TR Vs AN
i

Beetles

Edited by

Tibor Magura
Printed Edition of the Special Issue Published in Diversity

=4
www.mdpi.com/journal/diversity rM\D\Py




Faunistical and Ecological Studies on
Carabid Beetles






Faunistical and Ecological Studies on
Carabid Beetles

Editor
Tibor Magura

MDPI e Basel o Beijing ¢ Wuhan e Barcelona e Belgrade ¢ Manchester e Tokyo e Cluj e Tianjin

ml\DPI

F



Editor
Tibor Magura
University of Debrecen

Hungary

Editorial Office

MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Diversity (ISSN 1424-2818) (available at: https:/ /www.mdpi.com/journal/diversity /special_issues/

faunistical_ecological_carabid beetles).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,
Page Range.

ISBN 978-3-0365-3102-1 (Hbk)
ISBN 978-3-0365-3103-8 (PDF)

Cover image courtesy of Tibor Magura

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license, which allows users to download, copy and build upon
published articles, as long as the author and publisher are properly credited, which ensures maximum
dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons
license CC BY-NC-ND.




Contents

Aboutthe Editor . . . . .. ... ... .. ...
Preface to “Faunistical and Ecological Studies on Carabid Beetles” . ... ... .. ... .. ..

Mauro Gobbi, Marco Armanini, Teresa Boscolo, Roberta Chirichella, Valeria Lencioni,
Simone Ornaghi and Andrea Mustoni

Habitat and Landform Types Drive the Distribution of Carabid Beetles at High Altitudes
Reprinted from: Diversity 2021, 13, 142, doi:10.3390/d13040142 . . . . . .. ... ... ... ...

Alexandra Wehnert, Sven Wagner and Franka Huth
Effects of Pure and Mixed Pine and Oak Forest Stands on Carabid Beetles
Reprinted from: Diversity 2021, 13,127, doi:10.3390/d13030127 . . . . ... ... ... ... ...

Tibor Magura and Gébor L. Lovei

The Permeability of Natural versus Anthropogenic Forest Edges Modulates the Abundance of
Ground Beetles of Different Dispersal Power and Habitat Affinity

Reprinted from: Diversity 2020, 12, 320, doi:10.3390/d12090320 . . . . . .. ... ... ... .. ..

Jong-Kook Jung and Joon-Ho Lee

Trait-Specific Responses of Carabid Beetle Diversity and Composition in Pinus densiflora
Forests Compared to Broad-Leaved Deciduous Forests in a Temperate Region

Reprinted from: Diversity 2020, 12, 275, doi:10.3390/d12070275 . . . . . . .. . .. ... .. .. ..

Jana Ruzickova and Zoltan Elek

Unequivocal Differences in Predation Pressure on Large Carabid Beetles between Forestry
Treatments

Reprinted from: Diversity 2021, 13, 484, doi:10.3390/d13100484 . . . . . . .. ... ... .. .. ..






About the Editor

Tibor Magura (Ph.D., D.Sc.) is Professor at the Department of Ecology, Faculty of Science and
Technology, University of Debrecen. His main research interests include urban ecology, forest ecology,

agroecology and conservation biology, with special emphasis on ground beetles.

vii






Preface to “Faunistical and Ecological Studies on
Carabid Beetles”

Carabid beetles (Coleoptera: Carabidae) are one of the best-known taxa in entomology. They are
common in most terrestrial habitats and geographical areas and can easily be collected using standard
methods. Taxonomy, phylogeny, geographic distribution, habitat associations, and ecological
requirements of carabid species are well known. Based on the above, carabids are often used as
model organisms in faunistical and ecological studies. Original research papers published in the
Special Issue “Faunistical and Ecological Studies on Carabid Beetles” of the journal Diversity covered

the aspects of carabid faunistic and ecology.

Tibor Magura
Editor
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Abstract: The high altitude mountain slopes of the Dolomites (Italian Alps) are characterized by
great habitat and landform heterogeneities. In this paper, we investigated the effect of Nature 2000
habitat and landform types in driving the high altitude ground beetle (Carabidae) distribution in
the Western Dolomites (Brenta group, Italy). We studied the carabid assemblages collected in 55
sampling points distributed in four Nature 2000 habitat types and four landform types located
between 1860 and 2890 m above sea level (a.s.l.). Twenty-two species, half of them Alpine endemics,
were sampled. Species richness and taxonomic distinctness did not show any significant difference
among habitat types; conversely, these differences became significant when the landform type was
considered. Total activity density and the frequency of brachypterous, endemic and predatory species
showed significant differences between both habitat and landform types. Indicator species analysis
identified twelve species linked to a specific habitat type and thirteen species linked to a specific
landform type. Canonical correspondence analysis showed that altitude and vegetation cover drove
the species distribution in each habitat and landform type while the aspect had a weak effect. Our
results highlight the need for a geomorphological characterization of the sampling points when high
altitude ground-dwelling arthropods are investigated.

Keywords: Alps; Dolomites; ground beetles; geomorphology; Nature 2000; rocky landforms;
species distribution

1. Introduction

High altitude areas experience high landscape complexity driven not only by the
occurrence of different habitat types but also by the different landforms on the mountain
slopes that can increase the number of microhabitats available for colonization by plants
and/or arthropods [1,2].

Carabid beetles (Coleoptera: Carabidae), along with springtails (Collembola), spiders
(Arachnida: Araneae) and myriapods (Chilopoda and Diplopoda) are among the most
common and most studied ground-dwelling arthropods living at high altitudes [2-5]. High
mountain ecosystems especially above the treeline are mainly governed by climatic factors;
therefore, changes in the occurrence of alpine species and in the composition of their
assemblages are highly relevant for monitoring the impacts of climate change on the biotic
component [2-6].

An increasing number of recent studies have investigated spatial and temporal pat-
terns in species richness and species life history traits along altitudinal gradients [6-11].
However, information about the composition and distribution of species assemblages in
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the mosaic of habitat and rocky landform types available at a high altitude is still lacking
for most of the mountain regions. This is probably due to the difficulties in reaching a few
high altitude areas, in working under harsh environmental conditions and identifying in
detail the different kind of landforms, specifically in alpine fellfields. However, our expec-
tation is that recording both habitat and landform type will increase our understanding of
carabid distribution in the mountains because landform diversity within each habitat type
gives more detailed information about the availability of microhabitats determined by the
geomorphological features of the slope.

Quantitative studies on the assemblage characteristics and habitat specificity of carabid
beetles at high elevations (i.e., above the treeline) in the European Alps are available
only for a few specific habitats such as glacial and periglacial landforms [2] and specific
mountain groups such as Paneveggio-Pale di San Martino and Sarapiss (Eastern Dolomites,
Italy) [12,13].

As the mountain group of the Dolomites (Italian Alps) is one of the most spectacular
examples of the result of geomorphological processes molding the mountain slopes [14], we
selected it as the study area. Specifically, it offers a high geomorphological heterogeneity
within each Nature 2000 habitat type. Nature 2000 is the largest coordinated network
of protected areas in the world, aimed at protecting Europe’s species and habitat diver-
sity; more than 230 rare and characteristic habitat types, which must be protected, have
been identified.

The aim of this study was to investigate the carabid beetle distribution in Nature
2000 habitats and rocky landforms located above the treeline of the Western Dolomites
(Italian Alps). Specifically, we tested whether (1) carabid beetles’” richness, taxonomic
distinctness, activity density and percentage of high altitude specialists were associated
with specific Nature 2000 habitats and landforms and (2) whether species occurrence
was linked to specific habitat or landform types. Due to the great habitat and landform
heterogeneity of the mountain slopes of the Dolomites [14] our expectation was to find
a synergic effect of the Nature 2000 habitat and landform types in driving high altitude
carabid beetle distribution.

Our study is the first to apply a geomorphological approach (i.e., the study of landform
types) in addition to the habitat type approach to document carabid beetle distributions at
high altitudes.

2. Materials and Methods

The Dolomites are a mountain range in the northern Italian Alps, which rise to
above 3000 m above sea level (a.s.l.) and cover 141,903 ha. They are a UNESCO World
Heritage Site and they are of international significance for geomorphology because they
present a wide range of landforms related to erosion, tectonism and glaciation (https:
//whc.unesco.org/en/list/1237/, accessed on 1 March 2021).

A total of 11 plots were selected in the mountain group of the Brenta Dolomites (the
westernmost mountain group of the Dolomites, Adamello-Brenta Natural Park) (Figure 1).
Each plot was designed to represent the habitat and the landform heterogeneity available
starting from the uppermost larch (Larix decida) forest (about 1900 m a.s.l.) to the Cima
Grosté mountain peak (2901 m a.s.l.). Specifically, six plots were located along the north-
west slope of the Brenta group (Vallesinella Valley, investigated in 2018) and five along the
north-east slope (Tovel Valley, investigated in 2019).

In each plot (ca. 314 m?) five pitfall traps were placed 50 m apart to avoid spatial
dependency. Each pitfall trap consisted of a plastic vessel (diameter 7 cm, height 10 cm)
baited with a mixture of wine-vinegar and salt [2]. The traps were active over the entire
snow-free season from early July to late September and collected and reset ca. every
20 days.
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Pitfall traps

Plots investigated in 2018

J Plots investigated in 2019

Figure 1. Study area located in the Adamello-Brenta Natural Park, Western Dolomites, Italian Alps
(46°11/1.94” N, 10°54'2.41” E; in black in the left panel) with the 11 investigated plots and the
55 sampling points (pitfall traps).

The following information was available for each trap: altitude (m a.s.l.), vegetation
cover (%), Nature 2000 habitat code and landform type. These data were derived from
the Digital Elevation Model (DEM) raster at a 10 m spatial resolution (PAT Geoportal:
http:/ /www.territorio.provincia.tn.it, accessed on 10 February 2021), the Habitat Nature
2000 code vector map (PAT Geoportal: http://www.territorio.provincia.in.it, accessed on
10 February 2021) and the landform type vector map (Geomorphologic database of BioMiti
Project [15] in QGIS 3.10 [16].

A total of 55 sampling points (pitfall traps), ranging from ca. 1860 to ca. 2900 m
a.s.l, were analyzed separately. For each trap the following information was obtained:
species richness (i.e., the total number of species collected during the sampling season),
abundance (i.e., the total number of individuals sampled), taxonomic distinctness (i.e.,
a measure that emphasizes the average taxonomic relatedness between species within a
community [17,18]) and the percentage of species within the community sampled by the
trap with the following species traits occurring simultaneously: brachypterous + endemic +
predator (hereafter BEP species). BEP species are those with life history traits typical of the
species living at high altitude; specifically, a low dispersal ability, restricted distributional
range and specialized diet [10,12,19].

Carabids were identified to the species level following Pesarini and Monzini [20,21]
and are preserved in the entomological collection at the MUSE-Science Museum of Trento
(Ttaly).

Traps at a higher altitude were kept active for a shorter period than those located at a
lower altitude due to the shorter snow-free period. Therefore, to obtain comparable data
among traps, the number of carabid individuals collected in each trap was transformed to
an activity density (AD) [22] using the following formula: AD = (no. of individuals/(days
of trap activity)). For each trap, the total activity density (TotalAD) was calculated by
summing up the AD values of the different species recorded during each sampling session.

