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Abstract: In alpine environments, open habitats alternate with wood to create a habitat mosaic that
shapes insect community composition and diversity. Dung beetles are an important group of insects
specialized in feeding on vertebrate dung whose availability also depends on habitat type. Although
the habitat preferences of dung beetles have been extensively studied, few studies have addressed the
influence of habitat structure and temperature on dung beetle communities in alpine environments.
We sampled dung beetles in pastures, at the edges between pasture and wood, in inner and outer
woods of two alpine areas at different altitudes (two sites per area). We found that pastures had
higher mean temperatures compared to other habitat types and hosted the highest number of species.
However, the interaction between habitat and altitude significantly affected species richness and
abundance, suggesting that habitat type and temperature modulate the response of dung beetles in
the study area. Edges hosted intermediate communities between pastures and woodlands and were
populated by both pasture and woodland specialists. Our results suggest that maintaining pastures
is crucial to preserving dung beetle communities.

Keywords: Scarabaeoidea; edge effect; insect conservation; habitat preferences

1. Introduction

Understanding the effects of habitat transformation and climate change on species
distribution is important to predict future changes in biodiversity and ecosystem func-
tioning [1]. Insects are experiencing a global decline in richness and abundance due to
unprecedented rates of habitat loss, degradation, and fragmentation [2–4]. Agricultural
intensification and urbanization, by replacing traditional low-intensity agriculture and
natural areas, have led to a dramatic reduction in both local and regional diversity [3].
A severe effect of land use changes on insects and the ecosystem services they provide
has been reported in disparate insect orders such as Coleoptera [5], Diptera [6], and Lepi-
doptera [7]. Furthermore, land use intensification is a major driver of biotic homogenization
and can favor generalist insects at the expense of specialists that feed on a limited range of
food sources [8]. In this context, knowledge about the effect of habitat transformation on
biodiversity is essential to plan effective conservation strategies.

Dung beetles (Coleoptera: Scarabaeoidea) are an important group of insects specialized
in feeding on small particles of fresh dung rich in dead and alive microbial biomass or
on other particulate debris from the vertebrate’s gut [9], especially ungulates [10]. Based
on their nesting behavior, they can be classified as dwellers, tunnelers, and rollers [11].
Dwellers live and lay eggs inside the dung, tunnelers dig tunnels beneath the dung pad
where they build brood balls for larvae nutrition, and rollers shape dung into round balls
and bury them far away from the dung pad. Through their feeding and nesting activity,
dung beetles are involved in multiple processes that can also support pivotal ecosystem
services. For example, they contribute to the mineralization of organic matter [12], nutrient
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transfer (e.g., carbon, nitrogen, phosphorus, potassium) into the soil [13,14], secondary
seed dispersal [15,16], herbage growth [17], and parasite control and suppression [18].

The availability of dung, which mostly depends on the presence and abundance of
large-bodied vertebrates, is a key factor influencing dung beetle community structure [19,20].
However, in a study on altitudinal transects in Mt. Kilimanjaro, Gebert et al. [21] reported
no correlation between defecation rate and species richness, suggesting that factors other
than dung availability can affect dung beetle communities. Habitat type has a significant
impact on dung beetle community composition and diversity because it influences both
the habitat structure [22] and the presence and abundance of large-bodied vertebrates
whose dung is used by dung beetles for feeding [19]. The effect of habitat type on dung
beetles is context-dependent and is affected by multiple environmental variables in both
the local and biogeographic context [23]. Open habitats such as pastures can have reduced
richness and diversity, as shown by Korasaki et al. [24] and Costa et al. [25] in tropical
forests and Giménez Gómez et al. [26] in Atlantic forests. However, Nichols et al. [27],
based on an extensive literature review, pointed out that the decline in dung beetle diversity
and abundance of species typical of forests can be complemented by an increase in the
abundance and richness of species characteristic of more open habitats. Within the same
habitat, multiple factors can shape its structure and thus influence the taxonomic diversity
and composition of dung beetles. For example, minor variations in the density of canopy
cover and leaf litter as well as soil characteristics can affect the nesting activity of some
dung beetle species [23,28,29]. Besides the effect on taxonomic diversity and composition,
habitat type can also influence the functional composition of dung beetle communities. For
example, land use can select species based on their nesting strategy. A higher abundance of
tunnelers in pastures compared to dwellers and rollers has been observed [30], although
other studies have found the absence of endocoprids from open habitats [31].

