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ABSTRACT

Current climate change is altering the distribution of species across both broad and
fine scales. Examining contemporary species distributions along altitudinal gradients is
one approach to predicting species future distributions, as species occurrence patterns at
cold, high altitudes are expected to resemble the species distribution patterns currently
observed at warmer, lower altitudes if warming occurs. Strong changes in climate have
been observed in the sub-Antarctic over the last 50 years, with a 1.5 °C increase in mean
temperature and a c. 30% decrease in mean precipitation recorded on Marion Island. In
this study, the distribution patterns of mites and springtails inhabiting the cushion-plant
Azorella selago were studied on Marion Island. Mite and springtail species richness
and springtail abundance were significantly higher on the western aspect of the island,
possibly due to higher rainfall and greater cloud cover on the windward side of the island.
Mite abundance did not differ between aspects of the island, which may be due to the
higher desiccation tolerance of mites. Mite and springtail species richness and springtail
abundance were significantly lower at high altitudes coinciding with lower temperatures
and generally harsher environment at higher altitudes. Plant characteristics generally did
not contribute to explaining species patterns, suggesting that at the island-scale abiotic
variables, rather than biotic factors, appeared to be the more important determinants of
community structure. Therefore, despite species responding individualistically, it is clear
that a warmer and drier climate will dramatically change the microarthropod community
structure within A. selago on Marion Island.

Keywords Azorella selago, Collembola, Acari, environmental gradients, Prince Edward Islands,
species richness, sub-Antarctic

Introduction
Current climate change is unequivocally altering species distributions (Walther et al. 2002;
Root et al. 2003; Parmesan 2006), with many species’ ranges shifting poleward and upward in
elevation (Fielding et al. 1999; Parmesan et al. 1999; Parmesan and Yohe 2003; Walther et al.
2002; Chen et al. 2011). Changes in species ranges will likely lead to local extinctions (e.g. loss
of lowland populations) and, because species tend to respond individualistically to changing
climatic conditions, to the alteration of community structure (Root et al. 2003; Thomas et al.
2004; Parmesan 2006; Le Roux and McGeoch 2008c; Chen et al. 2011). Knowledge of the
current regional and local distributions of species, as well as continued monitoring of species
distributions, is therefore critically important for understanding and predicting the impacts of
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climate change on individual species and entire communities (Heaney 2001; Peterson et al.
2002; Walther et al. 2002; Sanders et al. 2003; Thomas et al. 2004).

One approach to predicting species future distributions is to examine the spatial distribution
of species across an environmental gradient, such as, for example, the temperature gradient
found across altitude (Parmesan et al. 2005). Gradients can be seen as natural experiments
(Smith et al. 2002; Brehm and Fiedler 2003), offering an analogue for future climates
(Hodkinson and Bird 1998; Fielding et al. 1999; Hodkinson and Wookey 1999). For example,
the current occurrence pattern of a species at cold, high altitudes is expected to change with
increasing temperature to resemble the species’ distribution currently observed at warmer,
lower altitudes. Abiotic factors change rapidly from high to low altitudes (e.g. temperature,
humidity and wind speed), so that species responses to these factors can be assessed across a
relatively small geographic area (Peterson et al. 1997). However, altitudinal gradients may not
always be direct analogues of changing climates, since other factors, such as habitat type, local
wind patterns and topography may vary independently of the climatic variable(s) of interest
(Parmesan et al. 2005).

Another approach to understand the likely impacts of climate change is manipulative
experiments, in which environmental conditions can be controlled to isolate a single or few
variables of interest (Callaghan and Jonasson 1995; Hodkinson and Wookey 1999; Dunne et al.
2004; Parmesan et al. 2005). However, short-term experiments may not reveal realistic species
responses to climate change as biota can have delayed responses to experimental treatments or
even different initial responses to short-term manipulations compared with responses observed
when the manipulation is sustained over longer periods (Chapin et al. 1995; Dunne et al.
2004; Epstein et al. 2004). As a result, the integration of experiments and gradient studies
may provide the most robust approach to predicting the impact of climate change on species
distributions (Hodkinson and Wookey 1999; Dunne et al. 2004; Parmesan et al. 2005).

Sub-Antarctic islands are ideal for gradient and experimental studies to examine the likely
consequences of climate change on species assemblages due to the occurrence of steep abiotic
gradients and the islands’ relative isolation from other anthropogenic influences (see Vitousek
2002). Only a few gradient studies (Davies and Melbourne 1999, Tweedie 2000 – Macquarie
Island; le Roux and McGeoch 2008b, Chown et al. 2013 – Marion Island) and experimental
studies (Le Roux et al. 2005, McGeoch et al. 2006 – Marion Island; Bokhorst et al. 2007 –
Falkland Islands) have been conducted. These islands rise from sea level to high altitudes in
the span of only a few kilometres (Huntley 1972), presenting steep temperature and moisture
gradients over relatively small distances. Furthermore, ecosystems on sub-Antarctic islands
are remote, relatively closed systems with a harsh environment and fairly low species richness
(Smith and Steenkamp 1990; Chown and Froneman 2008). One such sub-Antarctic island is
Marion Island (Prince Edward Island group), situated halfway between Africa and Antarctica
(Chown and Froneman 2008).

