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ARTICLE INFO ABSTRACT
Editor: Elena Paoletti Wood-pastures harbor critical natural and social values and are among the most ancient land use forms of
Europe. The crucial conservation value of these silvopastoral systems is generally contributed to their charac-
Keywords: teristic landscape elements, the solitary trees, which provide microhabitats for a variety of organisms. However,
Ants . o by accommodating four habitat types (grasslands, solitary trees, forests, and forest edges) on a relatively small
gzzrpltiirgg;orgamzanon spatial scale, wood-pastures might host functionally and compositionally distinct arthropod communities, thus

Habitat heterogeneity enhancing the landscape-level biodiversity. To test this, we assessed the fine-scale microclimatic conditions of
Landscape-level biodiversity the four different habitat types of three wood-pastures and investigated the effects of these conditions on ant
Microclimate activity and community organization patterns. Besides microclimate, niche breadths (quantified by four-
dimensional niche hypervolumes), niche overlaps, and interspecific interactions were also considered to assess
the importance of interspecific competition in shaping the studied ant communities. The four habitat types
showed notable differences in the previous aspects, which resulted in different patterns of ant activity and
community organization. Posing ideal conditions (high solar irradiance and temperatures above 25 °C) for ant
activity, the grasslands were monopolized by usually 2-3 dominant species with large hypervolumes, while the
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subordinates mostly occurred under environmental extremities. Despite their vicinity to the grasslands, solitary
trees showed a different pattern, where in total 8 subordinate species associated with specific microclimates were
present. The forest edges hosted the most species-rich communities, with 18 species in total, where interspecific
interactions played a major role in shaping the activity patterns. A similar result was obtained for forests,
although the mild environmental conditions of these habitat types resulted in low overall ant activity. Our results
unveil that by posing various microclimatic and structural conditions, wood-pastures enable the coexistence of
four ecologically and functionally distinct communities, which makes them ideal targets for biodiversity

conservation.

1. Introduction

Wood-pastures are among the most ancient land use forms in Europe,
their origins dating back to the Neolithic (Luick, 2008; Bergmeier and
Roellig, 2014). Due to the wide geographic range and different man-
agement types of these silvopastoral systems (Plieninger et al., 2015),
their physiognomy can differ considerably from pastures with scattered
trees or shrubs to closed-canopy grazed woodlands (Manning et al.,
2006; Bergmeier et al., 2010). Nevertheless, the term generally refers to
semi-natural environments, where solitary trees are sparsely distributed
in a grazed grassland matrix (Hartel et al., 2013; Plieninger et al., 2015).

These large, often very old trees provide microhabitats for a wide
range of species, such as birds (Hartel et al., 2014; Horak et al., 2014),
bats (Galindo-Gonzalez et al., 2000; Lumsden and Bennett, 2005),
arboreal and ground-dwelling arthropods (Dunn, 2000; Majer et al.,
20005 Falk, 2014; Sebek et al., 2016), saproxylic beetles and flies (Falk,
2014; Lindman et al., 2023), but also to lichens or fungi (Horak et al.,
2014). Furthermore, by altering the microclimatic and physicochemical
properties of their environment (Rhoades, 1996; Manning et al., 2006),
these trees greatly influence the composition of their understory plant
communities (Garbarino and Bergmeier, 2014; Lopez-Sanchez et al.,
2016). For these reasons, solitary trees within this habitat can be
considered keystone structures, as their ecological significance is dis-
proportionally large relative to their spatial extent (Manning et al.,
2006; Tolgyesi et al., 2018).

The presence of solitary trees, however, is not the sole factor
contributing to the high ecological and conservation value of wood-
pastures. The grasslands embedding the solitary trees are traditionally
managed as extensively grazed pastures, thus supporting a rich flora and
fauna (Rosenthal et al., 2012). Furthermore, as the origin of wood-
pastures is linked to the opening-up of woodlands (Bergmeier et al.,
2010), closed-canopy forests of various sizes can usually be found in the
surrounding landscape. These forests — besides providing habitat for
forest-associated species (Horak et al., 2014; Tausan et al., 2021) - form
edges with the pasture's grasslands, thus creating an ecotone that may
host functionally and ecologically distinct communities (Ries et al.,
2004; Erdos et al., 2014; Frasconi Wendt et al., 2021). The individual
habitat types (solitary trees, grasslands, forests, and their edges) of
wood-pastures have the potential to create diverse microclimatic and
abiotic conditions, thus enhancing the environmental heterogeneity of
the whole system. This, in turn, might enable the coexistence of species
with different environmental preferences on a small and intermediate
scale (Stein et al., 2014), thus increasing landscape-level biodiversity.
By accommodating four habitat types, wood-pastures are good repre-
sentatives of heterogenous semi-natural habitat mosaics maintained by
human activity, and as such, offer an ideal framework to study the un-
derlying mechanisms that enable the coexistence of different commu-
nities at small and intermediate spatial scales with a variety of habitat
and environmental conditions. Considering the ongoing anthropogenic
habitat change, gaining a comprehensive understanding of the interplay
between environmental and biotic conditions and the rules governing
community organization in semi-natural habitats becomes increasingly
relevant for sustaining biodiversity.

