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Figure 10. Stereomicroscopic pictures of the abaxial leaf surfaces: (A) F. vaginata (B) F. pseudovaginata
(C) F. tomanii, with the EDX element spectrum diagrams near them. SLC: silicified long cells in the
epidermis of F. tomanii. The line represents 50 μm.
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3.3. Determination of Ploidy Level

The ploidy levels of Festuca spp. were determined using flow cytometric analyses.
The measurements revealed the differences of DNA content among the tested samples (Figure 11).
The relative DNA content was two times higher in samples of Festuca pseudovaginata (Figure 11B) and
Festuca tomanii (Figure 11C) than in the sample of the diploid Festuca vaginata species (Figure 11A).

 
(A) 

(B) 

 
(C) 

Figure 11. Flow cytometric analyses of Festuca spp.: histograms demonstrate the relative DNA content
of (A) Festuca vaginata, (B) Festuca pseudovaginata and (C) Festuca tomanii.

4. Discussion

One of the most important identification keys to these Festuca taxa was the length of the awn
of the lemma. Awns of F. vaginata were missing or very short (0.2–0.4 mm), confirming the findings
of [25,26] and [34]. Awn of the lemma of F. pseudovaginata is longer (1.2–1.8 mm) according to [76].
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Awn of the lemma of F. tomanii is significantly longer than 2 mm [77], which was confirmed by the
present study results.

Among the inflorescence parameters there were morphological markers that were not suitable for
distinguishing the three species examined, such as the length of the generative stem, floral number of
spikelet, length of upper glume and hairiness. Beyond these marks, F. vaginata was distinguished by
the other parameters studied, including the longer inflorescence branch and the significantly longer
lower inflorescence branch. The spikelet was the shortest of the three taxa examined. According to the
spikelet, F. pseudovaginata and F. tomanii can be distinquished. The studies in [78,79] highlighted this
fact. According to [78,79], samples must be taken from one particular point of the panicle. The present
data confirmed [78,79] finding that a spikelet at a given position should be examined. In the case of F.
goals and no hypotheses, the fourth spikelet at the lower inflorescence branch was longer than the
fourth spikelet at the apex of the inflorescence, which is also a good distinguishing morphological
parameter of identification.

The distribution of the different phytolith morphotypes did not answer the question of what
caused the silver coloration of the F. tomanii leaves. There were no more ELONGATE phytoliths or
trichomes in the F. tomanii leaves than in the two other species but the phytolith analysis highlighted the
differences between the micromorphological features of the abaxial epidermis surfaces of the studied
Festuca leaves, namely that most of the ELONGATE phytoliths of F. vaginata were the ELONGATE
ENTIRE morphotype but most of the ELONGATE phytoliths of F. pseudovaginata and F. tomanii belonged
to the ELONGATE SINUATE morphotype. This finding supports the results of the inflorescence data
analysis of these species and confirm the usefulness of the quantitative phytoliths analysis for revealing
a new taxonomic character to distinguish different species of a grass genus [77]. As all the three taxa
had trichomes in the adaxial surfaces of their leaves, we could not find considerable differences among
the species concerning the number of the trichomes in the phytolith assemblages.

However, it was a reliable parameter in their identification key that the abaxial surfaces of the
F. tomanii leaves bore trichomes, which may be the reason for the silvery epidermis. It is not clear
why the silicified long epidermal cells observed under a stereo microscope were not represented in
the phytolith assemblages of F. tomanii in larger numbers. On the other hand, the EDX measurements
proved the high silica content of the abaxial epidermis of F. tomanii leaves, with more than triple Si
atom % value.

Based on the length of the spikelet, the size of F. tomanii, the individuals in the middle of the
Kiskunság were smaller, probably due to the adaptation to the drier and warmer habitat [80,81] Another
strategy to adapt to it is the more intensive silica accumulation [82–85], which is also a characteristic
feature of F. tomanii. As this taxon has special morphological and anatomical characters according to
its distinct area and habitat.

Based on our results, we confirmed the appearance of F. vaginata in natural grasslands and
discovered new occurrences of F. pseudovaginata and F. tomanii. F. pseudovaginata inhabits only the
Pannon region; we found endemic and natural stands of it, but in its secondary habitats it was
confirmed as a completely new species. Furthermore, taxa of disturbed vegetations are currently being
examined. These habitats are potential hotspots of speciation.

On bare soil surfaces of areas exposed to anthropogenous effects, two species of the genus Festuca
became dominant.

5. Conclusions

We examined the species pool of the sandy grasslands in the steppe, forest-steppe zone of the
central region of the Carpathian Basin, with greater consideration of the dominant Festuca species.
Three of them occurred in the open sandy grasslands: F. vaginata, F. pseudovaginata (the latter appeared
on disturbed grasslands after deforestation) and F. tomanii as a new species in the Carpathian Basin.
We compared the morphotaxonomy of these taxa, especially the characteristics which can be useful
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when distinguishing them during field work. Micromorphological examination of the epidermis and
phytolith analysis were new elements. These can refine the on-the-spot identification of these taxa.
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near the city of Toruń. Ecol. Quest. 2010, 12, 75–86. [CrossRef]

41. Löbel, S.; Dengler, J. Dry grassland communities on southern Öland: Phytosociology, ecology, and diversity.
Acta Phytogeogr. Suec. 2008, 88, 13–31. [CrossRef]
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Abstract: Wood pastures are home to a variety of species, including the dung beetle. Dung beetles are
an important functional group in decomposition. Specifically, in terms of livestock manure, they not
only contribute to nutrient cycling but are key players in supporting human and animal health. Dung
beetles, however, are declining in population, and urgent recommendations are needed to reverse this
trend. Recommendations need to be based on solid evidence and specific habitats. Herein, we aimed to
investigate the role of an intermediate habitat type between forests and pastures. Wood pastures are key
areas for dung beetle conservation. For this reason, we compared dung beetle assemblages among forests,
wood pastures, and grasslands. We complemented this with studies on the effects of dung type and
season at three Hungarian locations. Pitfall traps baited with cattle, sheep, or horse dung were used in
forests, wood pastures, and pasture habitats in spring, summer, and autumn. Dung beetle assemblages of
wood pastures showed transient characteristics between forests and pastures regarding their abundance,
species richness, Shannon diversity, assemblage composition, and indicator species. We identified a
strong effect of season and a weak of dung type. Assemblage composition proved to be the most sensitive
measure of differences among habitats. The conservation of dung beetles, and the decomposition services
they provide, need continuous livestock grazing to provide fresh dung, as well as the maintenance of
wood pastures where dung beetle assemblages typical of forests and pastures can both survive.

Keywords: abundance; community composition; decomposition; Shannon diversity; ecosystem service;
Geotrupidae; grassland; indicator species; land use; Scarabaeidae; species richness

1. Introduction

Every year, four billion tons of livestock feces are produced in Europe [1]. Its decomposition is an
essential function of ecosystems, and dung beetles (Scarabaeidae: Scarabaeinae, Aphodiinae; Geotrupidae),
which are widespread across most terrestrial habitats, play an important role in it [2,3]. Therefore, the
conservation of dung beetles and the sustenance of the ecosystem service they provide is an important
task. Dung beetles are involved in the decomposition of feces, not only by means of consumption by both
larvae and imagoes [4] but even more importantly by chopping, spreading, and burying it, thereby making
it available for other decomposing organisms [5,6]. By accelerating decomposition, they contribute to
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the soil’s nutrient cycle and stimulate plant growth by fertilization (increasing the nutrient content of the
soil) [7]. Their vertical tunnels promote the mixing of soil layers, increase aeration, and permeability [8].