High latitude areas have experienced, and are expected to continue to experience, substantial
climate changes (IPCC 2001). On Marion Island large changes in climate have been observed
over the past 50 years, with a 1.5 ºC increase in mean annual air temperature, a 1.4 ºC increase
in sea temperature, an 800+ mm decrease in mean annual precipitation, and higher mean wind
speed (Smith 2002; Melice et al. 2003; Lutjeharms and Ansorge 2008; Le Roux and McGeoch
2008a). The number and size of rainfall events also declined, resulting in longer dry spells
(Le Roux and McGeoch 2008a) which might have even stronger impacts on organisms than
the decline in mean annual rainfall (Weltzin et al. 2003). Indeed, there is already evidence
of considerable impacts of climate change on the distribution of biota on and around Marion
Island. For example, the island’s vascular flora has expanded to higher altitudes, (Le Roux
and McGeoch 2008c), and surface nesting seabird abundance has declined due to lower prey
availability in the ocean (Crawford and Cooper 2003; Crawford et al. 2003; Pakhomov et al.
2004; Ryan and Bester 2008).

Microarthropods (mites and springtails) are, together with other macro-invertebrates, the
main detritivores on sub-Antarctic islands and are essential for nutrient cycling and primary
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production in terrestrial ecosystems (Burger 1985; Smith and Steenkamp 1990; Chown et al.
2002). Thesemicroarthropodsmay, though, be sensitive to changes in climate. Indeed, a climate
change experiment investigating the impacts of declining rainfall and warming temperatures on
microarthropods inhabiting a keystone plant species (Azorella selago) found large changes in
abundance and biomass after only one year (McGeoch et al. 2006). Experiments in the Arctic
and Antarctic show similar results, possibly indicating that moisture, at least for some species, is
a more important determinant of species distributions in the region than temperature (Strathdee
and Bale 1998; Sinclair et al. 2003; Leinaas and Sømme 1984; Leinaas and Fjellberg 1985;
Convey et al. 2002; Convey et al. 2003). Additionally, the Antarctic experiments revealed a
general decrease in microarthropod (especially springtail) abundance with warming (Convey
2001; Convey et al. 2002; Hayward et al. 2003). Therefore, a warmer and drier climate is
likely to alter microarthropod community structure (Bergström and Chown 1999; McGeoch
et al. 2006), and a better understanding of current spatial patterns of microarthropods and the
possible future distributions as a consequence of climate change are therefore critical.

Therefore, in this study we examine the distribution of microarthropods from the cushion
plant, Azorella selago (Apiaceae) along a temperature gradient (i.e. across altitude) and
between the drier, eastern and wetter, western aspects of Marion Island. We then compare the
results from this study to observations from related climate change experiments to predict the
likely impact of climate change on species distributions on Marion Island (following Dunne et
al. 2004). Since species might not only respond to environmental factors, but also to specific
habitat variables, such as cushion size, the relationships between species richness, abundance
and community structure and A. selago plant characteristics were also examined. In this study
we investigated 1) the relationships between microarthropod species richness, abundance and
community structure and altitude and aspect of the island as well as plant characteristics, and
2) how individual species respond to altitude and aspect.

Materials and methods
Study sites and species

Marion Island (46º54’S; 37º45’E) lies about 1770 km south of Africa, with a surface area
of 290 km², which rises to an altitude of 1230 m a.s.l. (Chown and Froneman 2008). The
climate is hyperoceanic, with a mean annual temperature of 6.4 ºC, mean annual rainfall of
approximately 1900 mm (as measured at the meteorological station on the north-eastern coast
of Marion Island), a high degree of cloudiness and strong westerly winds (Schulze 1971; Smith
2002; Le Roux and McGeoch 2008a). Mean air, soil and within-plant temperatures decrease
with an increase in altitude (Blake 1996; Nyakatya and McGeoch 2008; Table 1), with an air
temperature lapse rate of approximately 4.0 ºC per 1000 m proposed for Marion Island (Klok
and Chown 2003; supported by soil temperature measurements: Nyakatya and McGeoch 2008,
Table 1). Wind speed is highest at high altitudes and rainfall peaks at mid-altitudes (Blake
1996). Freeze-thaw events are more frequent at mid-altitudes, but at high altitudes these events
occur for longer periods with deeper soil freezing (Boelhouwers et al. 2003; Le Roux and
McGeoch 2008a). Additionally, the western aspect of the island is colder than the eastern
aspect, at least in summer (Table 1), and receives more rain and more consistent wind due to
its exposure to the dominant westerly winds (Schulze 1971; Gremmen 1981; Le Roux and
McGeoch 2008a).

