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Topographic depressions provide potential
microrefugia for ground-dwelling arthropods

Zoltán Bátori1,*, Róbert Gallé2, Nikolett Gallé-Szpisjak2, Péter Császár3,
Dávid D. Nagy4, Gábor L}orinczi1, Attila Torma1,2, Csaba Tölgyesi1,5,
István Elek Maák1,6, Kata Frei1, Alida Anna Hábenczyus1, and Elisabeth Hornung7

Species can survive periods of unfavorable conditions in small areas that are protected from climate-related
disturbances, such as increasing temperature and severe drought. These areas are known as “microrefugia”
and are increasingly recognized by conservationists. Although some studies suggest that the in situ survival
of invertebrate species may be mediated by topographically complex environments, there is little information
about the main environmental factors that drive species distributions within such areas. Here, we investigate
the spatial patterns and species trait composition (moisture preference, body size, dispersal capacity, and
feeding habit) of five groups of ground-dwelling arthropods—spiders, woodlice, ants, ground beetles, and
rove beetles—in topographic depressions (i.e., “solution dolines” or “solution sinkholes”) and on the
surrounding plateau within a forested karst landscape and analyze the microhabitat conditions that affect
these arthropod assemblages. We found that dolines have the capacity to maintain characteristic arthropod
assemblages—including species that may be particularly vulnerable to climate change (e.g., species associated
with moist habitats)—and thus, they may contribute to the landscape-scale biodiversity of karst landscapes.
We also found that doline bottoms have the potential to maintain permanently moist conditions not only in
spring and autumn but also during drier periods of the year.This ability of dolines may indicate the presence of
potential hydrologic microrefugia. Furthermore, dolines displayed specific sets of species traits (e.g., more
small-bodied spiders, more carnivorous ground beetles, and more rove beetles with high dispersal capacity
occurred in dolines than on the plateau), highlighting that they may facilitate the persistence of some
species and traits that are purged from the surrounding landscape. Future studies may reveal the long-
term ecological consequences of different climatic and anthropogenic factors on the distribution and
functional traits of arthropod taxa within microrefugia and on the refugial capacity of these safe havens
under a warming climate.
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Introduction
Microrefugia are small areas with favorable environmental
conditions that support populations of species while the

surrounding climate deteriorates (Keppel et al., 2012;
Gentili et al., 2020). In addition to microclimatic hetero-
geneity, environmental stability is a key concept often
applied when identifying microrefugia for species under
current and future climate change (Ashcroft, 2010; Keppel
et al., 2015). The potential of landscapes to maintain envi-
ronmentally stable habitats largely depends on their geo-
morphological features, such as topographic complexity
(Gubler et al., 2018). For instance, convergent environ-
ments (e.g., ravines, valleys, and topographic depressions)
help decouple local climate trends from regional climates,
serving as potential microrefugia (Dobrowski, 2011;
Lenoir et al., 2017).

Botanists have long recognized that topographic
depressions—such as dolines/sinkholes/tiankengs in
karst landscapes—may act as safe havens for a number
of plant species (Beck von Mannagetta, 1906; Kobal
et al., 2015; Bátori et al., 2017), as they exhibit thermal
inversion, maintaining permanently cool conditions
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(Whiteman et al., 2004). Previous studies also demon-
strated that the accumulation of cool-adapted plant spe-
cies in certain microhabitats of dolines (e.g., bottoms and
poleward-facing slopes) can indicate the presence of
warm-stage microrefugia (Bátori et al., 2017; Bátori et
al., 2019). Although field measurements of microclimate
have shown bottoms and poleward-facing slopes of
dolines to be cooler and more humid than the surround-
ing plateau (Bátori et al., 2019), the number of published
studies measuring microclimatic conditions in dolines
over longer time periods is limited (see Whiteman et al.,
2004; Marcin et al., 2021). Before we can fully understand
how these depressions function as safe havens for differ-
ent animal taxa, we have to differentiate between
“collapse” and “solution” dolines. Collapse dolines are
depressions with near-vertical walls, associated with cavity
roof breakdown, while solution dolines are bowl- or
funnel-shaped depressions formed by the dissolution of
rock at the bedrock–soil interface (Ford and Williams,
2007). As a result, collapse dolines usually exhibit steeper
environmental gradients, leading to a larger turnover in
species composition (Raschmanová et al., 2018), compared
to the more gradual environmental gradients of solution
dolines. The distinct habitat patches formed by collapse
dolines have made them important targets for ecological
and biodiversity studies. It has been shown that collapse
dolines provide refuge areas or microrefugia for different
functional-groups of animal taxa, such as arthropods
adapted to cooler/moister or warmer/drier environments
(the Czech Republic and Slovakia; Růžička et al., 2016;
Raschmanová et al., 2017; Marcin et al., 2021); endemic
crustaceans and fishes (Mexico; Schmitter-Soto et al.,
2002; Angyal et al., 2020); omnivorous, insectivorous, and
carnivorous birds (Italy; Battisti et al., 2017); and endan-
gered terrestrial mammals (China; Pu et al., 2017). How-
ever, we have only a very limited understanding of the
mechanisms that drive the distributions of animal taxa
in solution dolines (see Nagy and Sólymos, 2002; Vilisics
et al., 2011; Kemencei et al., 2014; Bátori et al., 2019;
Bátori et al., 2020a). As karst lands cover about 20% of
the Earth’s terrestrial surface and solution dolines are the
most prominent geomorphological features in many karst
landscapes (White et al., 1995; Veress, 2019), assessment
of their animal species composition, functional character-
istics, and refugial capacity is particularly important from
a conservation point of view (cf. Lewis et al., 2020). Here,
we focus on the distribution patterns of ground-dwelling
arthropods in solution dolines and analyze the microhab-
itat conditions that may constrain arthropod assemblages.

