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Introduction: Elevation gradients are often used as a proxy for climate change as
they allow comparisons of ecological responses over much larger temporal and
spatial scales than is possible through experimental manipulations.

Methods: Here, we tested how microarthropod communities (Collembola and
Acari) are affected by climatic differences between sea level and 600 m a.s.l. on
Navarino Island, in the Magellanic sub-Antarctic ecoregion of southern Chile
(mean annual temperatures of 5.6 vs 3.1°C, respectively). We quantified
microarthropod abundance, richness and community trait characteristics in
dominant moss (Racomitrium lanuginosum and Polytrichum strictum) and
lichen (Usnea trachycarpa, Pseudocyphellaria freycinetii and Stereocaulon
alpinum) vegetation growing at both elevations. These moss and lichen genera
are characterized by large morphological differences and allow testing of how
habitat characteristics affect microarthropod community response across
elevation gradients.

Results: Collembola and Acari community composition differed between the low
and high elevation sites. Total abundance levels of Acari were maintained in each
habitat across elevation, whereas Collembola richness strongly declined (50%) at
high elevation in the moss habitats. Acari community differences across elevation
were driven by relative abundance changes whereas the Collembola community
lost species at higher elevation. An anticipated decline of smaller eudaphic
Collembola at high elevation was only observed in the moss Racomitrium,
reflecting potentially lower temperature buffering capacity and shelter options
compared to Polytrichum. Lichens mostly supported larger epigeic species
irrespective of elevation. There were no consistent patterns linking
microarthropod communities with habitat water holding capacity or water loss
rates across the studied habitats and elevation.

Discussion: Habitat type and the genus of moss or lichen were associated with

microarthropod community changes across elevation, including examples of
declines, increases and no change. These findings highlight that community
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responses across gradients may not always relate to the generally hypothesized
environmental variables (e.g. temperature variability) and that habitat
characteristics should be taken into account when using elevation as a proxy

for climate change.

KEYWORDS

Collembola, moss, lichen, microclimate, Acari (mites)

Introduction

Polar regions are experiencing some of the most rapid warming
rates on Earth, resulting in potentially large changes in vegetation
composition, soil communities and soil process rates (Elmendorf
et al., 2012; Myers-Smith et al.,, 2015; IPCC, 2023). Understanding
ecosystem response to warming is crucial for understanding future
feedbacks to global climate change. Microarthropods, such as
springtails (Collembola) and mites (Acari), are soil biotic drivers
of soil nutrient and carbon cycling (Seastedt, 1984; Filser, 2002;
Kampichler and Bruckner, 2009) and changes in their abundance
and community composition affect decomposition rates (Wall et al.,
2008; Handa et al., 2014). Predicting microarthropod response to
changes in climate is complicated as various factors change
simultaneously in the soil biotic and abiotic environment, all of
which can potentially promote or restrict individual growth and
reproduction. In addition, some microarthropod species may be
more responsive to direct changes in microclimate conditions
(Makkonen et al.,, 2011; Bokhorst et al., 2012), while others
respond to indirect climate-driven changes in vegetation and
associated soil characteristics (Krab et al., 2010; Bokhorst et al,
2017). Untangling this context specificity across species response
requires complementary approaches, and will help to anticipate
challenges in polar ecosystems resulting from climate change.

Experimental warming studies show large and variable responses
by microarthropods (Hodkinson et al, 1998; Convey et al, 2002;
Bokhorst et al., 2008; Kardol et al,, 2011). This variability in part reflects
the context dependency on where these studies were performed. In
addition, methodological drawbacks exist with experimental
approaches in terms of realism (such as altering the frequency of
temperature extremes) or affect multiple microclimate conditions (e.g.,
moisture deficits, wind speed and shade) (Bokhorst et al.,, 2013a). This
can complicate our ability to determine the nature of causality behind
response variables. Using comparisons across elevation as a proxy for
climate differences provides an alternative approach to quantify climate
change effects and allow assessment of ecological responses over much
larger temporal and spatial scales than is possible through experimental
manipulations (Hodkinson, 2005; Sundqvist et al.,, 2013). Such
elevation approaches have been used to characterize microarthropod
community changes, but often generate contrasting response patterns
in terms of abundance and diversity (Lamoncha and Crossley, 1998;
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Loranger et al., 2001; Sadaka and Ponge, 2003; Jing et al, 2005;
Hasegawa et al., 2006; Illig et al., 2010; Nash et al,, 2013) or
community changes that were habitat dependent (Bokhorst et al,
2018). Recent studies have suggested that springtail communities show
a higher proportion of larger species and individuals with increasing
elevation (Bokhorst et al., 2018; Wu et al,, 2023; Hishi et al., 2024),
which probably reflects selection against smaller species with
vulnerability to freezing intensity and variability around zero degrees
(freeze-thaw) found at higher elevation (Leinaas, 1983; Somme, 1989;
Bokhorst et al., 2012; Bokhorst et al., 2013b; van Dooremalen et al.,
2013). Mite communities typically show a decline in abundance with
altitude across major taxonomic groups (Bokhorst et al, 2018). To
further untangle patterns of microarthropod distribution patterns
across environmental gradients, studies can take advantage of habitat
types that change as little as possible with elevation, such as provided by
mosses and lichens.

