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Abstract
Dung beetles are important actors in the self-regulation of ecosystems by driving 
nutrient cycling, bioturbation, and pest suppression. Urbanization and the sprawl of 
agricultural areas, however, destroy natural habitats and may threaten dung beetle 
diversity. In addition, climate change may cause shifts in geographical distribution and 
community composition. We used a space-for-time approach to test the effects of 
land use and climate on α-diversity, local community specialization (H2′) on dung re-
sources, and γ-diversity of dung-visiting beetles. For this, we used pitfall traps baited 
with four different dung types at 115 study sites, distributed over a spatial extent 
of 300 km × 300 km and 1000 m in elevation. Study sites were established in four 
local land-use types: forests, grasslands, arable sites, and settlements, embedded in 
near-natural, agricultural, or urban landscapes. Our results show that abundance and 
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1  |  INTRODUC TION

One fundamental yet often overlooked process for terrestrial eco-
system functions is the decomposition of vertebrate dung by bee-
tles (Hanski & Cambefort, 1991; Pecenka & Lundgren, 2018). This 
functional group is frequently used as a bioindicator for habitat 
quality and conversion (McGeoch et al., 2002) and is particularly 
sensitive to land-use intensity and climate (Carpaneto et al., 2007; 
Gardner et al.,  2008; Menéndez et al.,  2014; Sánchez-Bayo & 
Wyckhuys, 2019).

Land-use intensification, as a consequence of the constantly 
growing global human population (Seto et al., 2011), comes along 
with more intensive management techniques and the transforma-
tion of natural habitats to agricultural and urban areas, which may 
negatively affect dung beetle abundances (Carpaneto et al., 2007; 
Gardner et al., 2008; Sánchez-Bayo & Wyckhuys, 2019). Additionally, 
dung beetles are faced with climate change. Beetles are poikilother-
mic, and their feeding activities and population dynamics, e.g., pop-
ulation growth, are sensitive to temperature (Frazier et al., 2006). 
Increasing temperatures may contribute to thermal stress that 
can affect their phenology, community structure, and ecosys-
tem functions (Angilletta, 2009; Barton & Bump, 2019; Graham & 
Grimm, 1990; Warren et al., 2013). Even a change in the geograph-
ical distribution of dung beetles, e.g., to higher elevational ranges, 
has been suggested as a consequence of long-term climate change 
(Menéndez et al., 2014). Since climate change is often associated 
with rising temperatures and changes in precipitation patterns 
(Collins et al., 2013), it is vital to investigate the effects of both tem-
perature and precipitation on dung beetle assemblages.

In general, a decline in dung beetles not only results in lower decom-
position rates of dead organic material (necromass) (Frank, Hülsmann, 
et al.,  2017). It potentially leads to shifts in the self-regulation of 

ecosystems, since dung beetles contribute to nutrient cycling, soil 
aeration, secondary seed dispersion, and parasite suppression (Evans 
et al., 2019; Nichols et al., 2008). For example, a decline in dung beetles 
is likely to cause fouling of grasslands and an increase in livestock para-
site and pest species, which may have drastic economic consequences 
(Castle & MacDaid, 1972; Losey & Vaughan, 2006).

Changes in abundance, number of species, and community 
composition, e.g., by habitat loss, may affect community net-
works and stability (Neff et al., 2021; Spiesman & Inouye, 2013). 
Climate, moreover, might also moderate the structure and dynam-
ics of networks (Classen et al., 2020). Community networks can 
be described by the structure and density of interaction links, and 
allow, inter alia, drawing conclusions about the specialization of 
individual species or communities (Neff et al., 2021; Newman & 
Girvan, 2004; Spiesman & Inouye, 2013), for instance about the 
specialization of dung beetles on dung types. Network stabil-
ity depends on the connectivity, the number of interactions in a 
network, and the network size. Therefore, species-rich networks 
can enhance community stability (Neff et al., 2021; Spiesman & 
Inouye, 2013) and resilience to the loss of single species through 
climate or land-use change.

Although dung beetles are known to be good bioindicators of 
ecosystem health (McGeoch et al., 2002), most studies on insect 
networks focus on plant-pollinator interactions and neglect dung 
beetle networks (but see Frank et al., 2018). In addition, most re-
search on dung beetles has hitherto focused on forest and agricul-
tural systems (Carpaneto et al., 2007; Frank, Hülsmann, et al., 2017; 
von Hoermann et al., 2020; Weithmann et al., 2020).