The effect of habitat on dung beetle communities is often modulated by the spatial posi-
tion and the distance from the habitat edge. At first, habitat edges present different physical
and chemical properties (e.g., soil moisture, light conditions, temperature) compared to the
habitats from which they originate [32]. Moreover, high abundances of a habitat specialist
species in its preferred habitat could promote the persistence of this species in unfavorable
habitats through dispersal processes [33]. For example, Martínez-Falcón et al. [34] showed
that dung beetle species responded differently to the edge effect, while community-level
measures (e.g., species richness, diversity) masked the effect observed at the species level.
The effect of distance from the habitat edge is less clear, with some studies reporting a
negligible effect of distance on species turnover [35] and others showing gradual changes
in beta-diversity [36]. Lastly, climatic conditions particular to each habitat type may be also
responsible for its use. Temperature, for instance, has been acknowledged to be a driver of
dung beetle diversity in several ecosystems.

Here, we aimed at understanding the effect of habitat type and temperature on dung
beetle diversity in Alpine areas of Northern Italy, which host a huge diversity of dung
beetles, especially in open habitats [37,38]. In this context, we aimed at understanding the
effect of (i) of habitat type (pasture, edges, outer wood and inner wood), (ii) spatial position
within the wood, and (iii) temperature on dung beetle diversity in two study areas located
at different altitudes. We hypothesize a higher richness at the edge between pasture and
wood due to a positive edge effect. We also hypothesize a gradual decrease in richness
from pasture to inner forest areas due to the general higher richness of dung beetles in the
open habitats of the study area.

2. Materials and Methods
2.1. Dung Beetle Collection

Dung beetles were collected from the Stura valley (Piedmont region, northwestern
Italy) following a hierarchical study design (Figure 1). This valley has an extraordinarily
long history of extensive grazing by cattle, horses, and sheep; it hosts the indigenous
Sambucana sheep breed, which is a hardy animal capable of living even on uncomfortable
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and steep rocky pastures. The wild ungulate community includes deer, roe deer, and
wild boars.

Two areas with different altitudes, the first (1) being at nearly 900 a.s.l. (44◦18′18.0′′

N 7◦14′16.0′′ E) and the second (2) at nearly 1500 m a.s.l. (44◦15′56′′ N 7◦03′21′′ E), were
selected. Secondly, two sites located at a horizontal distance of 300 m apart from each
other (hereafter denoted as 1_1, site 1 in area 1; 1_2, site 2 in area 1, etc.) were selected
from each area. Lastly, for each site, four habitat types (pasture, edge, outer wood, and
inner wood) were identified. Outer and inner wood were 50 m and 400 m from the edge,
defined as the ecotonal zone between pasture and wood. The area 1 wood was mainly
composed of Castanea sativa Mill., 1768, with the sporadic presence of Fagus sylvatica L.,
Picea abies (L.) H. Karst., 1881, and Betula pendula Roth, 1788, while Corylus avellana L., 1753,
Acer pseudoplatanus L., 1753, and Fraxinus excelsior Boiss, 1841 characterized the edge. The
area 2 wood was characterized by Abies alba Mill. and Fagus sylvatica L., 1753, with low
abundances of Larix decidua Mill., 1768 and P. abies. In area 1, the tree height ranged from
20 to 30 m and the density was nearly 120 trees ha−1. In area 2, the tree height ranged from
30 to 40 m, and the density was nearly 100 trees ha−1. In both areas, the ground cover in
wooded habitats was mainly composed of leaf litter, with sporadic mosses and ferns in
area 2.

Temperature was recorded for each habitat at four-hour intervals from 00:00 to
20:00 within each habitat using Hygro Button data loggers (Proges Plus, Lille, France).
These small buttons (Ø × H: 16 × 6 mm) were attached to a wooden stake driven into the
ground standing between the three traps to measure the air temperature just above the
surface of the soil.