They also have an important role in maintaining human and animal health by removing the feces
of domestic animals from the surface, thus controlling the number of parasitic worms and dung flies [9].
In addition, they assist the secondary distribution of plant seeds present in dung [10]. All of these
activities are considered as valuable ecosystem services [3], resulting in significant financial savings for
agriculture [11,12].

Only sufficiently diverse assemblages and abundant populations of dung beetles are able to perform
their ecological function (acknowledging that body size and functional groups are also important
factors [13,14]), but they are declining worldwide. The most serious adverse effects are land use changes,
habitat fragmentation [15,16], and declining wild mammal species that provide feces [17,18], all of which
transform and intensify traditional animal husbandry [19]. Overgrazing or abandoning pastures leads to a
decrease in both abundance and species diversity [20–22]. The negative effects of agricultural intensification,
and increased use of pesticides and insecticides, have already been demonstrated on a number of arthropod
taxa [23], including dung beetles [24]. Numerous studies have shown that veterinary medical products,
widely used in animal health today, and their breakdown products can cause drastic reductions in dung
beetle populations as they appear in pastures through feces [14,25,26].

Dung beetles’ lifestyles and ecological needs make them sensitive to environmental changes and
they are therefore an important indicator group used in more and more studies that assess the state of
the environment worldwide [27]. Farming and nature conservation practices that sustain species-rich
communities able to perform their ecological functions are essential to the successful conservation of dung
beetles. There are, however, still significant knowledge gaps. For example, both grassland and forest dung
beetles are well-studied globally, which is important as dung beetle assemblages of forests and grasslands.
These habitats are different, e.g., in terms of total biomass, species and functional compositions, and
their functions in dung removal [15]. Buse and Entling [28] also found that dung removal is significantly
different between forests and grasslands. These are in line with the evidence that dung beetles are highly
sensitive to habitat modifications [16] and habitat structure at the local and landscape scales [29,30]. There
is, however, a unique European habitat, the wood pasture, a transition between forest and grassland,
where trees are scattered across pastures [31]. Wood pastures are still present in the Mediterranean and in
Eastern Europe as part of farming systems [32], and present a socio-ecological framework for sustainable
agriculture with high biodiversity. Such a unique habitat may provide novel information on how dung
beetle assemblages form.

In Europe, including Hungary, the biggest threat to dung beetles is the decline of traditional farming
systems. It has changed in many ways since the middle of the 20th century [33,34]. Grazing livestock has
been significantly reduced, leaving many former pastures abandoned, while extensive animal husbandry
was mostly replaced by intensive livestock farming. Although wood pastures and forest grazing were also
well-established as important traditional practices in the last century [35], today only open grasslands are
grazed. Nowadays, only a few wood pastures are used actively, but more and more are being restored and
grazed mainly for nature conservation purposes. Forest grazing in Hungary has gradually declined and
was finally completely ceased in the 1960s [35]. All these trends changed the resources for dung beetles,
making them a threatened, declining group.

The objective of our study was to determine the effects of habitat type, dung type, and season on
species richness, abundance, diversity, and species composition of dung beetle assemblages. Our aims
were as follows:

First, we wanted to find out where (i.e., in what habitat) do dung beetles occur? Our study compared
three habitat types with different levels of woodland cover: open pastures, wood pastures, and forests.
Wood pastures are acknowledged as valuable habitats for several other taxa [36,37], and we were interested
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in whether (i) they exhibit an outstanding diversity that harbors both forest and grassland species and
thereby have their own specific species pool or if (ii) they represent a transitional situation for dung beetles.

Second, we were interested in what other factors influence dung beetle assemblages. A locality effect,
for example, would suggest that the generalization of any results and their applicability at other locations
are limited. In addition, to analyse the effect of location, we also studied the effect of dung type and season,
both of which are known to influence dung beetles [17,30] and thus may provide additional information to
understand the distribution of dung beetles across habitat types. In our study, we compared the dung
beetle assemblages in the feces of the three most important grazing livestock in Europe: cattle, horse, and
sheep taken in different seasons (spring, summer, and autumn).

Third, we intended to provide research evidence to guide nature conservation management of wood
pastures for the preservation of dung beetle assemblages and this unique habitat. Although some such
results were known already from other regions or continents, management, which is context dependent,
including locality, cannot directly use those results.

2. Materials and Methods

2.1. Study Area

Our study was conducted in three predominantly forested landscapes in the Northern and
Transdanubian Mountains of Hungary (sampling locations are given as KMZ (Keyhole Markup language
Zipped) files for Google Earth in the Supplementary Materials). The selected pastures and wood pastures
were actively grazed. In the forests, there was no livestock grazing; however, wild ungulates such as red
deer, roe deer, and wild boar were common. The sites were selected to meet two main criteria. First, they
were to include patches of actually grazed wood pastures, as it is the rarest habitat type. Second, there had
to be both actively used pastures and seminatural forests in the vicinity (within 2.5 km).

2.1.1. Cserépfalu

The site is a ca. 100 ha area of grasslands and wood pastures, surrounded by forests within the Bükk
National Park to the northeast of Cserépfalu at the altitude of 250–350 m above sea level. Two-thirds of the
area is wood pasture, while one-third is open pasture. On the open pastures and in the lower parts of
the wood pasture, ca. 40 Hungarian grey cattle have been grazed for some years before the time of our
sampling. In the year preceding the study, about 200 sheep and some goats were introduced to the wood
pasture and herded across the area two or three times a week.

2.1.2. Hollókő

The site is at 250–300 m above sea level within the Hollókő Landscape Protection Area, mostly to
the west of the village of Hollókő. In Hollókő, as part of a habitat reconstruction program completed in
2013, nearly 20 hectares of afforested land were cleared and the former wooded pasture was restored. The
relatively small wood pasture on the western slope of the Várhegy is completely surrounded by forests.
Pastures and hay meadows are situated in larger blocks around the village. On the large western pastures,
a herd of ca. 100 head of cattle has been grazed. These animals were herded through the wood pastures
for a few times a year for short periods. One paddock on the grassland bordering the southeastern part of
the village has been used to keep about 30 sheep and a couple of horses.

2.1.3. Balatonakali-Dörgicse

The site is between the villages of Balatonakali and Dörgicse, 145–240 m above sea level. The ca. 200
ha wood pasture is part of the Natura 2000 network. The western part of the area was cleared a few years
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ago and sparse wooded vegetation was left behind. The open pasture with a sheep paddock stretches
more or less continuously along the southern border of the village of Dörgicse. The southwestern and
northwestern parts of the area are covered by continuous forests. In the sheep paddock near Dörgicse,
about 1000 head of sheep are kept. They are grazed in smaller flocks mostly on the open pasture and the
nearest parts of the wood pasture.