Arthropods are important components of ecosystems,
acting as key players in ecosystem processes, health, and
recovery (Maleque et al., 2006; Corcos et al., 2021). They
have a crucial role in granivory, herbivory, pollination, and
predator–prey interactions, contributing to the decompo-
sition, turnover, and transport of organic matter (Coleman
and Rieske, 2006; Yang and Gratton, 2014; Torma et al.,
2019). Arthropods are reliable indicators of local and
regional climate fluctuations (Høye, 2020), as many of
their species are sensitive to changes in moisture and
temperature, and their life cycles and community

composition are closely timed with seasonal climate pat-
terns (Bátori et al., 2019; Murphy et al., 2020). Long-term
studies suggest that increasing temperature and drought
may have negative consequences on arthropod species
richness, as well as on the associated multitrophic inter-
actions (e.g., Lister and Garcia, 2018). For instance, Gallé
(2017) compared 37 years of ant distribution data
between sand dune and dune slack habitats to find that
dune slack species disappeared from the depressions and
were replaced with dune species, leading to the impover-
ishment and homogenization of ant assemblages across
habitats. Parmesan et al. (1999) provided evidence of
poleward shifts in the species ranges of nonmigratory
European butterflies during the 20th century. Recent
studies predict a decline in habitat suitability for many
subterranean spiders and changes in their distributions
in the future (Mammola et al., 2018), suggesting that
karst-dwelling species are also vulnerable to climate
change. Such changes in species distributions can have
far-reaching effects on the strength of species interactions
and, therefore, may lead to disruptions within the broader
food web with potential consequences on biodiversity and
ecosystem functioning (González-Megı́as and Menéndez,
2012; Jamieson et al., 2012; Murphy et al., 2020). More
recently, an increasing number of studies suggest that the
in situ survival of at least some arthropod species during
unfavorable climate periods is mediated by microrefugia
(Bryson et al., 2014; Millar et al., 2014; Marcin et al., 2021).

Although the conservation of microrefugia should be
based on a deep ecological understanding of their func-
tioning (Keppel et al., 2018), so far only a limited number
of studies have examined the functional trait composition
of species assemblages within them. Functional traits,
such as morphological, physiological, and behavioral fea-
tures of species, are closely related to ecosystem processes
through evolutionary adaptation, providing valuable
information about species interactions and environmental
changes (Cadotte et al., 2015; Hébert et al., 2016; Marcisz
et al., 2016). Therefore, identifying certain species traits
that contribute to the unique functional signature of
topographically complex environments may help us to
make predictions about the location and function of
potential future microrefugia (cf. Stralberg et al., 2020;
Halsch et al., 2021). In the present study, we also compare
the functional characteristics of arthropod assemblages
inside and outside of doline habitats using a multitaxa
approach.

It is increasingly acknowledged that understanding bio-
diversity responses to environmental changes requires
a multitaxa approach and that evaluating the predictive
power of biodiversity indicators is needed to determine
which taxonomic groups should be included in an ecolog-
ical assessment (Valkó et al., 2016; Lingbeek et al., 2017;
Lehmitz et al., 2020; Lewis et al., 2020). It has also been
highlighted that the location of refugia varies according to
macroclimate (Bátori et al., 2017) as well as to the adapta-
tions of individual taxa, implying that microrefugia are
generally taxon-specific (Stewart et al., 2010). This also
means that microrefugia that can preserve multiple taxa
are particularly important from a conservation point of
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view. Here, we investigate the microhabitat conditions, the
distribution patterns, and the species traits of 5 groups of
ground-dwelling arthropods (spiders, woodlice, ants,
ground beetles, and rove beetles) in forested solution
dolines. We selected 4 species traits (moisture preference,
body size, dispersal capacity, and feeding habit) to identify
possible differences between the plateau and doline habi-
tats.We hypothesized (1) that topographic complexity pro-
vided by solution dolines may create suitable habitats for
characteristic arthropod assemblages with the potential to
provide important safe havens for at least some arthropod
species and species traits in the present and future climate
and (2) that microhabitat conditions (i.e., air temperature,
relative air humidity, soil moisture, and amount of dead-
wood) should have a significant effect on the distribution
of arthropod assemblages in dolines. If forested solution
dolines have the potential to maintain environmentally
stable microhabitats, distinctive arthropod assemblages,
and populations of arthropod species that may be partic-
ularly vulnerable to climate change, more effective con-
servation efforts are needed to preserve and maintain the
diversity and refugial capacity of such karst landscapes.

Material and methods
Study area

The study was conducted in an about 30 km2 karst area of
the Mecsek Mountains (near the village of Orf}u, southern
Hungary), at an altitude between 300 and 420 m a.s.l.
(Figure 1). The karst plateau has typical karst landform
features such as more than 2,000 funnel-shaped dolines
(http://karst.elte.hu/maps/SinkholesHungaryMap_HU
.html). Most dolines are small (diameter < 20 m and depth
< 5 m), while the diameter of the largest doline is over
200 m and its depth exceeds 30 m. The climate is conti-
nental with sub-Mediterranean influences: moderately
warm and moderately humid (Dövényi, 2010). The average
annual rainfall is about 750 mm, and the average annual
temperature is 9.5�C. Oak-hornbeam forests are the dom-
inant vegetation types of the plateau with Carpinus betu-
lus L., Fagus sylvatica L., Quercus cerris L., and Quercus
petraea (Matt.) Liebl. trees. The bottom of larger dolines
is covered by small ravine forest patches, where Acer cam-
pestre L., Acer platanoides L., Acer pseudoplatanus L., Car-
pinus betulus, Fagus sylvatica, and Fraxinus excelsior L. are
the dominant trees (Bátori et al., 2020b; Bátori et al.,
2021). These doline bottoms are believed to be potential
microrefugia for a number of cool- and/or moist-adapted
plant species, such as Aconitum vulparia Rchb., Actaea
spicata L., Chrysosplenium alternifolium L., Dryopteris
affinis Fraser-Jenk., Dryopteris carthusiana (Vill.) H.P.
Fuchs, Dryopteris dilatata (Hoffm.) A. Gray, Dryopteris
expansa (C. Presl) Fraser-Jenk. & Jermy, Polystichum acu-
leatum (L.) Roth ex Mert., Polystichum setiferum Forssk.,
and Stachys alpina L. (Bátori et al., 2012). The study area
is part of the protected area network of the Danube-
Drava National Park and the Natura 2000 network (site
code: HUDD10007)—an EU-wide network of nature pro-
tection areas (https://natura.2000.hu/hu/teruletek/m/
HUDD10007).

Sampling design

Two habitat types were considered in this study: dolines
and the surrounding plateau. Twelve large solution
dolines (diameter: 100–120 m, depth: 12–15 m, and forest
age: approximately 70 years old) were randomly selected
for sampling. Two sampling sites were established per
doline: one on the plateau about 20–30 m from the edge
of the doline and one in the doline bottom (12 dolines �
2 sites [plateau and doline bottom] ¼ 24 sites in total;
Figure 1). Both plateau and doline sites were at least
100 m apart, respectively.

