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There is an increased species richness and species diversity at the edges of forest-grassland mosaics.
Taxonomic diversity, however, provides little information on the function or evolutionary history of spe-
cies, although such is critical in biodiversity studies. The objective of this research was to compare the
taxonomic, functional and phylogenetic diversities in ground beetles (Carabidae) across an edge gradient
between native forest and natural grassland. Natural forest edges contain diverse and abundant resources
and microhabitats; therefore I hypothesised that all three types of diversity will be higher in the forest
edge compared to both neighbouring habitats. Taxonomic diversity was strongly affected by an asym-
metrical species dispersal between the neighbouring habitats. Many more forest species were found in
the grassland (at 50-60 m from the edge) than grassland species in the forest interior (at 50-60 m from
the edge). Accordingly, taxonomic diversity was significantly the highest in the grassland, while there
was no significant taxonomic diversity difference between the forest edge and the interior. Functional
and phylogenetic diversities were also influenced by this asymmetrical species dispersal, producing
the highest values in the grassland. The natural forest edge with high structural complexity and hetero-
geneity offers microhabitats for both grassland and forest species, but also for edge-associated species.
Additionally, forest edge hampers the passing of grassland species into the forest interior. As a conse-
quence, in the forest edge distantly related species with different functional traits coexisted, while closely
related species, characterised by similar functional traits inhabited the forest interior, causing signifi-
cantly higher functional and phylogenetic diversity at the forest edge compared to the interior. I conclude
that the inclusion of the functional and phylogenetic features of the assemblages may bring about impor-
tant insights into the mechanisms behind edge responses.
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1. Introduction

Transitional zones between landscape units are key elements in
landscapes (Forman and Godron, 1986). Ecotones are transitional
zones between adjacent ecological systems, having a set of charac-
teristics uniquely defined by spatial and time scales and by the
strength of the interactions between adjacent ecological systems
(Turner et al., 2001). Ecological systems include commonly
described hierarchical entities such as demes, populations, com-
munities, ecosystems, landscapes and biomes. Thus, ecotones can
be defined at various hierarchical levels, from population to the
biosphere; and at various spatial scales, from a few centimetres
to thousands of kilometres (Hansen et al., 1992).

Habitat edge is a type of ecotone, interpreted at the community
level and the meso-spatial scale. At the habitat edge, as a result of
located at or near the border between two habitats, environmental
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conditions are altered and become substantially different from
those of the adjacent habitats (Ewers and Didham, 2006). These
changes constitute the abiotic edge effect (Murcia, 1995). These
altered abiotic conditions have direct impact on the abundance
and distribution of species, causing the direct biological edge effect
(Murcia, 1995), which, in turn cause changes in species interac-
tions (predation, herbivory, parasitism, competition, pollination),
forming the indirect biological edge effect (Murcia, 1995).

Forest edge is one of the most common habitat edges within
terrestrial landscapes (Murcia, 1995). Species richness is higher
in the forest edges than in the adjoining habitats because of the
variety of resources and microhabitats available near such edges,
which was recognised already at the beginning of the 20th century
(Clements, 1905), and became ingrained in the modern ecological
literature (Odum, 1971). Since then, forest edges have been the
focus of both ecological studies and conservation efforts, because
the progressive fragmentation of forests has led to an increase in
forest edges (Murcia, 1995); in other areas they have disappeared
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due to recent afforestations (Saunders et al., 1991). Most of the
studies on forest edges have focused on the direct biological edge
effect, on the changes in abundance and distribution of species
near the forest edges (e.g. Baker et al., 2015; Bogy6 et al., 2015;
Lovei et al., 2006; Téthmérész et al., 2014).

Ground-dwelling beetles are frequently used taxa for testing
the direct biological edge effect because they are taxonomically
well known, common in most terrestrial habitats, and can easily
be collected using standard methods (Gerlach et al., 2013). How-
ever, published results on the direct biological edge effect on
ground-dwelling beetles are rather inconsistent. Several papers
reported elevated abundance and/or species diversity near the
edges compared to the forest interior (e.g. Langhans and Tockner,
2014; Ohwaki et al., 2015; Sarthou et al., 2014; Téthmérész
et al., 2014), while other studies failed to observe any increase in
these parameters (e.g. Baker et al., 2015; Barnes et al.,, 2014;
BrigicC et al., 2014; Filgueiras et al., 2015; Taboada et al., 2004).