The plant Azorella selago (Apiaceae) occurs from sea level to about 650 m a.s.l. (highest
record 840 m) on Marion Island (Phiri et al. 2015). It exhibits a cushion growth form, with
a compact, prostrate hemispherical form, varying in shape, size and stem density (Hugo et al.
2004; Phiri et al. 2015). Azorella selago plants are thought to present a more favourable habitat
in terms of microclimate and nutrients for microarthropods (Acari—mites and Collembola—
springtails) than the fellfield soils in which it grows as microarthropod densities are higher in
plants than in the surrounding epilithic biotope (Barendse and Chown 2001). Azorella selago
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also provides a favourable habitat for some vascular plants (le Roux andMcGeoch 2008b; 2010;
le Roux et al. 2013). The grass Agrostis magellanica (Lam.) Vahl. is particularly favourably
impacted by A. selago, with the species exhibiting higher abundance, cover, biomass and
reproductive effort when rooted in A. selago than when growing in the adjacent soil. Agrostis
magellanica is the vascular plant that most commonly grows on A. selago from about 100 to
500 m a.s.l. (Gremmen 1981).

Twelve plots consisting of 36 Azorella selago plants (maximum diameters > 0.15 m) each
were selected at three altitudes in four different areas of Marion Island (see Nyakatya and
McGeoch 2008 and Appendix 1 for location details). All plots were located within fellfield
vegetation (i.e. dominated by A. selago, with a total vascular plant cover < 50 %). Plants within
plots may be considered independent as neither plant or microarthropod community variables
were found to be significantly nor consistently autocorrelated at this scale (Hugo 2006). The
low altitude plots were located between 150 and 250 m a.s.l, middle altitude plots between 350
and 450 m a.s.l and high altitude plots between 500 and 600 m a.s.l.. Sets of plots (high, middle
and low altitude in each area) comprised transects. Two transects were on the eastern aspect
(Tafelberg and Stony Ridge) and two were situated on the western aspect (Mixed Pickle and
Swartkops) of the island. Each A. selago plant was digitally photographed from above prior
to sampling. Image analyses (software: SigmaScan Pro 5.0, Illinois, USA) were conducted
to determine cushion size (surface area; m²), percentage of dead tissue (brown or black stem
or leaf areas on the plant surface) and percentage of the plant surface covered by the grass A.
magellanica.

Sampling

Microarthropods were sampled between November 2002 and February 2003, coinciding
with peak abundances observed during summer (Barendse and Chown 2001). Sampling was
alternated between east and west transects, finishing one transect (high, middle, low) at a
time. Sampling was conducted using an O’Connor split corer (inside diameter of core = 70
mm, height = 70 mm, surface area = 0.0039 m²). Core samples were taken from all 36 plants
in each plot (except in the Mixed Pickle high altitude plot where one plant was too small to
sample), giving a total of 431 cores. The microarthropods were extracted from the cores using
a MacFadyen high-gradient extraction protocol of two days at 25 ºC and two days at 30 ºC

Table 1 Microarthropod species richness and abundance and Azorella selago plant characteristics (±SE) in each site n = 36, except Mixed
Pickle high n = 35. Temperature (°C, ±SD) data from Nyakatya and McGeoch (2008). Total species richness and mean abundance as per
sample.

 

Mean species 
richness Total species Mean abundance Plant size (m²) Median % dead 

tissue
Median % grass 

cover Summer temp. Winter temp. 

Tafelberg (eastern aspect)
Low 13.94 ± 0.27 23 204.19 ± 9.45 0.19 ± 0.02 13.64 11.39 7.07 ± 2.17 2.60 ± 1.88
Middle 12.89 ± 0.34 22 261.08 ± 10.45 0.89 ± 0.15 3.62 7.22 6.41 ± 2.40 1.82 ± 1.68
High 12.89 ± 0.33 24 224.36 ± 12.82 0.15 ± 0.02 2.97 0 4.98 ± 2.56 0.52 ± 1.19
Stony Ridge (eastern aspect)
Low 13.75 ± 0.33 28 275.33 ± 12.62 0.30 ± 0.04 3.04 13.63 7.25 ± 2.15 2.52 ± 1.89
Middle 9.67 ± 0.35 23 172.19 ± 14.38 0.26 ± 0.05 3.81 4.89 5.90 ± 2.42 1.50 ± 1.72
High 12.50 ± 0.44 27 203.39 ± 11.78 0.24 ± 0.05 2.43 0 4.72 ± 2.62 1.14 ± 1.39
Mixed Pickle (western aspect)
Low 16.69 ± 0.40 29 349.56 ± 16.43 0.21 ± 0.27 4.08 7.55 5.37 ± 2.06 3.13 ± 1.73
Middle 18.39 ± 0.36 30 316.83 ± 10.87 0.15 ± 0.02 6.56 0 5.00 ± 1.80 2.46 ± 1.54
High 15.26 ± 0.32 22 300.17 ± 13.62 0.16 ± 0.02 6 0 3.28 ± 2.35 0.84 ± 1.13
Swartkops (western aspect)
Low 16.17 ± 0.33 27 322.92 ± 11.09 0.13 ± 0.01 5.31 6.46 6.02 ± 1.76 3.17 ± 1.67
Middle 15.89 ± 0.43 27 290.00 ± 14.70 0.14 ± 0.02 6.09 0 4.72 ± 2.00 1.58 ± 1.76
High 14.53 ± 9.00 28 285.86 ± 15.47 0.13 ± 0.03 0.88 0 3.42 ± 2.08 1.59 ± 1.47
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(Southwood 1978; Hugo et al. 2004). Microarthropod specimens were identified to the lowest
possible taxonomic level (usually species), counted and stored in 99 % ethanol at the University
of Stellenbosch. Species richness, abundance and community structure analyses, as well as
numbers presented in the tables were based on individuals per core sample.