This study is among the first to investigate dung beetle assem-
blages across a large range of typical land-use types in temperate 
regions, ranging from near-natural landscapes to highly disturbed 
agricultural and urban landscapes, and along a large climate gradient.

species density of dung-visiting beetles were negatively affected by agricultural land 
use at both spatial scales, whereas γ-diversity at the local scale was negatively af-
fected by settlements and on a landscape scale equally by agricultural and urban land 
use. Increasing precipitation diminished dung-visiting beetle abundance, and higher 
temperatures reduced community specialization on dung types and γ-diversity. These 
results indicate that intensive land use and high temperatures may cause a loss in 
dung-visiting beetle diversity and alter community networks. A decrease in dung-
visiting beetle diversity may disturb decomposition processes at both local and land-
scape scales and alter ecosystem functioning, which may lead to drastic ecological 
and economic damage.

K E Y W O R D S
coleoptera, coprophagous beetles, decomposition, global change, hill numbers, network 
analysis

T A X O N O M Y  C L A S S I F I C A T I O N
Biodiversity ecology

 20457758, 2022, 10, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.9386 by U

niversitaetsbibl A
ugsburg, W

iley O
nline Library on [20/10/2022]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



    |  3 of 13ENGLMEIER et al.

Using a space-for-time approach with independent climate 
and land-use gradients, we investigated α-diversity as an abun-
dance of dung-visiting beetles, species density (sensu Gotelli & 
Colwell, 2001), and species richness (sensu Gotelli & Colwell, 2001), 
local community specialization on dung resources, and γ-diversity as 
an indicator for community homogenization. We used a fully crossed 
design along both land-use and climate gradients at local (habitat) 
and regional (landscape) scales. Specifically, we addressed the fol-
lowing research questions:

1.	 Do local habitat and regional landscape types affect α-diversity, 
local community specialization on dung types, and γ-diversity 
of dung-visiting beetles?

2.	 Do temperature and precipitation affect α-diversity, local com-
munity specialization on dung types, and γ-diversity of dung-
visiting beetles?

2  |  MATERIAL S AND METHODS

2.1  |  Study sites

This space-for-time study was conducted on 115 study sites, em-
bedded in 44 study regions and along two independent gradients 
of land-use intensity and climate in southeast Germany (Bavaria) 
(Redlich et al., 2022) (Figures S1 and S2). Each of the 44 study regions 
(à 5.8 km × 5.8 km) was assigned to the dominant regional landscape 
type (near-natural, agricultural, urban). The regional landscape types 
consisted of 16 near-natural landscapes (defined as >85% near-natural 
vegetation including a minimum of 50% forest), 15 agricultural land-
scapes (>40% arable land and managed grassland), and 13 urban land-
scapes (>14% housing, industry, and traffic infrastructure).

Within the 44 study regions, 115 study sites were embedded and 
distinguished in four habitat types (forest, grassland, arable field, and 
settlement). Within each study region, the three most dominant local 
land-use types (habitats) out of the forest, grassland, arable field, and 
settlements were selected for establishing study sites (3 m × 30 m). 
Habitats were represented as 36 forest sites (forest clearings), 28 
grassland sites (meadows), 27 arable fields (crop field margins), and 
24 settlements (green spaces within settlements or cities).

Study regions covered five climatic zones (from 1—cool to 5—
warm) based on multi-annual mean air temperatures (1981–2010) 
ranging between 4.5 and 10°C. The final selection of study sites 
covered a spatial extent of 300 km × 300 km and 1000 m in elevation.

2.2  |  Study design and data collection

In May 2019, we established four baited pitfall traps on each of the 
115 study sites. We sampled in May because the highest dung beetle 
diversity was expected (according to Šlachta, 2013, who sampled in 
April, May, June, July, and August in a similar geographic region). To 
attract a broad range of beetle species, we covered a trophic gradient 

using dung from a carnivore (Eurasian lynx, Lynx lynx) as the high-
est trophic level, an omnivore (wild boar, Sus scrofa) as intermediate 
trophic level, and two types of herbivores (red deer, Cervus elaphus 
as browser-grazer and European bison, Bos bonasus, as grazer) as 
the lowest trophic level. We chose European bison dung because 
it functionally represents the current dominant domestic animal in 
agriculture, which is cattle. At the same time, bison is evolutionarily 
close to domesticated cattle. The advantage of using bison is that this 
species was widely distributed across Europe until the 20th century 
(Kuemmerle et al., 2011; Svenning, 2002), and organisms like insects 
could adapt to its dung. Contrary to domesticated cattle, bison prefer 
forests and herbaceous vegetation (Kuemmerle et al., 2011), which 
makes them a suitable study organism for land-use studies like this.