All of the above studies on direct biological edge effect on
ground-dwelling beetles have focused on taxonomic diversity
(species richness and/or species diversity). Taxonomic diversity,
however, contains little information on the function or evolution-
ary history of species, although such information is critical in bio-
diversity studies (Swenson, 2011, 2013). Currently, a more
comprehensive approach to studying biodiversity has emerged.
This approach considers the taxonomic, functional and phyloge-
netic components of biodiversity (Swenson, 2011).

Functional traits influence the ability of species to utilise
resources, disperse, reproduce and sustain viable populations
(Magura et al., 2015; Violle et al., 2007). Therefore, the functional
trait-based analysis has great explanatory potential concerning
the mechanisms controlling community responses to environmen-
tal change (Kleyer et al., 2012; Spake et al., 2016) and ecosystem
functioning (Diaz et al.,, 2007; Gagic et al., 2015; Laliberte et al.,
2010; Vandewalle et al., 2010). Recent studies on plants (Apaza-
Quevedo et al., 2015; Benchimol and Peres, 2015; Ma and
Herzon, 2014), birds (Barbaro et al., 2014; Saavedra et al., 2014),
and mammals (Luza et al., 2015) started to use functional traits
to quantify functional diversity in forest edges compared to interi-
ors. However, similar analyses on invertebrates seem to be
missing.

Phylogenetically closely related species share many morpholog-
ical and ecological traits through their common origin and evolu-
tionary history (Webb et al., 2002), but can also have different
traits because of adaptive radiation (Schluter, 2000). Consequently,
phylogenetic relatedness among species with similar traits may be
different, and incorporating the phylogenetic relatedness of consti-
tuting species to describe and understand community composition
is a crucial aspect in community ecology and biodiversity research
(Cadotte et al., 2010). The recognition of the importance of phylo-
genetic diversity in edge research is increasing, and researchers
have started to consider phylogenetic diversity across forest edge
gradients (for plants: Benitez-Malvido et al.,, 2014; Dodonov
et al., 2014; Peralta et al.,, 2015; Santos et al., 2010; for mammals:
Luza et al., 2015). Studies on phylogenetic diversity of inverte-
brates across forest edges are rare: there is only one paper studying
this aspect of biodiversity on lepidopteran larvae (caterpillars) and
their parasitoids across an edge gradient between native and plan-
tation forests (Peralta et al., 2015).

The objective of this work is to compare the taxonomic, func-
tional and phylogenetic diversities in ground beetle (Coleoptera:
Carabidae) assemblages across an edge gradient between native
forest and natural grassland. Previous studies on ground beetles
reported higher taxonomic diversity in grasslands than forests
(Brigic¢ et al., 2014; Koivula et al., 2004; Lacasella et al., 2015;
Magura et al., 2001; Roume et al., 2011), and elevated taxonomic
diversity at forest edges (Lacasella et al., 2015; Magura, 2002; T6

thmérész et al., 2014). Based on these results, I hypothesised that
(1) taxonomic diversity will be higher in the grassland and at the
forest edge compared to the forest interior. Because of the diverse
and plentiful resources and microhabitats in forest edges
(Cadenasso et al., 2003a, 2003b; Harper et al., 2005), several spe-
cies with different functional traits and several distantly related
species could coexist at the forest edge. I therefore hypothesised
that the forest edge, given its high habitat heterogeneity, also
should have (2) higher functional diversity and (3) higher phyloge-
netic diversity of ground beetles compared to the neighbouring
habitats in either direction.

2. Material and methods
2.1. Study area

The study was performed in the eastern part of the northern
Hungarian mountains, part of the Aggtelek National Park
(48°31'N, 20°31’E). In this region the most extensive native forest
association is oak-hornbeam (Querco-Carpinetum), with moder-
ately dry grassland patches embedded within the forested land-
scape matrix. Three grassland-forest edge-forest interior sites
were chosen, located at minimum 150 m from each other. The
sizes of the grasslands and forests were similar (10-15 ha), and
were large enough to support characteristic ground beetle assem-
blages (Mader, 1984). The studied forest stands were unmanaged,
60-year-old oak-hornbeam forests, with closed canopies, a dense
leaf litter layer, but moderate herbaceous and shrub layers. The
studied forest edges were maintained by natural processes, and
had a stratified horizontal structure. The shrub and sapling zone
towards the forest interior consisted mainly of Carpinus betulus,
Corylus avellana, Prunus spinosa, and Quercus petreae, and there
was a dense perennial herb layer towards the neighbouring grass-
land. Forest edges were oriented eastwards. The studied, unman-
aged grassland patches were moderately dry grasslands (Polygalo
majori-Brachypodietum pinnati) with dense herbaceous vegetation
dominated by Brachypodium pinnatum, Polygala major, Carex mon-
tana, Betonica officinalis and Adonis vernalis.