Analyses

Generalized linearmodels (McCullagh andNelder 1989)were used to determine the relationship
between microarthropod species richness and abundance (separate models for each of these
dependent variables) in the Azorella selago plants and explanatory variables. Explanatory
variables included were the aspect of the island (east, west), altitude (low, middle, high), plant
surface area, plant height, and percentage of dead stems. In addition, separate models for
species richness and abundance with aspect, altitude, surface area, plant height, percentage
dead and percentage grass cover were constructed for the middle and low altitude plots because
of the scarcity of grass at high altitude plots. A Poisson error distribution was assumed for
species richness and abundance, a logarithmic link function was implemented, and deviance
used as a measure of goodness of fit (where necessary, overdispersion was accounted for during
the analysis, Dobson 2002). Weighted marginal means and their 95 % confidence intervals
were used to establish differences between means (non-overlapping confidence limits were
interpreted as weighted means significantly different at P < 0.05, Sokal and Rohlf 1995).

Redundancy Analysis was conducted to examine differences in microarthropod community
structure between aspect and altitudes, and the responses of individual species to these
environmental gradients (CANOCO v4.5; Ter Braak and Šmilauer 2002; Lepš and Šmilauer
2003). Redundancy Analysis (RDA) was chosen after examining the gradient lengths of species
in the environmental space following Detrended Correspondence Analysis (DCA) (Jongman
et al. 1995). RDA analysis was performed separately on log-transformed springtail and mite
species data (with post-transformation of species scores and species centering) and displayed
in ordination biplots. Springtails and mites were examined separately because of their different
responses to environmental variables (McGeoch et al. 2006). Also, the eigenvalues for the first
two axes were used to denote how much of the total variance in the species data was explained
by the environmental variables (Lepš and Šmilauer 2003). Mite species that had > 5 % of
their variation explained by the first ordination axis were included, therefore, excluding several
species including the dominant Eupodes minutus.

Results
A total of 31 (22 mite and 9 springtail) species and 115’112 individuals were collected across
the 12 sample plots (Appendix 3). The Mixed Pickle middle altitude plot had the most species
(30 species), and the low altitude plot along this same transect the highest mean abundance
per sample (349 individuals/sample) (Table 1). The lowest species richness was found at the
Tafelberg middle altitude plot (22 species) and the lowest mean abundance at Stony Ridge
middle plot (172 individuals/sample). The mite species Eupodes minutus constituted 40% of
all individuals sampled and 76% of all mite individuals (80% of mites on the eastern and 73%
on the western aspect). The most abundant springtail species was Folsomotoma marionensis,
which comprised 35% of all springtail individuals (22% of springtails on the eastern and 41%
on the western aspect).

Island aspect and/or altitude contributed significantly to explaining mite and springtail
species richness and abundance in all models (Table 2, Appendix 2). In contrast, plant
characteristics were only significantly related to species richness and abundances in a few
models (Table 2, Appendix 2). Mite and springtail species richness, and springtail abundance
were significantly higher on the western aspect of the island and significantly lower at high
altitudes (Figure 1). Microarthropod abundance declined monotonically with altitude, although
not significantly (Figure 1, Table 1). The effect of altitude on species richness differed between
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the eastern and western aspects (i.e. there was a significant interaction between island aspect
and altitude for mite and springtail species richness; Table 2, Appendix 2), with mite and
springtail species richness peaking at mid altitude on the west. In contrast, on the eastern aspect
the mid-altitude plots had the lowest species richness (Figure 1). Plant characteristics were not
consistently related to microarthropod richness and abundance (Table 2, Appendix 2). Cushion
area and height were significantly related to microarthropod abundance and richness in some
analyses, but the impact of larger plants was not consistently positive or negative. Similarly,
the cover of A. magellanica growing on A. selago was significantly related to the abundance of
springtails and mites, but with contrasting effects on the two species groups (Appendix 2).