At first, the sampling points were grouped into six Nature 2000 habitat types:

- Code 4070 (n = 2; bushes with Pinus mugo and Rhododendron hirsutum);

- Code 6170 (n = 11; alpine and subalpine calcareous grasslands);

- Code 8120 (n = 17; calcareous and calcshist screes of the montane to alpine levels);
- Code 8210 (n = 12; calcareous rocky slopes with chasmophytic vegetation);
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- Code 8240 (n = 3; limestone pavements);
- Code 9420 (n = 10; alpine Larix decidua and/or Pinus cembra forests) (https://eunis.
eea.europa.eu/habitats-annex1-browser.jsp, accessed on 17 January 2021).

As a few sampling points were located in the habitat types 4070 and 8240, we jointed
them for affinity (i.e., vegetation cover = 100%), respectively, to the habitat type 9420 and
8210, respectively. Thus, four habitat groups were obtained: 6170; 8120; 8210-8240 and
9420-4070).

The sampling points were then also grouped into seven landform types:

- Active debris flow (n = 2);

- Bedrock (n =14);

- Glacial deposit (n = 1);

- Large rockslide deposit (n = 10);

- Mature slope (vegetation cover > 90%; n = 21);
- Rockslide deposit (n = 1);

- Talusslope (n = 6).

As a few sampling points were located in the active debris flow, glacial deposit and
rockslide deposit landform types we combined them for affinity with the talus slope
(i.e., small-medium sized rock deposits) and large rockslide deposit landform types, re-
spectively. Consequently, four landform types were considered: bedrock, large rockslide
deposit, mature slope and talus slope. Thus, different landform types representing the
geomorphological variability that could be found within a habitat type could be examined
for each habitat type.

To compare the average species richness, total activity density, taxonomic distinctness
and BEP species recorded in each Nature 2000 habitat and landform type we performed
a Kruskal-Wallis test. This test was made possible by the fact that the traps set in each
Nature 2000 habitat and landform type were spatially independent of each other; thus, the
assumption of independence of the observations was satisfied [23,24]. When we obtained a
significant difference among habitat types a Dunn’s post-hoc test was performed.

To identify characteristic carabid species of each habitat and landform type, indicator
species analysis (IndVal) [25] was used. The IndVal index for abundance data was used to
quantify the association between each species and each habitat and landform. Once the
highest associated habitat and landform were identified for each species, the association
was assessed through a permutation test (number of permutations: 999). We then grouped
the species in relation to their presence and total activity density for each of the habitat
types considered.

To describe the patterns of species distribution in each landform type and their re-
lationships with environmental variables, canonical correspondence analysis (CCA) was
used [26]. Before running the analysis, the vegetation cover was arcsin / (p/100) trans-
formed, the altitude was natural log transformed and the aspect was —cos(x) transformed
to normalize the distribution. To run the analysis, the species Harpalus solitaris was ruled
out from the dataset because it was found in just one sampling point.

All of the analyses were run in PAST 4.05 [26].

3. Results

A total of 928 individuals belonging to 22 species were sampled (Table S1). Half of
the sampled species were Alpine endemic and half of them were steno-endemic of the
Dolomites (Table S1).

The average species richness and taxonomic distinctness did not show any significant
differences among habitat types; conversely, these differences became significant when the
landform type was considered (Table 1). The average total activity density and BEP species
showed significant differences among both habitat and landform types (Table 1; Table S2;
Figure 2).
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Figure 2. Average carabid species richness, taxonomic distinctness, total activity density and
frequency of BEP species (y-axis) in relation to the Nature 2000 habitat (6170 = alpine and sub-
alpine calcareous grasslands; 8120 = calcareous and calcshist screes of the montane to alpine lev-
els; 8210-8240 = limestone pavements and calcareous rocky slopes with chasmophytic vegetation;
9420-4070 = alpine Larix decidua and /or Pinus cembra forests and bushes with Pinus mugo and Rhodo-
dendron hirsutum); graphs (a,b) and landform types (BED = bedrock; LRSD = large rockslide deposit;
MS = mature slope; TS = talus slope); graphs (c-f). The whisker intervals represent a 95% confidence
interval based on the standard error. Only the results in which we obtained a significant difference
(p < 0.05) among habitat and landform type are represented (for more information see Table S2).
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Table 1. Results of the Kruskal-Wallis test (values in the columns: X2 and p-value).

Variables Habitat Type Landform Type
Species richness 6.3; 0.09 12.3;0.005 *
Activity density 14.2;0.003 * 19.2;0.0002 *

Taxonomic distinctness 5.8;0.09 8.7;0.023 *
BEP species 13.4;0.002 * 10.9; 0.007 *

* significant difference (p < 0.05). BEP = brachypterous + endemic + predator.

The most abundant species was Pterostichus multipunctatus (sum of AD recorded in
all traps in which the carabid was collected = 4.42) followed by Nebria germari (sum of AD
recorded in all traps in which the carabid was collected = 1.85). The most frequent species
resulted Pterostichus multipunctatus (47.3% of occurrence) followed by Carabus adamellicola
(36.4% of occurrence) and Nebria germari (23.6% of occurrence); the rest of the species were
below 10% occurrence.

According to the indicator species analysis, 12 species were significantly linked to
a specific Nature 2000 habitat type: Nebria germari was linked to calcareous rocky slopes
with chasmophytic vegetation; Carabus adamellicola to calcareous scree slopes; Calathus
melanocephalus, Carabus convexus, Cymindis vaporariorum, Harpalus latus and H. solitaris to cal-
careous grasslands and Calathus micropterus, Cychrus attenuatus, Leistus nitidus, Pterostichus
multipunctatus and P. unctulatus to larch and dwarf pine formations (Table S3).

The graphs for the species assemblages sampled in each Nature 2000 habitat type
(Figure 3) show differences in the composition of assemblages found in highly vegetated
habitats (code 6170 and 4070-9420) compared with habitats with patchy vegetation and
those completely unvegetated (code 8120 and 8210-8240). Pterostichus multipunctatus was
found to be the species with the highest total activity density (dominant species) exclusively
in calcareous grasslands and larch and dwarf pine formations while Nebria germari was
dominant in calcareous scree slopes with chasmophytic vegetation. All of the habitat types
apart from calcareous scree slopes had species assemblages characterized by one dominant
species followed by several species with low and similar total activity density values.

According to the indicator species analysis result, 13 species were significantly linked
to a specific landform type: Duvalius nambinensis and Oreonebria castanea to the bedrock
landform type; Carabus adamellicola and Carabus creutzeri to large rockslide deposits; Calathus
melanocephalus, C. micropterus, Carabus convexus, Cychrus attenuatus, Cymindis vaporariorum,
Harpalus latus, Pterostichus multipunctatus and P. unctulatus to mature slopes and Abax pilleri
to talus slopes.

The CCA analysis on species distribution in relation to the Nature 2000 habitat type,
landform type and the altitude, vegetation cover and aspect variables revealed that most
of the variance was explained by Axis 1 (90.5%) while Axis 2 explained only 9.5% of the
total variance (Table 2, Figure 4). As shown in Figure 4, Axis 1 was mainly explained by
the negative correlation among altitude and vegetation cover while Axis 2 was weakly
explained by aspect. This result was clearly visible in the species distribution along Axis 1;
two groups were visible with the former clustered in the quadrants one and two of the CCA
and the latter in the quadrants three and four. Specifically, the occurrence of the species
Nebria germari, Oreonebria castanea, Trechus sinuatus and Duvalius nambinensis was shown as
linked to the calcareous scree slopes with chasmophytic vegetation, talus slopes and large
rockslide deposits habitats located at the highest altitude and with the lowest vegetation
cover. Carabus creutzeri and Carabus adamellicola were linked to the calcareous scree slopes
with chasmophytic vegetation, calcareous grasslands and with bedrock and large rockslide
deposit habitats located at an intermediate altitude and with an intermediate level of
vegetation cover. The rest of the species (quadrants 3 and 4) were linked to mature slopes
and talus slopes located at the lowest altitude and with the highest level of vegetation cover.
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Figure 3. Average species activity density (y-axis) recorded in each of the Nature 2000 habitat types.
Habitat types: 6170 = alpine and subalpine calcareous grasslands; 8120 = calcareous and calcshist
screes of the montane to alpine levels; 8210-8240 = limestone pavements and calcareous rocky slopes
with chasmophytic vegetation; 9420-4070 = alpine Larix decidua and/or Pinus cembra forests and
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interval based on the standard error. Species abbreviation refers to Table S1.
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Figure 4. CCA triplot of the distribution of carabid species in relation to the altitude (Alt), vegetation
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light brown. Species abbreviation refers to Table S1.
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Table 2. Canonical correspondence analysis (CCA) scores of the environmental variables and per-
centage of explained variance.

CCA Axis 1 Axis 2
Elevation 0.882 —0.025
Aspect —0.006 —0.360
Vegetation cover —0.965 0.001
Eigenvalue 0.912 0.096
% of explained variance 90.5 9.5
p-value (999 permutation) 0.001 * 0.016 *

* significant values, p < 0.05.

4. Discussion

Our work was one of the first attempts to simultaneously investigate the effects of
habitat and landform types on the distribution of carabid species at a high altitude.

Twenty-two ground-dwelling carabid species were sampled at a high altitude in the
Brenta Dolomites.

Interestingly, species richness and taxonomic distinctness changed significantly in
relation to landform type but not to habitat type. Specifically, mature slopes had the highest
species richness and the highest phylogenetically distant assemblages. The activity density
reached the highest values on larch and dwarf pine formations and on mature slopes or on
slopes that were stable or least affected by gravitational processes (e.g., rock falls). This
finding partially supports the pattern of species richness and activity density observed in
the Eastern Dolomites by Pizzolotto et al. [12].

A weak positive correlation between altitude and the frequency of low dispersal
(brachypterous), predatory and endemic species was found in the Alps [12]. Our data
support the evidence provided by Chamberlain et al. [10] about the role of habitat type
as an important driver of the occurrence of species traits. We also demonstrated the role
of the landform type in the frequency of BEP species. Specifically, we demonstrated that
endemic, poorly-dispersing and predatory species prefer calcareous scree slopes with
chasmophytic vegetation and specifically large rockslide deposits, bedrocks and scree
slope landforms. The Brenta Dolomites are a peripheral mountain chain of the Italian
Alps and compared with the inner massifs [12] they have a higher frequency of species
with a low dispersal capability (i.e., steno-endemic species such as Carabus adamellicola,
Duvalius nambinensis) and a specialized diet (e.g., Carabus creutzeri, Cychrus spp. (snail
feeder), Notiophilus biguttatus (springtails)).

High altitude habitats of the Brenta Dolomites were dominated by three species:
Nebria germari, Carabus adamellicola and Pterostichus multipunctatus. Among them, only
Nebria germari is also present in the Eastern Dolomites [27]. Currently, N. germari does
not seem to occur below 2550 m a.s.l.; an altitudinal shift due to the climate warming
confirmed throughout the Dolomites [28]. Carabus adamellicola is a steno-endemic species
of the Adamello-Brenta mountain group, vicariant of C. bertolinii and C. alpestris of the
Central-Eastern Dolomites [12], but unlike these species it was sampled from the alpine
calcareous grasslands to substrates with low or patchy vegetation.