Mosses and lichens are key players in shaping boreal and polar
terrestrial microarthropod communities by providing habitat,
water, food and buffering against weather extremes (Cornelissen
et al., 2007; Blok et al., 2011; Bokhorst et al., 2014; Roos et al., 2021).
However, moss and lichen species typically differ in the
microarthropod communities they support (Bokhorst et al., 2015;
Trekels et al., 2017; Roos et al., 2022), resulting from the way each
moss and lichen species creates its own microhabitat (Stoy et al.,
2012; van Zuijlen et al., 2020). Moss and lichen water content affects
the type of microarthropods supported and higher water holding
capacity often results in greater arthropod abundance (Booth and
Usher, 1984; Bokhorst et al, 2015). Cryptogam water holding
capacity is unlikely to change markedly across environmental
gradients (Roos et al., 2019), but water loss rates may be slower
in exposed areas, such as a montane plateaus, to prolong
photosynthetic capacity (Pintado et al,, 1997) which, in turn,
provides a longer duration of moist environmental conditions for
associated microarthropods. By comparing how microarthropod
communities change across elevation within the same moss and
lichen habitat, we can identify if microarthropod responses are
driven by the overall changes in temperature conditions at higher
elevation (environmental selection) or by habitat conditions created
by the moss and lichen habitats.

Here we tested how Collembola and Acari community
composition responded to changes in climate conditions across
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elevation, while retaining the same habitat structure provided by
moss and lichen species that grew at both high and low elevation
sites. The study was carried out on Navarino Island in the
Magellanic sub-Antarctic ecoregion of Southern Chile, whose
high elevation fell-field plateaus face similar environmental
conditions to the core sub-Antarctic islands and parts of the
Antarctic Peninsula region (Rosenfeld et al., 2020; Francisco et al.,
2021). We hypothesized that: a) microarthropod abundance will
decline at higher elevation as a result of the colder environmental
conditions, b) microarthropod communities will be more strongly
affected by elevation in lichen than moss habitat as mosses provide
stronger buffering against environmental extremes (Stoy et al,
2012), and ¢) communities will shift toward larger sized
Collembola at higher elevation.

Methods

The study site (Figure 1) was located on Navarino Island in
southern Patagonia (55° 07’ S, 67° 66° W). The low elevation sampling
site (54° 94’ S, 67° 62° W) was situated close to sea level at the edge of
Nothofagus forest (mixed stands of N. pumilio and N. antarctica)
intermixed with peatland (Sphagnum magellanicum). The high
elevation sampling site was situated above the tree line (600 m. asl.
54° 97 S, 67° 63> W) on Cerro Bandera and comprised a typical
fellfield community consisting of a mosaic of lichens and mosses
intermixed with dwarf shrubs (Empetrum rubrum), cushion plants
(Azorella spp.) and grasses, similar to sub-Arctic mountainous
regions and sub-Antarctic islands (Greene, 1964; Upson et al,
2017). Mean annual soil temperatures are 5.6°C and 3.1°C for the
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low and high elevation sites, respectively, and 0.5°C and -2.2°C during
winter (Table 1). Snow frequently occurs during summer months at
the high elevation site, but melts out within a few days, while at sea
level precipitation mostly falls as rain (Rozzi and Jimenez, 2013).

During the austral summer (22-29' January 2020) we collected
dominant moss and lichen species that occur at both low (sea level)
and high (600 m a.s.l.) elevation. Twenty clumps each of
Racomitrium lanuginosum, Polytrichum strictum, Usnea
trachycarpa, Pseudocyphellaria freycinetii and Stereocaulon
alpinum from the low (n = 10) and high (n = 10) elevation study
site. Henceforth these species will be referred to by their genus name
alone. Polytrichum (Polytrichaceae, bog haircap moss) is an erect
growing, acrocarpic, moss species preferring moist habitats
(peatlands), which is also found in the maritime Antarctic and
the Arctic. Its erect growth form creates a compact moss mat which
can develop to tens of cm depth. Racomitrium (Grimmiaceae,
woolly fringe moss) is a common moss species of montane and
polar tundra (also in the maritime Antarctic) growing as large mats
of loose horizontal shoots, across dry exposed rock and in boulder
scree. Pseudocyphellaria (Peltigeraceae, speckle belly lichens) is a
foliose lichen growing on tree trunks and boulders where it forms
extensive mats. Although Peltigeraceae are present in Antarctica,
the genus Pseudocyphellaria is not reported from the Arctic or
Antarctic. Stereocaulon (Stereocaulaceae, snow lichens) is a
fruticose grey-white lichen, with densely branched thalli covered
with grainy outer edges, which also occurs in the maritime
Antarctic. Usnea (Parmelicaceae, beard lichen) is pale grey-green
fruticose lichen that resembles a miniature shrub. Lichens of this
genus have a worldwide distribution with several species also
occurring in Antarctica.