Community structure of springtails (Figure 2a) and mites (Figure 2b) also corresponded
strongly to altitude and aspect of the island, with the first axis separating the eastern and western
aspect and the second axis distinguishing the high altitude from the middle and low altitude.
Eight of the nine springtail species were more abundant in the western plots, whileMucrosomia
caeca and Megalothorax minimus were also more abundant at low altitudes (Figure 2a). Only

Table 2 Model fit and contribution of explanatory variables to the generalized linear models for mite and springtail species richness (S) and
abundance (N) (df = 422). Letters in bold indicate significant values. (Analyses including grass cover as an additional predictor variable are
showed in Appendix 2).

 

Dependent variable Deviance/df Explanatory variable df χ² P Sign of estimate

Mite S 1.00 Cushion area 1 3.94 0.05 -
Height 1 1.6 0.21 -
% dead 1 1.78 0.18 +

Island aspect 1 205.35 <0.001
Altitude 2 13.88 <0.001 -

Aspect*altitude 2 27.94 <0.001
Mite N 1.00 Cushion area 1 3.93 0.05 +

Height 1 5.23 0.02 +
% dead 1 0.01 0.94 -

Island aspect 1 12.76 <0.001
Altitude 2 3.07 0.21 -

Aspect*altitude 2 0.03 0.99

Springtail S 1.00 Cushion area 1 0.03 0.87 -
Height 1 4.79 0.03 +
% dead 1 1.34 0.25 +

Island aspect 1 71.47 <0.001
Altitude 2 27.53 <0.001 -

Aspect*altitude 2 19.2 <0.001
Springtail N 1.00 Cushion area 1 0.67 0.42 -

Height 1 0.72 0.4 -
% dead 1 0.35 0.55 +

Island aspect 1 207.59 <0.001
Altitude 2 12.34 0.002 -

aspect*altitude 2 0.66 0.72
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Figure 1 Interaction plots of mite and springtail species richness (S) and abundance (N) at low, middle and high altitudes on the eastern and
western aspect of Marion Island (weighted means ± 95 % confidence intervals). Groups not sharing letters differ significantly (p < 0.05). Model
results provided in Table 2 and Appendix 2.

two mite species (Halozetes fulvus, Dendrolaelaps sp.) were more abundant in communities in
the eastern plots, and one species (Schwiebea talpa) was more abundant in high altitude plots
(Figure 2b).

Discussion
Microarthropod species richness, abundance and community structure were strongly related to
aspect and altitude, with generally higher richness and abundance on the western aspect and
at low and middle altitudes. In contrast, plant characteristics did not contribute strongly to
explain species richness and abundance, showing inconsistent patterns across taxa and sites.
Therefore, at the island-wide scale abiotic, rather than biotic, factors appeared to be more
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Figure 2 Redundancy analysis (RDA) ordination of a) springtail communities: RDA1 = 17 % (east vs west aspect); RDA2 = 5 % (high vs
middle and low altitudes) (F = 86.69, P < 0.01) and b) mite communities: RDA1 = 12% (east vs west aspect). RDA2 = 7 % (high vs middle and
low altitudes) (F = 55.85, P < 0.01). See Appendix 3 for species abbreviations. RDA ordinations approximate the relationships between species
and environmental variables (RDA1 and RDA2 axes denote the proportion of the total variance in microarthropod species data explained by the
variables). Microarthropod species are displayed as arrows (the direction of the arrow indicates in which direction species abundance increases,
and the length is proportional to the approximate standard deviation of the species values) and aspect and altitude as centroids (distances between
centroids provide an estimate of the dissimilarity of their species composition) (Lepš and Šmilauer 2003). Only mite species that had > 5 % of
their variation explained by the first ordination axis were included, therefore excluding Eupodes minutus.

important determinants of patterns in microarthropod distribution and community.
Temperature and moisture availability are likely the most important abiotic drivers of

microarthropod abundance and distribution in this system. At high latitudes these two variables
can be strongly related to each other (Hodkinson et al. 1999; Weltzin et al. 2003), since
for example, wet habitats are more thermally buffered than drier habitats. Temperature and
moisture have also both changed considerably on Marion Island over the last half century, and
are likely to continue to change rapidly in the sub-Antarctic over the coming decades.

Island side

Since the western aspect of Marion Island receives more rainfall and has a higher cloud cover
than the eastern aspect (Schulze 1971; Gremmen 1981; Nyakatya and McGeoch 2008), a
moisture gradient is thought to exist across the island, presumably resulting in higher and/or
more consistent moisture content in plants on the west. This difference in moisture, together
with the more favourable, buffered temperature inside plants (Nyakatya and McGeoch 2008),
are likely to be important determinants of microarthropod distribution and abundance patterns
at the island-wide scale. Apart from the direct effects of moisture on microarthropods, moisture
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also controls rates of organic matter decomposition in fellfield environments (Smith et al.
1993), with higher decomposition rates potentially favouring microarthropods by increasing
food resources.