The indicator species analysis found that both Nebria germari and Carabus adamellicola
were indicator species of calcareous scree slopes with chasmophytic vegetation. Nebria
germari was not found to be an indicator of any specific landform within these habitat
types. In fact, it can be found in a wider range of landform types such as glacier fronts,
moraines along the glacier forelands of the Western Dolomites [19,28] and other fellfields.
Conversely, C. adamellicola is significantly linked to large rockslide deposits. The presence
of these species in high altitude areas can be explained by the local availability of humidity
determined by long-lasting snow cover and the microthermal conditions of the fellfield
(average annual humidity and temperature of the six plots where the species were found
(plotn. 1,2,3,4,6and 9, see. Table S1): relative humidity = 92.6 £ 7.8%; average temper-
ature = 2.7 & 1.4 °C, unpublished data). Pterostichus multipunctatus, Calathus micropterus,
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Cychrus attenuatus, Leistus nitidus and Pterostichus unctulatus are significantly linked to
larch and dwarf pine formations and to the mature slope landform type. Moreover, all of
these species except P. multipunctatus well represent the typical forest assemblages of the
Italian Alps. Pterostichus multipunctatus can be considered an ecological vicariant of P. morio
(Eastern Dolomites) and, like P. morio [27], is more common in alpine grasslands located on
stable slopes.

The indicator species analysis selected Calathus melanocephalus, Carabus convexus, Cy-
mindis vaporariorum, Harpalus latus and H. solitaris as species linked to calcareous grasslands.
These species are typical of xeric areas [27-29], specifically those that experience the peri-
odical presence of grazing animals (e.g., cows, goats and sheep), which is a quite common
practice on the European Alps.

The CCA analysis confirmed the effect of altitude and vegetation cover in driving the
species distribution in each habitat and landform type. Specifically, Nebria germari, Trechus
sinuatus and Duvalius nambinensis were shown as species linked to talus slopes and large
rockslide deposits located at a high altitude (average value = 2600 m a.s.l.) with a low
percentage of vegetation cover (average value = 6%).

Carabus creutzeri and C. adamellicola distribution was linked to large rockslide deposits
and bedrock located at lower altitudes (average value = 2400 m a.s.l.) and with greater
vegetation cover (average value = 30%). Carabus creutzeri is a forest species [12] but our
data support the findings by Brandmayr and Zetto Brandmayr [27] of its presence also in
open areas at high altitude, specifically in Alpine areas with a high level of annual rainfall
such as the Brenta Dolomites (average annual rainfall = ca. 1400 mm; www.climatrentino.it,
accessed on 17 January 2021).

5. Conclusions

Geomorphological diversity (also known as geodiversity) supports a diversity of
habitats across a wide range of temporal and spatial scales. It has an important ecological
value in supporting biodiversity and ecosystem functioning and it is key element in
protected areas [30].

Our data showed that the distribution of carabid beetle species at high altitudes in
the Brenta Dolomites area of the Adamello-Brenta Natural Park was driven by two key
elements of its mountain slope physiography: habitat and landform type.

The classification approach of the Nature 2000 habitats proved useful for identify-
ing indicator species but geomorphological heterogeneity (landform type) within each
habitat type was an additional instrument able to give information about microhabitat
preferences. On the basis of the obtained results, we recommend applying a detailed
geomorphological approach to studies aimed at investigating the distribution of ground-
dwelling arthropods in high altitude areas. We expect that the distribution of other epigeic
taxa (e.g., Chilopoda [31]) may also be affected by the geomorphological features of the
mountain slopes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/d13040142/s1 Table S1: List of the sampled points with information about the collected species,
Elevation (m a.s.1.), Aspect (°), vegetation cover (%), Nature 2000 habitat code and landform type. For
each species, information about wing morphology, chorology and diet are provided. Table S2: Dunn’s
post-hoc values showing the significant differences found for species richness, taxonomic distinctness,
activity density and BEP species among the analyzed habitat and landform types. Table S3: Results
of the indicator species analysis (IndVal). Significant relationships are reported in bold.
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Abstract: The multiple-use approach to forestry applied in Germany aims to combine timber pro-
duction and habitat management by preserving specific stand structures. We selected four forest
stand types comprising (i) pure oak, (ii) equal oak—pine mixtures, (iii) single tree admixtures of oak
in pine forest and (iv) pure pine. We analysed the effects of stand composition parameters on species
representative of the larger carabid beetles (Carabus arvensis, C. coriaceus, C. hortensis, C. violaceus,
Calosoma inquisitor). The main statistical methods used were correlation analyses and generalised
linear mixed models. Cal. inquisitor was observed in pure oak forests exclusively. C. coriaceus and
C. hortensis were absent from pure pine stands. High activity densities of C. arvensis and C. violaceus
were observed in all four forest types. When assessed at the smaller scales of species crown cover
proportions and spatial tree species effect zones, C. hortensis was found to be positively related to oak
trees with a regular spatial distribution, whereas C. coriaceus preferred lower and more aggregated
oak tree proportions. C. violaceus showed strong sex-specific tree species affinities. Information about
preferences of carabid beetles is necessary for management activities targeting the adaptation of
forest structures to habitat requirements.
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d13030127 1. Introduction

The promotion and protection of mixed forests is considered a high priority in forest
landscapes with large areas of artificially established, even-aged coniferous forests [1-3]. A
typical example are the single-layered Scots pine (Pinus sylvestris L.) forests with naturally
occurring admixed sessile oak (Quercus petraea (Matt.) Liebl.) trees found in the lowlands
of central Europe [4-6]. Mixed forests are characterised by the presence of at least two
different tree species [7]. Tree species mixtures can generate positive impacts in terms of the
stability and resilience of forest ecosystems [8-10]. The specific traits of tree species, and the
stand compositions, increase the potential range of habitat conditions and environmental
published maps and institutional affi-  Tiches that can be exploited of by different species of flora and fauna [11,12]. The effects of
iations. tree species mixtures depend on species proportions, spatial distribution and the patterns

of mingling [2,3]. To understand the beneficial effects of mixtures, it is important to identify
links between tree species and groups of faunal species [13]. This is all the more important
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beetles reported different or unspecific results concerning the beetles’ affinities to particular
tree species and forest stand types. For example, Lindroth [21] characterised Carabus
violaceus (L. 1758) as a “eurytopic” species, present in deciduous and coniferous forests.
Sktodowski [22] recorded this species in poor coniferous forests only, whereas Dahl [23],
by contrast, wrote that C. violaceus avoids poor coniferous forests. Another example is
given by the following contrasting distributions claimed for C. hortensis (L. 1758), variously
described as a “dominant species in moderately dry coniferous forests” [24], a species of
fertile deciduous forest habitats [22] and a species of sparse deciduous and mixed forests
in central Europe [21]. The differing distributions observed for the Carabus species can be
explained by species-specific behavioural patterns and high locomotory activity [24-26].
Other explanations may derive from the consideration of superordinate spatial levels
(e.g., landscape scale), local or regional differences in climate conditions, and the limited
assessment of forest stand type characteristics, especially in tree species mixtures [27,28].

More detailed measurements of forest structures will almost certainly increase the
value of information concerning the habitat preferences of Carabid beetles [15,29]. One way
to increase our knowledge is through an approach to forest inventory that characterises
mixed forests on the basis of basic components such as age, dimensions (stem or crown),
proportions and the spatial arrangement of the tree species [30,31]. These forest parameters
help to characterise forest conditions at smaller spatial scales, such as at the scale of single
trees or small groups of trees [32,33]. It has been proven that in the case of single tree
admixtures the spatial ecological effects are influenced in particular by individual tree
age, diameter at breast height and crown dimension [34,35]. These tree species effects are
spatially limited [36] and characterised by distance-dependent gradients or zones [37]. Tree
species affect light availability, the microclimate and soil conditions in their surroundings,
all of which are relevant for flora and fauna [38,39]. The resultant gradients and zones
lead to small-scale edge effects [32]. Consequently, the habitat function of mixed forests
as it pertains to Carabid beetles depends on the spatial manifestation of individual tree
effects [40]. Soil surface-related tree zone effects are highly relevant for Carabid beetles;
for example, humus forms, leaf litter distributions [27,41,42], pH values [39,43,44], topsoil
moisture as a result of crown interception [45] and ground vegetation cover [37].

For the purposes of the study of pure and mixed oak and pine forests presented in
this paper, we used detailed spatial information tied to oak and pine trees to describe
the differences in forest stand types and to analyse related habitat effects for Carabid
beetles [27]. The study excluded the effects of different climate regions and temporal
aspects such as seasonality of climate conditions or species-specific metamorphic behavior
of Carabid beetles [46]. Parameters pertaining to Carabid beetles, such as activity density,
body size and sex ratios (number of males to females), can be used to assess the suitability
of habitats and their quality [47,48]. The term “activity density” is used in pitfall trap
studies (see methods) to record mobile species such as Carabids driven by, for example,
intrinsic and extrinsic motivations [25,49]. The activity density represents the conceptual
approach behind the pitfall trap method, which aims to provide mobility-related data
pertaining to the species present in the context of defined temporal and spatial scales [24,50].
Carabid beetles exhibit strong sex-specific habitat preferences and benefit from the available
resources [51,52]. To highlight the relevance of tree species effects within pure and mixed
oak and pine forests for the distribution of Carabid beetles, the research was based on the
following hypotheses:

1. Differences in activity density, body size and sex ratios can be expected at the level of
forest stand types for the five Carabid species analysed (Carabus arvensis (Hbst. 1784),
C. coriaceus (L. 1758), C. hortensis (L. 1758), C. violaceus (L. 1758), Calosoma inquisitor
(L. 1758)).

2. Tree species-specific characteristics, such as proportions of crown cover, and the
nature of the tree species spatial distribution (random, regular or aggregated) are
suitable parameters to highlight the affinities of Carabid beetles, especially for the
mixed oak and pine forest stand types.
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3. Superordinate analyses are possible, where tree species effect zones (Z1—pure oak
effect zone, Z2—mixed oak-pine effect zone, Z3—pure pine effect zone) are used to
define small-scale habitat preferences and environmental niches of Carabid species.