2.2. Sampling Design and Dung Beetle Trapping

The dung beetle assemblages have been sampled three times in 2016, in spring (May), summer (July),
and autumn (October). Sampling was carried out simultaneously in all three sites. In total, 81 pitfall trap
units baited with either cattle, horse, or sheep dung (three of each for every habitat in all three locations)
were installed. The pitfall traps baited with different dungs were placed as if they were vertices of a
triangle with sides slightly more than 10 m. The location of the sampling plots was selected to meet two
basic criteria: they should be at least 100 m away from each other [38] and the edge of the habitat type
should be at least 50 m away. As far as the terrain allowed, traps were installed in locations sheltered by
stumps, smaller trees, or shrubs to avoid damage caused by trampling.

The 1 L containers (diameter: 11 cm, height: 15 cm) were dug into the soil up to their rim. About 3 dl
of diluted (50%) propylene-glycol was used as a preservative in each container. The mouth was covered by
a hexagonal chicken wire (with a mesh diameter of 25 mm) that was fixed to the soil by U-shaped wires.
The dung bait was wrapped in mosquito net and fixed to the wire mesh covering the mouth by bailing
wire.

The dung used as bait was always collected freshly for each sampling period from animals grazing on
the specific sites. The same batch of dung was used in each trap of a particular site. Livestock were not
treated with anthelmintics prior to dung collection. The collected dung was portioned into 400 (cattle,
horse) and 100 g (sheep) packs within laboratory conditions. Packs were sterilised by freezing at −20 °C
for at least 72 h. The pitfall traps were emptied after one week. In one case, the container was dug up by
animals; this sample was excluded from the analysis. Dung beetles were identified at the species level in
the laboratory. Nomenclature follows the Catalogue of Palaearctic Coleoptera [39].

2.3. Data Analysis

We separately tested the effect of four explanatory variables (habitat, season, dung, and locality)
on abundance and species richness by generalised linear mixed models (GLMMs; [40]) and on Shannon
diversity using linear mixed models (LMMs), where the response variables were the number of species
(with Poisson distribution), the abundance (with negative binomial distribution), or the calculated Shannon
diversity (with Gaussian distribution) of dung beetles. Replicates (sampling plots with three pitfall traps)
were included as random factors. We compared the models fitted with explanatory and random factors to
null models (including the random factor only) by ANOVA [41].

Our main aim was to reveal the differences in dung beetle assemblages of forest, wood pasture, and
pasture habitat types. Thus, first, we compared species richness, abundances, and Shannon diversity
among habitat types by a pairwise comparison with Tukey corrections, based on models described above.
Second, we created subsets of season and dung type (thereby creating 9 datasets both for abundances
and for number of species) and separately analysed the effect of habitat type. We applied GLMMs and
LMMs [40], where the response variables were the number of species, the abundance, or the diversity of
dung beetles, while the explanatory variable was only the habitat type (forest, pasture, and wood pasture).
Replicates within the locality were included as random factors, and we repeated these analyses for all 9
subsets (3 seasons × 3 dung types) of our dataset. We applied pairwise comparisons with Tukey corrections
between habitat types based on model results.
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We explored the differences between the composition of dung beetle assemblages with nonmetric
multidimensional scaling (NMDS) using a Bray–Curtis similarity measure [42]. We applied a Permutational
Multivariate Analysis of Variance (PERMANOVA) [42] to analyse the effect of habitat, season, locality, and
dung type as explanatory variables on assemblage composition. We evaluated the association of dung
beetle species to habitat, dung type, season, and locality separately, by indicator species analysis [42]. The
indicator values of the species were tested via the Monte-Carlo simulation using 10,000 permutations. The
accepted significance level was p < 0.05.

The statistical analyses were carried out using R 3.4.4 statistical environment [43]. We used “lme4”
1.1-17 and “MASS” 7.3-51.4 packages for models [44,45], “lsmeans” 2.27-62 and “multcomp” 1.4-10 packages
for pairwise comparison [46,47], “vegan” 2.5-2. package for nonmetric multidimensional scaling [48], and
“labdsv” ver. 1.8-0 for indicator species analysis [49].

3. Results

Altogether, we recorded 57 species and 78,131 individuals across the three locations (Cserépfalu: 48
species, 32,490 individuals, Hollókő: 46 species, 23,611 individuals, and Balatonakali: 44 species, 22,030
individuals). Three species of the family Geotrupidae, 33 species of the subfamily Aphodiinae, and 21
species of the subfamily Scarabaeinae were recorded (Appendix A Table A1).

The most numerous was the Scarabaeinae subfamily (43,209 individuals, 55.3%), then the Aphodiinae
subfamily (27,314 individuals, 35.0%), and finally the Geotrupidae family (7608 individuals, 9.7%). The
most dominant species was Nimbus obliteratus, with 16,540 individuals collected, which was 21% of all
individuals. In total, 18 species accounted for nearly 95% of the total abundance, while 39 species accounted
for less than 1% (Appendix A Table A1).

Our models did not reveal a significant effect of locality on species richness (p = 0.116), abundance (p
= 0.383), or diversity (p = 0.145), while habitat had an effect on diversity (p = 0.001), but no effect on species
number (p = 0.070) nor abundance (p = 0.302). Both dung type (p(sp) = 0.024, p(abu) = 0.001) and season
(p(sp) < 0.001, p(abu) = 0.022, p(div) < 0.001) had a significant effect. However, we did not find an effect of
dung type on diversity (p = 0.473).

Considering habitat types, 32,917 individuals of 41 species were recorded from forests, 20,724
individuals of 47 species from wood pastures, and 24,490 individuals of 53 species from grasslands. Species
richness and Shannon diversity were lower in forests than in pastures. In the case of wood pastures, these
values were between the two distinct habitats. There was no difference in abundances between the three
habitats (Figure 1).

Pairwise comparisons of species richness, abundances, and Shannon diversities between habitat types
revealed several significant differences between forests and pastures, while wood pastures exhibited an
intermediate position (e.g., species richness for sheep dung during spring and summer), except for one
case (spring abundance on cattle dung) where wood pasture dung beetle number was lower than in both
habitats (Figure 2, Appendix A Table A2).
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Figure 1. Summarised dung beetle species richness, abundance, and Shannon diversity per habitat types.
Box plots show medians (thick line), lower, and upper quartiles (boxes), whiskers include the range of
distribution without outliers. Different letters above the boxes show the significant differences between
habitats.

Figure 2. Habitat effect on dung beetle species richness, abundance, and diversity separately for dung type
(columns) and seasons (rows). Box plots show medians (thick line), lower, and upper quartiles (boxes),
whiskers include the range of distribution without outliers. Different letters above the boxes show the
significant differences between habitats within a given season and dung type, applying generalised linear
mixed models (GLMMs), linear mixed models (LMMs), and their pairwise comparisons. F.: forest, Wp.:
wood pasture, and P.: pasture.
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For composition of dung beetle assemblages, the seasonal distinction was the most noticeable effect
according to the NMDS analysis (Figure 3A, PERMANOVA test: R2 = 0.237, p = 0.001). There was no
overlap between forest and grassland dung beetle samples, but wood pastures had an intermediate position
between the two other habitat types (Figure 3B, PERMANOVA test: R2 = 0.109, p = 0.001). Furthermore,
assemblage composition showed significant differences among the three localities in Hungary (Figure 3C,
PERMANOVA test: R2 = 0.081, p = 0.001), but the effect of locality was smaller compared to the effect of
season and habitat. Dung type had no significant effect on the composition of dung beetle assemblages
(Figure 3D, PERMANOVA test: R2 = 0.017, p = 0.322).