Dung beetles were collected using three baited pit-fall traps for each habitat according
to Palestrini et al. [39]. Each trap consisted of a 1.5 L clear plastic bottle 9 cm in diameter,
which was cut at the top one-third. The top one-third was then inserted into the lower
part of the bottle to act as a funnel. The traps were baited with 200 g of fresh cow dung,
suspended in gauze on a tripod made with three sticks 50 cm in length, and placed over the
trap close to the entrance of the funnel. Dung beetles were collected using this procedure
biweekly from 9 July 2022 to 20 October 2022, for a total of 11 sampling dates, to cover
the adult flight period in the study area. The position of the baited traps was the same
throughout the sampling period. Organisms were identified using a stereomicroscope
according to Dellacasa and Dellacasa [40].
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Figure 1. Study area, located in northwestern Italy (light gray). Sampling areas were located at 
nearly 900 and 1500 a.s.l., respectively. For each area, two sites were selected 300 m distant from 
each other (IW = inner wood, OW = outer wood, PAS = pasture). Maps were created with QGIS [41]. 
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package version 1.9-1 [42] for the R statistical software version 4.4.1 [43]. The habitat struc-
ture nested within sites was used as both a fixed effect and a smooth factor in interaction 
with the Julian day calculated from the first day of temperature recording (19 June 2022). 
Cyclic cubic regression splines were used as the smoothing basis. A corARMA structure 
with p = 3 conditional on the habitat structure nested within sites was used to deal with 
temporal autocorrelation. Pairwise comparisons of the temperature trend among habitats 
within sites and among sites within habitats were performed using the differ-
ence_smooth() function of the gratia package version 1.9-1 [44]. 

The numbers of shared and unshared species among all the sites, together and sepa-
rately for each site, were represented as Venn diagrams using the ggVennDiagram pack-
age version 1.5.2 [45]. The effects of habitat and area on species richness, abundance, and 
nesting strategy were tested with a linear mixed-effect model using the pitfall trap ID as 
a random effect. Abundance was log-transformed to meet the assumptions of linear effect 
models, and the binomial family was used to model nesting strategies, measured as per-
centages. Models were fitted with the lmer() function of the lmerTest package version 3.1-
3 [46], which builds upon the lme4 package [47]. Functional analyses of nesting strategy 
were performed starting from the community-weighted mean (CWM). For each species, 
data on nesting strategies (e.g., tunnelers, dwellers) were obtained from [48]. CWM was 
then calculated from the species x abundance matrix and the species x traits matrix using 
the function dbFD() of the FD package version 1.0-12.3 [49]. A post hoc test was performed 
to test pairwise difference among habitats within areas with the package emmeans version 
1.10.3 [50].  

We searched for indicator species of the investigated habitats with generalized linear 
effect models for each area separately. Habitat and collection date were considered as 
fixed effects, while the trap ID was considered as the random effect. The negative binomial 
distribution was used instead of the Poisson distribution as the error distribution family 

Figure 1. Study area, located in northwestern Italy (light gray). Sampling areas were located at nearly
900 and 1500 a.s.l., respectively. For each area, two sites were selected 300 m distant from each other
(IW = inner wood, OW = outer wood, PAS = pasture). Maps were created with QGIS [41].
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2.2. Data Analysis

Temperature changes among different habitats at the four sites were investigated
with generalized additive mixed models (GAMM) using the gamm() function of the mgcv
package version 1.9-1 [42] for the R statistical software version 4.4.1 [43]. The habitat struc-
ture nested within sites was used as both a fixed effect and a smooth factor in interaction
with the Julian day calculated from the first day of temperature recording (19 June 2022).
Cyclic cubic regression splines were used as the smoothing basis. A corARMA structure
with p = 3 conditional on the habitat structure nested within sites was used to deal with
temporal autocorrelation. Pairwise comparisons of the temperature trend among habitats
within sites and among sites within habitats were performed using the difference_smooth()
function of the gratia package version 1.9-1 [44].

The numbers of shared and unshared species among all the sites, together and sepa-
rately for each site, were represented as Venn diagrams using the ggVennDiagram package
version 1.5.2 [45]. The effects of habitat and area on species richness, abundance, and
nesting strategy were tested with a linear mixed-effect model using the pitfall trap ID
as a random effect. Abundance was log-transformed to meet the assumptions of linear
effect models, and the binomial family was used to model nesting strategies, measured as
percentages. Models were fitted with the lmer() function of the lmerTest package version
3.1-3 [46], which builds upon the lme4 package [47]. Functional analyses of nesting strategy
were performed starting from the community-weighted mean (CWM). For each species,
data on nesting strategies (e.g., tunnelers, dwellers) were obtained from [48]. CWM was
then calculated from the species × abundance matrix and the species × traits matrix using
the function dbFD() of the FD package version 1.0-12.3 [49]. A post hoc test was performed
to test pairwise difference among habitats within areas with the package emmeans version
1.10.3 [50].