High elevation

Low elevation

Map showing the location of Navarino Island in southern Patagonia (54° 97° S, 67° 63" W). The low elevation sampling site (lower right picture) was
situated close to sea level at the edge of Nothofagus forest intermixed with peatland (Sphagnum magellanicum). The high elevation sampling site
(upper right picture) was situated above the tree line (600 m. asl.) on Cerro Bandera and comprised a typical lichen fellfield community intermixed

with dwarf shrubs and cushion plants.
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TABLE 1 Microclimate temperature conditions and water traits among
different moss and lichen habitats at low and high field sites.

Temperature

High

Water

Low Low

High

Site variables

Mean T 5.6 (0.1) 3.1 (0.1)

Minimum T -3.2 -10.8

Maximum T 44.0 47.6

Degree days (sum) 1942 (42) 1409 (21)

Freeze thaw 80 (10.2) 227 (7.7)

cyles (No.)

Habitat variables =~ Temperature range =~ WHC

Polytrichum 15.4 17.5 432 (16)a 352 (16)

Racomitrium 242 222 511 (20)b 635 (15)*

Pseudocyphellaria 35.9 16.8 281 (18)c 298 (28)

Stereocaulon 33.8 23.6 356 (17)d 328 (20)

Usnea - 23.4 144 (16)e 92 (6)
Maximum Water
temperature loss (minutes)

Polytrichum 21.8 213 1491 1430 (76)

(119)a

Racomitrium 304 25.2 861 (104)a 1518 (124)

Pseudocyphellaria 41.1 21.7 207 (18)b 244 (25)

Stereocaulon 39.5 27.5 363 (29)c 408 (45)

Usnea - 25.9 152 (33)d 63 (12)*

Site variables are mean values (n = 5 and 3 for the high and low site, respectively) with SE
between brackets. Habitat variables represent temperature conditions measured during
summer (n = 1 at high and low site each). Water holding capacity (WHC) and time to
50% water loss for lichens and mosses are means of n = 10 samples with SE between brackets.
WHC: habitat F,o9 = 167.9, P < 0.001; elevation F, gy = 0.1, P < 0.720; HXE Fyq0 = 9.8,
P <0.001. Water loss: habitat F, o - 135.1, P < 0.001; elevation F gy = 0.1, P < 0.871; HXE F4 o9
= 5.2, P < 0.001. Significant (Tukey’s HSD P < 0.05) differences in water variables between

elevation are denoted by *’, while different letters indicate habitat differences.

Individual lichen thalli (c. 5 cm % 5 cm) were collected by hand,
ensuring at least 50 cm distance between thalli. Mosses were
collected using a 5 cm diameter, maximum depth of 5 cm, corer
with a minimum of 1 m distance between cores. Mosses and lichens
were obtained from patches dominated by the target species, to
minimize potential edge effects. Each sample was immediately
sealed in a sampling pot with lid and microarthropod extraction
was started as soon as possible upon return to the field station
(<5 h). Species replicate samples (n = 10) were always collected on
the same day, but logistical practicalities prevented sampling all
species across both study sites at the same day. However, given the
short duration of the sampling campaign (7 d), we assume that any
time differences between low and high site sampling dates (1-5 d)
and species (3-6 d) did not affect microarthropod abundances.

A Tullgren heat extractor was used to collect Collembola, Acari
and spiders (Araneae) from the vegetation samples. Extractions took
place over a minimum of 48 h until the cryptogam habitat was dry, and
the extracted animals were immediately preserved in ethanol (70%).
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Collembola species were identified to genus or species level following
Heckman (2001) and grouped into life-form groups according to their
known vertical distributions across soil-litter profiles: in soil, eudaphic;
in litter, hemi-edaphic; on plants, epigeic; (Gisin, 1943). To determine
whether Collembola species with specific traits would be differentially
affected by elevation, community weighted trait means (CWM) were
calculated (de Bello et al., 2011). For each trait the relative abundance of
a Collembola species was multiplied by its trait value, and then
summed over all species in the community. For Collembola we used
the traits of life form eudaphic (trait value 1), hemidaphic (trait value 2)
and epigeic (trait value 3), and CWM body length (mm). Trait
information was obtained from the literature (Gisin, 1943; Fjellberg,
1998; Heckman, 2001). Acari were identified to major groups
(Oribatida, Mesotigmata and Prostigmata-Astigmata) and, where
possible, to family level. All spiders were counted, but not compared
across functional trait groups as this type of information is lacking. All
abundance data were expressed as individuals per gram oven dried
substrate (70°C 48 h). Collembola species and Acari group frequency
across sampled habitats are presented in Supplementary Table 1.