The field sampling was performed in the summers of
2019 and 2020. Arthropod sampling was conducted using
pitfall traps following the methodology described by
Császár et al. (2018), which has proven effective in reduc-
ing bycatches of small vertebrates. The traps were 500-mL
plastic cups with transparent plastic funnels (8.5 and
2.4 cm in upper and lower diameters, respectively) filled
with 50% ethylene glycol dissolved in water, to which we
added a few drops of odorless detergent to reduce the
surface tension. Five traps were placed in a line at 5-m
intervals at each site (12 dolines � 2 sites � 5 traps �
2 years ¼ 240 traps in total; Figure 1). The duration of
arthropod sampling was 2 weeks in both years of the
study. The first 2-week sampling period was during the
summer of 2019 (June 7–21) and the second was during
the summer of 2020 (June 26–July 10). In 2019, only 94
of the 120 traps remained in operation due to wild boar
digging and heavy rains. In 2020, however, 114 traps
remained intact. The collected arthropods were sorted in
the laboratory and preserved in 70% ethanol. Spiders
(Araneae), woodlice (Isopoda: Oniscidea), ants (Hymenop-
tera: Formicidae), ground beetles (Coleoptera: Carabidae),
and rove beetles (Coleoptera: Staphylinidae) were chosen
as target taxa due to their high abundance in the investi-
gated forest types. Sorted specimens were identified to
species level by taxonomic experts using the keys of Nent-
wig et al. (2020) for spiders, Gruner (1966) and Farkas and
Vilisics (2013) for woodlice, Czechowski et al. (2012) and
Seifert (2018) for ants, Freude et al. (2004) for ground
beetles, and Lohse (1974) and Assing and Schülke
(2007) for rove beetles (Table S1). All the collected speci-
mens were deposited at the invertebrate collection of the
Department of Ecology, University of Szeged. Only adult
individuals were included in the analyses. The nomencla-
ture follows Nentwig et al. (2020) for spiders, Schmalfuss
(2003) for woodlice, Bolton (2020) for ants, Freude et al.
(2004) for ground beetles, and Assing and Schülke (2007)
for rove beetles.

We recorded the microclimate, that is, air temperature
(�C) and relative air humidity (%), of all sampling sites
every 5 min (with no missing data) during the second
2-week sampling period in 2020 (for 10.5 days; Table
S2) using Optin Ambient Data Loggers (ADL). Loggers
were encased in a radiation shield and they were sus-
pended 10 cm above the ground. Soil moisture (volumet-
ric water content—VWC%) was also measured in 2020 in
the upper 10 cm of the soil at five locations within each
site with a FieldScout TDR 350 Soil Moisture Meter. The
amount of downed deadwood (%) within each site was
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estimated visually. In order to test the potential of dolines
to maintain permanently moist microhabitats during the
growing season, soil moisture (VWC%) was continuously
measured (with no missing data) in the bottom of five
dolines as well as at five sites on the plateau with Optin
ADL Soil sensors (from mid-March to late October 2020;

Table S2). The sensors were placed 10 cm below the soil
surface and soil moisture was measured at 1-h intervals.
Prior to deployment, all loggers were checked for calibra-
tion accuracy in the lab. At the end of the measurements,
microclimate and soil moisture data were exported into an
Excel spreadsheet (Microsoft Excel 2010) for further

Figure 1. Study area, study sites, and study design. (a) Location of the Mecsek Mountains in Europe and Hungary.
(b) Location of the study sites on the plateau (1) and in a doline (2). (c) Photos of the plateau and doline habitats. (d)
Setup of pitfall traps in a line at 5-m intervals and the target taxa (spiders, woodlice, ants, ground beetles, and rove
beetles). DOI: https://doi.org/10.1525/elementa.2021.00084.f1
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analysis. To provide information on the macroclimate of
the study area, daily mean temperature and daily precip-
itation data were obtained from the nearest climate sta-
tion (Pécs, from mid-March to late October 2020; see
“Data accessibility statement”).

Species classification

We selected four species traits (moisture preference, body
size, dispersal capacity, and feeding habit) for spiders,
woodlice, ants, ground beetles, and rove beetles
(Table S1) that accurately reflect the adaptation of species
to environmental conditions (Gallé and Batáry, 2019). As
we did not find any differences in the dispersal capacity of
ants and the feeding habits of woodlice, these were
excluded from the analysis.

All arthropod species were classified according to their
moisture requirements (coded as 1: species associated
with moister habitats, 0.5: mesophilous species, and 0:
species associated with drier habitats) following Buchar
and Růžička (2002) for spiders, Hornung et al. (2008) for
woodlice, Czechowski et al. (2012) for ants, Freude et al.
(2004) for ground beetles, and Koch (1989) and Ádám
(2004) for rove beetles. The average body size—“cephalic
size” for ants (Seifert, 2002)—of each species was given as
a continuous variable (in millimeter or in micrometer for
ants) using the data of Nentwig et al. (2020) for spiders,
Farkas and Vilisics (2013) for woodlice, Seifert (2018) for
ants, Freude et al. (2004) for ground beetles, and Assing
and Schülke (2007) for rove beetles. We ranged body size
values between 0 and 1 to down weight the influence of
large-bodied species (cf. Gallé et al., 2019). All spider
(1: frequently ballooning, 0.5: rarely ballooning, and 0:
nonballooning; Blandenier, 2009), woodlouse (1:
“eurydynamic”—faster and 0: “steneodynamic”—slower;
Sutton et al., 1984), ground beetle (1: macropterous—fully
developed wings, 0.5: dimorph—either with developed or
with reduced wings, and 0: apterous/brachypterous—
reduced or no wings; Homburg et al., 2014), and rove
beetle (1: high dispersal ability, 0.5: moderate dispersal
ability, and 0: low dispersal ability; Ádám, 2004; Lott,
2009; Lott and Anderson, 2011) species were classified
according to their dispersal capacity. Finally, we classified
spider (1: active hunting, 0.5: burrowing, and 0: web-
building; Cardoso et al., 2011), ant (1: zoophagous and
0: both zoophagous and phytophagous; Seifert, 2018),
ground beetle (1: carnivorous, 0.5: carnivorous, but con-
sumes other materials as well, and 0: granivorous, but
consumes other materials as well; Homburg et al., 2014),
and rove beetle (1: carnivorous, 0.5: carnivorous or
coprophagous, and 0: saprophagous or mycetophagous;
Arnett and Thomas, 2001; Lott, 2009; Nitzu and Olenici,
2009; Lott and Anderson, 2011; Lutska and Sirenko, 2020)
species according to their feeding habits.