2. Materials and Methods
2.1. Study Areas and Tree Species Parameters

All of the sites covered in the study are located to the south of the German Federal
State Brandenburg, in the Neusorgefeld forest district (51°47'15.77” N; 13°34/37.36” E).
The mean distance between the study areas is 1605 m (sd & 1102 m). The soils typically
found in this region of the German lowlands are poor and sandy. The local mean annual
temperature during the sampling period in 2011 reached 9.2 °C, and the precipitation
amounted to 516 mm [53]. The ground vegetation in the herb and shrub layers of all study
sites is dominated by Deschampsia flexuosa (L.), Vaccinium myrtillus (L.), Vaccinium vitis-idaea
(L.) and small patches of Calamagrostis epigejos ((L.) Roth). Hypnum spp. and Pleurozium
schreberi (Brid.) have the highest abundance in the moss layer. Four different managed
forest stand types were considered, characterised by different proportions of the tree species
P. sylvestris and /or Q. petraea: (fstl) pure oak stands, (fst2) even mixtures of oak and pine
trees, (fst3) admixtures of less than 10% of oak within a pine forest matrix and (fst4) pure
pine stands. Each of the chosen forest stand types included four study areas, except for
the third forest stand type, which was represented by three study areas. The total number
of study areas was 15, and all study areas were oriented to the north. The tree species
distributions of the study areas are shown as position maps in Figure 1, combined with the
tree crown dimensions. The position maps are based on polar coordinates measured using
a laser-dendrometer (type LEHDA-GEO 100) with a degree of precision of 0.5° for the
direction and 0.1 m for the distance. The polar coordinates were transformed into x- and
y-coordinates (Cartesian coordinates) for further statistical analyses (see Section 2.3). The
study areas established within the forest stand types fst1, fst2 and fst4 were 30 m x 60 m in
size. The larger study areas in the forest stand type fst3 covered areas of between 4900 m?
and 6300 m2. Diameter at breast height, tree height and crown diameter were recorded for
all trees on the 15 study areas. These parameter measurements at the individual tree level
were included in further calculations carried out on other spatial scales, for example, at the
level of study area (Table 1) and at the level of the areas surrounding traps (e.g., calculation
of oak crown cover within 225 m?), as used in the model approach (see Section 2.3). Stem
densities per hectare were calculated per tree species, as were the relative proportions of
the tree species and crown covers.
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Figure 1. Maps of tree and pitfall trap positions maps (white circles—pine trees, dark grey circles—oak trees, black
squares—pitfall traps).
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2.2. Trap Design and Beetle Parameters

The positions of the pitfall traps were recorded in the same way as the tree positions
(Figure 1). A trap arrangement in a 15 m x 15 m grid was employed on all study areas,
according to the body size of the Carabidae [54]. The use of pitfall traps is a common
method to record ground-dwelling arthropods [50,55]. Eight pitfall traps were placed at
each sampling site for the forest types fst1, fst2 and fst4 with an area of 1800 m2. In the
case of the lager areas (4900 m? and 6300 m?) for forest stand type fst3, the same grid
was used for the pitfall traps, with four additional traps placed around one large oak tree.
This produced trap numbers of between 29 and 34 per forest type (Table 2). The pitfall
traps, made of glass, were 7.5 cm in diameter and 9 cm in depth. They were filled to 75%
with a solution of saturated benzoic acid and detergent [56] and covered by a transparent
plastic roof to exclude precipitation. The use of 5% benzoic acid has proven successful as a
killing liquid and preservative to record Carabids within forest ecosystems. The solution
of saturated benzoic acid has the following positive properties compared to other killing
liquids and preservatives: (i) no toxicity, (i) the preservative effect prevents disintegration
by fungi or putrid bacteria, (iii) no discolouration, (iv) no odour development and (v) no
hardening of recorded Carabids [50,57-59]. The control interval for the 190 pitfall traps
was 14 days, synchronised for all study areas. The related activity densities of the Carabid
beetles were calculated as a number of specimens per m?. The control period for the pitfall
traps extended from 16 March until 27 October 2011.

Table 2. Number of traps per zone (i) and proportions of zones (ii) per study site and specific to the
particular forest stand type (fst).

No. of Traps per Zone Proportion of Zones (%)
Forest Stand Type Stand 71 72 73 71 72 z3
M No. (oak) (oak-pine) (pine) (0ak)  (oak-pine)  (pine)
111 8 0 0 100 0 0
fstl ure oak 112 8 0 0 100 0 0
st P 113 8 0 0 100 0 0
1.14 8 0 0 100 0 0
2.15 3 5 0 34 66 0
fst2 oak-pine 2.16 3 5 0 26 68 6
st mix. 217 3 5 0 30 6 2
2.18 2 6 0 26 74 0
. ith 3.4 2 6 23 2 14 84
fst3 o /W“k 35 1 19 14 6 48 45
<0 0a 3.6 1 8 20 2 15 83
4.7 0 0 8 0 0 100
fstd pure pine 4.8 0 0 8 0 0 100
4.9 0 0 8 0 0 100
4.10 0 0 8 0 0 100

The spatial relations were established using the trap coordinates. The body length
(cm), height (cm) and width (cm) of all sampled Carabid beetles (imagines) were measured
to calculate the sex-specific (females versus males) individual body size (volume in cm®) by
means of the ellipsoid formula [60]. The sex ratio for all Carabid species was determined
by dividing the number of males by the number of females [61].

2.3. Aggregation Index and Statistical Analyses

The calculation of aggregation indices based on the method of nearest-neighbour dis-
tances is one possibility to get additional information about the spatial distribution of tree
species, in particular within mixed forests [62,63]. We used the Clark-Evans aggregation
index (R) including the “Donnelly” edge correction and a Monte Carlo test based on 999
simulations of CSR with fixed n [64]. The null hypothesis states a completely random
spatial distribution of trees, whereas the alternative hypothesis describes a clustered or
regular distribution pattern. The values of the aggregation index R can be interpreted as
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follows: R = 1 indicates completely random distribution, R > 1 regular or even distribution
and R < 1 aggregated or clustered distribution.

Following a stepwise adaptation of the data analyses to the different hierarchies of
spatial scale, we started with the forest stand type level, followed by individual forest
areas and finally small-scale tree effect zones. At the level of forest stand type, analyses of
variance (ANOVA) and additional multiple post-hoc tests (LSD, least significant difference)
were used to test for differences in the mean species- and sex-specific densities, body sizes
and sex ratios of Carabid beetles between the four different forest stand types (Figure 2).
Bivariate correlation analyses (Pearson’s correlation coefficient, p-value < 0.05) were carried
out to test the strength of the relationships between the tree species-specific parameters
(crown cover proportions and aggregation indices) and the species-specific parameters
(density and body size) of the Carabid beetles at the forest stand level. The value of the
correlation coefficient (r) ranged between +1 and —1 [65]. Distance-dependent single tree
effect zones were calculated for each forest area for the small-scale analyses [66,67]. The
following three spatial effect zones were defined according to Wehnert and Wagner [42]: Z1
describes the distance between the oak trunk and the crown edge projection (0 m to <4 m),
Z2 is the distance between > 4 m to < 15 m characterised by mixed oak—pine conditions
and Z3 is the distance > 15 m representative for pure pine parts of the stands in the study
areas. Table 2 gives an overview of numbers and proportions of zones for each study area.
Unexpectedly, in forest stand type fst2, with a roughly even mixture of oak and pine trees,
the resultant proportions of pure pine zones (Z3) were low. The opposite is true for the
study areas of the forest stand type fst3 with less than 10% oak trees.

The detailed information obtained at the small-scale was integrated employing a
generalised linear mixed model (GLMM) approach [68]. The use of GLMMs allowed for
the inclusion of the spatially explicit small-scale data collated gathered in the immediate
surroundings of the pitfall traps, such as the effect zones and the canopy cover proportions
of the tree species differentiated by the defined forest stand types [69]. The model adopted
“forest stand type” and “tree effect zone” or “proportion of oak crowns” as fixed effects
and “forest area” as a random effect to explain the species- and sex-specific densities of
Carabid beetles. GLMMs were fitted by means of a negative-binomial error distribution
and a logarithmic link. The applied GLMM structure was:

1v;x = Bo + P1forest.stand.type; + Byoak.crown.cover; + py + € 1)
taken the oak effect as a metric covariate or
vk = Bo + P1forest.stand.type; 4 By forest.zone; + py + € 2)
taken the oak effect as a categorical covariate with

0, oak distance < 4 m
forest.zone; = ¢ 1, 4 < oak distance < 15m 3)
2, oak distance > 15 m

with rv; as the response variable (i.e., species- or sex-specific number of beetles) of the ith
trap and yy as the random effect parameter of the K stand. We tested model residuals
(qq-plots), heteroscedasticity in the residuals, and we checked for spatial autocorrelation
by semi-variograms. Therefore, it was not necessary to adjust the original model.

The GLMM outputs were used for predictions of species- and sex-specific beetle
activity densities differentiated by forest stand types and zones (Figure 3). The R package
“ImmTMB” was used in combination with the package “Ime4” for the calculations [70].
The models were fitted using maximum likelihood estimation via “TMB” (Template Model
Builder). All calculations were conducted using R software version 4.0.3 (10 October 2020).
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Figure 2. Overview of the parameters for C. arvensis, C. coriaceus, C. hortensis, C. violaceus and Cal. inquisitor (left column:
densities (n/m?), central column: body size (cmd), right column: sex ratio (males to females)) related to the four different
forest stand types and including the results of the following statistical tests: (a) ANOVA for males versus females, all forest
stand types included, (b) separate ANOVA for females and males across all forest stand types, and (c¢) multiple post-hoc
tests (LSD) across all forest stand types and for both sexes (The levels of significance: “***” 0.001, “**” 0.01, *” 0.05).

3. Results

3.1. Effects of Forest Stand Types, Tree Species Proportions and Effect Zones

The total numbers of adult specimens recorded per Carabid species over the whole
sampling period of 7.5 months and across all of the study areas were as follows: 337
C. arvensis, 70 C. coriaceus, 75 C. hortensis, 144 C. violaceus and 102 Cal. inquisitor. C. arvensis
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and C. violaceus were present in all four forest stand types. C. arvensis exhibited the highest
activity densities of individuals across all forest stand types. Cal. inquisitor was also
present at high activity densities but occurred only in the pure oak forest stand type (fst1).
The activity densities of males of Cal. inquisitor were significantly higher than of females
(Figure 2). C. coriaceus and C. hortensis were completely absent from pure pine stands
(fst4). The body sizes differed between the sexes of all Carabid species, females generally
being larger.

For both sexes of C. arvensis the highest activity densities were observed in the forest
stand type with <10% oak trees (fst3). The activity densities of females were higher in
forest stand types where oaks were present, while C. arvensis males responded to higher
proportions of pine trees with higher activity densities. Forest stand type had no effect on
the body size of C. arvensis females. However, an increase in the proportions of pine in the
different forest stand types was associated with a slight increase in the size of C. arvensis
males. Indeed, a significant difference (p-value = 0.01) in male body size was observed
between the pure oak and pure pine stands. The sex ratio increased to values above 1,
representing the dominance of males, with an increase in the pine tree proportions across
the forest stand types.

The activity densities of C. coriaceus were comparatively low but exhibited a positive
trend towards the forest stand type with <10% of oak. The activity densities were low
in pure oak, whereas individuals of both sexes were missing in pure pine stands. The
forest stand types revealed sex-specific effects on C. coriaceus body sizes. The body size
of the females was largest in pure oak stands. Males were largest in the oak—pine mixed
stands (fst2). The sex ratio of C. coriaceus approached a balanced value (approx. 1) with an
increasing proportion of pines in the forest stand types.

The activity density of C. hortensis was comparable to that of C. coriaceus. Females and
males (imagines) of C. hortensis were missing in pure pine stands. The activity densities of
females were similar across the studied forest stand types. The activity densities of males
differed significantly between the mixed oak—pine stand type and the stand type with <10%
oak (p-value = 0.05). The sexes of C. hortensis exhibited comparable body sizes across the
different forest stand types, except the forest stand type with <10% oak. In the latter case, a
significant difference between the body sizes of the sexes was observed (p-value = 0.05).
In the mixed oak—pine forest stand type females predominated (sex ratio < 1), but the sex
ratio of the other forest stand types highlighted a predominance of males.