To determine if habitats differently buffer against
environmental conditions, we measured hourly temperature and
light conditions of each moss and lichen habitat at the high and low
elevation site for 48 h in late January, using HOBO pendants (UA
002-64). Logger placement among mosses resulted in the logger
being buried and not exposed to direct illumination, while among
lichen thalli the loggers were partly exposed to direct illumination.
Due to logger limitation there was no replication of microclimate
logging at the respective elevation sites; the logger placed in Usnea
at the low elevation site malfunctioned. For each habitat type
(species) we calculated daily mean temperature, temperature
range and the minimum and maximum temperature. Although
the microclimate recording took place over only a short mid-
summer period, it reflects the temperature and light conditions
soil invertebrates are exposed to when living among these moss and
lichen habitats. Year-round temperature and light data were
obtained using HOBO pendants (UA 002-64) placed on the soil
at the high (n = 5) and low (n = 3) elevation site.

Moss and lichen water holding capacity (WHC) was quantified
by comparing the weight difference between fully hydrated and
oven dried (70°C 48 h) tissue samples. Full hydration was achieved
by wetting lichen thalli and moss plugs and placing them in a closed
jar with moist tissue paper for 24 h. A thin layer (1-2 cm) of water
was added to the moss plugs as these can take up substantially more
water than lichens. To quantify water loss rates, fully hydrated
samples were weighed at regular intervals (1.5-3 h) under
standardized laboratory settings at room temperature for 7 h.
Water loss rates followed a linear or exponential decline and the
time to 50% water loss was calculated as a response variable (water
retention time) for each individual moss and lichen sample.

Statistical analyses
A factorial ANOVA was used to test how microarthropod

abundance (total, Collembola, Acari, spider, species and groups),
taxonomic richness, community weighted trait values, water
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holding capacity (WHC) and water retention time were affected by
habitat (n = 5 species) and elevation (low vs. high). We quantified
how Collembola and Acari community composition (based on
abundance) differed between elevation in each habitat using Bray-
Curtis distance and compared habitat differences using the adonis-
method from the R ‘vegan package’ (Oksanen, 2015). To identify
effects of changing water conditions across elevation within each
habitat we assessed the correlation (Pearson) of habitat WHC and
water retention time with microarthropod abundance and richness.
All data were log- or square root-transformed to improve
homogeneity of variances. All analyses were performed using R
(R-Core-Team, 2023). We used the online iNterpolation and
EXTrapolation tool to check if sampling size was sufficient
capture microarthropod diversity (Supplementary Figure SI)
(Chao et al., 2014). This type of sampling curve plots the diversity
estimates with respect to sample size. Although we tested for moss
and lichen habitat differences in microarthropod composition
measures, the results and discussion primarily focus on elevation
comparisons between moss and lichen habitats.

Results
Microclimate differences

Mean annual soil temperature was 2.5°C lower at high
elevation, and this was also reflected in lower moss (3.0 - 3.6°C)
and lichen (5.4 - 5.7°C) summer temperatures (Table 1). The high
elevation site was exposed to nearly three times higher frequency of
freeze-thaw events annually, and experienced a larger temperature
range due to colder winter and warmer summer temperatures
(Table 1). The summer temperature range at the low elevation
site was on average 7°C higher among the moss and lichen habitats
compared to the high elevation site. Moss temperature range was
about 10-20°C lower than that of lichens at low elevation, whereas
this differences was reduced at high elevation (Table 1,
Supplementary Figures 2, 3). Water holding capacity and water
retention time were highest in the two moss habitats compared to
the lichens, with the latter decreasing in the following order:
Stereocaulon > Pseudocyphellaria > Usnea. Racomitrium had a
24% higher WHC at high elevation, and Usnea from high
elevation lost water more than two times more rapidly than did
specimens from low elevation. Other moss and lichen habitats did
not differ in WHC or water retention time between high and low
elevation (Table 1).

Microarthropod abundance and
richness responses

Total microarthropod abundance was affected by elevation but
not consistently across moss and lichen habitats, and a similar
pattern was observed for Collembola and Acari abundance and
taxonomic richness (Table 2). Collembola abundance was lower at
high elevation in Racomitrium (64%) and Usnea (84%) compared to
the low elevation site, as predicted, but no significant differences
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TABLE 2 ANOVA results (F and P-values) of micro-arthropod
abundance, taxonomic richness and community weighted mean traits
between different lichen and moss habitats across low and

high elevation.

