 + 0.047 3.296 0.0010
Acclimation temp x Treatment —0.305 + 0.047 —6.556 < 0.0001
Test temp x Treatment —0.133 + 0.047 —2.86 0.0044
Acclimation temp x Test temp x Treatment —0.062 + 0.066 -0.941 0.3471
Random Effects Percentage of variation explained

Replicate line 3.03%

Residual 96.97%

Alien Orthonychiurus sp. Estimate + S.E. t p
Intercept 1.99368 + 0.02716 73.41 < 0.0001
Acclimation temperature (high) —0.01449 + 0.02373 -0.611 0.5417
Test temperature (high) —0.29485 + 0.02524 -11.682 < 0.0001
Treatment (treatment) —0.14669 + 0.03891 -3.77 0.0204
Acclimation temp x Test temp 0.06305 + 0.0355 1.776 0.0762
Acclimation temp x Treatment —0.24488 + 0.03445 —-7.108 < 0.0001
Test temp x Treatment —0.12619 + 0.0354 —-3.565 0.0004
Acclimation temp x Test temp x Treatment 0.40308 + 0.04985 8.086 < 0.0001

Random Effects
Replicate line
Residual

Percentage of variation explained
3.68%
96.32%
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