The activity densities of C. violaceus females differed significantly between the forest
stand types (p-value = 0.05). For both sexes the highest activity densities occurred in the
forest stand types with pure oak (fstl) and with <10% oak (fst3). The sex-specific body
sizes were comparable for each of the different forest stand types. Significant differences in
body sizes between the sexes were observed for each forest stand type (p-value = 0.01). In
forest stand types with higher proportions of pine the predominance of males increased
continuously up to ratios of above 1. C. violaceus females were predominant in the pure
oak stands (fst1). This resulted in significant differences in the sex ratios between the pure
oak and pure pine forest stands (p-value = 0.05).

Cal. inquisitor was only observed in pure oak stands, except for one male that was
recorded in the oak—pine mixed forest stand type. The significant differences (p-value = 0.01)
between the sexes were reflected by a sex ratio of 3.97, which is representative of a strongly
male-dominated distribution.

The relationship (Table 3) between oak crown cover proportions and the activity
density of females was positively correlated for C. hortensis (r = 0.508, p-value = 0.05),
C. violaceus (r = 0.676, p = 0.01) and Cal. inquisitor (r = 0.814, p = 0.001). This correlation was
also positive for C. coriaceus (r = 0.236, n.s.) but not significantly so. A strongly positive
correlation between the crown cover of oaks and the activity density of both sexes was
determined only for Cal. inquisitor (r = 0.811, p-value = 0.001). All female activity densities
(except C. arvensis) were significantly negatively correlated with the proportion of pine
Crown cover.
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Very strong positive relationships existed between oak crown cover proportions
and body sizes of Cal. inquisitor (r = 0.880, p-value = 0.001). The positive correlations
between oak crown proportions and the body size of Carabids were also identified as being
significant for C. hortensis (r = 0.566, p-value = 0.05), but this relationship was significantly
negative with regard to the crown proportion of pine trees (r = —0.636, p-value = 0.01).
Negative tendencies for the relationships between the pine crown proportion and the body
size of beetles were determined for C. coriaceus imagines (r = —0.466, p-value = 0.1). Positive
effects of the pine crown cover proportion were identified for the body size of males of
C. arvensis (r = 0.492, p-value = 0.1) and C. violaceus (r = 0.501, p-value = 0.05). The effect
of the proportion of pine crown cover was negative for the body size of females of both
species.

The correlation coefficients between the aggregation indices of tree species and pa-
rameters of Carabid beetles (Table 3) revealed positive effects of more regular oak tree
distributions on the activity densities of C. coriaceus (r = 0.454, p-value = 0.1) and C. hort-
ensis (r = 0.671, p-value = 0.01). Greater regularity of spatial pine tree distribution caused
significantly higher activity densities of both sexes of C. violaceus (p-value = 0.05). The
negative correlation coefficients indicated higher activity densities, especially of females,
of C. coriaceus (r = —0.436, p-value = 0.1), C. hortensis (r = —0.510, p-value = 0.1) and Cal. in-
quisitor (r = —0.782, p-value = 0.01) where the pine trees were more aggregated. The spatial
distributions of tree species were less related to body sizes of Carabid beetles (Table 3).

Only the body size of C. arvensis (r = 0.811, p-value = 0.001) and C. coriaceus (r = 0.784,
p-value = 0.05) males were positively correlated with the aggregation index of pine trees,
which means that a more regular distribution of pine trees was linked to an increase in
body sizes. The negative correlation between the oak tree aggregation index and the body
sizes of Cal. inquisitor females was representative of a positive effect on body size of a
greater aggregation of oak trees.

Table 4 shows additional information on the smaller spatial scale represented by
the effect zones and their effects on the beetle species and sexes. The activity densities
of both sexes of Cal. inquisitor (r = 0.920, p-value = 0.001) and of females of C. violaceus
(r=0.654, p-value = 0.05) were positively correlated with the proportion of the oak zone (Z1).
The density of C. coriaceus imagines showed the strongest positive correlation (r = 0.502,
p-value = 0.1) with the mixed oak-pine zone (Z2). A tendency towards a positive correla-
tion was also observed for C. hortensis imagines (r = 0.273, n.s.) and the males of C. arvensis
(r =0.124, n.s.). Significantly negative correlations with Z3 were determined for C. hortensis
females (r = —0.520, p-value = 0.05) and imagines (r = —0.507, p-value = 0.05) and males of
C. coriaceus (r = —0.490, p-value = 0.1).

Positive correlation coefficients were determined for the body sizes of C. coriaceus
females (r = 0.541, p-value = 0.1) and both sexes of C. hortensis (r = 0.537, p-value = 0.05)
within the pure oak zone. Positive correlations were also found between the body sizes of
males of both C. arvensis (r = 0.575, p-value = 0.05) and C. coriaceus (r = 0.593, p-value = 0.1)
with an increasing proportion of pine zone (Z3), whereas the sizes of males of C. hortensis
were negatively correlated with increasing pine zone (r = —0.630, p-value = 0.1).
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3.2. Model-Based Effects of Forest Stand Types and Different Structural Attributes
3.2.1. Modelling the Effects of Forest Stand Types and Oak Crown Cover

The first generalised linear mixed model combined the effect of forest stand types
and the proportion of oak crown cover (see formula 1). Cal. inquisitor was excluded from
the following analyses, because this species was only present in the forest stand type with
pure oak. This first model (Table 5) revealed no significant effects on the activity density of
C. arvensis. For C. violaceus a significant effect (p-value < 0.05) of the mixed oak-pine stand
type (fst2) was only estimated by the model.

Table 5. Parameters for the number of carabid beetles (C. arvensis, C. coriaceus, C. hortensis, C. violaceus) using the generalised
linear mixed model (GLMM) differentiated by the forest stand types (fst 1—pure oak, fst 2—oak—pine mixture, fst 3—<10%
oak, fst 4—pure pine) and combined with the proportion of oak crown cover (cc in%) around each trap position. The levels
of significance are indicated by: “***” 0.001, ** 0.01, *” 0.05, *.” 0.1.

Females Males Imagines
No. of Beetles Estimate EStd' p-Value Estimate std. p-Value Estimate std. p-Value
Tror Error Error
interc. —0.3486 0.6861 0.611 —0.9919 0.6883 0.150 —0.0281 0.5520 0.959
fst2 —0.0135 0.6499 0.983 0.8178 0.5915 0.167 0.4309 0.5255 0.421
C. arvensis fst3 —0.0336 0.7484 0.964 0.8762 0.6981 0.209 0.4549 0.6162 0.460
fst 4 —0.5006 0.8035 0.533 0.3924 0.7666 0.609 0.0271 0.6484 0.967
oak cc 0.0006 0.0079 0.944 0.0036 0.0079 0.651 0.0031 0.0060 0.608
interc. —3.2320 0.9403 0.001 B 47730 1.0460 0.000 o —3.0466 0.7934 0.000 o
fst2 1.2420 0.7370 0.092 . 1.7040 0.8671 0.049 * 1.4339 0.6162 0.020 *
C. coriaceus fst 3 1.5810 0.8680 0.068 . 3.0240 0.9322 0.002 = 21183 0.7173 0.003 s
fst4 —18.7500  10,760.00 0.999 —17.6800 1383.00 0.999 —18.4916 9404.59 0.999
oak cc 0.0214 0.0114 0.060 . 0.0344 0.0114 0.003 *0.0243 0.0092 0.008 e
interc. —5.4180 1.3420 0.000 38935 1.5625 0.013 * 0 —3.9899 1.1684 0.001 i
fst2 1.9110 0.9020 0.034 * 0.5937 1.0665 0.578 1.3733 0.7862 0.081 .
C. hortensis fst3 3.0090 1.1146 0.009 w* 1.8370 1.3474 0.173 2.4921 1.2026 0.015 *
fst4 —16.6500  10,720.00 0.999 —17.6840 9896.70 0.999 —17.5303 9620.49 0.999
oak cc 0.0548 0.0151 0.000 0 0.0359 0.0185 0.053 . 0.0461 0.0134 0.001 i
interc. —0.6633 0.6856 0.333 0.2344 0.7949 0.768 0.3961 0.5529 0.474
fst2 —0.7316 0.5462 0.180 —0.9195 0.6441 0.153 —0.9192 0.4485 0.040 *
C. violaceus fst3 —0.3481 0.6424 0.588 —1.1208 0.7760 0.149 —0.6468 0.5300 0.220
fst4 —0.9944 0.8048 0.217 —1.1232 0.8556 0.189 —0.8987 0.6131 0.143
oak cc 0.0039 0.0092 0.668 —0.0515 0.0109 0.169 —0.0040 0.0075 0.592

Forest stand type effects linked to the proportions of oak crown cover were identified
for the presence of C. coriaceus and C. hortensis. The results of this GLMM revealed a
significant effect of oak crown cover on the imagines of C. coriaceus (p-value < 0.01) and
C. hortensis (p-value < 0.001). Sex-specific differences were evident. For example, the forest
stand types with oak tree admixtures and higher oak crown cover proportions had a more
significant effect on females of C. hortensis than on males. The opposite was observed for
C. coriaceus, where the effect of forest stand type was greater for males, in particular in the
pine forests with less than 10% oak (p-value = 0.01).

3.2.2. Modelling the Effects of Forest Stand Types and Effect Zones

The second GLMM (see formula 2) included the four different forest stand types
and the ecological effect zones (Z1 to Z3). The GLMM components again provided no
significant explanation for the number of C. arvensis individuals (Table 6). However,
this model better explained the number of C. violaceus imagines, which were influenced
significantly by the different forest stand types. The combination of forest stand type and
tree species-related effect zones resulted once again in significant model estimations for
C. coriaceus and C. hortensis. The tree effect zones were determined to be highly significant
in terms of estimating the number of imagines and males of C. coriaceus and C. hortensis
(p-value < 0.001). The mixed forest stand type (fst2), with roughly equal proportions of
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oak and pine, revealed lower (C. coriaceus) to no (C. hortensis) relevance as a means to

predict the number of beetles.

Table 6. Parameters for the number of carabid beetles (C. arvensis, C. coriaceus, C. hortensis, C. violaceus) using the generalised
linear mixed model (GLMM) differentiated by the forest stand types (fst 1—pure oak, fst 2—oak-pine mixture, fst 3—less
than 10% oak, fst 4—pure pine) and combined with the three tree species-related effect zones (Z1—oak, Z2—oak—pine
mixture, Z3—pine). The levels of significance are indicated by: “***” 0.001, **” 0.01, *” 0.05, *.” 0.1.