We chose ants as our model organisms as they are highly sensitive
and responsive to changes in climatic (Gibb et al, 2015) and

microclimatic conditions (Perfecto and Vandermeer, 1996; Retana and
Cerda, 2000), and react dynamically to changes in their habitat structure
(Farji-Brener et al., 2002; Gallé et al., 2016). Due to the sessile nature of
most ant colonies (Wilson, 1971), workers are less likely to move be-
tween distant habitats, consequently, their presence is a more accurate
indication of site conditions as compared to more mobile animals (Ste-
phens and Wagner, 2006). Furthermore, the competition between ant
colonies is confined to well-defined zones (Andersen, 1991), ensuring
reliable detection of agonistic interactions between individuals.

The purpose of our research was dual: firstly, we intended to scru-
tinize the microclimatic differences between the four different habitat
types of wood-pastures, and thus uncover the main environmental fac-
tors influencing community organization. Secondly, we aimed to
investigate the effects of these microclimatic differences and interspe-
cific interactions on the functional and community composition, as well
as the activity patterns of an ecologically dominant group of organisms
in wood-pastures. Coupling fine-scale microclimatic measurements and
observations of interspecific interactions with occurrence data allowed
us to take a deeper insight into the underlying mechanisms that struc-
ture the communities of these highly heterogenous habitats. We spe-
cifically hypothesized that I) the four different habitat types will differ in
the measured microclimatic parameters, and II) that these latter will
profoundly affect the ant interspecific interactions. Thus, we also hy-
pothesized that III) the microclimate and interspecific interactions will
jointly influence the composition and activity patterns of ants, leading to
the coexistence of compositionally and functionally distinct ant
communities.

2. Materials & methods
2.1. Study sites

Our study was carried out in three wood-pastures of Central and
Eastern Europe: 1) Erdébénye (Zemplén-Mts, North-East Hungary) (N
48.276, E 21.319; 215-245 m a.s.l.), 2) Deusu (Cluj County, North-West
Romania) (N 46.916, E 23.505; 420-490 m a.s.1.), and 3) Rupea, (Brasov
County, Central Romania) (N 46.019, E 25.223; 500-580 m a.s.l.)
(Fig. 1A). The wood-pastures are of comparable sizes (215 ha, 250 ha,
and 393 ha, respectively), and share similar environmental character-
istics. The climate is continental with a mean annual precipitation of
600, 600, and 650 mm, and a mean annual temperature of 9.5, 8.3, and
8.2 °C, respectively. Each wood-pasture is embedded into a hilly land-
scape with gentle slopes and connected to oak-hornbeam forests. Oaks
(Quercus petraea, and Q. robur) are the most common solitary trees, but
pear (Pyrus pyraster, and P. communis) and hornbeam (Carpinus betulus)
also occur. The surrounding grasslands are dominated by perennial
graminoids (Agrostis capillaris, Festuca pratensis, F. pseudovina, and F.
rubra) and are subjected to moderate grazing by sheep (Erdébénye
location), supplemented by cattle and buffalo (Deusu, Rupea locations)
(Fig. 1B).

2.2. Sampling design

Four sampling sites were established in all four habitat types
(grasslands, solitary trees, forest edges, and forests; Fig. 1C) from every
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Fig. 1. Study sites and study design. (A) Location of the studied wood-pastures in Hungary and Romania. (B) General physiognomy of a wood-pasture (Deusu,
Romania). (C) Aerial view of a wood-pasture (Deusu, Romania) with the studied habitat types. (D) Workers of Tetramorium cf. caespitum and Formica rufibarbis on a
bait station. (E) Sampling design of the study.
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wood-pasture (16 sampling sites in every wood-pasture, i.e., 48 sites in
total). The sampling sites were located at least 20 m from each other.
Except for grasslands, each sampling site contained a central oak tree. In
forests, the central trees were located at least 50 m from the forest edges
to exclude any edge effects, meanwhile, in edges, the trees were selected
from the outermost tree line. The orientation of forest edges were similar
within each wood-pasture with only a slight difference in one location
due to the slightly different landscape composition (forest edges facing
south-west in Erdébénye, and south-east in Deusu and Rupea).
Accordingly, we selected solitary oaks embedded in the grassland matrix
located at least 50 m from the nearest forest edges. In grasslands, the
sampling sites were placed in a rectangular pattern, and each site was
located at least 50 m from the nearest forest edge or solitary tree. The
field sampling was carried out under fair weather conditions in June
2022, within a 10-day sampling window. In each wood-pasture, the
sampling of the four different habitat types was carried out simulta-
neously, within one sampling day. The three wood-pastures, however,
were sampled in five day intervals.