The dung for the experiment was collected in March 2019 from 
animal enclosures; none of the defecating animals was treated with 
antibiotics or anthelmintics. Each dung type was thoroughly mixed 
to ensure uniform constituency and texture before weighing. Due 
to different natural appearances of dung types, dung was weighed 
as follows: 35 g (Eurasian lynx), 90 g (wild boar), 25 g (red deer), and 
450 g (European bison).

Dung of red deer, wild boar, and lynx was put in elastic sausage 
nets (mesh size c. 1.5 cm) to avoid unintended dung dispersal on the 
study sites (bison heaps were heavy enough not to be removed by an-
imals that passed through the study sites). All dung pats were stored 
frozen and only thawed one day before the beginning of the exper-
iment. On the study sites, baited pitfall traps were established 5 m 
apart from each other. Pitfall traps (400 ml plastic cups) were filled 
with 200 ml liquid (70 ml propylene glycol and 130 ml water) and emp-
tied after 14 days. Small holes beneath the rim of the cup prevented 
overspill in case of rain. We placed the bait in the center of a coarse 
mesh wire (mesh size 2 cm × 2 cm) that was placed half on the pitfall 
trap and half on the ground. The mesh wire and dung nets were then 
fixated to the ground with tent pegs. To empty the traps in the field, 
the coarse mesh wire with the dung was carefully removed from the 
pitfall traps, and the content of the pitfall traps was sifted through a 
tea bag paper. The tea bag containing any specimens was then put in a 
sampling container with 70% Ethanol. Beetles were then identified to 
species level by the experts and co-authors TL, J-AS, and DS.

The aim of this experiment was to sample all beetles that are at-
tracted by dung, which comprises coprophagous, coprophilous, necro-
philous, and copronecrophilous species (hereafter collectively referred 
to as dung-visiting beetles). Necrophilous beetles were included since 
dung and carrion emit similar volatile organic compounds (Sladecek 
et al., 2021; von Hoermann et al., 2016; Weithmann et al., 2020) and 
attract necro- as well as coprophilous beetles. Hence, all species asso-
ciated with this lifestyle (according to Assing & Schülke, 2012; Böhme 
& Lucht, 2005) were incorporated in this study (Table S1).

2.3  |  Climate variables

As climate variables, we used long-term averages (1991–2020) 
of air temperature and precipitation amounts. The data for 
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individual study plots were derived from monthly gridded obser-
vational datasets with a horizontal resolution of 1 km, from which 
30-year averages were subsequently calculated. Temperature 
and precipitation were only moderately correlated (Spearman's 
rho = −0.54, p < .05). The raw input datasets were provided by the 
German Meteorological Service (Deutscher Wetterdienst, DWD) 
and are described in Kaspar et al.  (2013). Additionally, the local 
temperature was measured by dataloggers on each study site to 
account for small-scale variations. However, since local tempera-
ture and multi-annual mean temperature were highly correlated 
(Spearman's rho = 0.71, p < .05), we only included long-term tem-
perature data in our analysis.

2.4  |  Statistical analysis

We tested the effects of land use and climate on dung-visiting bee-
tle α-diversity and local community specialization at study-site level, 
and γ-diversity among habitat and landscape types and climate 
zones using the software R, version 4.0.5 (R Core Team, 2021).

Alpha-diversity on study sites was described using three met-
rics (data of individual traps per study site were pooled): abundance 
(number of individuals), species density (number of species, sensu 
Gotelli & Colwell, 2001), and species richness (number of species, 
accounting for abundance, sensu Gotelli & Colwell, 2001) (package 
“vegan” by Oksanen et al., 2020). We fitted a negative-binomial gen-
eralized linear model (glm.nb) using the package “MASS” (Venables 
& Ripley, 2007) to provide estimates of the effects of habitat and 
landscape types, and temperature and precipitation data on the re-
sponse variables “abundance,” “species density,” and “species rich-
ness.” Since the number of species and individuals in some samples 
was low, we decided against a resampling approach, such as chao1 or 
ACE, to calculate species richness. Instead, we accounted for abun-
dance by including loge (abundance) as a predictor in the species 
richness model.