Females Males Imagines
No. of Beetles Estimate EStd. p-Value Estimate Std. p-Value Estimate Std. p-Value
Iror Error Error
interc.  —0.3108 0.3914 0.427 —0.7406 0.3767 0049 * 01922 0.3400 0.572
fst2 —0.3304 0.6209 0.595 0.4308 0.5528 0.436 0.0119 0.5114 0.981
. fst3 —0.4359 0.6658 0.513 0.5275 0.5902 0.371 —0.0104 0.5490 0.985
C. arvensis fst 4 —0.8993 0.7052 0.202 0.1446 0.6511 0.824 —0.3969 0.5691 0.486
72 0.4232 0.3779 0.263 0.3400 0.3576 0.342 0.4111 0.2743 0.134
73 0.3594 0.4061 0.376 —0.0076 0.3961 0.985 0.2010 0.2986 0.501
interc.  —1.7804 0.5022 0.000  ** —23671 0.5774 0.000  ** —13491 0.3950 0.001
fst2 1.1268 0.6541 0.085 . 13251 0.7374 0072 . 13132 0.5043 0.009  **
) fst3 1.7444 0.7056 0013  *  2.0437 0.6780 0000  ** 23143 0.5064 0.000
C. coriaceus fst4  —183099  9565.85 0.998 —~15.0008  3718.91 0.997 —~18.0114  8434.89 0.998
72 —1.3491 0.4878 0006 * —1.8893 0.4555 0000  ** —1.6282 0.3704 0.000
73 —1.7433 0.5535 0.002  *  —2.5402 0.5014 0.000  ** —2.0328 0.4078 0.000
interc.  —1.2211 0.4309 0.005 *  —1.5070 0.0513 0006  **  —0.6934 0.4057 0.087
fst2 0.3203 0.6390 0.616 —0.0189 0.0858 0.982 0.2843 0.5953 0.633
) fst3 12173 0.6624 0066 .  2.0460 0.7610 0.007  *  1.6898 0.5911 0.004  **
Chortensis 54 165116 928276 0.999 —15.7900  10,690.00  0.999 —16.7419  9698.62 0.999
72 —0.8988 0.5207 0084 . —1.6910 0.5020 0001  ** —1.2569 0.3776 0.001
73 —3.8908 1.1116 0.000  ** —4.6770 1.0710 0.000  ** —42323 0.7833 0.000
interc.  —0.3880 0.2243 0083 .  —0.7902 0.2895 0006 * 01213 0.1835 0.509
fst2 —0.8097 0.5280 0.125 —0.8244 0.7313 0.260 —~1.0273 0.4775 0.032 *
. fst3 —0.4747 0.5967 0.426 —1.2281 0.8164 0.133 —0.9516 0.5377 0.077 .
C. violaceus fst 4 —~1.1461 0.7571 0.130 —~1.3330 0.8914 0.135 —1.2776 0.6122 0.037 *
72 —0.1240 0.5418 0.819 0.7072 0.7213 0.327 0.3956 0.4871 0.417
73 —0.1228 0.5913 0.835 1.2444 0.7907 0.116 0.6598 0.5298 0.213

Finally, the model parameters were used to predict the species- and sex-specific activity
densities of the Carabid species (except Cal. inquisitor). This procedure allowed predictions
for combination of the different effects occurring at the level of forest stand type and the
smaller-scale effects of the tree zones. The heatmaps created (Figure 3) revealed higher
activity densities of C. arvensis predicted for the evenly mixed oak-pine stands (fst2) and
the pine stands with oak proportions of <10% (fst3), including a low affinity to the oak
effect zone. The model predictions for C. coriaceus and C. hortensis revealed clear activity
density gradients. Higher densities were shown for the pine stands with <10% oak (fst3),
declining towards the pure oak stand type (fst1). The higher activity densities of C. coriaceus
and C. hortensis occurred in combination with a concentration of individuals within the oak
tree effect zone (Z1). The activity density gradients were more pronounced for C. coriaceus
and C. hortensis than for C. arvensis. In the case of C. violaceus, higher activity densities of
imagines and females were predicted for the pure oak forest stand type in combination
with the oak effect zone, with males possessing a higher affinity to the pine-related effect
zones (Z3) across all forest stand types.

26



Diversity 2021, 13, 127

C. arvensis females C. arvensis males C. arvensis imagines
3- 0.696 0.682 0.428 1 0.841 0.892 0.549 1 1.497 1.534 0.999
density
1.6
g 12
s 2 0.706 0.689 -
N 0.8
0.4
0.0
(BN 0.733 0.71 0.692 B 0.476 0.958 Bl 1.207 1.676
1 2 3 4 12 3 4 12 3 4
C. coriaceus females C. coriaceus males C. coriaceus imagines
3.
density
0.8
w
g 2 0.6
N 04
0.2
0.0
1-
12 3 4 1 2 3 4 12 3 4
C. hortensis females C. hortensis males C. hortensis imagines
3.
density
0.8
g 06
§2 0.191 0.334 .
N 04
0.2
1 1 0.542 0.468 00
i 2 3 4 12 3 4 i 2 3 4
C. viol, males C.violaceus  jmagines
0.248 0.364 0.191 kN 0.411 0.411 3- 0.592 0.775 0.605
density
16
@
@ J 1.2
c ! ; 2- 2
§ 0.275 0.391 08
04
0.0
Bl 0.679 0.287 0.401 I 0.451 0.295 0. LR 1.123 0.512 0.704
i 2 3 4 12 3 4 i 2 3 4
forest.stand.types forest.stand.types forest.stand.types

Figure 3. Carabus species- and sex-specific density (n/m?) model predictions separated by forest stand type (fstl—pure
oak, fst2—oak-pine mixture, fst3—<10% oak, fst4—pure pine) and tree species effect zone (Z1—oak, Z2—oak-pine mixture,
Z3—pine). Note the differences between the density scales for the various Carabid species.

4. Discussion
4.1. Spatial Scale of Pure and Mixed Forest Stand Types

Regarding the aforementioned importance of carabids’ role as indicators, as well as
their model function, [18,25] referred to at the beginning of the paper, most of the rele-
vant studies to date were concerned with structural diversity within the landscape [29,71].
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Forests, as carabid habitats, have often been studied in comparison with open field condi-
tions and forest patches [72,73]. The edge conditions lead to a highly selective categorisation
of carabid species, given the considerable differences in habitat conditions between open
fields and forest patches [74-78]. In forest ecosystems with less pronounced environmen-
tal gradients (e.g., transition zones) between structural elements, it is considerably more
difficult to find clear differences in habitat conditions and in the resultant preferences of
carabid species [79-81]. In order to develop multiple-use forest management with integra-
tive conservation strategies, e.g., for carabids in central European forests, it is necessary
to identify relevant spatial units or effect distances [36,40,82]. The definition of relevant
structural elements (e.g., tree species compositions, dead wood, canopy gaps) as small-
scale units within forests also applies to the characterisation of the habitat preferences of
the different carabid species associated with forest ecosystems [22,28,83]. The distinction
between pure and mixed forest stand types, as used in this study; is a first simple step, with
a high degree of practical relevance, towards differentiating between the forest habitats
of carabids [2,33,84,85]. It is worth noting here that traditional forest inventories classify
forest stands with a proportion of <10% admixed tree species as pure stands [86]. This
would be the case for the pine-dominated stand type with a low oak proportion (fst3)
considered as part of this study and the ecological effects of the admixed old oak trees
would be neglected as a result.

The assessment of forest types for carabids appears complex, given the importance
of combining beetle parameters like activity density, body size and sex ratio, all of which
provide indications of the habitat suitability and the vitality and the composition of the
carabid species populations [87-89]. The species-specific comparison of carabids on the
basis of forest stand type undertaken here revealed no significant effects on activity densi-
ties or on body sizes, although Sktodowski [22] observed increasing body sizes of carabids
with an increasing proportion of deciduous tree species in forest stands. Previous studies
also documented species-specific sex ratios as a function of different habitat conditions
and seasonality [61,90]. The appreciably higher activity density (Figure 2) of the otherwise
more immobile females (e.g., C. violaceus in pure oak) can be interpreted as a sign of suit-
able habitat conditions (oviposition site) [91]. Other studies, for example of Pterostichus
oblongopunctatus (Fabricius, 1787), assumed a predominance of females to be indicative of
better habitat quality [84]. However, other authors regarded a female-biased sex ratio to
be a sign of unsuitable or disturbed habitats and increasing activity of females caused by
hunger [47,61]. Focusing only on a single beetle parameter (density, body size or sex ratio)
may lead to contrary assumptions for habitat derivation in carabids (e.g., C. violaceus).

The habitat preference of Cal. inquisitor was clear, being present exclusively in pure
oak stands, where it occurred in high activity densities and with a high proportion of males.
Although Cal. inquisitor is known as a species with a good capacity for flight, no individuals
were recorded within the mixed oak—pine forest type with oak crown cover proportions
of >30%. Similar results depicting the close affinity of Cal. inquisitor for oak trees were
documented by du Bus de Warnaffe and Dufréne [14]. In contrast to most ground beetles,
Cal. inquisitor and Cal. sycophanta (L., 1758) have a strong affinity to deciduous trees as
habitat [92]. The complete absence of C. coriaceus and C. hortensis in pure pine stands
confirmed for both carabid species the basic assumption that forest stand types with an
admixture of deciduous tree species such as sessile oak are preferable [21,84,93]. Moreover,
the scarcity of carabid species within very homogenous, single-layered and pure pine
stands was demonstrated by the fact that three (Cal. inquisitor, C. coriaceus, C. hortensis)
of the five carabid species were absent (Figure 4). Contradictory findings presented by
Barsoum et al. [33] indicated that the proportion of admixed oak trees in pine stands has no
effect on the diversity of carabid species. Comparable activity densities of C. coriaceus and
C. hortensis were recorded in pure oak stands and within mixed forest stand types. Only
minor differences were revealed for the body sizes and the sex ratios of both species, with
the exception of a higher female proportion of C. hortensis in the oak—pine forest stand type.
No differences in the habitat preferences could be described for C. coriaceus and C. hortensis
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at the level of forest stand type without including smaller scale forest stand parameters such
as tree effect zones (Figure 4). Interspecific competition between C. coriaceus and C. hortensis
can be ruled out in spite of their similar forest type preferences, because of the relatively
low activity densities [25,94]. C. arvensis and C. violaceus reached high activity densities
within all four forest stand types. The use of such a broad range of forest habitats was
already proven for C. arvensis, a species highly abundant in coniferous as well as deciduous
forests, whereas C. violaceus is dominant in pure pine forests, subdominant in mixed
coniferous forests and only an accessory species in oak-lime-hornbeam [84]. However,
Magura et al. [95] found C. violaceus to be more pronounced in deciduous forests [95]. The
differences in body sizes, related to forest stand type and sex-specific, was recorded for
both species (females > males) [96]. This was also true for the sex ratios, which described
increasing predominance of males with increasing proportions of pine. Females of both
species were associated more with higher proportions of oak trees. As previously stated,
the significance of the role of stand type in relation to sex ratios is debated [61,88]. No
conclusive statements in relation to the habitat preferences of C. arvensis or C. violaceus
were possible based on the forest stand type and the beetle parameters recorded.

tree species
effect zones

pine (Z3)

Za

oak-pine
(22)

oak (Z1)

A
pure oak (fst1)

forest stand types

7

oak-pine mixture (fst2) <10 % oak in pine (fst3) pure pine (fst4)

0"

R

Legend

et

\:l:l C. arvensis
[l ] C. coriaceus
] ¢. hortensis
Wl ] ¢. violaceus
[T cat. inquisitor

-~
L

iy

Figure 4. A schematic summary of the results depicting the effects of the combination of different scales (forest stand types
and spatial effect zones) for C. arvensis, C. coriaceus, C. hortensis, C. violaceus and Cal. inquisitor separated by sex. The size of
the circles represents the activity density of females and males. The relative body sizes of the beetles are described by the
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4.2. Spatial Scale of Single Trees and their Ecological Effect Zones