Habitat

Habitat X Elevation

Elevation

F P F P F P

Microarthropod
4.5 0.002 11.6 <0.001 10.8 <0.001
abundance
Collembola
22.0 <0.001 20.5 <0.001 34 0.012
abundance
Collembola R 38.4 <0.001 25.6 <0.001 2.5 0.047
Epigeic
16.6 <0.001 14.7 <0.001 2.8 0.028
abundance
Hemidaphi
emidaphic 124 <0001 02 0670 | 54 <0.001
abundance
Eudaphic
10.6 <0.001 9.2 0.003 17.1 <0.001
abundance
CWM
. X 30.0 <0.001 0.3 0.618 8.2 <0.001
stratification
CWM length 34.0 <0.001 0.0 0.965 4.5 0.002
Epigeic (%) 24.7 <0.001 2.3 0.131 5.8 <0.001
Hemidaphic (%) 10.1 <0.001 59 0.018 1.1 0.384
Eudaphic (%) 16.4 <0.001 1.4 0.245 6.5 <0.001
Acari abundance 42 0.004 0.2 0.663 11.1 <0.001
Acari R 9.9 <0.001 0.3 0.564 4.6 0.002
Mesostigmata
0.5 0.723 1.3 0.252 2.8 0.029
abundance
Oribatida
6.9 <0.001 4.1 0.046 14.8 <0.001
abundance
Prostigmata
7.1 <0.001 8.1 0.005 7.3 <0.001
abundance
Mesostigmata (%) | 2.7 0.034 2.9 0.089 2.7 0.039
Oribatida (%) 4.6 0.002 0.2 0.640 9.1 <0.001
Prostigmata (%) 6.7 <0.001 33 0.070 8.8 <0.001

were observed among the other moss and lichen habitats. Acari
abundance was 92% lower among Usnea at high elevation
(Figures 2A, B). Collembola species richness was reduced by 50%
at high elevation in Polytrichum, Racomitrium and Usnea, as
predicted, while a doubling of Acari taxonomic richness was
observed in Polytrichum at high elevation (Figures 2C, D). Spider
abundance was low overall and spiders were absent from moss but
not lichen at high elevation.

There was no consistent Collembola size response with
elevation across habitats (Figures 3A, B). Epigeic Collembola
abundance was decreased (84%) at high elevation in Stereocaulon
(Supplementary Figure 4A). Eudaphic Collembola were absent at
high elevation in Racomitrium, and hemidaphic Collembola
abundance was reduced (62%) in this moss, resulting in a
community with larger species (Figures 3A, B). No elevation
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significant differences between elevation, while different letters indicate habitat differences.

effects were observed for any of the other moss or lichen habitats on
these Collembola groups (Supplementary Figures 4B, C).
Abundance of mesostigmatid mites was not consistently affected
across elevation. Oribatid mite abundance was reduced (99%) at
higher elevation in Usnea, while prostigmatid mite abundance
increased ten-fold in Racomitrium at high elevation.

Community responses

Collembola community composition differed between the low and
high elevation sites for four of the five sampled cryptogams, the
exception being Usnea (Table 3, Figure 3). A similar pattern was
observed for Acari community composition but no difference was
found in Pseudocyphellaria. The proportion of epigeic Collembola
increased with elevation in Racomitrium. Eudaphic Collembola
species disappeared from Racomitrium at high elevation, but not
from Polytrichum. The proportion of hemiedaphic Collembola was
greater at high elevation (39% =+ 5) compared to low sites (21% * 5).
The proportion of Oribatida declined at higher elevation in
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Racomitrium and a similar trend was found in Usnea (Figure 3D).
The proportion of Prostigmata increased with elevation in both
Racomitrium and Usnea but not in the other moss and lichen
habitats. Mesostigmata were unaffected by elevation in any of the
moss and lichen habitats. A small number of species were only observed
at one elevation: the Collembola Entomobrya lanuginosa, Setanodosa
sp. and Sminthurinus patagonicus were only observed at low elevation
while a Friesea sp. was only observed at high elevation (Table 4). No
such patterns were observed among the Acari families/groups (Table 5).