Additionally, a Tukey HSD post hoc test was conducted to ex-
plore differences in abundance, species density, and species rich-
ness among habitat and landscape types (package “multcomp” by 
Hothorn et al., 2008). To check for potential spatial autocorrelation 
of the model residuals, we used cross-correlograms (package “ncf” 
by Bjornstad & Falck, 2001) based on Moran's I and found no spatial 
autocorrelation among study sites (Figure S3).

As a measure of community specialization on dung resources at 
the study-site level, the standardized two-dimensional Shannon en-
tropy (H2′)—ranging between 0 (no resource preference) and 1 (total 
specialization) (Blüthgen et al., 2006)—was calculated based on the 
abundance of beetle species per dung type (package “bipartite” by 
Dormann et al., 2009). In this framework, higher specialization trans-
lates into more exclusive use of interaction partners by the existing 
species, i.e., higher niche differentiation (Blüthgen, 2010). Total spe-
cialization would thus imply that each species uses only one resource. 
Further, H2′ calculates the interaction frequencies of two groups of 
different trophic levels in relation to all possible interactions, hence 

being network size-independent. This makes comparisons across 
networks along ecological gradients possible, e.g., if species shift to 
a more specialized or generalized resource use with a temperature 
shift. In addition to H2′, the Kulback–Leibler distance d′ is used as an 
index for specialization on the species level (Blüthgen et al., 2006), 
which allows to identify specialization of specific dung types (lynx, 
boar, deer, or bison). By analogy to H2′, d′ ranges between 0 (no spe-
cialization) and 1 (high specialization).

After calculating H2′ (we only included study sites where at 
least three samples revealed dung-visiting beetles, n  =  94 study 
sites), we compared the observed H2′ values with a null model 
with full randomization that kept species frequencies and species 
richness constant (“r2dtable,” 1000 simulations). A linear model 
was then fitted to calculate the effects of habitat and landscape 
type, temperature, and precipitation on H2′ of dung-visiting beetle 
communities.

In cases where one of the predictors led to a significant change in 
resource specialization of the dung-visiting beetle community (H2′), 
we calculated the degree of specialization on individual dung types 
d′ (package “bipartite,” Dormann et al., 2009) to determine whether 
the community specialization H2′ resulted from specialization on a 
specific dung type (d′). Then, we fitted a linear mixed effect model 
to test for correlations between d′ and the predictor variables “dung 
type” and “temperature,” including “study site” as a random factor, 
followed by a pairwise comparison (Tukey HSD) of the specializa-
tion d′ between individual dung types. Consequently, we fitted a 
linear model including d′ for each dung type as response variable 
and “temperature” as predictor variable and plotted the results in a 
linear regression curve.

To test for differences in the total γ-diversity among hab-
itats, landscapes, and climate zones, we performed separated 
sample-based rarefaction-extrapolations (package “iNEXT,” Hsieh 
et al., 2020) along the Hill numbers (q  =  0, 1, and 2) (Hill, 1973). 
Because Hill numbers imply mathematical properties that allow 
drawing conclusions about diversity across different diversity indi-
ces (Chao, Chiu, et al., 2014; Jost, 2006), there seems to be broad 
agreement on the use of Hill numbers to quantify species diversity 
(Ellison, 2010). In this approach, q determines the measures' sensitiv-
ity to species relative abundance, with q = 0 focusing on rare species 
(species richness), q = 1 focusing on common species (Shannon di-
versity), and the order q = 2 focusing on dominant species (Simpson 
diversity) (Chao, Gotelli, et al., 2014). Having multiple assemblages, 
this framework can be used to partition the Hill numbers of a pooled 
assemblage (γ-diversity) into its within-assemblage component (α-
diversity) and between-assemblage component (β-diversity) (Chiu 
et al., 2014). Allowing to weigh from rare to dominant species, this 
methodology seems particularly relevant in functional ecosystem 
engineer groups such as dung beetles, where dominant species are 
often the major actors in the removal process (Frank, Hülsmann, 
et al., 2017).

This approach is based on predictor categories, which works for 
our habitat and landscape types. To include climate in the Hill anal-
ysis, we used the five climate zones (1—cool, 5—warm) as described 
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    |  5 of 13ENGLMEIER et al.

in the Section 2.1 and more detailed in Redlich et al.  (2022). For 
each q and predictor variable (habitat, landscape, climate), we plot-
ted species diversity against the number of sampling units, non-
overlapping confidence intervals indicating significant differences 
in γ-diversity.