We used non-invasive baiting to assess the species composition and
relative abundance of ants (Fig. 1D). In each sampling site, five bait
stations were placed in a cross-shaped pattern: four stations were situ-
ated 3 m away from the central oak following the cardinal directions (20
bait stations/habitat, 240 in total), and one station at a height of 1.5 m
on the north-facing side of the central oak's trunk (Fig. 1E). In grass-
lands, the central bait station was placed on the ground. Each bait sta-
tion consisted of a plastic disk (8 cm in diameter) and a quarter-teaspoon
of a 1:3 mixture of tuna and honey as bait material. Foraging activity on
baits was monitored every 30 min during three observation periods:
7:30 a.m. — 9:30 a.m.; 11:30 a.m. — 2:00 p.m.; 4:00 p.m. — 6:30 p.m. (17
observations/bait station). Based on previous works (e.g., Tausan et al.,
2017; Maak et al., 2020), the selected observation periods corresponded
to the main activity periods of diurnal species in similar habitats. During
each observation, the number of workers of each ant species on the bait,
as well as the interactions between them (e.g., biting, and charging)
were recorded. Baits were available ad libitum. Ants were identified to
morphospecies or genus level in the field, and representatives were
collected and preserved in 95 % ethanol for later species identification in
the laboratory using the keys of Czechowski et al. (2012) and Seifert
(2018). The specimens were deposited at the Department of Ecology,
University of Szeged. The nomenclature follows Bolton's catalogue
(Bolton, 2020) and the Hymenoptera Name Server (Johnson, 2007).

To assess the microclimatic differences between the four habitat
types, we monitored the changes in a range of abiotic conditions at each
sampling site (from 7:30 a.m. to 6:30 p.m.). Air temperature (°C) and
relative air humidity (%) were recorded at 5-min intervals using Optin
Ambient Data Loggers (ADL-TH3) (145 measurements/device, 12,180 in
total). The loggers were encased in a radiation shield and were sus-
pended 10 cm above the ground. In the sampling sites with a central tree
(solitary trees, forests, and forest edges), we installed an additional data
logger at a height of 1.5 m on the south-facing side of the tree trunk. We
chose this side to avoid interfering with the microclimate loggers during
our observations of the bait stations installed on the tree trunks. Soil
temperature (°C) was recorded in the upper 10 cm of the soil using
digital penetration probe thermometers (TFA pocket-digitemp
30.1018). The measurements were conducted at the beginning of each
observation period (17 measurements/sampling site, 816 in total). Soil
moisture (volumetric water content — VWC%) was also measured at four
locations within each sampling site using a FieldScout TDR 350 Soil
Moisture Meter. We also recorded the solar irradiance (W/m?2) at one
location per habitat type every 5 mins using Kipp & Zonen SMP3 pyr-
anometers (145 measurements/device, 1740 in total). The sensors were
attached to tripod stands at 50 cm height and were placed at least 20 m
from the nearest sampling site to avoid shading by our activities
(Fig. 1E).
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2.3. Species grouping

To enhance the generalizability of our data and to account for the
differences in the species pool of the three studied wood-pastures, ant
species were grouped into different behavioral categories. Since the
behavioral status of an ant species can be context and habitat-dependent
(Punttila et al., 1996; Lach et al., 2010), instead of relying on the liter-
ature, we used direct observations and measurements for the construc-
tion of behavioral groups. The grouping process was based on two
indices that reflect the two components of dominance in ants: behavioral
and ecological dominance (Cerda et al., 1997; Lach et al., 2010). To
quantify the behavioral dominance, an aggression index (A) was
calculated for each species, which is defined as the proportion of
aggressive interactions (e.g., charging, biting, and expulsion) directed
toward heterospecific workers. Similar indices are commonly used in ant
community ecology and are the basis of mapping dominance hierarchies
in ant communities (Fellers, 1987; Cerda et al., 1997, 1998; Bes-
telmeyer, 2000). To measure ecological dominance, we calculated an
evenness value for each species at each habitat type. The evenness
values are based on Pielou's J' index:

H

T =
InA,

where H is the Shannon-diversity value of a species and A, is the number
of potentially available bait stations for the same species, i.e., (1) air
temperature and relative air humidity measured at the bait station is
within the determined activity range of the species, and (2) workers
were found at the given habitat of the respective wood-pasture (for the
activity ranges, see Table S1). The Shannon-diversity value (H) of a
species is based on a modified form of the Shannon-diversity index:

H= - ipilnpi
=1

where Oc is the number of bait stations occupied by a given species, and
pi is the proportion of workers present in the i" of Oc observations.
Based on the aggression and evenness values, ant species were
grouped into three behavioral categories: dominant, intermediate, and
subordinate (for the characteristics of the three behavioral groups, see
Table 1, for the species list, see Supplemental data). The dominant group
consisted of behaviorally and ecologically dominant ant species. The
representatives of this group (e.g., Formica gagates, and Lasius niger) were
very abundant in multiple habitat types of the studied wood-pastures,
recruited large numbers of workers to the occupied baits, and showed
great levels of aggression toward heterospecific workers. Similarly, high
aggressivity was shown by the representatives of the intermediate group
(e.g., Camponotus ligniperda, and Formica sanguinea). These ants often
outcompeted even the members of the dominant group, although their
ecological dominance was less pronounced: they sporadically monopo-
lized some baits but were not abundant throughout their habitats. A
similar group is used in the literature — mainly in arid Australian eco-
systems — for species that can be locally abundant, but whose occurrence
depends on certain physical factors such as climate and soil properties
(Andersen, 1986). Although showing a different pattern, one additional

Table 1
Simplified list of the characteristics of ant species belonging to the three
behavioral groups. For the species list and index values, see Supplemental data.