2.2. Sampling design

Ground beetles were sampled by pitfall traps. At each site, six
trap lines were positioned along a transect centred on and perpen-
dicular to the forest edge. Trap lines were minimum 10 m apart
from each other to provide statistically independent samples and
true replicates (Digweed et al., 1995). Two trap lines parallel to
the edge were placed along the forest edge in the shrub and sapling
zone (at 5 m from the tree line towards the forest interior) and in
the perennial herb layer (at 5 m from the tree line towards the
grassland). The other four trap lines were located in the forest inte-
rior and in the grassland patch, with traps at 50 m and 60 m from
the edge. Altogether, there were 2 trap lines in the forest interior,
the edge and the grassland. Each of these trap lines had 7 traps
spaced 2 m apart, with a total of 42 traps per site. In total, 126 pit-
fall traps were installed (3 sites x 42 traps; see Appendix A,
Fig. A1). Traps consisted of 100 mm diameter plastic cups (volume
500 ml) and contained about 200 ml 70% ethylene glycol as a
killing-preserving solution and a drop of detergent to break the
surface tension. Pitfall traps were protected by fiberboard from lit-
ter and rain. Trapping period covered the snow-free season (from
March to November), and samples were collected monthly. For
evaluation, pitfall trap catches along each trap line were combined
for the whole sampling period, resulting in 18 data sets. All ground
beetles caught were identified to species using standard keys
(Htrka, 1996).
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2.3. Calculation of diversity measures

Measuring taxonomic diversity, the rarefied species richness
(expected number of species for a given number of randomly sam-
pled individuals), the total species richness, the Shannon and
Simpson diversity indices (Magurran, 2004), the species richness
of forest-associated, generalist and open-habitat-associated
ground beetle species were calculated for each trap line. Rarefied
species richness was calculated for a random subsample contain-
ing 100 individuals (90% of the smallest trap-line sample). The col-
lected species were classified into habitat affinity categories
(forest, generalist or open-habitat species) using literature sources
(Htrka, 1996).

Functional traits related to morphology, reproduction, dispersal
and resource use were selected a priori (see Spake et al., 2016).
Life-history traits (body size, wing morphology, mode of overwin-
tering, daily activity and diet) and ecological traits (habitat affinity
and humidity preference) were collated (Appendix A, Table A1)
using published data (Hurka, 1996; Gerisch, 2014; Koch, 1989;
Larochelle, 1990). Rao’s quadratic entropy (Q; Rao, 1982) was cal-
culated for each trap line to measure the distance-based functional
diversity (Botta-Dukat, 2005):

Q=

M
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-

where S is the number of ground beetle species in a trap line; dj; is
the difference between the i-th and j-th species based on functional
traits (dj = dj and d; = 0); p; and p; are the relative abundance of
the i-th and j-th species in a trap line.

Distances between species based on functional traits (d;) were
calculated using Gower’s distance metric. This metric allows the
calculation of distances among species for a mixture of continuous,
ordinal, and categorical variables, and can handle missing trait val-
ues (Laliberte and Legendre, 2010). All calculations were made
using the R version 3.2.2 (R Core Team 2013). Gower’s distance
was computed using the StatMatch package (D’Orazio et al.,
2006), and Rao’s quadratic entropy was calculated with the
SYNCSA package (Debastiani and Pillar, 2012).

Phylogenetic diversity was expressed as abundance-weighted
mean pairwise distances between species (Tucker et al., in press)
using the Rao’s quadratic entropy (Izsak and Papp, 2000) for each
trap line. Distance between species (d;j;) was based on the branch
length to the common ancestor of the phylogenetic tree published
by Beutel et al. (2008). Branch length of a phylogenetic tree is com-
monly used to express phylogenetic relatedness (e.g. Heikkala
et al., 2016). Phylogenetic diversity expressed by the Rao’s quadra-
tic entropy was calculated using the SYNCSA package (Debastiani
and Pillar, 2012) in the R 3.2.2 environment (R Core Team, 2013).