There were significant correlations between microarthropod
(group) abundance and habitat WHC and water retention times.
However, microarthropod abundance was never positively
correlated, as anticipated. In addition, for the moss habitats these
correlations resulted from a clear grouping of WHC and retention
time between low and high elevation (Supplementary Figures 5-8).
Total Acari abundance was negatively related to Stereocaulon WHC
(R =-0.546, P = 0.027). Oribatida abundance was negatively related
to Stereocaulon water retention time (R = -0.632, P = 0.007). Epigeic
Collembola showed a negative correlation with Polytrichum water
retention time (R = -0.459, P = 0.042).
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Discussion

Explaining and predicting microarthropod abundance and
diversity patterns is one of the many challenges in ecology
(Hodkinson, 2005). Our data showed that the colder and higher
freezing frequency conditions of higher elevation did not consistently
affect moss- and lichen-associated microarthropod communities, as

TABLE 3 ANOVA output (F and P-values) community composition
following Bray Curtis comparison of Collembola and Acari composition
between low and high elevation for each moss and lichen habitat.

Collembola

F P
Polytrichum 2.1 0.080 7.6 0.001
Racomitrium 6.5 0.001 9.8 0.001
Pseudocyphellaria 33 0.003 1.1 0.438
Stereocaulon 10.3 0.001 4.8 0.002
Usnea 0.4 0.748 8.4 0.001
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hypothesized. Instead, abundance and diversity responses to elevation
were dependent on habitat type, as also reported in a study of whole
ecosystem change in sub-Arctic landscapes (Bokhorst et al., 2018).
However, the community changes, or lack thereof, were also features of
different habitats within the high elevation fell-field vegetation,
indicating that small spatial scale heterogeneity affects community
response within an ecosystem type. This was also apparent at the
microarthropod species level, where species losses in one microhabitat
at higher elevation were compensated by gains in a different
microhabitat, thereby retaining the overall species pool, reflecting the
relative roles of the spatial scale and heterogeneity of environmental
factors on soil fauna community assembly (Widenfalk et al., 2016).
Polar microarthropod community responses to climate change will,
therefore, be habitat dependent.

Elevation effect on
microarthropod abundance
The high elevation study site was exposed to lower temperatures and

a higher frequency of freezing and thawing, also during the summer
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TABLE 4 Collembola species abundance (ind./g) across different moss and lichen habitat and elevation.

10.3389/fevo.2024.1440649

Polytrichum Racomitrium Pseudocyphellaria Stereocaulon
Species low high Low high low high low high
Cryptopygus cinctus  0.11 (0.04) 021 (0.08) = 0.89 (0.30) | 0.88 (0.42) = 0.17 (0.17)  0.71(0.23) = - 0.58 (0.19) = - -
Entomobrya
o - - - 0.02 (0.02) 020 (0.14) | - - - 0.99 (0.40)  0.14 (0.09)
griseoolivata
Entomobrya - - - - 021 (0.07) - 034 (0.14) - - -
lanuginosa
Friesea sp. - - - 0.02 (0.01) - - - - - -
H £
Jpogastrura - - 031(029) - 114 (045) | - 533 (1.86)  0.15(0.10)* 004 (0.04) -
pmpurescens
Isotoma punctata 028 (0.08)  0.13(0.04) 0.62(0.16) - 0.03 (0.03) | - - 0.07 (0.05) = - -
Isotomidae
- - - - - - - 0.15 (0.0 - -
sp. (small) (009
Isotomurus palustris | 0.09 (0.04) 006 (0.02) | 0.11 (0.04) 039 (0.18) 031 (0.17) | 0.64(029) 022 (0.11) 046 (0.14) - -
Isot
Sotomurus 001 (0.01) - - - 0.06 (0.04) | 0.16 (0.09)  0.65(024)  0.11(0.11) | - -
palustris ()?
Lepidocyrtus sp. 0.11 (0.05) - 0.03 (0.02) - 024 (0.12) | 1.00 (0.35) | 1.05(0.45) 0.2 (0.10) = - -
Protaph
rotaphorura 001 (0.01) - 038 (024) - - 0.08 (0.08) - 0.03 (0.03) - -
encarpta
Setanodosa sp. 0.04 (0.01) - 1.40 (0.43) - 0.17 (0.12) - - - - -
Sminthurides hospes | 0.11 (0.06) - 0.03 (0.02)  0.05(0.04) - 0.20 (0.20)  0.16 (0.11) - - -
Sminthu'rinus ~ ~ ~ ~ 003 (0.03) ~ ~ ~ ~ ~
patagonicus
1.36 (0.55 0.14 (0.09
collembola total 077 (0.14) b | 0.40 (0.07) 377 (0.95)a 039 5 (0.64)a | 279(0.56) 774 (216)a  2.07 (027) | 103 (040)b 009
Number of species 3.6 (0.4) ab 1.9 (03)* | 43(0.3)ab  22(03)*  26(0.5)Db 2.1 (0.4) 33(03)a 32 (0.4) 0.9 (0.2) ¢ 0.2 (0.1)*