The analysis of indicator species regarding habitat, dung type, and season showed that 12 species
were linked to pastures, 6 to forests, and only one to wood pastures (Table 1). Only cattle feces had three
indicator species, while the other two dung types had none. Spring had 20 indicator species, while summer
and autumn had less than half of that (Table 1).

Table 1. Dung beetle species with significant indicator values for habitat, dung type, and season.

Species Indicator Value p-Value Habitat

Anoplotrupes stercorosus 0.664 0.000 Forest
Melinopterus pubescens 0.251 0.011 Forest
Onthophagus coenobita 0.606 0.002 Forest
Plagiogonus arenarius 0.341 0.028 Forest
Planolinus fasciatus 0.404 0.000 Forest

Volinus sticticus 0.778 0.000 Forest

Caccobius schreberi 0.398 0.002 Pasture
Chilothorax distinctus 0.249 0.003 Pasture
Colobopterus erraticus 0.290 0.001 Pasture
Euoniticellus fulvus 0.642 0.000 Pasture

Melinopterus consputus 0.294 0.022 Pasture
Onthophagus illyricus 0.628 0.000 Pasture
Onthophagus medius 0.252 0.021 Pasture
Onthophagus ovatus 0.655 0.000 Pasture

Onthophagus ruficapillus 0.606 0.000 Pasture
Onthophagus taurus 0.665 0.000 Pasture
Onthophagus vacca 0.259 0.001 Pasture

Otophorus haemorrhoidalis 0.311 0.002 Pasture

Onthophagus joannae 0.248 0.003 Wood pasture

Species Indicator Value p-Value Dung Type

Aphodius fimetarius 0.287 0.002 Cattle
Otophorus haemorrhoidalis 0.238 0.025 Cattle

Teuchestes fossor 0.185 0.009 Cattle

Species Indicator Value p-Value Season

Acrossus depressus 0.333 0.000 Spring
Acrossus luridus 0.630 0.000 Spring

Colobopterus erraticus 0.264 0.001 Spring
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Table 1. Cont.

Species Indicator Value p-Value Habitat

Copris lunaris 0.763 0.000 Spring
Esymus pusillus 0.922 0.000 Spring

Eudolus quadriguttatus 0.444 0.000 Spring
Euoniticellus fulvus 0.411 0.002 Spring

Euorodalus paracoenosus 0.593 0.000 Spring
Onthophagus coenobita 0.941 0.000 Spring
Onthophagus illyricus 0.607 0.001 Spring
Onthophagus joannae 0.204 0.014 Spring
Onthophagus lemur 0.573 0.000 Spring

Onthophagus medius 0.481 0.000 Spring
Onthophagus vacca 0.163 0.043 Spring

Onthophagus verticicornis 0.960 0.000 Spring
Oxyomus sylvestris 0.454 0.000 Spring

Phalacronothus biguttatus 0.208 0.006 Spring
Plagiogonus arenarius 0.782 0.000 Spring

Sisyphus schaefferi 0.672 0.000 Spring
Volinus sticticus 0.604 0.000 Spring

Acanthobodilus immundus 0.200 0.033 Summer
Bodilus lugens 0.259 0.001 Summer

Caccobius schreberi 0.327 0.017 Summer
Geotrupes spiniger 0.633 0.000 Summer

Onthophagus grossepunctatus 0.471 0.012 Summer
Onthophagus taurus 0.444 0.036 Summer
Trypocopris vernalis 0.701 0.000 Summer

Chilothorax distinctus 0.249 0.004 Autumn
Chilothorax paykulli 0.222 0.002 Autumn

Melinopterus consputus 0.593 0.000 Autumn
Melinopterus prodromus 0.911 0.000 Autumn

Nimbus obliteratus 0.926 0.000 Autumn
Nobius serotinus 0.222 0.004 Autumn

Planolinus fasciatus 0.443 0.000 Autumn
Sigorus porcus 0.148 0.029 Autumn
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Figure 3. Assembly composition of dung beetles according to (A) season, (B) habitat, (C) locality, and (D)
dung type, applying nonmetric multidimensional scaling (NMDS).

4. Discussion

Our main question concerned whether wood pastures have distinct dung beetle assemblages compared
to forests and pastures. Using various types of analyses to process data on around 80,000 individuals,
we found that assemblages in wood pastures showed an intermediate or transient position between the
assemblages of forests and pastures, which were distinct. In Central Europe, the majority of dung beetle
species inhabit open or semiopen grasslands, and there are fewer woodland species [50] (Scarabaeinae:
mostly grassland species, Geotrupidae: mostly forest species, Aphodiinae: both forest and grassland
species [15]). Our study showed similar patterns. Dung beetle assemblages on wood pastures showed
an intermediate position between forest and pasture assemblages in composition, species richness, and
Shannon diversity. In general, this position was present in all but one comparison when broken down
according to seasons and dung types. This transient position is also supported by the distribution of the
indicator species, wherein we found only one dung beetle (Onthophagus joannae) species specific for the
wood pastures from the total of 57 dung beetle species and total of 19 habitat indicator species. This pattern
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in assemblage characteristics probably had an effect on the decomposition function of dung beetles, as
Buse and Entling [28] showed.

The role of habitat in structuring dung beetle assemblages is well-known. Several studies found
differences in various parameters between forest and pasture assemblages. Ríaz-Díaz et al. [51] found
significant differences in species composition between forest and grassland habitats. Jugovic et al. [52]
found significant differences in species composition, species richness, and abundance among grazed and
overgrown sites. Numa et al. [53] found significant differences for species composition, species dominance,
and abundance between sites with wild versus livestock herbivory. All of these studies showed a strong
effect of habitat on the structure of dung beetle assemblages. In our case, we also found significant
differences between forests and pastures in species richness and Shannon diversity, but not for wood
pastures and forests or wood pastures and pastures. This pattern is remarkable, as based on the literature.
We may expect three different assemblages in the three different habitats. Similar studies, where forest,
pasture, and a transitional habitat (usually shrubland) were involved, found significant differences between
habitats, indicating that neither was in a transitional position [29,54]. It seems that this is the general
pattern, as this was found for other taxa as well. For example, spider [37] and ground-dwelling beetle
assemblages [55] of open pasture habitats and scattered trees (and other habitats) were statistically distinct.
Lövei et al. [56] categorised carabids to the forest edge and matrix species as these habitats had distinct
assemblages. The transitional position of wood pastures between forests and pastures is interesting, if
compared to forest, forest edge, and grassland patterns. Such studies showed that all three habitats had
different assemblages for carabids [57], ants and spiders [58], and millipedes [59]. Therefore, the habitat
effect in the forest, wood pasture, and pasture system seems to be rather different from forest, edge, and
pasture (or grassland) systems, highlighting the uniqueness of the former system.