Data analysis

Species richness and abundance

Pitfall trap data from both sampling periods (2019 and
2020) were used to analyze the total number of species
and specimens between the two habitats (plateau vs.
doline).

We calculated the total number of species and speci-
mens of each taxon for both habitats. To test whether the
number of species and specimens differed between the
two habitats, we used generalized linear mixed-effects
models with a Poisson (for species number) or negative
binomial (for specimen number) error distribution. Sepa-
rate models were calculated for each taxon using the
glmer function of the lme4 package (Bates et al., 2015).
In the models, the number of species or specimens sam-
pled by each trap in 2019 (94 traps) and 2020 (114 traps)
was used as a response variable, habitat type (plateau vs.
doline) was included as a fixed factor, and doline ID
(dolines 1–12) and sampling year as random factors. Anal-
yses were carried out in R 3.6.2 (R Core Team, 2019).

Microclimate, soil moisture, and deadwood

Mean air temperature, mean relative air humidity, mean
soil moisture (FieldScout TDR 350 Soil Moisture Meter),
and the average amount of deadwood were calculated
across all sites and for each site (except in the case of
deadwood) of the plateau and doline habitats. Paired
t tests were used to compare these means between the
plateau and doline habitats using the t test function from
the stats package (R Core Team, 2019).

We standardized microclimatic data to the mean pla-
teau values, that is, mean plateau data across all plateau
sites were subtracted from the data of dolines for every
measurement time point. Soil moisture values (Optin ADL
Soil sensors) were averaged over 1-h intervals (from mid-
March to late October 2020) across all five sites of the
plateau and doline habitats, respectively. The results were
plotted using a line graph.

Compositional differences and species-environment

relationships

We used data collected in the second sampling period
(2020) to determine compositional differences and spe-
cies–environment relationships, as (1) the number of sites
where all the five traps remained in operation was low in
the first sampling period, and (2) we possess environmen-
tal data only from the second sampling period. Species
data from traps for those sites where all the five traps
remained in operation (11 plateau and 9 doline sites) were
pooled before these analyses.

The identification of species primarily associated with
the plateau or doline habitats was made using the indica-
tor value (IndVal) procedure (Dufrêne and Legendre,
1997), considering the relative frequency and abundance
of species. This method provides an IndVal value for each
species, based on the degree of specificity of a species to
an ecological state (e.g., a habitat type) and its fidelity
within that state.We used the indval function in the labdsv
package (Roberts, 2019). The statistical significance of the
IndVal statistics was evaluated by a Monte Carlo permu-
tation procedure (999 permutations).

One-way analysis of similarities (ANOSIM) was used to
test the effect of the plateau and doline habitats on the
compositional differences of arthropod assemblages. We
used the anosim function in the vegan package, applied
the Bray–Curtis dissimilarity and performed 999
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permutations (Oksanen et al., 2019). Nonmetric multidi-
mensional scaling (NMDS) ordinations were used to visu-
ally illustrate compositional differences for each taxon
applying the metaMDS function in the vegan package. A
Hellinger transformation was applied to the matrix of
species abundance data before the ordination. To assess
the relationships between environmental factors (mean
air temperature, mean relative air humidity, mean soil
moisture, and the amount of deadwood; see “Data
analysis—Microclimate, soil moisture, and deadwood” sub-
section) and arthropod assemblages, we fitted environ-
mental vectors onto the ordination space using the
envfit function, calculated correlations between ordina-
tion values and fitted vectors, and defined the significance
of each environmental factor with a permutation proce-
dure (999 permutations). All analyses were carried out in
R 3.6.2 (R Core Team, 2019).

Species traits

Pitfall trap data from both sampling periods (2019 and
2020) were used to analyze the species trait (moisture
preference, body size, dispersal capacity, and feeding
habit) distributions between the two habitats (plateau
vs. doline). We calculated community-weighted means
(CWMs)—the average of trait values weighted by the rel-
ative abundances of each species for each single trait—for
each trap (Lavorel et al., 2008; Ricotta and Moretti,
2011).

To test whether the trait distributions differed
between the two habitats, we used linear mixed-effects
models (LMMs). Separate models were calculated for
each trait of each taxon using the lmer function of the
lme4 package (Bates et al., 2015). In the models, the
CWM of each trait calculated for each trap (2019: 94
traps and 2020: 114 traps) was used as a response vari-
able, habitat type (plateau vs. doline) was included as
a fixed factor, and doline ID (dolines 1–12) and sampling
year as random factors. Analyses were carried out in
R 3.6.2 (R Core Team, 2019).

Results
Species richness and abundance

A total of 74 spider (653 specimens), 5 woodlouse (2,163
specimens), 18 ant (1,606 specimens), 32 ground beetle
(1,234 specimens), and 49 rove beetle (563 specimens)
species were captured in the 208 traps (Table S1). Dolines
contained more woodlouse (5 species and 1,269 speci-
mens in dolines, while 4 species and 894 specimens on
the plateau), ground beetle (28 species and 745 specimens
in dolines, while 21 species and 489 specimens on the
plateau), and rove beetle (40 species and 447 specimens
in dolines, while 25 species and 116 specimens on the
plateau) species and specimens than the plateau. In con-
trast, the plateau contained more spider (58 species and
376 specimens on the plateau, while 40 species and 277
specimens in dolines) and ant (16 species and 1,101 speci-
mens on the plateau, while 11 species and 505 specimens
in dolines) species and specimens than dolines.

The number of woodlouse, ground beetle, and rove bee-
tle species and specimens found in the pitfall traps was
higher (P < 0.001 in both cases) in dolines (woodlice: z ¼
3.68 and 4.43, respectively; ground beetles: z ¼ 3.51 and
4.89, respectively; rove beetles: z ¼ 6.93 and 9.24, respec-
tively), while the number of spider and ant species and
specimens was higher (P < 0.001 and P < 0.05, respectively)
on the plateau (spiders: z ¼ 3.32 and 2.17, respectively;
ants: z ¼ 5.66 and 6.92, respectively; Figure 2; Table S3).