We searched for indicator species of the investigated habitats with generalized linear
effect models for each area separately. Habitat and collection date were considered as fixed
effects, while the trap ID was considered as the random effect. The negative binomial
distribution was used instead of the Poisson distribution as the error distribution family
when overdispersion was significantly different from 1. A post hoc test was performed to
test pairwise differences among habitats. Models were fitted for species with more than
10 individuals and recovered in more than 5% of the samples to avoid problems with
model convergence.

Beta diversity patterns in dung beetle composition were explored with non-metric
multidimensional scaling (nMDS). nMDS was performed on two axes using the vegan
package version 2.6-6.1 [51]. Bray–Curtis was used as a dissimilarity measure and stress
served as a measure of the model’s goodness of fit. Convex hulls were fitted for each
habitat and site separately with the hypervolume package version 3.1.4 [52]. The pairwise
overlap among convex hulls of different habitats was used as an estimate of the overall
community similarity.

3. Results
3.1. Temperature Trends in the Investigated Habitats

The mean temperature during the study period was 17.6 ± 4.53 ◦C (mean ± sd):
17.6 ± 5.12 ◦C, 12.9 ± 4.15 ◦C, and 14.1 ± 5.14 ◦C at study sites 1_1, 1_2, 2_1, and 2_2,
respectively. With respect to the habitat, the temperatures were 14.8 ± 3.6 ◦C, 14.5 ± 3.99 ◦C,
14.5 ± 4.54 ◦C, and 18.9 ± 6.33 ◦C for internal wood, external wood, edge, and pasture.
Therefore, at all sites, pastures generally showed higher temperatures and variability than
the other habitats, while the edge, outer, and inner wood showed no differences among
each other (Supplementary Materials Figure S1). Temporal trends were similar among
habitats and sites (Figure 2).
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confidence intervals.

3.2. Species Shared among Habitats for the Overall Dataset and within Each Site

A total of 27,089 individuals were collected and 37 species were identified. The most
abundant species was Onthophagus fracticornis (Preyssler, 1790) with 10,063 individuals,
followed by Volinus sticticus (Panzer, 1798) with 6559 and Anoplotrupes stercorosus (Scriba,
1791) with 3094. Overall, 17 species were found in all the investigated habitats and 7 were
only found in pastures, namely Euoniticellus fulvus (Goeze, 1777), Onthophagus furcatus
(Fabricius, 1781), Trypocopris vernalis fauveli (Bedel, 1911), Nialus varians (Duftschmid, 1805),
Otophorus haemorrhoidalis (Linnaeus, 1758), Nimbus contaminatus (Herbst, 1783), and On-
thophagus medius (Kugelann, 1792). However, species found in the inner wood, outer wood,
and edge were also present in other habitats (Figure 3). Of the species exclusive to pasture
habitats, O. furcatus (n = 2), N. varians (n = 2), N. contaminatus (n = 7), and O. medius (n = 5)
had few individuals, while E. fulvus (n = 50), T. vernalis fauveli (n = 17), and O. haemorrhoidalis
(n = 22) had slightly more individuals.

Similar patterns were found at the site level, with pastures showing the highest number
of exclusive species compared to the other habitats, although some discrepancies due to
rare species appeared (e.g., site 1_1 had an exclusive species in the inner wood, Figure 3).
Species abundances for each site and habitat are presented in Supplementary Materials
Table S1.
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Figure 3. Venn diagram representing the species shared and unshared within the 4 investigated
habitats (IW = internal wood, EW = external wood, M = edge, P = pasture). Overall (upper panel)
and site-level results are reported.