In order to improve the reliability of the information on the habitat preferences of
carabid species in forests, additional data beyond the level of mere forest stand type
(Figure 4) are necessary [14,27,33,79,97]. Structural heterogeneity within single-layered
forest stands is mainly influenced by the proportions and spatial distributions of the
different tree species present [30,32,56,98-100]. In this study, the pure oak and pine forest
stand types were characterised by aggregation indices above 1, indicating a regular tree
species distribution. Often small-scale structures of particular relevance for different
carabid species, such as dead wood aggregations [101,102], habitat/retention trees [103,104]
and canopy gaps [105,106] are absent from the pure stands which are managed primarily
for wood production [83,107]. Cal. inquisitor was the only carabid species in a pure stand
type to benefit from a more regular spatial distribution of oak trees, showing an increase
in the activity density of individuals. The added value of adopting single tree-based
effect zones is that it provided a more precise definition of potential niches for carabids,
characterised by pure oak, mixed oak—pine and pure pine conditions within mixed forest
stand types [33]. The results obtained for the mixed forest stand types revealed that the
spatial heterogeneity of these zones is a decisive factor influencing the presence of carabids
(Figure 4). As was shown in Table 2, the transition zone (proportion of oak—pine zone
approx. 70%) was dominant within the oak-pine forest stand type (fst2), whereas Z2
attained a proportion of only 15% to 48% in the forest stand type with <10% oak (fst3).
The proportion of niches was less balanced than is actually implied by the number of oak
and pine trees within the mixed forest stand types, because the spatial manifestation of
individual tree effect zones depends on tree traits [42,108,109]. In forest stand types with an
equal number of oak and pine trees mixed amongst each other, the effect exerted by oak can
be more intense for carabids, because of the greater impact of the high quantities of litter
deposited seasonally on the soil surface [94,110]. Using spatial effect zones, more detailed
niche differentiations are possible. C. hortensis responded more strongly to an increase in
oak crown cover and oak effect zones. This manifested itself in higher individual densities
and larger body sizes compared to C. coriaceus. The site preference of C. hortensis, identified
at a microscale, may be explained by a greater affinity for more humid places [111] covered
by mosses [112]. These microsites exist along the drip line between oak crown edges and
pine trees [113]. The negative response to higher pine proportions and related effects is also
stronger for C. hortensis. Effects of the spatial distribution of tree species and effect zones
could be shown for both C. hortensis and C. coriaceus but in different ways. C. hortensis
benefitted from a more regular distribution of oak trees, but this was less relevant for
C. coriaceus.

No differences were observed between the sexes of C. arvensis in terms of forest stand
type preference—in spite of the integration of smaller spatial units such as single tree
effect zones. The reason for this was that this species is highly variable in its responses
to different habitat conditions. This is reflected, for example, by the colour and metallic
lustre of the beetle’s body, a positive adaptation to differences in light availability [96].
The more shaded surroundings of oak trees situated within the oak—pine mixed stands
had no obvious effect on the small-scale presence of C. arvensis. This may have been due
to the relatively high light availability under the mixed oak—pine forest canopies and the
slight zone-dependent light gradient between oak and pine trees [114,115]. To test for a
potential affinity of C. arvensis to variable light conditions as affected by oak—pine mixtures
in a forest stand, it would be useful to include the time of bud burst of oak trees as an
additional seasonality aspect in future studies incorporating this spring-active carabid
species [22,116].

Sex-specific responses to habitat conditions have been documented for various insect
species [61,72]. In this study, C. violaceus showed the greatest sex-specific response in
relation to single trees and effect zones, expressed in the activity density of individuals
and in body size [25,51,117]. The females of C. violaceus revealed a high affinity for oak
tree effects and avoided pine trees. The males, by contrast, were positively correlated
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with pine trees and the related effect zones, whereas oak trees were only preferred as
spatial aggregates [98]. Only with an increase in the proportion of the oak—pine mixed
zone (Z2) was a decrease observed in the activity density of individuals of both sexes of
C. violaceus. Previous studies testing the effects of beech litter in spruce forests found only
weak differences in the activity density of C. violaceus individuals [95], but the importance
of sex-specific substrate preferences was also described for Carabus hungaricus (Fabricius,
1792) [52] and Carabus clathratus (L., 1761) [51]. The question of the temporal continuity
of habitat uses in small-scale forest habitats, as described for the sexes of C. violaceus,
can only be answered by including life cycle aspects for example, sex-specific behaviour
during the reproductive period [47,91,118,119]. The importance of considering sex-specific
smaller-scale habitat preferences to assess the suitability of forests is highlighted by the
case of C. violaceus.

5. Conclusions

The derivation of the habitat preferences of carabid beetles in managed, pure, and
mixed oak and pine forest stand types was successfully demonstrated in the study. The
more unambiguous results of species- and sex-specific carabid parameters as responses to
tree species effect zones illustrated the particular importance of small-scale spatial analyses,
especially in mixed forests. Spatial information about tree species effect zones increases the
accuracy of the identification of the habitat conditions in mixed forests preferred by carabid
beetles. This approach represents an option to identify spatially optimal habitats [72]
but also the limits to the extent that tree species combinations in mixed forests are suited
to creating high variation of suitable habitat conditions for particular target species, for
example, carabid beetles. Traditional silvicultural management activities, such as the
targeted aggregation of oak trees in pine stands for the favourable impact this has on
timber quality, can be evaluated on the basis of their impact on the different carabid
species [98,120-122].

For carabid beetles to serve effectively as indicators or model species in spatially
complex systems such as mixed forests, additional information about the continuity of envi-
ronmental conditions within the corresponding microhabitats is required [15]. This applies
in particular to species- and sex-specific analyses of carabid beetles. Additional research is
also necessary to include the responses to tree species-related seasonality (deciduous versus
evergreen coniferous trees) in mixed forests and life cycle aspects for carabid beetles [123].
Consideration should also be given to whether the more immobile and less chitinised
larvae of carabids might be more suitable as environmental indicators [17,18,91,124].

While the results presented here are valid for pure and mixed forests consisting of
oak and pine, our findings cannot be directly applied to other tree species constellations,
because the spatial effect zones are strictly linked to the tree species and individual tree
traits. Further research focusing explicitly on spatio-temporal interactions between tree
species constellations in mixed forests and the effect on carabid species would be beneficial.
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Abstract: Forest edges are formed by natural or anthropogenic processes and their maintaining
processes cause fundamentally different edge responses. We evaluated the published evidence on the
effect of various edges on the abundance of ground beetles of different habitat affinity and dispersal
power. Our results, based on 23 publications and 86 species, showed that natural forest edges were
impenetrable for open-habitat species with high dispersal power, preventing their influx into the
forest interiors, while forest specialist species of limited dispersal power penetrated and reached
abundances comparable to those in forest interiors. Anthropogenic edges, maintained by continued
disturbance were permeable by macropterous open-habitat species, allowing them to invade the
forest interiors, while such edges (except the forestry-induced ones) deterred brachypterous forest
specialists. Different permeability of forest edges with various maintaining processes can affect
ecosystem functions and services, therefore the preservation and restoration of natural forest edges
are key issues in both forest ecology and nature conservation.

Keywords: anthropogenic edges; dispersal; edge effect; filter function; forest interior; forest specialist
species; invasion; open-habitat species; natural edges; spillover

1. Introduction

With the ongoing, world-wide habitat conversion, previously continuous habitats become
fragmented, and the presence of edges becomes more and more prevalent in landscapes [1]. Edges are
transitional zones between different habitats that occur naturally, and have substantial influence on
abiotic and biotic landscape conditions [2].

The boundary zone between adjacent habitats often display attributes that are distinct from either
its adjacent habitat [3,4]. These special conditions create habitat for edge-inhabiting species with
highly dynamic abundance and flow-on changes in their biotic interactions from predation to seed
dispersal at these edges [3]. With edges becoming ubiquitous, they are one of the most studied entities
in ecology [1].

Edge research, through examining manifold species and diverse types of edges has given
us an articulate picture of the edge effects [5]. Four fundamental phenomena were identified to
account for changes in species abundance across habitat edges: ecological flows, access to spatially
separated resources, resource tracking and species interactions [5]. A predictive model, driven by
resource distribution, aimed to forecast changes in abundance near edges for any species in any
landscape [6]. Although several responses are indeed predictable, several unexplained responses
limit the predictive power of this theory [6]. Edge orientation (edge position relative to the sun [5]),
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size and isolation of habitat patches, the quality of adjacent habitats, landscape composition [7], edge
contrast (low vs. high [5,8]), the contrast between habitat patch and matrix [4], species traits (including
habitat specialization, dispersal power, seasonal and diurnal activity, body size, reproduction [8,9],
habitat suitability [8] and temporal effects from time of day to year [5]) can be responsible for the
unexplained variation.

The edge-maintaining processes are also important drivers of the edge effect [10]. Magura et al.’s [11]
“history-based edge effect hypothesis”, assumes that natural vs. continued human influence via forestry,
agriculture, or urbanization will impact the diversity of edge-associated assemblages. Ground beetles in
forest edges maintained by natural processes are significantly more species rich than those in their
interiors, while such difference does not exist at edges with continued human influence [11]. Species
richness, however, could be an imperfect indicator of the edge effect, because of species-specific
responses to the same stimuli [12-14]. Therefore, taking into account species traits during analysis
could provide a deeper understanding. Here we evaluated the edge effect considering dispersal power
(a life history trait) and habitat affinity (an ecological trait) of ground beetles at forest edges. These
traits were selected because dispersal power is closely related to population turnover [15] affecting
assemblage stability, while the selected, widely different habitat preferences are expected to generate
deviations in response to habitat fragmentation [11]. Our hypotheses were: (1) for open-habitat ground
beetle species of high dispersal power, forest edges maintained by natural processes constitute a barrier
and prevent their influx into the forest interior, while (2) edges under continued human influences are
penetrable; (3) for forest specialist carabids of limited dispersal power, edges maintained by natural
processes are penetrable, while (4) edges with continued human influences are not. To test these
hypotheses, we evaluated published evidence to compare the abundance of these groups at edges
vs. interiors.

In the present study, we found support for all four hypotheses: different permeability of forest
edges with various maintaining processes fundamentally determined the spatial dispersal of ground
beetles with different dispersal power and habitat affinity.

2. Materials and Methods

2.1. Data Search and Selection

We searched the literature for relevant data on 27 May 2016 at the University of Debrecen, Hungary
using the Web of Science platform with the “All databases” option. The following search string was
used: TOPIC = (forest*) AND TOPIC = (edge* OR margin*) AND TOPIC = (carabid*), with a time
period limit of 1975-2015. We also reviewed the bibliography of the papers found by the search for
additional, relevant publications that had remained undetected. Our inclusion criteria were: the
paper had to report data on carabid abundance, variability and sample sizes, from both forest interior
and forest edge. From papers that studied carabids along transects, only data from the interior most
location in the forest were used.