Behavioral Aggression Evennessvalue  Abundance Occurrence

group index (ecological at baits on wood-
(behavioral dominance) pastures
dominance)

Dominant High High High High

Intermediate High Intermediate Various Sporadic

Subordinate Low Mostly low Low Low
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species, Myrmica ruginodis was also placed into the intermediate cate-
gory. This species showed a relatively high ecological dominance in
woody habitats, although the outcome of its interspecific interactions
was context-dependent. The subordinate group consisted of behavior-
ally and ecologically subordinate species, which were among the rarest
ant species in wood-pastures. The representatives of this group (e.g.,
Camponotus atricolor, and Temnothorax affinis) were often associated
with certain microclimates or microhabitats, showed low levels of
aggression, and were easily excluded from the baits by dominant or
intermediate species.

2.4. Data analysis

2.4.1. Species number and microclimatic conditions

We used a generalized linear mixed-effect model (Poisson error,
maximum likelihood fit) to compare the number of species found in the
four different habitat types. The number of species found in different
locations and sites within each habitat type was summed for every
observation. In the full model, the habitat type was included as a fixed
factor, whereas the observation period as a random factor.

To test the effects of the four different habitat types on the measured
environmental parameters (soil and air temperature, soil moisture,
relative air humidity, and solar irradiation), linear mixed-effect models
(Gaussian error, maximum likelihood fit) were used. Prior to analysis,
the data of the two microclimate loggers (measuring air temperature and
relative air humidity) installed in the same sampling site were averaged
for each measurement. In the full models, the habitat type, the three
observation periods (morning, midday, and afternoon), and the inter-
action of the two variables were included as fixed factors, whereas the
location (wood-pasture) and the sampling sites within each habitat type
were included as nested random factors. However, in the model for solar
irradiation, only the location was included as a random factor, as we
used only one pyranometer per habitat type. For soil moisture, a sepa-
rate linear mixed-effect model (Gaussian error, maximum likelihood fit)
was built to test the effect of the other microclimatic components (soil
and air temperature, relative air humidity, and solar irradiation) on this
variable. In the full model, all other scaled microclimatic variables were
included as explanatory variables, whereas the location and the sam-
pling sites within each habitat type were included as nested random
factors. As this variable was in strong relationship with other microcli-
matic variables (GLMM, soil temperature: z = 5.57; p < 0.001; solar
irradiation: z = 10.37; p < 0.001; and air humidity: z = 6.05; p < 0.001)
and was not monitored throughout the day due to the lack of diurnal
changes, it was not included in further GLM models, unless tested
separately.

2.4.2. Niche hypervolume estimation

In addition to quantifying the fine-scale microclimatic conditions in
the four different habitat types, we estimated the breadth of conditions
utilized by each species through the construction of multidimensional
hypervolumes (Blonder et al., 2014). Hypervolumes represent the niche
breadth of each species within a given habitat type and are defined by
the bounds of scaled and centered environmental factors (Blonder,
2018). Using the irradiance, air temperature, relative air humidity, and
soil temperature values of each occurrence data, four-dimensional
hypervolumes were constructed for each species per habitat type. The
support vector machine (svm) method (with a default y parameter value
of 0.5) was chosen as it provides a smooth fit around the data and allows
for outlier inclusion, hence it is appropriate for fundamental niche
modeling applications (Blonder, 2018). Prior to constructing hyper-
volumes, environmental data were separately min-max normalized
across each habitat type. This way, besides accounting for the different
measurement units and axis scales, it is ensured that the hypervolume
values are unbiased by the different variability of environmental pa-
rameters in the four habitat types. Ant species with less than ten oc-
currences were excluded from the analysis to ensure the reliability of
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hypervolume construction (Blonder et al., 2014).

The applied framework also allows for the estimation of the shared
volume between two hypervolumes, which is interpreted as the niche
overlap of the corresponding species. We used the Jaccard similarity
index to quantify the pairwise overlap between hypervolumes for each
habitat type. The index ranges from 0 (no overlap) to 1 (complete
overlap). As every species had only one hypervolume value per habitat
type, the hypervolume and Jaccard values were not further analyzed
statistically. Instead, mean values and standard deviations were calcu-
lated to quantify the differences between the communities of the four
habitat types.

2.4.3. Effects of habitat type, observation period, and competitive
interactions

After assigning each ant species to one of the three behavioral groups
(dominant, intermediate, subordinate), the abundances of the species
belonging to the same group were summed for each observation. To test
the effect of the different habitat types on the abundances of the three
behavioral groups, GLMMs (Poisson error, maximum likelihood fit)
were used. In model over-dispersion, a negative binomial error term was
used (Lindén and Méantyniemi, 2011). In the models, the habitat type
and the three observation periods, as well as their interaction were
included as fixed factors, whereas the location and sampling site were
included as nested random factors. For the intermediate group, only the
forest edges and forests could be compared, as there were no interme-
diate species on grasslands, and only one species (with few occurrences)
was present on solitary trees (Camponotus vagus, N = 13).

We determined the effects of environmental parameters and inter-
group interactions on the activity of the ants belonging to the three
behavioral groups by using generalized linear mixed-effect models
(Poisson error, maximum likelihood fit). We built separate models for
each behavioral group at each habitat type. In the models, the scaled
environmental parameters and the scaled abundances of the superior
groups (if relevant, e.g., dominant and intermediate groups for the
subordinates) were included as explanatory variables, whereas the
sampling site and the observation period were included as random
factors. For the reasons mentioned above, we could include the inter-
mediate group only in the models of forest edges and forests. In every
model, we calculated the variance inflation factor (VIF) of each variable
to check for multicollinearity. The variable(s) with a VIF value around 5
or above were removed, and a new model was constructed without this
variable (James et al., 2013).