3.3. Species Habitat Preferences

The results of the GLMM showed differences in the habitat preferences of different
species (Figure 4). In area 1, Acrossus depressus (Kugelann, 1792), Limarus zenkeri (Germar,
1813), and V. sticticus preferred forested habitats (IW, OW and E), while Aphodius fimetarius
(Linnaeus, 1758), Onthophagus coenobita (Herbst, 1783), and, to a lesser extent, Geotrupes
spiniger (Marsham, 1802) preferred pastures. Some species showed increasing abundance
from wood to pasture (e.g., O. fracticornis and Onthophagus taurus (Preyssler, 1790)) and
from pasture to wood (e.g., A. stercorosus, Parammoecius corvinus (Erichson, 1848)).

In area 2, P. corvinus preferred inner and outer woods, while A. fimetarius, Bodilopsis
rufa (Moll, 1782), Onthophagus joannae (Goljan, 1953), O. taurus, and Rhodaphodius foetens
(Fabricius, 1787) preferred edges and/or pastures. Some species showed increasing abun-
dance from wood to pastures (O. fracticornis and, to a lesser extent, Geotrupes stercorarius
(Linnaeus, 1758)) and from pastures to wood (L. zenkeri).

Species generally showed the same or similar habitat preferences between the two
investigated areas, except for A. depressus and A. stercorosus, which changed their habitat
preferences between the two investigated areas. Species exclusive to only one habitat (see
Section 3.2) were not tested because of complete separation problems in GLMMs.
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Figure 4. Pairwise comparisons among the estimates of the habitat effect calculated for each species
with mixed-effect models. Size and color intensity are proportional to the magnitude of the difference
between the abundances of the ith species of the habitat under comparison (blue indicates that the first
habitat has a greater effect than the second, while red indicates the opposite). The lack of an estimate
means that the difference between the effect of two habitats includes 0 and should be interpreted as
not significant. Black bars mean that the species was not present in the area, while grey bars mean
that those habitats were not tested because of problems of convergence in mixed models (usually
because the abundance was 0).
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3.4. Patterns of Diversity Variation among Habitats and Sites

The number of species was significantly related to habitat (F3454.1 = 21.6; p-value ≤ 0.0001)
and the interaction between habitat and area (F3388.0 = 28.0; p-value ≤ 0.0001). The post hoc
test showed that, on average, edges had slightly higher richness values than inner wood
(t35.7 = −2.824, p-value = 0.0370) and pastures (t36.3 = −2.985, p-value = 0.0249) at area 1,
whereas pastures had higher richness than inner wood (t44.3 = −10.20, p-value ≤ 0.0001),
outer wood (t39.0 = −9.613, p-value ≤ 0.0001), and edge (t39.3 = −7.483, p-value ≤ 0.0001)
than inner wood (t42.8 = −2.968, p-value = 0.0243) at area 2 (Supplementary Materials
Figure S1). Species richness was significantly higher in area 1 than in area 2 in inner wood
(t23.7 = −2.518, p-value = 0.0190), outer wood (t20.0 = −2.385, p-value = 0.0271), and edge
(t21.7 = −2.313, p-value = 0.0308), while the opposite was found in pastures (t21.9 = −8.156,
p-value ≤ 0.0001).

Like species richness, abundance was significantly related to habitat (F3452.1 = 14.9;
p-value ≤ 0.0001) and the interaction between habitat and area (F3452.2 = 8.13; p-value ≤ 0.0001).
The post hoc test showed that, on average, pastures had a higher abundance than inner
wood (t44.3 = −7.48, p-value ≤ 0.0001), outer wood (t39.0 = −6.20, p-value ≤ 0.0001), and
edge (t39.3 = −4.00, p-value = 0.0015) than inner wood (t42.8 = −3.631, p-value = 0.0040) at
area 2. No differences were found between the abundances of the two areas.

The percentage of dwellers was related to habitat (F3452.3= 7.64; p-value ≤ 0.0001) and
the interaction between habitat and area (F3453.3 = 30.6; p-value ≤ 0.0001) (Supplementary
Materials Figure S1). The post hoc test showed than pastures had a lower percentage than
inner wood (t35.6 = 8.20, p-value ≤ 0.0001), outer wood (t34.6 = 8.03, p-value ≤ 0.0001), and
edge (t36.5 = 8.12, p-value ≤ 0.0001) at site 1, whereas a higher percentage was found in
pasture compared to edge (t39.3 = −4.30, p-value = 0.0060) at site 2.