Lichens and mosses sampled near sea level (low) and on a mountain plateau (high) on Navarino Island, southern Chile. Mosses: Polytrichum and Racomitrium, lichens: Pseudocyphellaria,
Stereocaulon and Usnea. Values are mean of n = 10 samples with SE between brackets. ‘-’ = not present. Moss and lichen habitat differences (Tukey’s HSD P < 0.05) in total Collembola abundance

and species richness are indicated by different letters, while ** denote differences between low and high elevation.

growing season, which is generally expected to negatively affect the
abundance of ectothermic organisms (Sinclair et al, 2003a). However,
the studied moss and lichen habitats maintained similar Collembola and
Acari population sizes across elevation. This contrasts with patterns
observed across elevation in other montane regions, where Acari
abundance has been reported to decline with elevation while
Collembola abundance increased (Cutz-Pool et al, 2010; Bokhorst
et al, 2018 Wu et al, 2023). Such differences may reflect habitat
turnover changes across elevation (Cutz-Pool et al,, 2010; Wu et al,
2023), substrate quantity and quality (Bokhorst et al, 2018), or
differences in climate condition changes with elevation between
studies. The current study sites have an annual mean temperature 2-3°
C higher than those reported by Bokhorst et al. (2018) and larger
microarthropod community differences may occur across greater
elevation differences. However, the high frequency of freeze-thaw
cycles (227 events at the high elevation site compared to 80 at the low
site) are also detrimental for growth and survival (Bale et al, 2001;
Sinclair et al., 2003b; Sinclair and Chown, 2005), and can be sufficient to
induce equivalent changes in microarthropod abundance. The studied
moss and lichen habitats appear, in most cases, to buffer micro-
arthropod abundance patterns against temperature contrasts across
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elevation gradients, indicating that the population changes reported in
other studies may in part result from larger habitat characteristic changes
rather than changes in temperature conditions per se.

Micro-arthropod taxonomic richness was often reduced at
higher elevation in the sampled habitats, indicating that fewer
species were able to survive there, consistent with our prediction
as well as reported in other studies of microarthropod communities
across elevational gradients (Cutz-Pool et al., 2010; Illig et al., 20105
Bokhorst et al., 2018; Wu et al., 2023). However, total
microarthropod diversity was sustained in the high-elevation
landscape by the presence of the different moss and lichen
species. These patterns may reflect physiological tolerance limits
for species survival at this colder site with greater temperature
fluctuations resulting in larger microarthropod population
variability (Kuznetsova, 2006).

Responses in mosses and lichens

There was no support for our second hypothesis that
microarthropod communities would change more among lichens
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TABLE 5 Acari abundance (ind./g) across different moss and lichen habitats and elevation.

Polytrichum Racomitrium Pseudocyphellaria = Stereocaulon

low high low high low high low high
Prosti ta-

rostigmata 1.03 (0.27) 047 (0.11) | 033 (0.10) 075 (032) | 0.16 (0.11) 054 (0.24) 050 (022) 0.3 (0.09)  0.28 (0.13) 0.22 (0.12)

Astigmata
Oppiidae - 0.06 (0.03)  0.04(0.03) 030 (0.14)* - - - - - -
Oribatida spp. | 0.14 (0.04)  0.36 (0.08)  1.31(0.56) 0.1 (0.10) | 032(020)  0.54 (029) - 045 (0.16) 1034 (3.79) 009 (0.09)*
Oribatida 055 (0.20)
(white) - - - - - - - - 35 (0. -
Nothroidae - 058 (030) 053 (022)  0.02(002) 0.2 (0.12) 110 (099) | 031(023) 027 (0.18) - 0.05 (0.05)
Phthiracaridae | - - 0.09 (0.04)  0.03 (0.02) - 096 (0.57)  0.12 (0.07) - 0.04 (0.04) | 024 (0.17)
St tyde
Spmo YA 0,03 (0.02) 036 (0.06) | 0.03 (0.02)  2.96 (0.72)* | 0.20 (0.10) 0.03 (0.03) - 0.28 (0.18) | 0.08 (0.08) 0.31 (0.17)
Mesostigmata | 001 (0.01)  0.18 (0.06) | 0.13 (0.05)  0.02 (0.01) | 009 (0.05 0.8 (0.12) 027 (0.10) 007 (0.06) | 024 (0.16) -
Acari total 121 (029) ab 201 (045) = 2.46 (0.85) a | 4.19 (091) = 089 (0.25)ab | 3.36 (156) = 121 (034)b 121 (0.27) | 11.53 (3.86)a  0.90 (0.33) *
. .
riiiﬁ:::mc 210(023)a | 4.80 (049) 370 (0.50)a 280 (0.39) | 1.20 (036)b 170 (0.33) 160 (0.37)b  1.80 (0.33) 220 (0.39)b | 1.00 (0.33)
Spider