2.4.4. General details of the statistical analysis

All statistical analyses were carried out in the R Statistical Environ-
ment (R Core Team, 2022). GLMMs were performed using glmer and
glmer.nb functions of the ‘lme4’ package (Bates and Maechler, 2013).
The emmeans function (‘emmeans’ package) was used for sequential
post-hoc comparisons among factor levels when performing LMM and
GLMM analyses (Lenth, 2020). The four-dimensional hypervolumes
were constructed using the hypervolume sym function of the ‘hyper-
volume’ package (Blonder et al., 2014). Pairwise hypervolume overlaps
were calculated with the hypervolume_overlap_statistics function (‘hyper-
volume’ package, Blonder et al., 2014).

3. Results

In total, 15,855 ant workers belonging to 27 species and three sub-
families were recorded in the three studied wood-pastures (Formicinae:
15 species; Myrmicinae: 10 species; Dolichoderinae: 2 species; see
Table S1 for the species list). The number of species were the highest in
forest edges (z > 4.05; p < 0.001), and the lowest in grasslands (z > 3.99;
p < 0.001) (Fig. 2). The difference in species numbers between the
solitary trees and forests was not significant (z = 0.17; p = 0.99). Based
on the two indices reflecting behavioral and ecological dominance
presented above, eight species were placed into dominant, five species
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Fig. 2. Number of ant species recorded in the four different habitat types of
wood-pastures. Lowercase letters indicate significant differences among
habitat types.

into intermediate, and 14 species into subordinate behavioral groups
(see Supplemental data).

3.1. Microclimatic parameters

The four habitat types of wood-pastures differed considerably in
terms of the measured microclimatic parameters (Fig. 3). We detected
the highest air temperatures in the grasslands, regardless of the time of
observation (z > 30.26; p < 0.001) (Fig. 3A). Among the woody habitat
types, during the morning and afternoon hours (1st and 3rd periods) the
temperatures were the highest underneath the solitary trees, followed by
the forest edges and forests. The differences between these two latter
habitat types were significant (z > 3.26; p < 0.01). During the midday
hours (2nd period), however, the temperatures were significantly lower
underneath the solitary trees as compared to the forest edges (z = 2.58;
p = 0.049), and marginally significantly lower as compared to the forests
(z = 2.50; p = 0.06). The differences between the forests and the forest
edges were not significant in this respect (z = 0.08; p = 0.999).

The relative air humidity followed a reverse pattern, with the
grasslands having the lowest values (z > 15.03; p < 0.001) (Fig. 3B).
Among the remaining habitat types, during the morning and afternoon
hours air humidity was lowest underneath the solitary trees, followed by
the forest edges and forests (z > 2.62; p < 0.044). At the midday hours,
however, there were no significant differences between the three woody
habitats (z < 2.57; p > 0.05).

The solar irradiance generated a similar pattern to that of the air
temperature (Fig. 3C). Without shading, the grasslands received the
highest solar irradiation, regardless of the time of observation (z >
15.94; p < 0.001). During the morning and afternoon hours, the highest
values among the woody habitats were detected underneath the solitary
trees, followed by the forest edges and forests (z > 6.56; p < 0.001). The
differences between the forests and forest edges were not significant
during the morning period (z = 0.22; p = 0.996). During the midday
hours, the irradiance was significantly higher in forest edges as
compared to the forests (z = 3.90; p < 0.001), and there were no sig-
nificant differences between the rest of the woody habitats (z < 2.41; p
> 0.075).

Regardless of the time of the day, soil temperatures were the highest
on the grasslands (z > 12.06; p < 0.001), followed by the solitary trees
(z > 2.53; p < 0.05) (Fig. 3D). There was no significant difference be-
tween the forest edges and forests (z < 1.17; p > 0.644). On the other
hand, the highest soil moisture values were detected underneath the
solitary trees, being significantly higher as compared to the forest edges
and forests (z > 3.25; p < 0.008), but not significant as compared to
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grasslands (z = 2.08; p = 0.164) (Fig. 3E). The values of grasslands were
significantly higher as compared to the forests (z = 2.75; p = 0.033).
There was no significant difference between the grasslands and the
forest edges (z = 0.73; p = 0.887), nor between the forest edges and
forests (z = 2.34; p = 0.098).

3.2. Niche hypervolumes and hypervolume overlaps

The niche hypervolume values showed notable differences among
the four habitat types, indicating the presence of species with various
degrees of ecological specialization. The highest hypervolume values
were detected in grasslands (u = 0.017; SD = 0.013), followed by forest
edges, (p = 0.014; SD = 0.016), solitary trees (p = 0.005; SD = 0.006),
and forests (p = 0.005; SD = 0.005) (Fig. 4A). The differences in the
niche breadths resulted in different degrees of niche overlaps. Similarly
to the niche hypervolumes, the highest Jaccard similarity values were
detected in grassland communities (p = 0.255; SD = 0.124), followed by
the forest (p = 0.139; SD = 0.139), forest edge (1 = 0.105; SD = 0.146),
and solitary tree communities (p = 0.065; SD = 0.082) (Fig. 4B).