Our second question was on the potential effects of locality, dung type, and season on assemblages.
We found that dung beetle assemblages are similar across three distant locations in Hungary for all studied
measures, namely for species number, abundance, Shannon diversity, and composition. The similarity of
the three localities is probably linked to the overwhelming role of locally relevant factors in shaping dung
beetle assemblages (and decomposition in general); thus, differences between habitat or management
types are expected to be larger than differences between locations [60,61]. This similarity of dung beetle
assemblages across locations indicates that our results are relevant to other locations (at least in the
Pannonian region), which supports the wider applicability of our findings. The habitat effect and lack
of locality effect on dung beetle assemblages are probably linked to vegetation characteristics. Several
studies showed that vegetation structure (e.g., plant diversity [62]), fine-scale heterogeneity in grazing
intensity [63], or vegetation cover [64] highly influenced dung beetle assemblages. Our results on habitat
and locality can be explained on the assumption that differences between forests or pastures or wood
pastures are smaller across locations than among the three habitat types within a given location.

The majority of Palearctic dung beetle species are considered to be generalists, feeding on various
types of dung available. This suggests that a dung type effect on assemblage structure is likely weak.
Indeed, we could not clearly identify distinct dung beetle assemblages across the three dung types, which
is supported also by a low number of indicator species associated with each dung type. However, we
found a significant effect of dung type on abundance and species number, indicating that even generalist
species can show different preferences if they have a choice of several dung types [65].

Season seems to be a profound factor in shaping dung beetle assemblages. We already know
from several studies that dung beetle species appear in a determined phenological order during the
year [52,66,67]. We found a clear distinction in assemblage composition in spring, summer, and autumn
for all assemblage measures. Indicator species are also in line with former results [68]. In autumn, the
wood pasture samples were more distinct from forests and pastures, while both the spring and the summer
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samples showed a greater similarity among dung beetle assemblages in the three habitats, suggesting that
the seasonality influenced the effect of habitats on dung beetles.

Dung beetle assemblage composition was different in this study for habitats, seasons, and dung types.
It seems that composition is a sensitive measure of differences in dung beetle assemblages across a range
of conditions [51,69].

The third aim of this study was to provide information for nature conservation management. Dung
beetle assemblages of Hungary and the Pannonian biogeographic region are still understudied. During
this one-year sampling in three locations, nearly half of the species of Hungarian dung beetle fauna were
recorded; this seems to be outstanding for the results of the mosaic-like structural complexity of the
studied habitats. The conservation of dung beetles should focus on maintaining compositional diversity,
as different species have different roles, and the loss of a species cannot be compensated by the presence of
others [70]. Species-specific thermal tolerance is very important [71], as is poor flight capacity limiting
dispersal that potentially leads to local extinctions if habitats are further degraded (e.g., Storck-Tonon
et al. [72]). The provisioning of fresh dung throughout the year—irrespective of what livestock species
produces it—is of major importance for all habitats. The manure of wild ungulates is not sufficient to
ensure the conservation of the regional dung beetle species pool [73]. From a practical point of view, this
means that if we want to maintain species-rich communities and the associated ecosystem services, we
can do so by increasing the availability of the right amount and quality of manure throughout the year.
Extensive animal husbandry (i.e., grazing livestock from spring to late autumn) is one way to enhance the
habitat for dung beetles. It is imperative for the conservation of diverse assemblages that grazing take
place in the long term. Grazing continuity has a positive effect on species numbers both for generalists and
specialists [74]. The use of veterinary medical products needs to be reconsidered to avoid harm to dung
beetles [14]. Long-term conservation needs to consider climate change effects and connectivity of suitable
dung beetle habitats to provide dispersal possibilities. Active conservation planning is needed, as only
sufficiently stable and abundant populations as well as diverse assemblages of dung beetles are able to
perform their ecological functions that benefit people [15,75].

5. Conclusions

We concluded that wood pastures are key habitats for dung beetle conservation, as they harbor dung
beetle assemblages that show a transition between forest and grassland assemblages. Wood pastures
should not be viewed as a refuge for all forest species [76], but as a transitional habitat where some forest
and pasture species can be conserved into one habitat. Therefore, wood pastures must be maintained and
their characteristically large trees need to be conserved and replaced if needed. Proper management by
grazing livestock is also essential not only for dung beetles but for various ecologically important taxa.
The conservation of such ecosystems should be a priority. Throughout Europe, there are already several
completed or ongoing projects aimed at the restoration and conservation management of wood pastures.
Such actions should be funded more widely for the benefits they provide both in terms of their unique
biodiversity and local livelihoods not only in Europe, but worldwide.
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Abstract: Habitat fragmentation threatens terrestrial arthropod biodiversity, and thereby also leads to
alterations of ecosystem functioning and stability. Predation on insects and seeds by arthropods are two
very important ecological functions because of their community-structuring effects. We addressed the
effect of fragment connectivity, fragment size, and edge effect on insect and seed predation of arthropods.
We studied 60 natural fragments of two grassland ecosystems in the same region (Hungarian Great
Plain), 30 forest-steppes, and 30 burial mounds (kurgans). The size of fragments were in the range
of 0.16–6.88 ha for forest-steppe and 0.01–0.44 ha for kurgan. We used 2400 sentinel arthropod preys
(dummy caterpillars) and 4800 seeds in trays for the measurements. Attack marks on dummy caterpillars
were used for predator identification and calculation of insect predation rates. In the case of seeds,
predation rates were calculated as the number of missing or damaged seeds per total number of exposed
seeds. Increasing connectivity played a role only in generally small kurgans, with a negative effect on
insect and seed predation rates in the edges. In contrast, fragment size moderated edge effects on insect
and seed predation rates in generally large forest-steppes. The difference between edges and centres
was more pronounced in small than in large fragments. Our study emphasizes the important role of
landscape and fragment-scale factors interacting with edge effect in shaping ecosystem functions in
natural grassland fragments of modified landscapes. Managing functional landscapes to optimize the
assessment of ecosystem functions and services needs a multispatial scale approach.

Keywords: arthropod predation; connectivity; dummy caterpillar; ecosystem function; edge effect;
forest-steppe; fragment size; kurgan; landscape-scale; seed predation

1. Introduction

Habitat loss and fragmentation are among the most relevant threats to arthropod biodiversity [1].
Agricultural expansion, afforestation with exotic tree species, and urbanization are the primary drivers of
loss of natural or seminatural habitats and their insect communities [2], leading to small habitat fragments
and decreased connectivity between them [3]. Classical island biogeography theory attempted to explain
the effect of island size and distance from mainland sources on the diversity of species [4]. This concept was
applied for terrestrial habitat fragments and the differences between oceanic islands, and isolated habitat
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fragments are now well-recognized [5,6]. The predictive power of habitat area was also demonstrated for
arthropods of terrestrial islands [7,8].