Moisture is also likely to be important in determining the distribution of desiccation-
susceptible species (Block and Harrison 1995; Strathdee and Bale 1998; Sinclair et al. 2003;
Leinaas and Sømme 1984; Leinaas and Fjellberg 1985; Convey et al. 2002; Convey et al.
2003; Sømme 2012). Most springtail species are not desiccation resistant (Hopkin 1997;
Hodkinson and Wookey 1999; Convey et al. 2003; Sømme 2012), and this may explain why
springtail abundance was higher on the western aspect. The absence of a strong difference in
mite abundance between aspects of the island may, in contrast, be due to the higher desiccation
tolerance of mites in general when compared to springtails (Coulson et al. 1996; Hodkinson et
al. 1999; Convey et al. 2003).

Altitude

In agreement with the general pattern for species richness and abundance to decline with altitude
(Rahbek 1995; Gaston and Spicer 2004), mite and springtail abundance and richness tended
to be lower at higher elevations. There are a number of potential explanations for this decline,
which are not always independent of each other (e.g., lower plant productivity and habitat
availability; Heaney 2001). For example, soil microarthropod abundances decreased with
altitude in Tibet due to increasing environmental harshness and decreasing resource availability
(Jing et al. 2005), while lower arthropod abundance and species richness at high altitudes in the
Andes was linked to lower plant productivity (Janzen et al. 1976). On sub-Antarctic Macquarie
Island arthropod richness also declined with altitude, as a result of lower temperature, higher
wind exposure, or a combination of the two variables (Davies and Melbourne 1999). Finally,
leaf litter invertebrate abundances decreased with altitude in western Panama due to low
decomposition rates at high altitudes (Olson 1994).

All of these mechanisms may play a role in driving the altitudinal patterns in microarthropod
abundance and richness onMarion Island. In particular, temperature (and the associated impacts
on decomposition), wind speed and soil freezing depth and frequency differ strongly between
low and high altitude plots (Table 1; Blake 1996; Boelhouwers et al. 2003). As most high
latitude invertebrates are likely adapted to withstand cold temperatures (Hodkinson andWookey
1999; Callaghan et al. 2004; Chown and Nicolson 2004) and other climatic stresses, other
non-climatic factors (e.g. lower resource availability) may also contribute strongly to lower
abundances of microarthropods at high altitudes (Lawton et al. 1987; Heaney 2001; Jing et al.
2005).

Comparison with experimental evidence

Dunne et al. (2004) argued that a combination of results from gradient and experimental
climate change studies is useful to understand and predict the impact of climate change on
species distributions (also see Hodkinson and Wookey 1999; Shaver et al. 2000). Therefore,
by comparing the results from this study to those from a climate manipulation experiment on
Marion Island (McGeoch et al. 2006), as well as to other field experiments, it may be possible
to make more accurate species-specific predictions of the responses of microarthropods on
Marion Island to climate change.

These predictions are based on the assumption that microarthropods respond predominantly
to the direct effect of changes in temperature and moisture. However, some species responses
are likely to depend on both biotic and abiotic factors (and interactions between them),
generating complex patterns that are not clearly linked to changes in temperature or moisture
(Convey et al. 2002). Nonetheless, some predictions can be made for the species showing
consistent responses in both this gradient study and the climate manipulation experiment.

Continued changes in precipitation are forecast for the sub-Antarctic (le Roux 2008), which
may have important impacts on the abundance, richness and composition of microarthropod
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communities. The contrasting result of springtail, but not mite, abundance differing between
aspects of the island mirrors the results from the climate manipulation experiment, where
springtail abundance was significantly lower under the dry-warm treatments, while mite
abundances was unaffected (McGeoch et al. 2006) (see Table 3 for a summary). Therefore, both
the gradient study and the experiment highlight the importance of moisture for microarthropods
(in agreement with e.g., Convey et al. 2002).

Warming experiments at high latitudes have shown that the response of microarthropod
abundance to higher temperatures is variable. For example, Arctic springtail abundance
declined significantly under warming, while oribatid mites were unaffected (Coulson et al.
1996; Webb et al. 1998; see also Convey et al. 2002). In contrast, springtail and mite
abundances increased under warming in Antarctica (Kennedy 1994). Across most studies
species showed idiosyncratic responses to treatments (Kennedy 1994; Webb et al. 1998;
Convey et al. 2002). Indeed, in the climate manipulation experiment on Marion Island the mite
and springtail species that responded significantly to treatments exhibited different responses
(McGeoch et al. 2006). It is thus clear, that generalizations regarding the impact of warmer
temperatures on microarthropod abundance and distributions should be made with caution.
Nonetheless, all the studies clearly demonstrate that springtails are generally responsive to
changes in climate.

Due to idiosyncratic species responses, and the resulting inability to generalize predictions
across the two microarthropod groups, the response of mites and springtails to climate change
may be strongly driven by the response of individual species, as observed in both the gradient
study and the experiment. Indeed, the response of the mite, E. minutus, can strongly drive
community responses to changing conditions as this species was the most abundant species
in both the experiment and in this study. The species was significantly more abundant under
the dry-warm treatment, but its abundance did not differ significantly between island aspects
or across altitude. However, it was slightly more dominant on the drier eastern aspect, and
therefore, together with the experimental results, it is likely that E. minutus prefers drier
habitats. Therefore, E. minutus abundance might increase, and has possibly already increased,
with drying and warming on Marion Island (Table 3).