Functional traits and phylogeny may provide different and com-
plementary information about species differences. Recently,
Cadotte et al. (2013) proposed an approach to integrate the infor-
mation provided by traits and phylogenetic information: to mea-
sure species differences, the distances between species in trait-
space and the distances between species in the phylogenetic-
space should be combined as functional-phylogenetic distance
(FPDist; Cadotte et al., 2013):

FPDist = (a PDist” + (1 — a)FDist”)""”

where PDist is the phylogenetic distance; FDist is the functional dis-
tance, p is an integer to ensure nonlinearity, while a is the weighting
parameter, which determines the contribution of PDist and FDist to
FPDist. When a = 1, FPDist only includes phylogenetic distance and
when a = 0, FPDist only includes functional distance.

I calculated the functional-phylogenetic distance by combining
the Gower distance matrix between species based on the studied
functional traits (functional distance) and the distance matrix
based on the branch lengths of the phylogenetic tree (phylogenetic
distance). FPDist was calculated using a = 0.5, ensuring the equal
contribution of PDist and FDist to FPDist. To obtain an Euclidean
distance from the combined functional and phylogenetic distances,
p = 2 was used (Cadotte et al., 2013). Rao’s quadratic entropy, cal-
culated using the functional-phylogenetic distance matrix for each
trap line, provided a measure of functional-phylogenetic diversity.
Calculations were made using the SYNCSA package (Debastiani and
Pillar, 2012) in the R 3.2.2 environment (R Core Team, 2013).

Functional and phylogenetic distinctness (expressed as the
average distances between species based on the studied functional
traits, and on the branch length of the phylogenetic tree) were also
calculated for the studied habitat types.

2.4. Statistical analyses

Generalized linear mixed-effects models (GLMMs) were used to
test differences in the abundance and diversity measures between
the studied habitat types (forest interior, forest edge, grassland) at
the trap line level. In the models, the habitat type was used as fixed
factor; while the spatial replicate (site) was entered as random fac-
tor. Abundance and diversity measures (taxonomic diversity, func-
tional diversity, phylogenetic diversity and functional-
phylogenetic diversity) were the response variables in the models.
Count data (abundance and species richness) were assumed to fol-
low a Poisson distribution, while the other diversity measures
were modelled using a Gaussian distribution (with log-link func-
tion; Zuur et al., 2009). GLMMs were also used to test differences
in the functional and phylogenetic distinctness between the stud-
ied habitat types. Habitat type was used as fixed factor. The
response variables (functional and phylogenetic distinctness) were
assumed to follow a Gaussian distribution (also with log-link func-
tion; Zuur et al., 2009). When the overall GLMMs revealed a signif-
icant difference between the means, a Tukey test for multiple
comparisons among means was performed. GLMM analyses were
done with the Ime4 package (Bates et al., 2015) in the R 3.2.2 envi-
ronment (R Core Team, 2013).

3. Results

A total of 4339 ground beetles belonging to 40 species were
trapped during the study. This included 862 individuals of 37 spe-
cies in the grasslands, 1267 individuals of 23 species at the forest
edges, and 2210 individuals of 18 species in the interiors. The most
numerous species was Abax parallelepipedus; with 1521 individuals
(35.1% of the total catch) (Appendix A, Table A1).

The total number of individuals was the highest in the forest
interior, but did not differ significantly between the forest edge
and the grassland (Appendix A, Fig. A2 and Table A2). Both the rar-
efied species richness and the total number of ground beetle spe-
cies peaked in the grassland and were significantly lower in
forest edge and interior (Fig.1 and Appendix A, Fig. A2 and
Table A2). An opposite trend was observed for the number of forest
specialist species: their species number was lower in the grassland
than in the other two habitat types (Fig. 1 and Appendix A,
Table A2). The number of both generalist and open-habitat species
were higher in the grassland than in the other habitat types (Fig. 1
and Appendix A, Table A2). Similarly, both the Shannon and the
Simpson diversity indices were higher in the grassland than in
the forest edge or the interior (Fig. 2 and Appendix A, Table A2).