3.3. Effect of habitat type on ant activity patterns

The number of workers of the three behavioral categories showed
consistent differences between the individual habitat types throughout
the day. The dominant group was represented in highest numbers on
grasslands, followed by solitary trees, forest edges, and forests
(Fig. S1A). The differences between the habitat types were significant (z
> 3.29; p < 0.01), except in the morning period, when the solitary trees
and forest edges did not differ regarding the activity of this group (z =
1.40; p = 0.5). During the midday hours, however, due to the extreme
environmental conditions, the activity of the dominant ants dropped in
the grasslands, resulting in a non-significant difference between grass-
lands and solitary trees (z = 0.53; p = 0.95). The subordinate group
showed the highest abundance in the forest edges throughout the day (z
> 3.43; p < 0.05) (Fig. S1B). Among the other habitat types, the highest
subordinate worker numbers were detected in the forests (z > 3.23; p <
0.05). However, the activity of this group showed a descending pattern
in this habitat type, which resulted in a non-significant difference
compared to grasslands in the afternoon period (z = 1.79; p = 0.28).
There was no significant difference between grasslands and solitary trees
in terms of the abundance of subordinate ants throughout the day (z <
1.36; p > 0.52). As detailed above, the representatives of the interme-
diate group were present only in the forest edges and forests. Of the two,
the forest edges had significantly higher numbers of workers, regardless
of the observation period (z > 2.18; p < 0.05) (Fig. S1C).

3.4. Effect of microclimatic parameters and competitive interactions on
ant activity patterns

Based on our results, both microclimatic conditions and interspecific
interactions had a strong influence on ant activity patterns in the studied
habitat types (Table 2). The effects of the two components, however,
showed a varying pattern across the habitat types, indicating the
differing importance of environmental conditions and interspecific in-
teractions in shaping the activity patterns of the four different ant
communities. The microclimatic parameters included in our models
showed varying effects across habitats and behavioral groups. Air tem-
perature has proven to be the most important microclimatic factor
influencing ant activity patterns and is the only parameter showing a
significant effect in every habitat type. The interactions between the
different behavioral groups also showed varying effects across habitat
types, although in most cases a dominance hierarchy was present
(Table 2).
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Fig. 3. Measured abiotic parameters in the four different habitat types (grasslands, solitary trees, forest edges, forests) of wood-pastures. Data from the three studied
wood-pastures (Deusu, Rupea, Erdébénye) are pooled, and in figs. A-D the values are averaged over the sampling sites. In fig. E, lowercase letters indicate significant
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Table 2

The effect of different microclimatic parameters and competitive interactions on the activity patterns of ants in the three studied wood-pastures. The three behavioral
categories used were established prior to the statistical analyses. Arrows indicate the direction of the significant effects found by fitting generalized linear mixed-effect

models. Significant results are shown with bold font.

Habitat Behavioral group Microclimatic parameters Interactions
Air temperature Air humidity Irradiance Dominant Intermediate
Effect p-value Effect p-value Effect p-value Effect p-value Effect p-value
Grassland Dominant . <0.001 . <0.001 N <0.001
Subordinate v <0.001 N <0.001 - 0.252
Solitary tree Dominant / <0.001 — 0.383 . 0.027
Subordinate v <0.001 - 0.721 / <0.001
Forest edge Dominant / <0.001 N <0.001 N <0.001
Intermediate — 0.847 / 0.007 — 0.242 N <0.001
Subordinate — 0.883 0.287 — 0.563 . <0.001 . 0.034
Forest Dominant - 0.382 - 0.982 0.286
Intermediate \ <0.001 / 0.025 — 0.951 — 0.851
Subordinate — 0.403 N 0.046 — 0.828 / 0.023 N <0.001

4. Discussion

The four studied habitat types of wood-pastures (grasslands, solitary
trees, forest edges, and forests) showed remarkable differences in the
measured microclimatic parameters, thereby creating different envi-
ronmental conditions for ants within a relatively small spatial scale.
Importantly, the microclimatic conditions influenced the occurrence
and activity of ant species, and together with the observed interspecific
interactions, resulted in varying species occurrence patterns across
habitat types and behavioral groups. These results indicate the interplay
between microclimatic factors and interspecific interactions and suggest
that the organization of the studied ant communities is driven by these
interacting underlying principles. The studied grasslands hosted the
least species-rich ant communities, characterized by high abundances of
aggressive, ecologically dominant ants, high niche hypervolumes, and
consequently, high niche overlaps. This combination implies that these
grasslands were monopolized by a few dominant species that occurred
under a wide range of environmental conditions (i.e., generalists), and
experienced high levels of competition. This result is consistent with
previous studies addressing ant community organization patterns in
open habitats (e.g., Andersen, 1992; Trigos-Peral et al., 2016) and seems
to provide further evidence for the presence of dominance-richness re-
lationships in ant communities. Dominant species have been shown to
control the small-scale (often referred to as “momentary”) diversity in a
range of different biomes and ecosystems (e.g., Savolainen and

Vepsalainen, 1988; Andersen, 1992; Retana and Cerda, 2000; Parr et al.,
2005), and although not ubiquitous, a general negative relationship
seems to prevail between small-scale species richness and dominance. It
is important to note, however, that the regulation of momentary di-
versity by dominant ants does not necessarily scale up to the community
level in all ecosystems, hence, the role of competitive exclusion in
structuring ant communities can be habitat specific (Arnan et al., 2011,
2018).