Rhodacaridae sp. abundances were significantly lower under experimental drying and
were higher on the wetter, western aspect of the island. Rhodacaridae sp. thus seems to prefer
habitats with higher humidity, in agreement with the high abundance of Rhodacaridae sp.
observed in wet coastal vegetation on the island (Barendse et al. 2002). Thus, Rhodacaridae sp.

Table 3 Summary of microarthropod abundances and individual species abundances (only those which had a significant response to treatments
in the Marion island manipulation experiment) in 1) this study (altitude and aspect of the island), 2) the Marion Island manipulation experiment
(dry-warm and shade treatments) and 3) the distribution of the species in vegetation types across the island (from Gabriel et al. 2001 and
Barendse et al. 2002), as well as 4) the predicted change in abundances with climate change based on current evidence (higher abundance is
indicated by ↑ (upwards arrow), lower abundance by ↓ (downwards arrow) and cases where prediction regarding climate change cannot be
made are indicated by ?).

 

Species Response to gradients Response in experiment Preferred habitat type Forecast climate 
change impact

Mites No trend No trend ?
Eupodes minutus Slightly ↓ east ↑dry-warm Azorella selago ↑
Rhodacaridae sp. ↑ west ↑ dry-warm Saltspary, manured ↓
Cillibidae sp. ↓ west ↑ shade Drainage lines, fernbrakes, saltspray, manured ?
Macquarioppia striata ↑ west ↑ shade Drainage lines, fernbrakes, saltspray, manured ?
Springtails ↑ west ↑dry-warm ↓
Folsomotoma marionensis ↓ west ↑ dry-warm Saltspray, manured ↑

↓ shade
Cryptopygus dubius Slightly ↓ west ↑ dry-warm Azorella selago ↓
C. antarcticus travei Slightly ↓ west ↑ dry-warm Azorella selago ↓
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abundance is likely to decline with climate warming and drying on Marion Island. In contrast,
Cillibidae sp. and Macquarioppia striata were more abundant on the western aspect of the
island but also in the shade treatment of the experiment (characterized by higher humidity and
a lower temperature range than the controls, Le Roux et al. 2005). These results are consistent
as the greater cloud cover on the western aspect of the island is associated with buffered
temperature, matching conditions under the shading treatment of the experiment (Schulze
1971; Nyakatya and Mcgeoch 2008). Furthermore, since abundances of these two species are
highest in drainage lines, fern brakes, saltspray and manured habitats (Barendse et al. 2002),
Cillibidae sp. and M. striata seem to prefer moist, shaded habitats, with buffered temperatures.
Although cloud cover on Marion Island has slightly decreased over the past 50 years (Smith
2002), the cover and distribution of several vascular plant species are increasing, possibly
resulting in greater shading of Azorella selago plants (Gremmen and Smith 1999; Chown et al.
2011). Therefore, predicting the responses of these species to changing conditions will require
an understanding of changes in variables other than temperature and moisture.

The springtail Tullbergia bisetosa was least abundant under the dry-warm treatment and
most abundant at high altitudes and on the eastern aspect. Temperature, rather than moisture,
is therefore likely to be the dominant determinant of T. bisetosa’s distribution, suggesting that
its abundance will decrease under further warming. Folsomotoma marionensis abundance
was lower under the dry-warm treatment, but simultaneously also higher under the shade
treatment. In this study, F. marionensis abundance was higher on the wetter and cloudier
western aspect. Furthermore, F. marionensis was found to be most abundant in saltspray
and manured areas (Gabriel et al. 2001) and thus possibly prefers moist, shaded habitats
with buffered temperatures. Therefore, similar to Cilibidae sp. and M. striata, to predict
the response of this species other variables than temperature and moisture should be taken
into consideration. Finally, Cryptopygus dubius and C. antarcticus travei both had lower
abundances under the dry-warm treatment, while their abundances were slightly higher on the
western aspect. Additionally, both species are more abundant in A. selago plants compared
to other plant species on Marion Island (Gabriel et al. 2001), possibly reflecting the thermal
buffering effect of A. selago. Therefore, C. dubius and C. antarcticus travei seem to prefer
habitats with lower, buffered temperatures, and may therefore decrease in abundance with
warming (Table 3).

Assuming direct responses of species to abiotic factors, future warming and drying is likely
to have a negative effect on the abundance of Rhodacaridae sp., T. bisetosa and F. marionensis,
while E. minutus is predicted to increase with ongoing drying. Although such predictions
cannot be made for all species, it is clear that the microarthropod communities of Marion Island
will change considerably under further climate change.