Microclimate, soil moisture, and deadwood

Mean air temperature was higher on the plateau (20.48�C
± 4.35�C; mean ± SD) than in dolines (19.46�C ± 3.68�C),
while mean relative air humidity, mean soil moisture, and
the average amount of deadwood showed higher values in
dolines (78.73% ± 11.08%, 41.97% ± 6.71%, and 7.59%
± 3.42%, respectively) than on the plateau (70.34% ±
13.62%, 12.68% ± 4.20%, and 1.08% ± 0.51%, respec-
tively). These differences were statistically significant
(mean air temperature: t ¼ 5.68, P < 0.001, mean relative
air humidity: t ¼ 3.96, P ¼ 0.002, mean soil moisture:

Figure 2. Number of species and specimens (mean ± SE) in the pitfall traps. Lowercase letters indicate different
arthropod taxa as follows: (a) spiders, (b) woodlice, (c) ants, (d) ground beetles, and (e) rove beetles. Asterisks indicate
significant differences (*P < 0.05; ***P < 0.001) between the plateau (P) and doline (D) habitats. DOI: https://doi.org/
10.1525/elementa.2021.00084.f2
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t ¼ 14.16, P < 0.001, and average amount of deadwood:
t ¼ 6.82, P < 0.001).

Dolines were cooler (maximum difference: 3.1�C) and
more humid (maximum difference: 16%) than the plateau
during the investigated period (Figure S1). Daytime tem-
peratures in dolines were much lower than those on the
plateau. However, differences in nighttime temperatures
were less pronounced. Soil moisture in dolines had
remained relatively stable (36%–43%) from mid-March
to late October 2020. However, soil moisture on the pla-
teau had changed substantially with the highest value of
34% in late March and the lowest value of 12% in late
September (Figure S1).

Compositional differences and species-
environment relationships

According to the IndVal procedure, there were 2 spider, 1
woodlouse, 4 ant, 1 ground beetle, and 1 rove beetle
species that were primarily associated with the plateau.
In contrast, there were 2 spider, 4 woodlouse, 5 ground
beetle, and 2 rove beetle species that were primarily asso-
ciated with dolines (Tables 1 and S4). No characteristic
ant species was identified for dolines by the IndVal
procedure.

NMDS ordinations of trap data showed that the com-
position of arthropod assemblages differed between the
plateau and doline habitats (stress factors: 0.15, 0.04, 0.14,

Table 1. Indicator values and species occurrence and abundance data for arthropod species in the plateau and doline
habitats. DOI: https://doi.org/10.1525/elementa.2021.00084.t1

Taxa

IndVal Occurrence/Abundance

Abbr. Value P Plateau Doline

Spiders (Araneae)

Apostenus fuscus Westring, 1851 Apo_fus 0.455 (P) 0.035 5/5 0/0

Diplostyla concolor (Wider, 1834) Dio_con 0.893 (D) 0.007 5/10 9/68

Harpactea saeva (Herman, 1879) Har_sae 0.455 (P) 0.016 5/5 0/0

Tenuiphantes tenebricola (Wider, 1834) Ten_ten 0.846 (D) 0.001 1/1 8/16

Woodlice (Isopoda)

Hyloniscus vividus (Koch, 1841) Hyl_viv 0.540 (D) 0.037 2/2 6/7

Ligidium germanicum Verhoeff, 1901 Lig_ger 0.889 (D) 0.001 0/0 8/229

Protracheoniscus politus (C. Koch, 1841) Pro_pol 0.818 (P) 0.001 11/231 9/42

Trachelipus rathkii (Brandt, 1833) Tra_rath 0.862 (D) 0.006 8/38 9/194

Trachelipus ratzeburgii (Brandt, 1833) Tra_ratz 0.749 (D) 0.002 1/1 7/21

Ants (Hymenoptera: Formicidae)

Lasius platythorax (Seifert, 1991) Las_pla 0.799 (P) 0.004 5/32 3/3

Myrmecina graminicola (Latreille, 1802) Myr_gra 0.740 (P) 0.008 11/68 3/14

Stenamma debile (Foerster, 1850) Ste_deb 0.717 (P) 0.011 10/41 4/9

Temnothorax crassispinus (Karawajew, 1926) Tem_cra 0.939 (P) 0.001 11/225 4/12

Ground beetles (Coleoptera: Carabidae)

Abax parallelepipedus (Piller & Mitterpacher, 1783) Aba_par 0.718 (D) 0.038 9/24 9/50

Carabus nemoralis (O. F. Muller, 1764) Car_nem 0.455 (P) 0.035 5/13 0/0

Carabus ullrichii (Germar, 1824) Car_ull 0.444 (D) 0.031 0/0 4/5

Limodromus assimilis (Paykull, 1790) Lim_ass 0.889 (D) 0.001 0/0 8/27

Pterostichus ovoideus (Sturm, 1824) Pte_ovo 0.667 (D) 0.004 0/0 6/12

Trechus pilisensis (Csiki, 1918) Tre_pil 0.667 (D) 0.003 0/0 6/25

Rove beetles (Coleoptera: Staphylinidae)

Carpelimus corticinus (Gravenhorst, 1806) Car_cor 0.444 (D) 0.026 0/0 4/6

Philonthus decorus (Gravenhorst, 1802) Phi_dec 0.883 (D) 0.001 1/1 8/131

Platydracus chalcocephalus (Fabricius, 1801) Pla_cha 0.455 (P) 0.031 5/9 0/0

Only species with statistically significant values (P < 0.05) are shown. IndVal values represent the higher value for the target species
in either the plateau (P) or doline (D) habitats, respectively. Abbr. ¼ abbreviated species names.
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0.15, and 0.12 for spiders, woodlice, ants, ground beetles,
and rove beetles, respectively; Figure 3), and these differ-
ences were all statistically significant (ANOSIM; spiders:
R ¼ 0.43, P ¼ 0.002; woodlice: R ¼ 0.71, P ¼ 0.001; ants:
R ¼ 0.61, P ¼ 0.001; ground beetles: R ¼ 0.24, P ¼ 0.006;
and rove beetles: R ¼ 0.37, P ¼ 0.001). Air temperature,
relative air humidity, soil moisture, and the amount of
deadwood were significantly related to the ordination of
spider (r2 ¼ 0.52–0.74, P < 0.005) and woodlouse assem-
blages (r2 ¼ 0.42–0.80, P < 0.05), and air temperature,

relative air humidity, and soil moisture were significantly
related to the ordination of ant (r2 ¼ 0.33–0.61, P < 0.05)
and rove beetle assemblages (r2 ¼ 0.36–0.49, P < 0.05),
while air temperature, soil moisture, and the amount of
deadwood were significantly related to the ordination of
ground beetle assemblages (r2 ¼ 0.36–0.52, P < 0.05;
Figure 3). Arthropod assemblages on the plateau were
associated with higher air temperature, lower relative air
humidity and/or soil moisture, and/or lower amount of
deadwood, while arthropod assemblages in dolines were

Figure 3. Compositional differences and species–environment relationships. Nonmetric multidimensional
scaling (NMDS) ordinations for the (a) spider, (b) woodlouse, (c) ant, (d) ground beetle, and (e) rove beetle
assemblages of the plateau (red circles) and doline (blue diamond) habitats in the Mecsek Mountains, Hungary.
Fitted vectors show correlations between NMDS axial scores and potential predictors (air temperature, relative air
humidity, soil moisture, and amount of downed deadwood, P < 0.05). Arrow directions indicate the direction of the
correlation, while vector length shows the strength of correlation. Green numbers indicate stress values. Abbreviated
names of characteristic species are also plotted (Table 1). DOI: https://doi.org/10.1525/elementa.2021.00084.f3
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associated with lower air temperature, higher relative air
humidity and/or soil moisture, and/or higher amount of
deadwood.