The functional diversity decreased from the grassland across
the forest edge towards the forest interior (Fig. 3 and Appendix
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Fig. 1. Mean total number of ground beetle species, and the mean number of forest,
generalist and open-habitat ground beetle species (+SD) across the studied edge
gradient between native forest and natural grassland. Total number of species,
number of generalist and open-habitat species were significantly the highest in the
grassland, while number of forest species was significantly the lowest in the
grassland (p < 0.05), and there was no significant difference between the forest edge
and the forest interior (p > 0.05) by Tukey test.
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Fig. 2. Mean values of the Shannon and Simpson diversity (+SD) across the studied
edge gradient between native forest and natural grassland. Both diversity measures
were significantly the highest in the grassland (p<0.05), and there was no
significant difference between the forest edge and the forest interior (p > 0.05) by
Tukey test.

A, Table A2). The average functional distinctness, based on the
studied traits, also decreased from the grassland across the forest
edge towards the interior (grassland: 0.5294, edge: 0.4547, forest
interior: 0.3455; Appendix A, Table A2), suggesting that trait diver-
gence was the highest in the grassland, moderate at the edge, and
lowest in the interior.

The average phylogenetic distinctness was not significantly dif-
ferent (grassland: 78.41, edge: 77.28, forest interior: 75.85; Appen-
dix A, Table A2). Non-significant increases in both the total species
richness (Fig. 1) and the average phylogenetic distinctness in the
forest edge compared to the interior, in combination, caused signif-
icant differences in the phylogenetic diversity, which decreased
from the grassland towards the forest interior (Fig. 3 and Appendix
A, Table A2).

The trend in the functional-phylogenetic diversity patterns was
similar to those shown by the functional and phylogenetic diversi-
ties, and the functional-phylogenetic diversity also decreased from
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Fig. 3. Mean values of the functional, phylogenetic and functional-phylogenetic
diversity (+SD) across the studied edge gradient between native forest and natural
grassland. All diversity measures decreased significantly from the grassland across
the forest edge towards the forest interior (p < 0.05 by Tukey test).

the grassland towards the forest interior (Fig. 3 and Appendix A,
Table A2).

4. Discussion
4.1. Taxonomic diversity

European grasslands usually maintain more diverse ground
beetle assemblages than closed forests (Boetzl et al., 2016; Brigic
et al,, 2014; Koivula et al., 2004; Lacasella et al., 2015; Magura,
2002; Roume et al., 2011). This study documented similar differ-
ences: both the total species richness and the diversity of ground
beetles were higher in the studied grasslands than the forests
(interior and edge). The small-scale dispersal of species from the
surrounding habitat is an important factor influencing species
diversity (Cook et al., 2002). Neighbouring habitat patches are
not isolated from each other, and there often is dispersal between
them. Some forest species can move from the forest interior into
the grassland and similarly, open-habitat ground beetle species
can disperse from the grassland towards the forest interior
(Brigic et al., 2014; Koivula et al., 2004; Lacasella et al., 2015). In
our study, the grasslands were more affected by dispersal from
the adjacent forests than vice versa, since more forest species were
found in the grassland than open-habitat species in the forest inte-
rior. Stronger dispersal is predicted from habitats with higher pri-
mary production into habitats with lower primary production
(Oksanen, 1990). In the studied system, moderately dry grasslands
are encompassed in a highly productive forest matrix. Asymmetri-
cal dispersal of ground beetle species between open-habitat and
neighbouring forest is documented (Boetzl et al.,, 2016; Brigic
et al., 2014; Koivula et al., 2004; Lacasella et al., 2015; Roume
et al,, 2011). Asymmetrical species dispersal of ground beetles
may also be linked to the differences in habitat structure and envi-
ronmental parameters at the forest edges. Natural forest edges
include characteristics of both neighbouring habitats. They have
a dense herb layer, a moderately closed canopy layer, and a dense
shrub and sapling layer (Forman and Godron, 1986). Due to this
physiognomy, habitat structure and environmental conditions at
forest edges maintained by natural processes tend to resemble to
those in open-canopy forests. Consequently, forest species can
cross the edges towards grasslands easier than open-habitat spe-
cies can move in the other direction. The presence of both the
open-habitat and the generalist species, as well as the frequent dis-

Please cite this article in press as: Magura, T. Ignoring functional and phylogenetic features masks the edge influence on ground beetle diversity across
forest-grassland gradient. Forest Ecol. Manage. (2016), http://dx.doi.org/10.1016/j.foreco.2016.10.056



http://dx.doi.org/10.1016/j.foreco.2016.10.056

T. Magura/ Forest Ecology and Management xxx (2016) XXX—-XXX 5

persal of forest species all contribute to the elevated species rich-
ness in grassland patches (Brigic et al., 2014; Koivula et al., 2004;
Lacasella et al., 2015; Magura et al., 2001; Roume et al., 2011).