Conclusion
The microarthropod community occurring within Azorella selago plants appears to be strongly
influenced by differences in moisture and temperature. While species generally responded
idiosyncratically to variation in these abiotic factors, microarthropods, especially springtails,
are likely to be negatively affected by continued warming and drying on Marion Island.
Although the indirect effects of climate change on microarthropods are still uncertain (e.g.
impacts via changes in their host plant species), it is clear that changes in climatic conditions
may dramatically affect microarthropod community structure.
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Appendix 1

 

 

Marion Island showing the positions of the four transects and sampling plots at low, middle and high altitudes. The locations of the climate
change experiment (Skua Ridge) and the meteorological base station are also indicated (from Nyakatya and McGeoch 2008).
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Appendix 2

Generalized linear models for mite and springtail species richness (S) and abundance (N). Analyses including grass cover were conducted for
only the middle and low altitude plots (8 plots, df = 280) due to the scarcity of grass at high altitude plots. Letters in bold indicate significant
values.

 

Dependent variable Deviance/df Explanatory variable df χ² P Sign of estimate

Mite S (8 plots) 1.00 Cushion area 1 2.25 0.13
Height 1 1.04 0.31
% dead 1 0.3 0.54
% grass 1 6.07 0.01 -

Island aspect 1 150.99 <0.001
Altitude 1 1.73 0.19

Aspect*altitude 1 23.09 <0.001
Mite N (8 plots) 1.00 Cushion area 1 1.2 0.27

Height 1 3.47 0.06
% dead 1 0.03 0.86
% grass 1 0.36 0.55 +

Island aspect 1 5.51 0.02
Altitude 1 0.67 0.41

Aspect*altitude 1 <0.001 0.98

Springtail S (8 plots) 1.00 Cushion area 1 0.02 0.9

Height 1 4.66 0.03
% dead 1 2.2 0.14
% grass 1 6.89 0.01 +

Island aspect 1 44.55 <0.001
Altitude 1 2.27 0.13

Aspect*altitude 1 17.42 <0.001
Springtail N (8 
plots) 1.00 Cushion area 1 1.05 0.31

Height 1 1.43 0.23
% dead 1 0.2 0.66
% grass 1 0.51 0.47 -

Island aspect 1 104.54 <0.001
Altitude 1 4.32 0.04

Side*altitude 1 0.79 0.38
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Appendix 3

Total and relative abundance of Acari and Collembola species sampled in four different transects, with abbreviations used in graphs. * =
introduced species (Chown and Froneman 2008).
Note: 1Collembola names used in previous papers: Cryptopygus caecus (currently Mucrosomia caeca), Isotomurus cf. palustris (identified as
Isotomurus maculatus), Megalothorax sp. (indentified asMegalothorax minimus) (see Janion-Scheepers et al. 2015).

 

Species Abbreviation Tafelberg 
transect

Stony Ridge 
transect

Mixed Pickle 
transect

Swartkops 
transect

% relative 
abundance 

Acari
Acari sp.1 Aca1 0 1 13 3 0.01
Acari sp.3 Aca3 14 12 13 19 0.05
Acari sp.4 Aca4 16 18 131 170 0.29

Rhodacaridae sp. Rhod 345 383 491 749 1.71

Dendrolaelaps sp. Dend 407 266 275 57 0.87

Cillibidae sp. Cill 39 84 382 291 0.69

Nanorchestes  sp. Nano 595 319 646 445 1.74

Eupodes minutus Emin 11310 11848 11177 11489 39.75

Rhagidia  sp. Rhag 4 4 23 9 0.03

Ereynetes    macquariensis Emac 297 198 449 405 1.17

Tydeus  sp. Tyde 8 3 3 96 0.1
Bdellodes  sp. Bdel 0 1 7 25 0.03

Eryngiopus  sp. Eryn 2 5 67 3 0.07

Oribatid sp.1 Orib 0 5 37 11 0.05

Liochthonius australis Laus 94 104 55 41 0.26

Macquarioppia striata Mstr 2 9 62 90 0.14

Austroppia crozetensis Acro 668 710 486 707 2.23

Halozetes fulvus Hful 326 359 135 106 0.8

Dometorina marionensis Dmar 41 35 327 605 0.87

Schwiebea talpa Stal 85 241 423 485 1.07

Algophagus sp.1 Alg1 108 32 100 17 0.22

Algophagus sp.2 Alg2 0 0 0 1 < 0.01

Collembola

Tullbergia bisetosa Tbis 1327 897 1381 868 3.88

Folsomotoma marionensis Fmar 2083 2229 7072 7750 16.6

Cryptopygus dubius Cdub 3011 2827 5389 3721 12.97

Cryptopygus antarcticus 
travei Cant 2552 2058 2249 2597 8.2

Mucrosomia caeca 1 Ccea 439 273 831 398 1.68

Isotumurus maculatus 1  * Ipal 0 0 5 13 0.02

Megalothorax minimus 1 Mega 1053 481 2383 1158 4.4

Sminthurinus tuberculatus Stub 1 27 38 26 0.08

Sminthurinus granulosus Sgra 0 4 3 0 0.01
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