The percentage of tunnelers was related to habitat (F3452.3= 76.5; p-value ≤ 0.0001) and
the interaction between habitat and area (F3452.4 = 7.90; p-value ≤ 0.0001) (Supplementary
Materials Figure S1). At area 1, pasture showed a higher percentage than inner wood
(t35.6 = −7.96, p-value ≤ 0.0001), outer wood (t34.6 = −8.63, p-value ≤ 0.0001), and edge
(t36.6 = −6.47, p-value ≤ 0.0001). The same was true at area 2, where percentages were
higher in pastures than in than inner wood (t44.3 = −11.5, p-value ≤ 0.0001), outer wood
(t39.0 = −8.36, p-value ≤ 0.0001), and edge (t39.3 = −3.61, p-value = 0.045). However, at area
2, edge had a higher percentage than inner wood (t42.8 = −8.08, p-value ≤ 0.0001) and outer
wood (t37.6 = −4.80, p-value = 0.0001) and a higher percentage outer wood than inner wood
(t42.5 = 3.43, p-value = 0.0071).

Plots of temporal trends of species richness, abundance, and nesting strategies are
presented in the Supplementary Materials Figure S1.

3.5. Effects of Habitat and Time on Community Composition

The stress values of the four nMDS were 15.3, 14.6, 17.8, and 13.8 for site 1_1, site 1_2,
site 2_1, and site 2_2, respectively. A stress value lower than 20.0 means that the ordination
is good and can be interpreted. Convex hulls fitted on nMDS ordinations generally showed
a clear separation between pasture and wood communities (Figure 5). This separation was
evident for sites 1_1, 1_2, and 2_2 (Figure 5a,b,d), but not for site 2_1 (Figure 5c). These
results suggest that edge communities showed intermediate characteristics between the
communities of pasture and wood. Visual results were confirmed by the analysis of the
pairwise overlap among habitats, which generally showed low overlap between pastures
and wooded habitats (Table 1).
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Figure 5. Non-metric multidimensional scaling ordinations for (a) site 1_1, (b) site 1_2, (c) site 2_1,
and (d) site 2_2. Convex hulls are reported for each habitat type.

Table 1. Overlap between pairwise combinations of convex hulls for all the sites individually
(iw = inner wood, ow = outer wood, pas = pasture). Values represent the percentage of the overlap
area over the overall volume of two convex hulls.

Comparison Site 1_1 Site 1_2 Site 2_1 Site 2_2

iw–ow 49.9 45.7 42.4 31.0

iw–edge 28.3 16.7 34.8 17.4

iw–pas 0.0 0.0 23.9 0.0

ow–edge 44.9 42.9 64.2 45.6

ow–pas 4.2 8.4 35.8 0.0

edge–pas 21.0 12.8 41.9 2.1

4. Discussion

Understanding the effect of habitat type and temperature on insect communities is
crucial in order to promote effective conservation strategies. In this work, we showed
how habitat type affect dung beetle communities, with the two investigated areas having
different diversity patterns. Focusing on habitat type, we showed that pastures host
communities with more tunnelers, while the other habitats are inhabited by more dwellers.
Lastly, we demonstrated that most of the investigated species tend to have similar habitat
preferences independently of altitude. However, this was not true for a few species,
pointing to the importance of local environmental characteristics when studying the habitat
preferences of dung beetles. We also highlighted the possible effect of temperature on the
composition of local communities.

4.1. Diversity Patterns within and between Habitats

Our results showed that pastures had the most diverse fauna among habitat types, both
overall and in the two investigated areas. Between areas, pastures differed in their species
richness, while the other habitats did not. The increased species richness in area 2 was
likely due to the presence of some Aphodiinae species, most of which are adapted to cold
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environments, probably because of their biogeographic origin [53]. A greater abundance
of Aphodiinae with increasing altitude has been found in other alpine environments [54]
and in other areas, such as in the neotropics [55], probably because of cold adaptation.
However, differences in the number of species between pastures of the two study areas
could be due to other factors. For example, grazing intensity can decrease the abundance
of large species and tunnelers [56,57], thus inflating diversity estimates. Similarly, the use
of anthelmintics [58] and the size of pastures compared to the other habitats [59] can affect
the number of species in pastures.