0.04 (0.02) - 0.10 (0.04) | - 031(0.14) | 0.12(0.09) 005 (0.05) | 0.02(0.02) - 0.04 (0.04)
abundance

Lichens and mosses sampled near sea level (low) and on a mountain plateau (high) on Navarino Island, southern Chile. Mosses: Polytrichum and Racomitrium, lichens: Pseudocyphellaria,
Stereocaulon and Usnea. Values are mean of n = 10 samples with SE between brackets. -’ = not present. Moss and lichen habitat differences (Tukey’s HSD, P < 0.05) in total Acari abundance and

taxonomic richness are indicated by different letters, while *’ denote differences between low and high elevation.

than mosses, as the latter would provide stronger buffering against
environmental variability (Stoy et al., 2012). Instead, almost all
Collembola and Acari communities differed across elevation,
irrespective of moss or lichen habitat. In addition, abundance
differences were minimal between habitat types, despite clear
differences in potential water status (Table 1), an important factor
behind cryptogam-associated micro-arthropod communities
(Booth and Usher, 1984; Bokhorst et al., 2015). Microarthropods
most likely move across the vegetation mosaic at the high elevation
site, from high population densities in favorable habitats to others,
and so affect population and diversity patterns. Although, this study
presents community data at a single point in time, there were clear
habitat-specific microarthropod communities that likely derive
from mobility and selection for a suitable habitat. Acari
community differences primarily reflected changes in relative
abundance instead of taxonomic group turnover between low and
high elevation. These Acari community changes with elevation were
inconsistent across moss and lichen habitats and the specific
taxonomic groups involved, reflecting the context-dependency of
Acari response to changes in environmental conditions (Nielsen
et al., 2010; Wissuwa et al., 2012; Bokhorst et al., 2017). Collembola
community differences between low and high elevation resulted
from species losses, especially among the mosses, and turnover at
higher elevation. The fruticose lichen Usnea supported only few
species, and the Collembola species observed (Entomobrya
griseoolivata and Hypogastrura purpurescens) at both elevations
are generalist species commonly observed across many
environments (Fjellberg, 1998, 2007). These results indicate that

Frontiers in Ecology and Evolution

09

habitat type has a potentially strong role in shaping microarthropod
community changes across environmental gradients and influences
the conclusions that can be derived from such studies.

Community trait response

There was limited support for our third hypothesis, that larger-
sized animals would dominate communities at higher elevation except
in Racomitrium, where there was a clear increase in community
weighted mean length at higher elevation which resulted from the
loss of eudaphic Collembola. This community response has been
observed in other elevation studies (Cutz-Pool et al., 2010; Bokhorst
etal, 2018; Hishi et al., 2024), and most likely reflects a vulnerability of
eudaphic species to the colder and more variable montane weather
(van Dooremalen et al., 2013; Bokhorst et al., 2018). Interestingly this
decline in eudaphic and smaller species was not observed in
Polytrichum, possibly suggesting stronger temperature buffering
capacity than Racomitrium (Table 1). The lichen habitats did not
support eudaphic species to any great extent and, therefore, the
associated microarthropod community is already adapted to ‘harsher’
conditions, with greater CWM-length and dominance of surface-
dwelling species, irrespective of elevation. Overall, species identity
and associated traits can provide insights into community shifts
across elevation, but this cannot be easily disentangled from the
habitat type under study. Future research should consider species
physiological limits and the functional role (biotic and abiotic
control) of microhabitats for microarthropods.
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Conclusions

Many biotic and abiotic conditions change across elevation
gradients (Hodkinson, 2005; Sundqvist et al., 2013), and associated
changes in plant community structure and soil properties are
underlying factors that shape animal communities, while at the
same time making it hard to identify causal links with micro-
arthropod patterns. By targeting the same habitat across elevation
we attempted here to shed light on potential causal factors for
micro-arthropod abundance and community changes across
contrasting temperature conditions. Moss and lichen nutrient
content was not taken into consideration but, given the isolation
from industrial or agricultural activities and absence of bird
colonies near the sampling sites that could provide major nutrient
inputs (Bokhorst et al., 2019; van der Vegt and Bokhorst, 2024;
Zmudczynska-Skarbek et al., 2024), it is unlikely that this played a
role in the observed microarthropod patterns across elevation.
Overall, the responses seen appeared highly context-dependent, in
that some lichen habitats maintained population levels even under
colder conditions, while moss-associated communities appeared
more responsive to changes associated with elevation. These
differences appear to be driven by the habitat characteristics and
the type of organisms associated with each habitat. While elevation
gradients can provide useful insights into how ecosystem properties
and the contained communities may change, the underlying causes
for specific target groups may not always be obvious and care
should be taken when extrapolating to other habitats and regions.
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