The orientation of forest edges has a major impact on the micro-
climate and vegetation structure, and can impact the strength or
expression of edge effect (Murcia, 1995; Ries et al., 2004). In our
study, edges faced eastwards, and during the hottest daytime
hours, these edges were shaded. Consequently, for forest species,
these east-facing edges may be easier to cross, while for open-
habitat species they probably constitute a stronger barrier than
south- or south-west-facing edges do. Therefore, edge orientation
must be taken into account when studying the edge effect
(Murcia, 1995; Ries et al., 2004).

The species richness and diversity (characterised by the Shan-
non and Simpson diversity indices) of ground beetles were some-
what (not significantly) higher at the forest edge compared to
the interior. Earlier studies reported significantly higher taxonomic
diversity at forest edges than interiors (Lacasella et al., 2015;
Magura, 2002; Magura et al., 2001; Téthmérész et al., 2014). This
elevated taxonomic diversity was attributed to the presence of
species from both adjoining habitats, as well as to edge-
associated species. These edge-associated species either occur
exclusively at forest edges, or they are more abundant there than
in the neighbouring habitats (Lacasella et al., 2015; Magura et al.,
2001). In the present study, the abundance of Carabus coriaceus
and C. hortensis was almost three times higher at the forest edge
than in the interior, supporting previous categorisation of these
two as edge-associated species (Magura et al., 2001; Molnar
et al.,, 2001). Another explanation for this abundance pattern could
be that the forest-grassland edge contrast caused these individuals
to move along the edges (Wood and Samways, 1991), and encoun-
tered traps, placed parallel with the edge, more frequently.

Species classifications according to their habitat associations
are strongly context-dependent (Niemeld et al., 2007). The habitat
affinity of east-central European ground beetles is rather well doc-
umented, and is based on field data (Hurka, 1996). In this study,
only one species showed different spatial pattern from what would
have been predicted from their previous habitat affinity categorisa-
tion: Carabus arvensis, classified as forest species, was most abun-
dant in the grassland patches of our study area.

4.2. Functional and phylogenetic diversity

Taxonomic diversity (species richness and species diversity) is
the most commonly used diversity indicator and frequently used
as a proxy for functional or phylogenetic diversity (Milder et al.,
2008). However, the relationship between taxonomic vs. functional
or phylogenetic diversities may be complex and inconsistent
(Mayfield et al., 2005). In this study, functional and phylogenetic
diversity responded more strongly to the edge effect than taxo-
nomic diversity.

Generally, resource concentration, structural complexity and
habitat heterogeneity promote colonization by a wider range of
species (habitat heterogeneity hypothesis and the resource
hypothesis, Blakely and Didham, 2010). Therefore, the present
study hypothesised that a homogenous environment filters closely
related species characterised by similar traits (small-sized, winged,
herbivorous or omnivorous, xerophilous or mesophilous species
with diurnal activity in the grassland and larger, flightless, noctur-
nal, predatory, and hygrophilous species in the forest interior),
while the structurally complex, heterogeneous forest edge with
ample resources was expected to provide more opportunities for
lineages with dissimilar traits due to effective microhabitat and
resource partitioning (Blakely and Didham, 2010; Kraft et al.,
2015). Contrary to this expectation, neither functional nor phylo-
genetic clustering was found in the grassland. Both types of diver-

sity were extremely influenced by the many forest species that
dispersed into the grassland patches. Grasslands maintained few
but speciose lineages of grassland-associated species, as well as
dispersing forest species which were phylogenetically more distant
and had dissimilar traits than grassland species, contributing to the
high functional and phylogenetic diversity found there. As a result
of asymmetrical species dispersal from the neighbouring habitats,
fewer open-habitat and generalist species from the adjacent grass-
land moved into the forest edge, while forest interior-inhabiting
species found it easier to disperse into the edge. Therefore, many
forest species and few open-habitat and generalist species coex-
isted at the edge, contributing to the lower functional and phyloge-
netic diversity found there than in the grassland. Moreover, forest
edge seems to operate as an impermeable filter for open-habitat
and generalist species, inhibiting these species to penetrate into
the interior (Strayer et al., 2003). Thus, the forest interior maintains
closely related forest species characterised by similar traits, result-
ing in functional and phylogenetic clustering in the forest interior
assemblage. The difference in functional and phylogenetic diver-
sity of ground beetles between the forest edge and interior high-
lights the influence of forest edge on functional and phylogenetic
diversity.