3  |  RESULTS

In total, 12,948 dung-visiting beetles from 37 genera and 87 spe-
cies were collected in our 385 traps. The species Onthophagus ovatus 
(Linnaeus, 1767) (Scarabaeidae) was most abundant and recorded in 
62 study sites (151 traps), followed by Onthophagus joannae (Goljan, 
1953) (Scarabaeidae) in 65 study sites (156 traps) and Anoplotrupes 
stercorosus (Hartmann in L. G. in Scriba, 1791) (Geotrupidae) in 47 
study sites (113 traps) (Figure 1).

3.1  |  Alpha-diversity

Land-use intensity affected the abundance and species density of 
dung-visiting beetles at both habitat and landscape scales (Table 1, 
all comparisons from post hoc test in Table S2). On the habitat scale, 
dung-visiting beetle abundance was lower in arable fields compared 
with forest habitats (Table 1; Table S2). Species density and richness, 
however, were rather robust to local land use (Table S2).

On the landscape scale, species density in agricultural landscapes 
was significantly lower than in near-natural landscapes (Table 1). As 
expected, extending the linear analysis by pairwise tests including 
p-value adjustment yielded a less distinctive pattern (Table S2).

Alpha-diversity in terms of abundance, species density, and spe-
cies richness was robust to temperature. Dung-visiting beetle abun-
dance, though, decreased with increasing precipitation (Table  1). 
Species richness strongly increased with increasing beetle abun-
dance (Table 1).

3.2  |  Local community specialization on 
dung resources

Excluding study sites where dung-visiting beetles were found in less 
than three pitfall traps, 94 study sites (networks) were included in 
the analysis. The H2′ value as an index for the specialization of dung-
visiting beetle communities on dung resources did not significantly 
change among local habitat or regional landscape types (Table  2), 
and beetle assemblages in different habitats or landscapes were 
neither generalistic nor specialized (Figure S4). Dung-visiting beetle 
assemblages did not respond to changes in precipitation but were 
less specialized in warmer than in cooler regions (Table 2, Figure 2).

Specialization (d′) of dung-visiting beetles was negatively cor-
related with temperature and was highest for bison dung along the 
entire temperature gradient (Figure  3, Table  3). With cooler tem-
peratures, specialization on bison, wild boar, and lynx dung signifi-
cantly increased (Figure 3; Table S3).

3.3  |  Gamma-diversity

The rarefaction interpolation curves for q = 0 on the habitat scale 
showed no distinctive pattern for rare species diversity. At a land-
scape level, rare species diversity tended to be lower in agricultural 
and urban landscapes than in near-natural landscapes, but this dif-
ference was not significant (Figure 4).

With increasing sensitivity to common species (q = 1), species di-
versity on a habitat scale was significantly lower in settlements than 
in grasslands and arable fields (Figure 4). Species diversity of com-
mon species also decreased on a landscape scale from near-natural 
to urban and agricultural landscapes, with a significant difference 
between near-natural and agricultural landscapes (Figure 4).

The diversity of dominant species (q  =  2) on a habitat scale 
was significantly lower in settlements compared with other hab-
itats. On a landscape scale, diversity was significantly higher in 

F I G U R E  1 Rank abundance curve 
depicting the number of individuals of all 
recorded beetle species on a logarithmic 
scale
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6 of 13  |     ENGLMEIER et al.

near-natural landscapes compared with agricultural and urban 
landscapes (Figure 4).

The rarefaction interpolation curves showed for q = 0 no climate 
effect on rare species diversity (Figure 4). The diversity of common 
species (q = 1) in the warmest climate zone (5) was lowest with sig-
nificant differences in climate zones 1 and 4 (Figure  4). Dominant 
species diversity (q = 2) was significantly lowest in the warmest cli-
mate zone compared with all other climate zones (Figure 4).

4  |  DISCUSSION

Our results provide new insights into the response of dung-visiting 
beetle diversity and community specialization on dung types to 
land-use intensity on local and regional scales and along a climate 
gradient, disentangling temperature, and precipitation. We found 
significant negative effects of anthropogenically transformed envi-
ronments (locally and regionally) on dung-visiting beetle abundance, 
species density, and γ-diversity but not on community specialization. 
Climate affected dung-visiting beetles through lower abundances 
associated with increasing precipitation and decreased local com-
munity specialization and γ-diversity with higher temperatures.