Species traits

According to the LMMs (Figure 4; Table S5), the distribution
of arthropod species associated with moister habitats was
significantly (P < 0.001) related to dolines (spiders:
t¼ 10.86, ants: t¼ 9.15,woodlice: t¼ 19.63, ground beetles:
t ¼ 7.67, and rove beetles: t ¼ 4.52). Dolines contained
proportionally more large-bodied ants (t ¼ 8.04, P < 0.001)
and rove beetles (t¼ 2.49, P < 0.05), and fewer large-bodied
spiders (t¼ –3.08, P< 0.01) and ground beetles (t¼ –5.84, P
<0.001) than the plateau.Thedistributionof spiders, ground
beetles, and rove beetles with greater dispersal capacity was
significantly (P < 0.001) related to dolines (spiders: t¼ 5.26,
ground beetles: t ¼ 3.37, and rove beetles: t ¼ 6.23). How-
ever, we found a significantly greater proportion of woodlice
with greater dispersal capacity on the plateau (t¼ 9.50, P <
0.001). Dolines contained proportionally fewer active hunt-
ing spiders (t ¼ –6.40, P < 0.001) and more carnivorous
ground beetles (t ¼ 4.91, P < 0.001) and rove beetles (t ¼
3.06, P < 0.01) than the plateau.

Discussion
This study provides a vivid picture of how topographic
complexity provided by solution dolines may create

suitable habitats for ground-dwelling arthropod assem-
blages and certain species traits. Our results correspond
well with those obtained for different microclimatic habi-
tats in Europe (e.g., kurgans, peat bogs, and cold scree
slopes), where habitat diversity provided by topography
and/or soil plays a key role in the maintenance of distinct
arthropod assemblages (Rendoš et al., 2016; Deák et al.,
2020; Gallé et al., 2021).

Our results suggest that forested solution dolines may
provide important habitats for many arthropod species
that are rare or absent from the surrounding plateau
and that they have the capacity to maintain characteristic
arthropod assemblages, contributing to the landscape-
scale biodiversity in karst landscapes. We further demon-
strated that the local habitat features, such as microclimate,
soil moisture, and the amount of downed deadwood, may
play a significant role in determining the composition of
arthropod assemblages in dolines. Increasing topographic
complexity generally leads to increased climatic variability
and therefore affects the spatial distributions of organisms
(Badgley et al., 2017; Graae et al., 2018; Raschmanová et
al., 2018; Lewis et al., 2020; Deák et al., 2021). Arthropod
species responded to microclimatic variation in the stud-
ied landscape (Mecsek Mts, Hungary). To our knowledge,
this is the first study illustrating a strong and concerted
response of the distribution of five arthropod taxa from
various trophic levels (spiders, woodlice, ants, ground

Figure 4. Community-weighted means of species traits (mean ± SE) for the pitfall trap data. Lowercase letters
indicate different arthropod taxa as follows: (a) spiders, (b) woodlice, (c) ants, (d) ground beetles, and (e) rove beetles.
As no differences were observed in the dispersal capacity of ants and the feeding habits of woodlice, these were
excluded from the analysis. Functional trait values correspond to coded values ranging between 0 and 1 (as described
in the Material and methods section). Asterisks indicate significant differences (*P < 0.05; **P < 0.01; ***P < 0.001)
between the plateau (P) and doline (D) habitats. DOI: https://doi.org/10.1525/elementa.2021.00084.f4
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beetles, and rove beetles) to topography and related
microclimatic patterns in solution dolines. We found that
the relatively cool and humid microclimate and high soil
moisture in the bottom of large forested dolines may
contribute to the maintenance of characteristic arthropod
assemblages, as ANOSIMs confirmed significant differ-
ences between the composition of all arthropod assem-
blages of the plateau and doline habitats. The
maintenance of comparatively cool and moist environ-
ments in dolines may be facilitated by lower solar radia-
tion, cool-air pooling, thicker soil layer, and higher soil
moisture (Whiteman et al., 2004; Bátori et al., 2019). Sim-
ilar to the rocky slopes and deep ravines, mass soil move-
ments on the steep and wet slopes of dolines uproot large
trees allowing an increased amount of deadwood at doline
bottoms. Previous studies have demonstrated that dead-
wood is an important predictor of biodiversity (Magura,
2002; Gallé et al., 2016; Oettel et al., 2020; Öder et al.,
2021), as it provides food source and shelter for a number
of saproxylic (i.e., deadwood-dependent) species and their
predators, parasites, and parasitoids (Verkerk et al., 2011).
We also found that the amount of deadwood may be an
important predictor of the distribution of at least some
arthropod species in dolines (Vilisics et al., 2011), such as
Hyloniscus vividus (C. Koch, 1841; Isopoda: Oniscidea) and
Limodromus assimilis (Paykull, 1790; Coleoptera: Carabi-
dae). Some of these species were particularly abundant
in dolines. These results also underline the importance
of fine-scale variation in environmental conditions and
the presence of microclimatic habitats (e.g., caves, north-
facing slopes, and topographic depressions) when investi-
gating the distribution of biodiversity in karst landscapes
(Bátori et al., 2017; Stralberg et al., 2020; Pavlek and Mam-
mola, 2021). Furthermore, topographic complexity may
create conditions that facilitate species persistence (espe-
cially for cool-adapted species), even as the regional cli-
mate changes (Schmalholz and Hylander, 2011). These
cool-adapted species are highly threatened by climate
change and therefore have a high conservation priority.
However, the recent focus on temperature as a determi-
nant of microrefugia insufficiently accounts for the impor-
tance of hydrologic processes with global warming
(McLaughlin et al., 2017).