Among habitats, we found a higher richness, but not abundance, in the edge and outer
wood habitats at lower altitudes, while at higher altitudes, we found higher richness and
abundance in pastures compared to the other habitats. The presence of an edge effect in
one of the investigated areas but not in the other one corroborates the context dependency
of this process. For example, an edge effect on dung beetle richness has been detected
in some areas [60], but not in others [34,61], in different environmental contexts. In our
study, differences in species richness between pastures in different areas affected the role
of edges and outer wood in hosting habitat specialists of both closed and open areas. As
stated before, this result may be due to an interaction between the increased richness in
Aphodiinae with altitude and different management practices in pastures.

Dwellers’ percentage in the community increased from pasture to wood in both areas,
while tunnelers’ percentage showed the opposite trend. Tunnelers are often dominant in
open habitats because of a competitive advantage over the other groups [30]. In particular,
the most abundant tunnelers in pastures of both study areas were Onthophaginae, some of
which (e.g., O. fracticornis, O. taurus) can tolerate high temperatures such as those in the
study areas because of their heat tolerance and limited water loss [62]. Heat tolerance is
important in the studied sites because of the pastures having higher temperatures than the
other habitats. Moreover, tunnellers can be less affected than other groups to problems
related to dung desiccation by burying feeding and reproductive ovoids into the soils. On
the contrary, high rates of dung desiccation can severely affect reproductive success in
dwellers [63].

4.2. Habitat Preferences and the Effect of Temperature

The habitat preferences of dung beetles differed among species and among the investi-
gated areas. Some species showed strong habitat preferences for open habitats and edges
and were not found in closed habitats (e.g., O. joannae, O. taurus). Other species showed
preferences for closed environments, although some individuals were found in both edges
and pastures (e.g., L. zenkeri, V. sticticus). Among the species shared by both areas, some of
them showed consistent preferences (e.g., L. zenkeri, O. fracticornis), while others changed
their preferences (e.g., A. rufipes, A. stercorosus). The habitat selection of most species likely
reflected their physiological performances related to temperature. For instance, E. fulvus
was exclusive to pastures because of its high survival rate under high temperatures [62,64].
Analogously, O. fracticornis and O. taurus were mainly found in pastures because of their
good upper thermal tolerance and very high desiccation resistance [64]. Lastly, A. stercoro-
sus probably preferred wooded and/or partially wooded habitats to pastures (especially in
area 1) because of its low tolerance to heat [65].

Although our sampling design does not allow for disentangling the effect of altitude
and habitat types on habitat preferences, we can speculate about the causes of the changed
habitat preferences between the two studied areas. Changes in habitat preferences along
altitudinal gradients are often due to temperature changes. For example, some dung bee-
tle species prefer closed habitats at lower altitudes and open habitats at higher altitudes
because closed habitats at higher altitudes are too cold [66,67]. Similarly to the results of
Menéndez and Gutiérrez (2004) [66], we found that A. rufipes and A. stercorosus shifted
habitat preferences from closed habitats to open habitats with increasing altitude. Vege-
tation structure, on the other hand, can affect species distribution directly by changing
microclimatic conditions [68] and affecting the dispersion of dung odors [69], and indirectly
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by affecting the distribution of wild fauna species [70]. This is probably a minor effect
in our study area given the low tree density and the absence of undercover vegetation.
Lastly, the effects of altitude and vegetation structure probably cannot be fully disentangled
because vegetational changes naturally occur along altitudinal gradients.

Changes in dung beetle habitat preferences influenced the community structure in
both the studied areas. We found that edges showed a high overlap percentage with
outer wood, meaning that the community composition in these two habitats is more
similar than the similarity in community composition between edges and the other habitat.
This is especially true for edges and pasture, which, except for one site, showed a small
overlap. These results are probably due to wood specialists not colonizing nearby habitats
or colonizing them with low abundances (edges, outer wood), while pasture generalists
gradually decrease in abundance going from edges to inner wood.

In three out of four sites, the ordering produced by nMDS highlighted an obvious dif-
ference (i.e., a limited overlap of convex hulls in ordination plot) between the pastures and
the wooded sites. This mirrored the trend of temperatures, which were significantly higher
and more variable in the pastures compared to the other habitats. It is also noteworthy to
underline how in one site (2_1), the community composition of the four habitats appeared
to be overlapping just because it reflected a certain uniformity of temperatures in that
site. These results, taken together, indicate that local microclimatic conditions, including
temperature, may shape the composition of dung beetle communities by driving habitat
selection of species.