4.1  |  Land-use effects on dung beetle α-diversity, 
community specialization, and γ-diversity

In agricultural habitats and landscapes, the reduced abundance, 
species density, and γ-diversity of dung-visiting beetles might be 
explained by the negative effects of potentially intensified land 
use, including low grazing continuity, small pasture sizes, habitat 
fragmentation, the reduction in rangeland, and the use of pesti-
cides that negatively impact dung beetle assemblages (Beynon 
et al.,  2012; Buse et al.,  2015; Carpaneto et al.,  2007; Sánchez-
Bayo & Wyckhuys,  2019). Our findings are in line with Korasaki 
et al.  (2013) and Carpaneto et al.  (2007) and partly agree with 
Gebert et al. (2020), who reported land-use effects on dung beetle 
abundance but not on the number of species. In our study, however, 
species density was significantly dependent on abundance. Hence, 
the reduction in species density in agricultural landscapes compared 
with near-natural systems likely occurred because of lower dung-
visiting beetle abundances. This does not imply that all agricultural 
land use is detrimental to dung-visiting beetles. In this case, man-
agement intensity (e.g., grazing continuity) and pasture area should 
be considered as important factors for the conservation of dung-
visiting beetles (Buse et al., 2015).

In settlements and to a lesser extent in urban landscapes, γ-
diversity was drastically reduced. In settlements and cities, dog dung 
is often the only resource for dung beetles (Carpaneto et al., 2005) 
due to a lack of cattle or larger wild ungulates and carnivores. The re-
duced variety and amount of mammalian dung can directly affect dung 
beetles (Errouissi et al., 2004; Iida et al., 2016; Korasaki et al., 2013; 
Ramírez-Restrepo & Halffter, 2016), which potentially makes urban TA
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areas less attractive. In addition, we suggest that the amount of sealed 
area in settlements and cities restricts dung burying by some dung 
beetle species, which may limit the amount and species richness of 
dung burying beetles in urban environments. Dung volatiles, more-
over, which attract dung beetles and guide them toward their food 
source (Sladecek et al., 2021), might be masked by other odors typical 
for urban spaces, such as car exhausts and organic waste, and might be 
less detectable than dung volatiles in natural environments. There is 
first evidence that the dung beetle Anoplotrupes stercorosus responds 
to certain plant volatiles (alpha-pinene and camphor) (Weithmann 
et al., 2020), which should be lower in urban environments. If these 
plant volatiles are used by A. stercorosus for orientation or food 

location, however, is yet unknown (Weithmann et al., 2020) but could 
explain potential habitat preferences by dung beetles.

Although dung beetle species often have different habitat 
preferences (open versus closed habitats) (Romero-Alcaraz & 
Ávila, 2000), we found no differences in α- and γ-diversity between 
forest and grassland habitats. Findings about habitat preferences are 
inconsistent, though. Damborsky et al. (2015) and Frank, Hülsmann, 
et al.  (2017) report significantly higher dung beetle richness and 
biomass in forests than in grasslands, whereas Romero-Alcaraz 
and Ávila  (2000), for instance, summarize that dung beetles are 
more likely to be found in open habitats. However, our forest study 
sites were placed within an area of tree clearing, which might be as 

Predictors

H2_obs

Estimates Std. error p

(Intercept) 0.765 0.237 .002

Habitat grassland vs. forest 0.020 0.037 .598

Habitat arable vs. forest −0.039 0.041 .340

Habitat settlement vs. forest 0.012 0.040 .776

Landscape agriculture vs. near-natural 0.009 0.039 .821

Landscape urban vs. near-natural −0.002 0.036 .953

Temperature in °C −0.046 0.020 .023

Precipitation in mm −0.000 0.000 .988

Observations 94

R2/R2 adjusted .118/.046

Note: Significant p-values in bold.

TA B L E  2 Results of the linear model 
showing the effects of habitat, landscape, 
temperature, and precipitation on 
the degree of specialization (H2′) of 
coprophilic beetle assemblages.

F I G U R E  2 Scatterplot of observed 
H2′ (red dots) and randomized H2′ values 
(gray dots) along a mean multi-annual 
temperature gradient. Dashed horizontal 
line indicates H2′ = 0.5. A null model 
calculated randomized H2′ values with 
1000 simulations (in 87% of the networks, 
the observed H2′ was significantly higher 
than in random assemblages).