The high irradiance and air temperature during the midday hours
had a negative effect on the activity of the dominant group, while the
temperature had a positive effect on the subordinate species. The three
subordinate species found in the studied grasslands (Camponotus atri-
color, Tapinoma subboreale, and Formica rufibarbis) showed peak activity
at high temperatures (40.5; 35.6; 35.5 °C, respectively), and were often
the only species active during these periods. This pattern is consistent
with the dominance-thermal tolerance trade-off, which implies the ex-
istence of an inverse relationship between behavioral dominance and
thermal tolerance in ants (Bestelmeyer, 2000). By sustaining their
foraging activity under severe environmental conditions, subordinates
are able to acquire resources otherwise monopolized by dominant spe-
cies. This mechanism has proven to be a fundamental component
influencing ant community organization and diversity (reviewed in
Cerda et al., 2013), and seems to be of primary importance in the studied
grasslands as well. Interestingly, dominant species did not directly affect
the activity patterns of subordinates in these grasslands, as found in
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open Mediterranean habitats by Cerda et al. (1998), who concluded that
the foraging activity of subordinate species is more influenced by ther-
mal conditions than by interspecific competition. However, this pattern
can be interpreted as an indirect product of interspecific competition, as
thermophily can also be viewed as an adaptation to avoid interference
with dominant ants that are active at cooler temperatures (Harkness and
Wehner, 1977; Hoffmann, 1998).

Although being embedded into grasslands, we found very different
patterns of ant activity and community organization under solitary
trees, which, in part, can be linked to their unique microclimatic char-
acteristics. By buffering the environmental extremities of the grasslands,
solitary trees ensured continuous ant activity throughout the day.
Furthermore, due to the high solar irradiation during the morning and
evening hours, these trees provided warmer temperatures than the forest
edges and forests, thereby having a positive effect on the activity of both
the dominant and subordinate groups. Similar to grasslands and forest
edges, however, the high levels of solar irradiation influenced negatively
the activity of dominant ants, probably due to the higher chance of
desiccation. It is important to note, however, that the high activity of
dominant ants did not result in the impoverishment of these commu-
nities, as it is often observed in similar habitats of arid regions (Ander-
sen, 1992; Cros et al., 1997). The low niche hypervolume and Jaccard
values indicate the presence of specialist ant species that can be asso-
ciated with specific microhabitats and microclimatic conditions, thus
are able to coexist with generalist grassland species. This result is also
supported by previous studies that have demonstrated the positive effect
of solitary trees on the species number and community composition of
local ant communities (Reyes-Lopez et al., 2003; Gaytan et al., 2021;
Tausan et al., 2021).

The structural complexity of solitary trees provides a wide range of
microhabitats (e.g., tree hollows, cracks, galls, patches of bark loss, li-
chens, and dead branches with decomposing deadwood), which tend to
accumulate over time (Regnery et al., 2013; Horak et al., 2014; Sebek
et al., 2016). Furthermore, the canopy structure of these trees creates a
diverse illumination regime, which has been shown to promote ant di-
versity (Dolek et al., 2009). It is likely that all these factors contributed
to the high niche differentiation, and therefore, high number of observed
subordinate species in solitary trees. Interestingly, the presence of
dominant ants had a positive influence on the activity of subordinate
species. A similar result was found by Arnan et al. (2011), who attrib-
uted this pattern to the differential interference competition among
dominant, intermediate (in their study “subdominant”), and subordinate
ants. According to the authors, dominants show varying activity within
their patchy territories in more heterogeneous habitat types, having a
stronger pressure on intermediates and promoting opportunistic
foraging strategies. By recruiting in small numbers and showing low
levels of aggression, subordinate species are able to insinuate themselves
among dominant workers or exploit patches with lower activity, thus
gaining important food sources. However, subordinates might still
compete with the intermediate species, as their representatives exploit
resources in local patches more intensively than the dominant ants
(Maak et al., 2020). In the solitary trees from our study, only one species
(C. vagus) with very few occurrences belonged to the intermediate
group. Nevertheless, it is quite likely that subordinates still suffered
interspecific competition by certain dominant or other subordinate ants.
Therefore, forming indirect associations with ecologically and behav-
iorally dominant species might be beneficial for them through the
exclusion of their competitors.