According to the structural heterogeneity hypothesis, vertical or
horizontal vegetation structure is an important factor in shaping
the composition and diversity of ground beetles (Brose, 2003).
Architecturally complex vegetation offers microhabitats for ovipo-
sition, hibernation and resting, increases the hunting efficiency,
widens the food spectrum, and the chance of escape from natural
enemies (Brose, 2003). Species from the neighbouring habitats
are likely to be attracted to edge habitats because of the microhab-
itat availability, the increase in quantity or quality of resources
(Cadenasso et al., 2003a, 2003b; Saavedra et al., 2014), avoiding
intra- or interspecific interactions (like concurrence and competi-
tion) and predation risk in their source habitat (McCollin, 1998).
Therefore, natural forest edges promote the coexistence of unre-
lated and functionally dissimilar species, contributing to the higher
functional and phylogenetic diversity in the edge than in the inte-
rior. Similar positive edge effect on functional diversity was previ-
ously demonstrated for birds (Barbaro et al., 2014; Saavedra et al.,
2014). Moreover, the majority of previous studies show higher
phylogenetic diversity at forest edges than interiors (for plants:
Dodonov et al., 2014; Peralta et al., 2015; for native parasitoids:
Peralta et al., 2015; for mammals: Luza et al., 2015). These papers
concluded that habitat characteristics of the forest and grassland
are blended near the forest edge, creating high structural complex-
ity and heterogeneity, and allowing the co-occurrence of distantly
related species, increasing the phylogenetic diversity (Dodonov
et al, 2014; Luza et al, 2015; Peralta et al., 2015). However,
Peralta et al. (2015) found non-significant difference in herbivore
phylogenetic diversity across an edge gradient between native
and plantation forests, while Santos et al. (2010) reported loss of
tree phylogenetic diversity in forest edges in a hyper-fragmented
landscape. These results also emphasise that edge influence could
be different according to the edge type (Harper et al., 2015).

Functional-phylogenetic diversity is a useful measure for com-
bining information provided by traits and phylogeny (Cadotte
et al., 2013). In the present study, traits and phylogeny contributed
equally to the functional-phylogenetic diversity (as the
phylogenetic-weighting parameter, a, was set to 0.5; see Cadotte
et al., 2013). However, functional-phylogenetic diversity could be
calculated using other weighting parameter values, from
a=1to0. This way the relationship between functional-
phylogenetic diversity and position along the forest-grassland gra-
dient could be tested by systematically changing the phylogenetic-
weighting parameter. The maximum variance explained over
functional-phylogenetic diversity across an edge gradient (the
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highest R? or pseudo-R? in the models) and the corresponding
value of phylogenetic-weighting parameter could be identified,
indicating how much variability in the community structure can
be explained by traits and how much by phylogenetic relatedness
(Cadotte et al., 2013). This method may provide a new dimension
in future studies on edge effect.

5. Conclusions

The results showed that by only looking at taxonomic diversity
metrics (such as species richness and species diversity) and ignor-
ing functional and phylogenetic features of the assemblages, the
edge influence on ground beetle diversity across forest-grassland
gradients was insignificant. However, significant edge effect on
ground beetle assemblages was shown when functional, phyloge-
netic and functional-phylogenetic diversities were used. Therefore,
the inclusion of functional and phylogenetic features of the assem-
blages may bring about important insights into the mechanisms
behind edge responses.

The results also demonstrated that natural forest edges main-
tain species from both neighbouring habitats but also species char-
acteristic of, and often restricted to, the edge. Species living at
natural edges have diverse functional traits and belong to a variety
of lineages, increasing the functional and phylogenetic diversity.
High functional and phylogenetic diversity affect ecosystem prop-
erties that are directly relevant to ecosystem services (Cavender-
Bares et al., 2009; Diaz et al., 2007; Gagic et al., 2015). Therefore,
preserving and protecting natural forest edges, and preventing
damage to their structure, composition and characteristics is a
key task in conservation management.
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