Our results showed that solution dolines may facilitate
the persistence of a number of arthropod species associ-
ated with moister habitats, such as Diplostyla concolor
(Wider, 1834; Araneae), Ligidium germanicum (Verhoeff,
1901; Isopoda: Oniscidea), Limodromus assimilis (Paykull,
1790; Coleoptera: Carabidae), and Carpelimus corticinus
(Gravenhorst, 1806; Coleoptera: Staphylinidae). In the
present climate, many of these species have a restricted
distribution in Hungary (e.g., Hornung et al., 2008; Hor-
nung et al., 2009). Karst landscapes around the world are
experiencing particularly rapid climate change, such as
temperature increase and severe drought (Zhou et al.,
2018; Nerantzaki and Nikolaidis, 2020). Projections of
regional climate models show for East-Central Europe that
temperature will increase substantially and extreme heat
waves and drought will be more frequent and last longer
in the next decades (Bartholy et al., 2007; Bartholy and

Pongrácz, 2010). As doline bottoms have the potential to
maintain permanently moist conditions (i.e., environmen-
tal stability) during the driest periods of the year, we
believe that at least some arthropod species associated
with moister habitats can survive unfavorable periods
within these dolines in the future (Figure 5). It also means
that these local topographic depressions may need to be
accounted for when evaluating climate change impacts on
biodiversity in karst landscapes, as they may constitute
important hydrologic microrefugia and they increase hab-
itat connectivity for dispersal and migration (Keppel et al.,
2015; McLaughlin et al., 2017).

Furthermore, we found that dolines may also host spe-
cies with specific sets of body size, dispersal, and feeding
traits. For instance, dolines hosted proportionally more
small-bodied spiders and ground beetles, and more spi-
ders, ground beetles, and rove beetles with higher dis-
persal capacity than the plateau. The main reason for
this appears to be the funnel-shaped topography that can
trap good dispersers, such as frequently ballooning spiders
and macropterous ground beetles and rove beetles (Bell et
al., 2005; Dauber et al., 2005; Hendrickx et al., 2009). We
also found that the proportion of carnivorous species was
generally positively associated with the doline habitats,
meaning that those arthropods that have higher dispersal
capacities and consume other animals may significantly
influence the dynamics of predator–prey interactions and
the structure of food webs within these depressions (cf.
Rosenblatt and Schmitz, 2016). In addition, water avail-
ability could affect the physiology, dietary preferences, or
behaviors of predatory arthropods in many ways (McClu-
ney and Sabo, 2009), also influencing species interactions
in karstic microrefugia. Considering the facts above, we
believe that solution dolines may act as microrefugia for
some arthropods (cf. Marcin et al., 2021), while for others,
they may function as stepping stones (Bátori et al., 2020a)
or “ecological traps” (cf. Hale and Swearer, 2016). How-
ever, further studies are required to confirm these find-
ings, considering the potential effects of environmental
changes on functional trait patterns as well. As changes
in rainfall and temperature patterns may influence the
physiological, reproductive, and behavioral responses of
organisms in a different fashion (Lister and Garcia, 2018;
Joly et al., 2019), it is important to identify how individual
arthropod species and different arthropod assemblages
will respond to future climatic events. Previous studies
have demonstrated that warming may lead to faster devel-
opment and smaller adult body sizes in various arthropod
groups (Forster and Hirst, 2012; Frances et al., 2017), influ-
ence feeding rates and diet selection (Rall et al., 2012;
Lemoine and Shantz, 2016), affect plant–herbivore and
predator–prey interactions (Frank and Bramböck, 2016;
Sentis et al., 2017), and alter the structure and stability
of ectotherm-dominated food webs (Boukal et al., 2019).
There is an urgent need to focus on the direct and indirect
effects of temperature increase and drought on the biotic
interactions among arthropods (Walther, 2010; Murphy et
al., 2020; Abrego et al., 2021) and to understand the rela-
tionships among taxon-specific responses to long-term
environmental stability when studying microrefugia. As
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functional traits may be reflective of long-term environ-
mental stability (Keppel et al., 2018), extensive data col-
lection—including field and laboratory measurements of

functional traits within species—would be required to
investigate the relationships between functional patterns
and environmental factors inside and outside dolines.

Figure 5. Macroclimate, soil moisture, and potential future changes in the distribution of arthropods
(spiders, woodlice, ants, ground beetles, and rove beetles) in the karst region of the Mecsek Mountains,
Hungary. (a) Daily mean temperature and daily precipitation during the growing season (from mid-March to late
October 2020) in the study area. (b) Doline bottoms may provide microrefugia (i.e., permanently cool, humid, and
moist microhabitats) for arthropod species during climate warming. (c) Changes in soil moisture in the bottom of
dolines and on the plateau from mid-March to late October 2020. DOI: https://doi.org/10.1525/
elementa.2021.00084.f5
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Finally, future studies have to reveal the long-term ecolog-
ical consequences of different anthropogenic disturbances
on the distribution of arthropod taxa in dolines under
a warming climate (cf. Rojas et al., 2021).

Conclusions
Our investigations revealed that topographic depressions
in karst landscapes (solution dolines) may play an impor-
tant role in maintaining characteristic arthropod assem-
blages, arthropod species that may be particularly
vulnerable to climate change, and specific species traits.
This ability is strongly related to the microhabitat struc-
ture and corresponding environmental conditions present
in these unique habitats (Kobal et al., 2015). Similar to
plants (cf. Bátori et al., 2019), ground-dwelling arthropods
(spiders, woodlice, ants, ground beetles, and rove beetles)
showed a concerted response to topography and related
microclimatic (air temperature, soil moisture, and/or rel-
ative air humidity) patterns in dolines. The amount of
downed deadwood was also an important predictor of
arthropod diversity. Our current results and previous cli-
matic studies over longer time periods indicate that in
forested landscapes, doline bottoms are cooler and more
humid than the surrounding plateau (Raschmanová et al.,
2018; Marcin et al., 2021). We also demonstrated that
doline bottoms have the potential to maintain permanently
moist conditions not only in spring and autumn but also
during drier periods of the year. The ability of dolines to
provide soil moisture levels that are no longer available in
the surrounding landscape may indicate the presence of
future hydrologic microrefugia. Furthermore, dolines may
host species with specific sets of body size, dispersal, and
feeding traits, highlighting that they may facilitate the per-
sistence of some functional traits that are rare or absent
from the surrounding landscape. Considering these find-
ings, we believe that dolines are likely to maintain viable
populations of at least some arthropod species that may be
vulnerable to climate change (e.g., species associated with
moist habitats). However, quantifying the degree to which
biotic (e.g., species composition and vegetation pattern)
and abiotic (e.g., microclimate and soil moisture) conditions
in dolines will change would provide a key indicator of the
potential capacity of these special habitats. Future studies
might be able to reveal how anthropogenic disturbances
affect the arthropod assemblages in dolines and how the
main environmental filters (i.e., seasonal drought and tem-
perature increase) may impact functional traits within and
among species in these safe havens.
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Bartholy, J, Pongrácz, R. 2010. Analysis of precipitation
conditions for the Carpathian Basin based on
extreme indices in the 20th century and climate
simulations for 2050 and 2100. Physics and
Chemistry of the Earth, Parts A/B/C 35: 43–51. DOI:
http://dx.doi.org/10.1016/j.pce.2010.03.011.
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Global patterns of guild composition and functional
diversity of spiders. PLoS One 6: e21710. DOI:
http://dx.doi.org/10.1371/journal.pone.0021710.