The effect of decreasing connectivity on arthropods is highly taxon-specific. Habitat generalists
and highly mobile species may cover large distances in a strongly modified landscape matrix [3]. The
spatial proximity of suitable habitat fragments is more important for arthropods that are habitat specialists
and have low mobility; thus, they may form isolated populations [9]. Furthermore, the conversion of
a continuous habitat into disjunct habitat fragments usually increases the length of the edges between
fragments and the surrounding matrix, which may significantly change the characteristics of edges, and
the plant and animal diversity of communities [10,11].

Spillover is the movement of organisms across habitat edges [12]. Its effect is more pronounced near
edges than in the central part of the habitat [13]. Most of the studies focused on how the influx of predators
from seminatural habitats relates to the pest control services in agricultural fields [14–16]. Only a few
studies found spillover from natural habitats [17,18]. For example, Madeira et al. [19] argue that spillover
from adjacent crop habitats shapes carabid, rove beetle, and spider assemblages in fragmented seminatural
grasslands.

Small habitat fragments are important biodiversity refuges [20] and may harbour a large proportion
of the regional species pool in arable landscapes [21]. Species richness and density of arthropods in small
fragments can be as high as in large ones [22,23]. However, there are some species that are disadvantaged
in small habitats [24]. Changes in species richness and community composition can lead to alterations
of ecosystem functioning and stability [25,26]; consequently, habitat fragmentation may broadly affect
species interactions [27–29]. Furthermore, the effect of fragmentation on different ecosystem functions
depends on the specific function and species identity [30]. Species of certain functional groups, such as
larger body size or higher trophic level, may be more vulnerable to habitat loss, and this may have an effect
on ecosystem functioning, resulting in a weaker top down effect in food webs [31]. However, the net effect
of fragmentation remains controversial [32]. Large variation exists in how plant and animal species and
species interactions respond to fragmentation. For example, Tong et al. [33] found that seed predation of
acorn weevils (Curculio glandium Marsham) was high in large, less isolated fragments. In contrast, Elzinga
et al. [34] found higher rates of seed predation on white campion (Silene latifolia Poir.) by the specialist
moth lychnis (Hadena bicruris Hufnagel) in small fragments.

Insect and seed predation are important ecological functions because of the associated
community-structuring effects [35,36]. Measuring species interactions such as insect and seed predation is
challenging. Instead of measuring the function itself, studies often use densities of predators as a proxy [37],
which can be misleading [38,39]. Here, we aimed to study the effects of fragmentation (i.e., increasing
isolation, decreasing fragment size, and edge effect) directly on predation in two grassland ecosystems.

We chose forest-steppes and kurgans due to their intense exposure to fragmentation and their special
role in nature conservation in the steppe zone [40]. Both types of steppe fragments have the potential to
preserve the natural flora, fauna, and act as local biodiversity hotspots [40,41]. Forest-steppes are mosaics
of grassland and forest fragments at the contact zone between closed-canopy temperate forests and steppe
grasslands. They are among the most complex ecosystems in Eurasia, and their elements play a key
role in landscape dynamics [41]. Kurgans (burial mounds) are artificial formations and were developed
for burial purposes by steppic people (mainly in the range of IV–I millennia BC) by piling soil on the
grave of an important person. The height of the kurgans ranges between half and a few meters, with
the diameter between a few meters and 100 m [42]. These relatively small landscape elements represent
important refuges for Eurasian steppe wildlife [43]. Both ecosystems are of high natural conservation
value, harbouring numerous rare and protected plant and animal species. The fragment size and landscape
structure of the two ecosystems are in different scales: small-scale landscape structure and relatively large
fragment size in the case of forest-steppes, and large-scale landscape and small fragment size for kurgans.
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However, the landscape matrix between fragments was relatively homogeneous and highly modified for
both ecosystems. Our aim was to compare the two systems, and we expected different responses to the
local and landscape factors.

We expected all studied fragmentation effects to be important determinants of insect and seed
predation; however, the magnitude and relative importance of these effects, as well as their interaction, is
not known. We tested the following hypotheses: (1) Predation rates are higher when connectivity decreases
in the landscape, because isolation can enhance the spillover of generalist predators from the matrix. (2)
Predation rates are higher in the edges than in the centres of a fragment, as a consequence of the edge effect.
(3) Predation rates are lower in small than in large fragments, as functional groups of higher trophic levels
are expected to be more sensitive to area loss. We aimed to reveal the similarities and differences of these
questions in the two investigated fragmented grassland ecosystems of the same region using standardized
methods.

2. Materials and Methods

2.1. Study Region and Sampling Design

We conducted our study on 60 natural grassland fragments in two different regions of the Hungarian
Great Plain. We sampled 30 forest-steppe fragments in the central part of the Kiskunság region and
30 kurgans in southern Hungary. The investigated fragments were scattered around four settlements
(Dévaványa, Kunágota, Makó, and Szentes) in the case of kurgans, and around three villages (Pirtó, Bócsa,
and Kunfehértó) in the case of forest-steppes (Supplementary Material Figure S1). We established two
transects of sentinel prey, and two trays of seeds in each centre and edge of every fragment (Figure 1B).
Both areas are characterized by a continental climate with 500 to 550 mm mean annual precipitation, and
9.5 and 10 ◦C mean temperature, respectively [40,44]. Forest-steppes comprise extensive dry grasslands
dominated by Festuca vaginata Waldst. and Kit ex Willd., Stipa borysthenica Klokov ex Prokudin, and
relatively small forest fragments of poplar (Populus alba L.) and hawthorn (Crataegus monogyna Jacq.) [41].
Our study focused on dry steppic grasslands. The potential vegetation of kurgans consists of pannonic
loess steppic grasslands [40] dominated by crested wheatgrass (Agropyron cristatum (L.) Gaertn.) and
forage kochia (Kochia prostrata (L.) Schrad.) [45].
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Figure 1. (A) Location of study regions in Hungary, Europe. (B) Sampling design. Light green represents
the area of grassland fragment. Transects of sentinel preys and seed predation trays were minimum of 10 m
away from each other, even in same transect position. (C) Sentinel prey. (D) Seed predation tray.

We selected the study sites on the basis of the size of the fragments and along a landscape configuration
gradient by performing preliminary field visits and GIS calculations. We calculated Hanski’s connectivity
index [46] and hostile matrix percentage to quantify landscape configuration and composition using
Google aerial photographs (captured in 2019), the basic ecosystem map of Hungary, and Quantum GIS 3.6.1
software [47]. Since kurgans and forest-steppes had two different spatial resolutions (i.e., kurgans were
situated in large-scale agricultural landscapes and forest-steppe fragments were in a matrix of relatively
small-scale forest plantations), we performed GIS calculations within a 1000 m radius buffer around the
kurgans, and within a 500 m radius buffer around the forest-steppes. For connectivity calculations, we
considered all habitat fragments (other forest-steppe fragments and open-sand grasslands for forest-steppes,
closed and alkali grasslands for kurgans) that were located around the focal fragment. As we applied
the connectivity index to entire predator communities containing many taxa, scaling parameters α and β

were set to the value of 0.5 [48]. For hostile matrix calculations, we considered all nonhabitat fragments
(coniferous and deciduous plantations, clear-cut areas, young afforestation for forest-steppes, and arable
lands for kurgans) and calculated their pooled percentage cover in a buffer around each site. As we
found significant correlations between hostile matrix percentage and connectivity in both habitat regions
(forest-steppes: Pearson r=−0.64, p < 0.001; kurgans: Pearson r=−0.95, p < 0.001; i.e., proportion of hostile
matrix significantly decreased with increasing connectivity), we used only connectivity as landscape-level
variable in further analyses. Lastly, we selected 15 small (0.16–0.48 ha for forest-steppe; 0.01–0.10 ha
for kurgan) and 15 large (0.93–6.88 ha for forest-steppe; 0.20–0.44 ha for kurgan) grassland fragments.
Connectivity values of the selected fragments ranged from 0 (isolated) to 2637 (connected) for kurgans
(mean = 689) and 24 to 811 for forest-steppes (mean = 394).
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2.2. Sentinel Prey