Of the four habitat types, forest edges hosted the most diverse ant
communities. Both the niche hypervolume and Jaccard values showed
the greatest spread in these habitats, indicating the presence of species
with various niche breadths and degrees of specialization. Indeed, be-
sides the dominant generalist species of the adjacent forests and grass-
lands, intermediate and subordinate species with lower hypervolume
values were also observed in high numbers. The increased diversity of
ant assemblages in forest edges has also been documented in other
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studies (e.g., Pinheiro et al., 2010; Gallé et al., 2014), and is probably
linked to the unique microhabitats and microclimatic conditions created
by the complex vegetation structure (Risser, 1995). It is likely that the
high abundances of intermediate and subordinate ants are linked to
these factors. Their activity patterns, however, seem to be influenced
primarily by competitive interactions rather than microclimatic condi-
tions. Unlike in other habitat types, in forest edges a linear hierarchical
pattern was observed, where the intermediate species were negatively
influenced by dominants, while the subordinate species were negatively
influenced by both the dominant and intermediate species. This pattern
implies that interspecific competition might play a major role in deter-
mining the ant activity patterns in this habitat type. The hierarchical
organization of ant communities is well documented by Savolainen and
Vepsalainen (1988) and Pisarski and Vepsalainen (1989) in boreal
ecosystems with similar species compositions. According to the authors,
the hierarchy consists of three main competition levels, with territorial,
aggressive species on the top, encounter (intermediate) species with no
territorial behavior in the middle, and submissive species yielding to
stronger competitors in the bottom. Despite the slight differences in the
establishment of the three behavioral groups, our results bear strong
resemblance to this concept, suggesting the important role of interspe-
cific competition in shaping the ant communities of the studied forest
edges. Regarding the environmental parameters, air humidity had a
positive effect on the activity of intermediate species, while a negative
effect on dominant species. Thus, the association with humid conditions
may be a strategy for intermediate species to avoid competition with
dominant ants. For the latter group, the rest of the environmental pa-
rameters had a similar effect as in the solitary trees.

As could be expected, the fourth habitat type (forests) provided the
coolest environmental conditions throughout the day due to their closed
canopy structure. These mild conditions, however, can be suboptimal
for ant activity, as their proper metabolic rate depends on adequate
temperatures and solar irradiation (Holldobler and Wilson, 1990). The
cooler microclimates probably contributed to the observed low levels of
ant activity in the studied forests. Similar to the other habitat types, the
environmental parameters had varying effects on the activity of the
different behavioral groups. The activity of intermediate species was
negatively influenced by temperature, but positively influenced by air
humidity, indicating their association with colder, humid environments.
This result should be interpreted in the light that M. ruginodis was by far
the most abundant species of the intermediate group. Previous studies
have shown that this species, like other Myrmica ants, tends to forage at
low temperatures to avoid competition with dominant ants (Mabelis,
1983; Vepsalainen and Savolainen, 1990), as it was probably the case
also in these habitat types. The environmental parameters, however,
showed no effect on the activity of dominant species, suggesting that —at
least during daytime — other factors influence their activity patterns. The
lack of extreme environmental conditions, coupled with the continuous
food availability in the form of our baits might be a potential explana-
tion. As indicated by the low niche hypervolume values, specialist spe-
cies belonging to the subordinate group were well represented in the
forests. Their activity patterns, however, were primarily influenced by
interspecific interactions rather than environmental parameters. The
intermediate group had a negative, meanwhile the dominant group had
a positive effect on the activity of these ants. The explanation of this
pattern could be similar to that described in solitary trees: forming in-
direct associations with dominant ants might help to reduce competition
with intermediate species, which exploit and defend local food sources
more intensely than dominants (Arnan et al., 2011). Despite the low
niche hypervolume values, substantial niche overlaps were observed in
the studied forests. This pattern reflects the patchy distribution of ants in
these habitats, resulting in the aggregation of species in particular
sampling sites. The causes of patchy distributions are various, but food
and nest site availability, preference for certain microclimatic condi-
tions, and associations with other species are probably of primary
importance (Kaspari, 1996; Kaspari and Majer, 2000; Maziarz et al.,
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2021).

Our study provides an integrative approach for understanding the
underlying processes that shape the ant communities of wood-pastures,
a highly heterogenous semi-natural habitat found throughout Europe
(Plieninger et al., 2015). By connecting ant occurrence data with fine-
scale changes in the local microclimatic conditions, we were able to
uncover the main environmental factors influencing ant activity pat-
terns in the four different habitat types of wood-pastures. Additionally,
the direct link between species occurrence and microclimate allowed us
to apply the hypervolume framework and quantify the niche overlaps
between species pairs at each habitat type. This, together with the
observed interspecific interactions provided useful insights into the role
of interspecific competition in the four different ant communities. Both
microclimatic conditions and interspecific interactions showed varying
effects across habitat types and behavioral groups, indicating that the
organization of the studied ant communities is governed by both un-
derlying principles. The structural and microclimatic heterogeneity of
these silvopastoral systems ensures the coexistence of four ecologically
distinct ant communities on a relatively small spatial scale. Although not
addressed in the present study, it is likely that other assemblages also
track the environmental heterogeneity of the different habitat types of
wood-pastures, as microclimate plays a major role in shaping the
occurrence patterns of most organisms (Willmer, 1982; Stein et al.,
2014).

Given the pressing need to protect and preserve biodiversity in the
face of habitat loss and climate change, the conservation of habitats with
high environmental heterogeneity becomes increasingly relevant. While
the preservation of natural ecosystems is the preferred approach to
sustain biodiversity, such efforts frequently encounter obstacles and
confront a multitude of challenges (Rands et al., 2010). Therefore, semi-
natural habitats harboring high environmental heterogeneity should
also be considered in conservation efforts, especially in heavily modified
landscapes, where natural habitats are scarce. With their ability to
accommodate four distinct habitat types on a relatively small spatial
scale, wood-pastures represent a valuable opportunity for sustainable
land use that benefits both people and biodiversity.
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