F I G U R E  3 Linear regression showing 
the degree of specialization (d′) on 
individual dung resources along the 
temperature gradient. Gray dots depict 
individual d′ values; colored lines 
represent regression lines of each dung 
type. Dashed line indicates d′= 0.5.
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8 of 13  |     ENGLMEIER et al.

attractive for beetles that prefer open habitats as for forest species. 
Moreover, study sites were not grazed during the sampling period. 
As a consequence, less dung was probably present, which decreases 
habitat quality for dung-visiting beetles specialized on grasslands. 
Nonetheless, the preference for less polluted and disturbed habi-
tats and landscapes might explain the reduced dung-visiting beetle 
α- and γ-diversity in agricultural and urban environments.

Dung beetle biomass (Frank, Hülsmann, et al.,  2017) and 
multi-species communities significantly enhance dung decompo-
sition, even in disturbed systems (Ambrožová et al., 2021; Beynon 
et al., 2012; Milotić et al., 2019). Consequently, the observed lower 
beetle abundance, density, and γ-diversity in urban and agricultural 
environments could reduce dung removal rates and disturb the bal-
ance of those ecosystems. This, in turn, might cause both ecological 
and economic damage (Beynon et al., 2012; Losey & Vaughan, 2006).

4.2  |  Climatic effects on α-diversity, community 
specialization, and γ-diversity

The limited occurrence of dung-visiting beetles in regions with 
high precipitation might be explained by restricted flight activities 
(Juillet, 1964) and increased soil moisture that can be detrimental 
to the dung beetle larval development (Sowig, 1995; von Hoermann 
et al., 2020).

Unlike previous large-scale studies by Frank et al.  (2018) and 
Milotić et al.  (2019), who report no latitudinal effect and a precip-
itation effect on resource specialization, respectively, we observed 
community specialization on dung resources with decreasing tem-
peratures, although we only considered a temperature gradient from 
5–10°C (mean annual temperature). It should be noted, though, that 
the networks in general were not highly specialized. The maximum 
H2′ value was 0.75 and only 10 out of 94 networks had H2′ bigger 
than 0.5, which should be considered when interpreting the results. 
In the large-scale studies mentioned above, variance in community 
specialization was rather high, and effects might be masked by other 
environmental parameters, such as land use. We can confirm the 
assumption by Milotić et al.  (2019), though, that resource special-
ization is linked to spatial characteristics (in temperate zones). There 
may be two explanations for the increased degree of specialization 
in cooler climates of the studied gradient: One is that the resource 
specialization of dung beetles is expected to increase with an in-
creasing variety of dung resources (Frank et al., 2018). Study sites in 
the coolest climate zones were mainly located in, or close to, Nature 
and National Parks, where the density and functional diversity of 
larger mammals (lynx, wolf, red deer, chamois, capricorn) are higher 
than in other study regions, and specialization of dung-visiting 
beetles is more likely. Second, dung is a nutrient-rich but ephem-
eral resource that many organisms compete for. Competition is a 
premise for niche differentiation and specialization, both influencing 

Linear mixed effect model d′_obs

Predictors Estimates Std. error p

(Intercept) 0.691 0.130 <.001

Deer vs. boar 0.000 0.019 1.000

Lynx vs. boar 0.012 0.018 .495

Bison vs. boar 0.057 0.018 .002

Multi-annual mean temperature in °C −0.040 0.015 .007

Random effects

σ2 0.01

τ00 plot 0.01

ICC 0.46

Nplot 94

Observations 351

Marginal R2/Conditional R2 .066/.498

Post hoc analysis

d′

Estimate z p

Deer–boar 0.000 0.000 1.000

Lynx–boar 0.012 0.683 .904

Bison–boar 0.057 3.101 .011

Lynx–deer 0.012 0.658 .913

Bison–deer 0.060 2.987 .015

Bison–lynx 0.045 2.438 .070

Note: Significant p-values in bold.

TA B L E  3 Results of the linear 
mixed-effect model, testing d′ against 
temperature and dung type (study site 
as random effect) and Tukey HSD post 
hoc analysis to test for differences in 
specialization among dung types
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    |  9 of 13ENGLMEIER et al.

community network structures and robustness (Frank et al., 2018; 
Frank, Brückner, et al., 2017). Dung in cold and moist regions is less 
prone to desiccation and persists longer than in warmer climates 
(Milotić et al., 2019). Hence, dung beetle species in cold climates 
could co-exist by resource partitioning (McKane et al.,  2002), al-
lowing for high levels of species diversity and specialization. Since 
specialized communities are less robust and more prone to environ-
mental changes and extinction (Davies et al., 2004; Neff et al., 2021), 
we should ensure that species in these areas will experience special 
consideration in conservation strategies.