We assessed the predatory activity of carnivorous insects with dummy green caterpillars of moths
made of plasticine, exposed for seven days. This method of sentinel prey is easy to use and appropriate to
assess in situ predation pressure [39,49]. Dummy caterpillars were 25 mm long and 5 mm in diameter,
and made from light green nontoxic modelling plasticine (Fimo Soft®, Staedtler Mars GmbH & Co. KG,
Nuremberg, Germany). All caterpillars were covered by PlastiDip® (PlastiDip International, Blaine, MN,
USA) silicon spray to avoid drying and eliminate the smell of plasticine [50]. We fixed all caterpillars to 5
cm long wooden sticks with superglue for easier handling.

We attached them to the ground by pushing the end of the stick into the soil. We placed dummy
caterpillars in transects, 1 m distance from each other. We used 2400 sentinel preys altogether (2 regions
× 30 study sites × 2 transect positions × 2 transects × 10 caterpillars; Figure 1). The transects of sentinel
preys were at a minimum of 10 m away from each other even in the same transect position. We installed
dummy caterpillars on 21–27 June and collected them from 28 June to 4 July 2019. Potential predators
were identified by the attack marks that they left on dummy caterpillars. We inspected the marks by using
magnifying glasses and microscopes in the laboratory, following the methods described by Low et al. [51].
Multiple attack marks by the same predator group were assumed to originate from the same predator.
Signs by different predator types were considered independent attacks.

2.3. Seed Predation

We exposed seeds in transparent, plastic trays to assess seed predation. Placing the seeds in shallow
containers in the ground is a simple and established way for assessing seed predation [52,53]. We placed
10 seeds of Triticum spelta L. as large, and 10 seeds of Festuca rubra L. as small seeds in each tray. We used
the different sizes to increase attractiveness for a wider range of seed predator arthropods. The trays
were round plastic containers, 10 cm in diameter (Figure 1D). We fixed the container to the ground by
attaching a plastic stick to the container and dug it into the soil. We excluded birds and rodents by closing
the containers with transparent lids and creating 1 × 1 cm openings on their sides (only for arthropods).
Altogether, we had 2 regions × 30 study sites × 2 transect positions × 2 trays, resulting in a total of 240 seed
predation trays (Figure 1). The containers were a minimum of 10 m away from each other. We installed
trays from 31 May to 6 June and collected them from 7 to 13 June 2019. Thus, all trays were exposed for 7
days. Seed predators were assumed to be responsible for missing seeds. We counted the remaining seeds
in each tray and inspected them for further predation marks in the laboratory. We considered multiple
attack marks on the same seed as one predation event. Several oligo- and monophagous specialist seed
predator insects were present on our study sites, but their seed-predation effect was not included in our
data.

2.4. Statistical Analysis

Insect predation rates were calculated as the number of sentinel prey items showing signs of predation
per total number exposed per transect. Seed predation rates were calculated as the number of missing seeds
and remaining seeds with predation marks per total seed number exposed per transect. To test whether
connectivity, fragment size, transect position, and their second-order interactions (fixed factors) had a
significant effect on insect and seed predation rates, we used generalized linear mixed-effects models with
the model averaging method. Models were fitted with binomial distribution. Connectivity ranged between
0 and 1. We used lmer (lme4) [54] models with fragment ID within village as a nested random-effect
term. We used seed size as an offset variable in models of seed predation rates. We calculated Akaike’s
information criteria corrected for small sample sizes (AICc) to rank candidate models. The models with <6
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ΔAICc of the best model (i.e., the model with the lowest AICc) were used for model averaging [55,56] with
the R package MuMIn [57].

3. Results

3.1. Sentinel Prey

Overall, 72.13% (1731/2400) of the dummy caterpillars were attacked. On the basis of the identification
of attack marks, 87.52% of the predators were ants, 7.93% beetles, 5.21% reptiles, 3.40% wasps, 3.17% birds,
1.25% mammals, and 0.79% were bees. The effect of landscape and local variables was not unequivocal
for the two ecosystems. Fragment size, transect position, and their interaction had the highest relative
importance for insect predation in forest-steppes (Table 1). We detected higher predation rates in edges in
the central transects of small forest-steppes; however, we detected the opposite pattern in large fragments
(Figure 2A). We found no interaction effect between fragment size and transect position in kurgans (Table 1,
Figure 2B). Variables that best explained insect predation in kurgans were connectivity, transect position,
and their interaction according to relative importance values (Table 1). Increasing connectivity had a
negative effect on the predation rates of edges but not in kurgan centres (Figure 2D).

Table 1. Summary table for GLMM results after multimodel averaging of the best candidate models
showing relative importance of each explanatory variable (fragment size: large (L) vs. small (S), transect
position: centre (C) vs. edge (E), and connectivity), and their interactions on insect and seed predation rates
in forest-steppes (FS) and kurgans (KU).

Model a Variable
Relative Importance

(%) b Multimodel Estimate ± 95% c

Insect predation
(FS) Fragment size (L/S) 100 −0.215 ±0.538

Transect (C/E) 100 −0.449 ±0.427 *
Fragment size × transect 100 0.895 ±0.538 **

Connectivity 36 0.050 ±0.928
Connectivity × transect 8 0.300 ±1.140

Connectivity × fragment size 7 0.251 ±1.689
Insect predation

(KU) Connectivity 67 −0.418 ±1.887

Transect (C/E) 62 0.405 ±0.651
Connectivity × Transect 49 −1.303 ±1.014 *

Fragment size (L/S) 33 −0.258 ±1.087
Fragment size × transect 4 −0.077 ±0.573

Connectivity × Fragment size 4 −0.425 ±3.402
Seed predation (FS) Fragment size (L/S) 100 −0.521 ±0.651

Transect (C/E) 100 0.208 ±0.313
Fragment size × Transect 100 0.635 ±0.387 **

Connectivity 38 0.071 ±1.203
Connectivity × transect 8 0.164 ±0.827

Connectivity × fragment size 8 −0.380 ±2.125
Seed predation (KU) Connectivity 100 1.281 ±1.589

Transect (C/E) 100 0.098 ±0.439
Connectivity × transect 100 −1.731 ±0.872 ***

Fragment size (L/S) 42 0.064 ±1.037
Fragment size × transect 15 0.227 ±0.469

Connectivity × Fragment size 11 −0.547 ±2.797
a Models fitted with binomial distribution (number of candidate models, ΔAIC < 6). b Each variable’s importance within
best candidate models (ΔAIC < 6). c Significance levels: *: <0.05, **: <0.01, ***: <0.001.
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Figure 2. Insect predation. Interacting effect of (A) fragment size and edge effect on insect predation in
forest-steppes; (B) fragment size and edge effect on insect predation in kurgans (mean ± SE); (C) connectivity
and edge effect on insect predation in forest-steppes; and (D) connectivity and edge effect on insect predation
in kurgans. Green, centre position; orange, edge position. Significance levels: *: <0.05, **: <0.01.