4.3. Caveats

Multiple interactive factors can shape dung beetle communities. Feeding resources
may be one of these factors. In this respect, a caveat of the present study is the use of only
cow dung as bait for the sampling traps. This may have limited the number of species
collected and hidden some patterns of habitat preferences and community composition.
Future studies, therefore, will have to rely on traps with different types of dung as bait [71].

Another possible caveat of this study is that we have considered the temperature of
the air only and not the microclimate of the studied sites. Dung beetles spend most of their
life in dung and soil, where the microclimatic conditions are very different. Dwellers found
in large dung pats defecated by cattle, for example, might encounter humidity limitations
because they move in the dung when it is fresh, with high water content. In future studies,
therefore, the analyses of microclimatic factors should also include dung and soil.

4.4. Management Implications

Our study reinforces the idea that pastures are essential to preserve dung beetle
diversity in alpine areas [38]. This is especially important in traditional managed pastures
that show a high potential to preserve local dung beetle diversity [72]. In our study, as the
mean richness of dung beetles varied between the two study areas, we highlight the need
to consider the interaction between local grazing pressures and altitude to plan effective
management strategies. Moreover, the high abundance of tunnelers in pastures is key for
ecosystem services. Through their digging activities, they in fact contribute to aerating soil
and to promoting the fertility of pasture areas [18].

We contributed evidence to support the context dependency of the edge effect as
refugia for wood and pasture dung beetles. Because of the high flight ability due to the
unpredictability of foraging resources, dung beetles could be less dependent on local
habitat characteristics than other groups (e.g., carabids) while being more susceptible to
large-scale habitat configuration. Because multiple interactive factors can shape community
composition and dynamics, more studies are needed to understand the relative importance
of local and regional processes in alpine ecosystems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/environments11080178/s1, All figures should be included in the
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SM part following the information: Figure S1: Pairwise differences of temperature in the pasture
habitat among the four investigated sites. Mean (black continuous line) and confidence intervals (grey
dashed lines) are shown; Figure S2. Pairwise differences of temperature in the edge habitat among
the four investigated sites. Mean (black continuous line) and confidence intervals (grey dashed lines)
are shown; Figure S3. Pairwise differences of temperature in the outer wood habitat among the four
investi-gated sites. Mean (black continuous line) and confidence intervals (grey dashed lines) are
shown; Figure S4. Pairwise differences of temperature in the inner wood habitat among the four
investi-gated sites. Mean (black continuous line) and confidence intervals (grey dashed lines) are
shown. The data logger of site 21 was not working; Figure S5. Pairwise differences of temperature in
different habitats of site 1_1. Mean (black con-tinuous line) and confidence intervals (grey dashed
lines) are shown; Figure S6. Pairwise differences of temperature in different habitats of site 1_2.
Mean (black con-tinuous line) and confidence intervals (grey dashed lines) are shown; Figure S7.
Pairwise differences of temperature in different habitats of site 2_1. Mean (black con-tinuous line) and
confidence intervals (grey dashed lines) are shown. The data logger of the inner wood habitat was
not working; Figure S8. Pairwise differences of temperature in different habitats of site 2_2. Mean
(black con-tinuous line) and confidence intervals (grey dashed lines) are shown; Figure S9. Pairwise
comparison of species number between habitats within areas; Figure S10. Pairwise comparison of
species number between areas within habitat; Figure S11. Pairwise comparison of abundance between
habitats within areas; Figure S12. Pairwise comparison of dwellers percentage between habitats
within areas; Figure S13. Pairwise comparison of dwellers percentage between areas within habitat;
Figure S14. Pairwise comparison of tunnelers percentage between habitats within areas; Figure S15.
Pairwise comparison of tunnellers percentage between areas within habitat; Figure S16. Temporal
richness of species richness in the four study sites; Figure S17. Temporal richness of abundance in the
four study sites; Figure S18. Temporal richness of dwellers’ percentage in the four study sites; Figure
S19. Temporal richness of tunnellers’ percentage in the four study sites; Table S1: Species abundances
for each site and habitat.
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