We also evaluated the trophic specialization of dung-visiting bee-
tles among dung types. Beetles were most specialized on bison dung 

along the temperature gradient, although bison, as grazer, was at 
the bottom of our trophic gradient. Herbivorous dung (sheep dung), 
however, was already shown to be more attractive for dung beetles 
than dog dung (Carpaneto et al., 2005). Since in temperate regions 
more dung beetles are attracted by bigger dung heaps rather than 
smaller dung heaps (Errouissi et al., 2004) and dung that is available 
for a longer period (Buse et al., 2021), it is very likely that the high 
specialization on bison dung was due to its high weight, compared 
with the other dung types. In a global meta-analysis, considering 45 
case studies, Frank et al.  (2018) found low specialization on bison 
dung; yet their results might be limited by the number of studies 
including bison dung as a research subject (n  =  3). Since nutrient 

F I G U R E  4 Sample size-based rarefaction curves of rare, common, and dominant dung beetles for Hill numbers (q = 0, 1, and 2) across 
habitats, landscapes, and climate zones. Solid lines depict the interpolated number of sampling units (rarefaction), while dashed lines depict 
the extrapolation of sampling units. Shaded areas indicate the 95% confidence interval. Nonoverlapping confidence intervals indicate 
significant differences in γ-diversity between treatments.
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10 of 13  |     ENGLMEIER et al.

content and composition are reported to be not relevant for the 
long-distance chemical attraction of dung beetles (Frank, Brückner, 
et al.,  2017), we support the interpretation by Frank, Brückner, 
et al. (2017) that volatiles emitted by dung and not nutrient content 
might be primary determinants in dung beetles' attraction (see e.g., 
Weithmann et al., 2020) for what the large bison dung heaps, emit-
ting more volatiles due to its size, were potentially more preferred 
despite lower nutrient content.

We show that γ-diversity for common and dominant species 
was lowest in the warmest climate zone, which was to a great ex-
tent represented in NW Bavaria. This is due to Bavaria's topography 
with an increase in elevation from west to east and north to south, 
which results in a temperature gradient from warm (NW Bavaria) to 
cold (SE Bavaria). Since the NW corner of Bavaria is not as densely 
populated as other parts of our study area, we believe that the 
low diversity in this particular climate zone was not caused by ur-
banization effects. Instead, we assume that in this area there are 
less favorable climatic conditions for dung decomposition (Milotić 
et al., 2019) due to a higher risk of dung desiccation at higher tem-
peratures. When dung desiccates and microbial activities, which are 
key for the emission of volatile organic compounds (Le et al., 2005), 
are slowed down (Anderson & Coe, 1974), consequently, insects' 
attraction is reduced (Davis et al.,  2013). Moreover, in Harris 
et al. (2019) and Williams et al. (2014), increasing temperatures and 
low precipitation, respectively, were found to potentially decrease 
the abundance and diversity of some ground-dwelling beetles. In a 
previous study, Englmeier et al.  (2022) found a hump-shaped pat-
tern of dung removal rates along an elevational gradient, indicating 
that environmental conditions at intermediate altitudes are more 
beneficial for dung beetles than in lowlands. Therefore, we assume 
that climate warming might exacerbate the access to and decompo-
sition of dung by insects, which could explain the potential future 
emigration of coprophilic beetles to cooler regions as observed by 
Menéndez et al. (2014).

A limiting factor in the interpretation of our results is that our 
sampling probably does not mirror the full dung-visiting beetle di-
versity across the year, although Šlachta  (2013) found the highest 
diversity in May.

5  |  CONCLUSION

Our study of land-use and climate effects on diversity and commu-
nity specialization of dung-visiting beetles has shown that intensive 
land use (agriculture, urban areas) and climate affect dung-visiting 
beetle assemblages. Diversity decreased from near-natural to in-
tensive land use, on a local and regional scale. Dung-visiting beetle 
assemblages were more specialized in cooler climates, and hence, 
are likely more vulnerable to environmental changes. Our ap-
proach of a simultaneous study of climate and land use shows that 
both parameters affect different aspects of dung beetle communi-
ties. Urbanization and agriculture threaten diversity, while climate 

influences the dung specialization of communities, which might af-
fect dung decomposition processes.
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