3.2. Seed Predation

In total, 77.58% (3724/4800) of the seeds had predation marks or been carried away. Similar to the
results of insect predation, we found a significant interaction between fragment size and edge effect in
case of forest-steppes, but not in kurgans (Table 1, Figure 3A,B). We found higher seed predation rates in
edge in centre transects in forest-steppes, and this difference was more pronounced in small than in large
fragments (Figure 3A). Connectivity and transect position did not affect seed predation in forest-steppes
(Table 1, Figure 3C); however, seed predation in kurgans was affected by connectivity, transect position,
and their interaction (Table 1, Figure 3D). In kurgans, we found a negative effect of connectivity on seed
predation rates in edge and positive effect in centre transects (Figure 3D).
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Figure 3. Seed predation. Interacting effect of (A) fragment size and edge effect on seed predation in
forest-steppes; (B) fragment size and edge effect on seed predation in kurgans (mean ± SE); (C) connectivity
and edge effect on seed predation in forest-steppes; and (D) connectivity and edge effect on seed predation
in kurgans. Green, centre position; orange, edge position. Significance levels: **: <0.01, ***: <0.001.

4. Discussion

We addressed the effect of connectivity, fragment size, edge effect, and their interactions on insect and
seed predation of arthropods. The predation rates of forest-steppes and kurgans responded differently to
the effects of fragmentation depending on the fragmented grassland ecosystem. Predation pressure was
higher in the edges of small fragments of forest-steppes and in the edges of more isolated landscapes of
kurgans. Thereby, our results emphasize the differences of the two fragmented grassland ecosystems.

4.1. Predation in Forest-Steppe

Connectivity did not affect predation (Hypothesis 1); however, our second and third hypotheses about
edge effect and fragment size, respectively, were partly supported, as the difference between edges and
centres was more pronounced in small than in large fragments. In the case of insect predation, we found
higher predation rates in the edges in the centres of small fragments, but we found the opposite pattern in
the case of large fragments. Seed predation was higher in the edges of both small and large fragments, but
the difference was more pronounced in small fragments.

Edge effects were stronger in small than in large fragments, which was in line with the findings
of Laurance and Yensen [58]. This was explained partly by the higher edge/area ratio, i.e., smaller
fragments had longer edges related to their area [59]. The edge effect on arthropod predation, and on other
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interspecific interactions and functional trait composition of arthropods, is relatively well-known [60–62].
Some of them measured with the very same sentinel prey method [40]. It is expected that resource
consumption in terrestrial arthropod communities is higher at fragment edges [63]. The abundance of
generalist predators increases near edges, which may alter food webs [64]. However, the response of
insect predation by arthropods to edges is highly variable. Although there is a general positive correlation
between the abundance of predators and predation rates [65,66], predation rates were found to be even
higher in the habitat interior than in the edges in some cases [40]. There are contradictory results for seed
removal ratios at edges vs. centres, with negative [67], or neutral [53] responses to edges. Fragmentation
may shape many attributes of edges [10,11]; landscape and fragment-scale factors may interact with edge
effects [63,67]. Our results emphasize that several effects may modify seed predation at edges, as we found
higher rates at edges than in centres, but this effect was modified by fragment size. The interaction of these
factors may explain the variability of predation responses to edges.

The main difference between forest-steppe and kurgan systems is the size of the fragments.
Forest-steppe fragments (0.16–6.88 ha) were an order of magnitude larger kurgan fragments (0.01–0.44
ha), presumably maintained by abundant predator and seed predator assemblages. This might have had
an effect on predation rates, which caused fragment size to override the effect of connectivity that we
expected in the hypothesis (1).

4.2. Predation in Kurgan

Our first hypothesis that predation pressure increases with decreasing connectivity was supported for
insect and seed predation in edges of kurgans. We found that increasing connectivity had a negative effect
on predation rates in the edges but had a minor effect in the centres of kurgans. In addition, predation rates
of edges mainly stayed under the rates of centres, in contrast to our presumptions during the hypothesis
(2). Presumably, spillover from arable lands to grasslands increased predation rates in the edges.

We assumed that predators of arable fields dominated the predator assemblages in the edges of
kurgans, therefore the decreasing amount of agricultural fields associated with increasing connectivity
in the matrix had a negative effect on predation in the edges. Spillover between agricultural fields and
natural habitats is recognised as an important mechanism shaping biodiversity, biotic interactions in
communities, and ecosystem functions [19,68,69]. In order to gain insight into these mechanisms, not
only should the number of species and individuals that move between adjacent habitats be observed, but
also the functional responses should be addressed directly [70]. Native herbivores in natural habitats
may experience increased predation pressure in landscapes with increasing habitat loss, due to spillover
of generalist predators from surrounding cropland habitats [71]. Agricultural landscapes appear to
augment generalist predators resulting in dramatically higher predator–prey ratios and reduced herbivore
abundance [72].

Seed predation also decreased in the edges of kurgans when connectivity increased. Granivorous
arthropods from the agricultural matrix may contribute greatly to seed predation rates in the edges of
grasslands. When the proportion of arable fields decreased in the surrounding matrix; i.e., connectivity
of habitat fragments increased, it led to a decrease in seed predation by arthropods. Our presumption
about the tendency of movement from arable field to the adjacent habitat is recognised for some seed
consumer carabids [73]. Furthermore, our results align with those of the study of Craig et al. [67], who
found that seed predator arthropods cause higher predation rates with decreasing connectivity in the
landscape. Taken together, connectivity had similar effects on insect and seed predation, presumably due
to the same phenomenon: spillover.

Connectivity moderated the edge effect on predation; however, we did not find an effect of fragment
size (Hypothesis 3), in contrast to in the forest-steppes. All kurgan fragments were relatively small.
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Presumably, the effect of connectivity overrode the effect of fragment size. These results are in line with
those of Rösch et al. [23], emphasising that connectivity is more important for small, isolated fragments,
whereas fragment size is more relevant for large fragments.

5. Conclusions

Landscape and fragment-scale factors interact in shaping predation pressure by arthropods in
natural grassland fragments. Thus, the edge effect was stronger in small forest-steppes and isolated
kurgan fragments. Although our data were obtained only during a single year, our study assessing
predation in seminatural grasslands improved our understanding of responses of predators to different
local and landscape factors. Our study emphasizes that a multispatial scale approach is needed for the
effective assessment of ecosystem functions, which may contribute to the conservation and maintenance of
high-value seminatural grasslands.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4907/12/1/54/s1, Figure
S1: (a) Sampling sites on forest-steppes; (b) Sampling sites on kurgans. Aerial image was obtained from Google Earth.
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