Coleman, TW, Rieske, LK. 2006. Arthropod response to
prescription burning at the soil–litter interface in
oak–pine forests. Forest Ecology and Management

Bátori et al: Topographic depressions provide potential microrefugia for arthropods Art. 10(1) page 13 of 18
D

ow
nloaded from

 http://online.ucpress.edu/elem
enta/article-pdf/10/1/00084/709825/elem

enta.2021.00084.pdf by guest on 08 Septem
ber 2022

http://dx.doi.org/10.1111/j.1365-2699.2010.02300.x
http://dx.doi.org/10.1111/j.1365-2699.2010.02300.x
http://dx.doi.org/10.1016/j.tree.2016.12.010
http://dx.doi.org/10.1016/j.pce.2010.03.011
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.18637/jss.v067.i01
http://dx.doi.org/10.1016/j.foreco.2021
http://dx.doi.org/10.1016/j.foreco.2021
http://dx.doi.org/10.4311/2011LSC0216
http://dx.doi.org/10.4311/2011LSC0216
http://dx.doi.org/10.3389/fevo.2020.613738
http://dx.doi.org/10.3389/fevo.2020.613738
http://dx.doi.org/10.1093/aob/mcw233
http://dx.doi.org/10.1093/aob/mcw233
http://doi:10.1007/s10531-019-01896-4
http://doi:10.1007/s10531-019-01896-4
http://dx.doi.org/10.1038/s41598-019-43603
http://dx.doi.org/10.1038/s41598-019-43603
http://dx.doi.org/10.1163/22244662-06301009
http://dx.doi.org/10.1163/22244662-06301009
http://dx.doi.org/10.1079/BER2004350
http://dx.doi.org/10.1079/BER2004350
http://dx.doi.org/10.13156/arac.2009.14.7.308
http://dx.doi.org/10.13156/arac.2009.14.7.308
http://antcat.org
http://dx.doi.org/10.1016/j.cois.2019.06.014
http://dx.doi.org/10.1016/j.cois.2019.06.014
http://dx.doi.org/10.1186/1471-2148-14-9
http://dx.doi.org/10.1186/1471-2148-14-9
http://dx.doi.org/10.1016/j.tree.2015.07.001
http://dx.doi.org/10.1371/journal.pone.0021710


233: 52–60. DOI: http://dx.doi.org/10.1016/j.
foreco.2006.06.001.

Corcos, D, Lami, F, Nardi, D, Boscutti, F, Sigura, M,
Giannone, F, Pantini, P, Tagliapietra, A, Busato,
F, Sibella, R, Marini, L. 2021. Cross-taxon congru-
ence between predatory arthropods and plants
across Mediterranean agricultural landscapes. Eco-
logical Indicators 123: 107366. DOI: http://dx.doi.
org/10.1016/j.ecolind.2021.107366.

Császár, P, Torma, A, Gallé-Szpisjak, N, Tölgyesi, C,
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Deák, B, Kovács, B, Rádai, Z, Apostolova, I, Kelemen,
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Hébert, MP, Beisner, BE, Maranger, R. 2016. A meta-
analysis of zooplankton functional traits influencing
ecosystem function. Ecology 97: 1069–1080. DOI:
http://dx.doi.org/10.1890/15-1084.1.

Hendrickx, F, Maelfait, JP, Desender, K, Aviron, S, Bai-
ley, D, Diekotter, T, Lens, L, Liira, J, Schweiger, O,
Speelmans, M, Vandomme, V, Bugter, R. 2009.
Pervasive effects of dispersal limitation on within-
and among-community species richness in agricul-
tural landscapes. Global Ecology and Biogeography
18: 607–616. DOI: http://dx.doi.org/10.1111/j.
1466-8238.2009.00473.x.

Homburg, K, Homburg, N, Schaefer, F, Schuldt, A, Ass-
mann, T. 2014. carabids.org—A dynamic online
database of ground beetle species traits (Coleoptera,
Carabidae). Insect Conservation and Diversity 7:
195–205. DOI: http://dx.doi.org/10.1111/icad.
12045.
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Mock, A, Luptáčik, P. 2016. Organic carbon content
and temperature as substantial factors affecting
diversity and vertical distribution of Collembola on
forested scree slopes. European Journal of Soil Biol-
ogy 75: 180–187. DOI: http://dx.doi.org/10.1016/j.
ejsobi.2016.06.001.

Ricotta, C, Moretti, M. 2011. CWM and Rao’s quadratic
diversity: A unified framework for functional ecol-
ogy. Oecologia 167: 181–188. DOI: http://dx.doi.
org/10.1007/s00442-011-1965-5.

Roberts, DW. 2019. Labdsv: Ordination and multivariate
analysis for ecology. Available at http://cran.r-

project.org/web/packages/labdsv. Accessed 21 June
2021.

Rojas, IM, Jennings, MK, Conlisk, E, Syphard, AD,
Mikesell, J, Kinoshita, AM,West, K, Stow, D, Sto-
rey, E, De Guzman, ME, Foote, D, Warneke, A,
Pairis, A, Ryan, S, Flint, LE, Flint, AL, Lewison,
RL. 2021. A landscape-scale framework to identify
refugia from multiple stressors. Conservation Biol-
ogy. DOI: http://dx.doi.org/10.1111/cobi.13834.

Rosenblatt, AE, Schmitz, OJ. 2016. Climate change,
nutrition, and bottom-up and top-down food web
processes. Trends in Ecology & Evolution 31:
965–975. DOI: http://dx.doi.org/10.1016/j.tree.
2016.09.009.
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