We found 204 relevant publications, 199 from the search in Web of Science and five from the
reference lists of these papers. Of these, 53 papers reported abundance data from both forest interior
and forest edge. Mean abundance of ground beetle species (with standard deviations and sample sizes)
for forest interiors and edges were extracted from 23 studies (Table S1). Twelve papers studied forest
edges with continued human influences, and 11 papers that studied forest edges maintained by natural
processes. Of the edges with human influence, 5 were created by agriculture, 4 by forestry, and 3 by
urbanization. Out of the five papers dealing with edges disturbed by agriculture, only one studied
grassland as adjacent habitat, while the other four had agricultural fields as neighboring habitats,
therefore these edges were grouped to “edges disturbed by agriculture”. The 23 papers reported
abundance data on 35 open-habitat species that were good dispersers (“flying grasslanders”) and 51
poor disperser forest specialists (“walking specialists”; Table S2). Overall, our meta-analyses were
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based on 200 discrete edge-to-interior comparisons of abundance data concerning 86 ground beetle
species (56 comparisons for open-habitat species and 144 ones for forest specialist species).

2.2. Classification of Edges Based on Their Maintaining Process

We classified forest edges according to their maintaining processes. In order to be classified
as maintained by natural processes (succession), neighboring habitats (the forest interior and the
adjacent grassland or meadows) had to be unmanaged (without cutting, thinning, intensive grazing,
mowing or fire damage) for at least 50 years. Disturbance-maintained edges included those created
by forestry (clear-cutting, or forest management operations), urbanization (forest patches embedded
in, and adjacent to an urbanized area) or agriculture (the habitat neighboring the forest edge was
cultivated, intensively grazed, mowed and/or regularly burned). We excluded edges where there was
a mixture of various forces, and also those with shifts between natural and human influence over time.

2.3. Data Analyses

Ground beetles were categorized according to their dispersal power and habitat affinity.
Short-winged (brachypterous) species were considered poor dispersers, while macropterous species
were classified as good dispersers. Species associated with open-habitat were considered open-habitat
species, while species restricted to forests were classified forest specialists. This categorization was
made using information in the original papers; when this information was lacking, we consulted an
online ground beetle database [16].

For each comparison, Hedge’s unbiased standardized mean difference (Hedges’ ) was calculated

as: —

Xr—X
g=I5—"+, M

within

(I’ll: - 1)51% + (HE - 1)5%

Swithin = p— 2)

and 3
J=1 ®3)

C4(np+np-2)-1

where X and X denote the mean abundance of beetles in forest interior and forest edge, respectively,
np and ng are the sample sizes at the forest interior and forest edge, andSr and Sk are their respective
SDs. A negative g value indicates higher beetle abundance in forest edges than interiors, while a
positive one shows higher abundance in forest interiors compared to forest edges.

Subgroup meta-analysis was used to examine whether the forest edge maintenance class (natural
or anthropogenic) had an effect on ground beetle abundance. The overall effect and the effects
of moderators (type of edge-maintaining process; type of human influence) were examined by
random-effects models because of differences in geography, experimental conditions, design and
research methods. One publication could provide data for several edge-to-interior abundance
comparisons, thus we included a publication-level random effect as a nesting factor into the model.
The mean effect size was considered statistically significant when the 95% bootstrap confidence interval
(calculated from 999 iterations) did not include zero.

To describe heterogeneity, complementary measures of Q and I> were calculated [17]. Total
variance (Qjoa1) Was partitioned into within-(Qymin) and between group (Qperpeen) cOmponents and
were tested for statistical significance [17]. Significant variance between groups (Qpetween) Mmeans that
edge effect on abundance significantly differed according to the edge-maintaining processes. During
the calculations, only datasets with at least five edge-to-interior comparisons of abundance data from
at least three different papers were included to keep statistical power. Publication bias was tested using
funnel plots and the Egger test [17]. In case of significant asymmetry, the trim and fill method was

39



Diversity 2020, 12, 320

employed [18]. Calculations were performed using the MAd (version 0.8-2 [19]) and metafor packages
(version 1.9-9 [20]) in R programming environment (version 3.6.3 [21]).

3. Results

Considering all edges, the abundance of flying grasslanders (good disperser open-habitat species)
was significantly higher in the edges than the interior (Figure 1a). Abundance pattern, however, was
different according to the history of edges, although the between group variance (Qpezpeen) Was not
significant (Table S3). At edges maintained by natural processes, the abundance of flying grasslanders
was higher than those in the respective forest interiors, while no similar pattern occurred in edges
maintained by human influence. Similarly, edges created by forestry activities showed no such
difference (Figure 1a, Table S3). Neither the total nor the unexplained heterogeneity was significant
(Table S3), and no significant funnel plot asymmetry was detected by the Egger tests (weighted or
mixed-effects meta-regression) (Table S4). Nevertheless, the trim and fill method estimated 12 missing
abundance data on the right side of the funnel plot (Figure Sla). Adding these data, however, did not
change the significance of the overall effect in the model (Table S5).

Edges with natural processes (106) ——

1
Edges with natural processes (39) - | '
! Edges with human influences (38) |
Edges with human influences (17) ——+ All edges (144) —6—
All edges (56) o -

Edges disturbed by agriculture (9)
Edges disturbed by forestry (20) —@—

Edges disturbed by forestry (1) ———@———

1
: Edges disturbed by urbanization (7) i —
1 1
08 04 00 04 04 00 04 08 12 16
Mean effect size (Hedges' g) Mean effect size (Hedges' g)
(@) (b)

Figure 1. Mean effect sizes of random-effect models (+ 95% confidence interval) for the abundance
of flying grasslander (good disperser open-habitat) (a), and walking specialist (poor disperser forest
specialist) ground beetle species (b). Values in brackets show the number of abundance values for
which the mean effect size was calculated. Mean effect size was only calculated for edge-to-interior
comparisons of abundance data with >5 cases. A negative g value indicates higher abundance in forest
edges than interiors. Mean effect size is statistically significant when the confidence interval did not
include zero.

Analyzing all edges together, there was no significant difference in the abundance of walking
specialists (poor disperser forest specialists) between forest edges and their interiors (Figure 1b).
The trends, however, was significantly different according to the maintaining forces (significant Qperpeen,
Table S3). At edges with natural processes, the abundance of walking specialists was similar in
edges and interiors, while in the case of edges with human influences, there were significantly fewer
individuals there than in the forest interiors. Furthermore, the edge effect on the abundance of walking
specialists was also significantly related to the type of human disturbance (significant Qpecpeen, Table S3).
In edges disturbed by agriculture or urbanization, the abundance at edges was significantly lower
than in interiors, while there was no such difference at forestry-influenced edges (Figure 1b, Table S3).
The total and the unexplained heterogeneities were significant in all models except in the case of
agriculture-generated edges (Table S3). The Egger tests indicated significant funnel plot asymmetry
(Table S4). The trim and fill method also estimated 7 missing abundance data on the left side (Figure
S1b), but adding these did not change the non-significance of the overall effect (Table S5).
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4. Discussion

The history-based edge effect hypothesis [11] assumes that different edge-maintaining processes
(natural vs. continued human influence) have significant impacts on the spatio-temporal distribution
of species across edges and the diversity of assemblages in edges and adjacent habitats. Indeed,
ground beetle species richness was significantly higher in forest edges maintained by natural processes
than the forest interiors, while there was no similar difference between edges with continued human
influences and their respective forest interiors [11]. Species richness or taxonomic diversity, however,
is not necessarily the most useful indicator to identify edge effects because species with various traits
(in size, dispersal power, feeding habits, tolerance limits) may trigger different responses to changes in
abiotic and biotic factors along edges [12-15]. Therefore, to reveal real ecological patterns, species with
different traits should be analyzed separately to assess their responses to edge effects at both species
and assemblage levels [22,23].

To date, the history-based edge effect hypothesis was scrutinized using body size [24], feeding
habit [25], and habitat affinity [11] across variously maintained forest edges. The abundance of
small-sized species was significantly higher at edges maintained by natural processes than in their
interior, but no such difference was found in the case of forest edges maintained by agriculture or
forestry. Furthermore, there is no significant difference in the abundance of either the medium-sized
or the large-sized species between any type of forest edge and its interior [24]. Regarding feeding
habits, the abundance of herbivorous, omnivorous, and predatory ground beetle species is significantly
higher at edges with natural processes than their interiors, while no similar pattern occurs in edges
with continued human influences [25]. The abundance of forest specialist species is not significantly
different at edges maintained by natural processes with respect to their interiors. However, forest
specialists avoid edges disturbed by agriculture or urbanization, while there is no such reaction to
forestry-influenced edges [11]. Both the generalist and the open-habitat species are significantly more
abundant in the edges than in interiors, irrespective of the kind of edge encountered. This difference is
not registered when the edge was forestry-influenced [11].

Our study, combining a life history (wing morphology) and an ecological trait (habitat affinity),
shows that the abundance of open-habitat species, which are good dispersers, was significantly
higher in the edges maintained by natural processes compared to their interiors, while anthropogenic
interventions, mainly forestry makes the edge penetrable, and their abundance becomes more even.
Contrary to this, the forest specialist species, which are poor dispersers, approached and entered
forest edges with natural processes and reached abundances similar to interiors, but they avoided
edges influenced by agriculture or urbanization, although not forestry-disturbed edges. In accordance
with previous results based on only a single ecological trait (habitat affinity), it seems that the filter
function of edges is fundamentally different depending on their maintaining processes, that is, on
their history [11]. For flying grasslander species inhabiting the surrounding open-habitats, edges with
human influences, mainly by forestry activities, were penetrable, and these species also invaded the
forest interior. However, naturally maintained forest edges, became impenetrable barriers, preventing
the influx of these species into the forest interior. For walking specialist species, edges maintained by
natural processes are penetrable, allowing them to disperse from forest interiors to edges, to move
right even through the edges into the adjacent habitats [14]. Forestry-influenced edges seems to have
filter function similar to edges with natural processes. However, edges maintained by agriculture or
urbanization seemed impenetrable, preventing the dispersal of walking specialists into the edges, and
thus limiting their possibility to disperse beyond the forest fragment. Different filtering function of
forest edges with various maintaining processes was confirmed not only for ground beetles but also for
other organisms and habitat parameters. Evaluating vegetation responses at boreal forest edges with
various history, Harper et al. [26] also showed notable differences between forest structure responses
to natural (fire) and anthropogenic (cut) edge influences.

Graduality (or abruptness) and permanence could be the main causes of the different filter function
of variously maintained forest edges [26,27]. Natural processes (succession after natural disturbances,
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such as fire, insect outbreaks, windthrow, grazing and habitat disturbance by wildlife) create and
maintain complex, heterogeneous, permanent, stratified, and gradual transitional zones extending up
to 5-30 m outside the forest toward the adjacent habitat, and up to 10-30 m toward the interior of the
forest [26,28-30]. These features of forest edges with natural processes constitute gradual changes in
habitat structure and environmental conditions across the transitional zone. Permanent, successively
changing structure and conditions, on the one hand, allow the spreading of walking specialist species
from the forest interior to the edge, and provide an opportunity to disperse beyond the forest. On the
other hand, these edges have a buffer function by preventing the influx of flying grasslander species
into the forest interior [11]. Contrary to this, repeated anthropogenic disturbance (cultivation, intensive
grazing, mowing, burning, forestry interventions, urban management operations) regularly destroys
the development of complex, permanent, gradual edges, thus forming and maintaining a simplified,
abrupt and often narrow transition zone. These characteristics of edges with human influences create
abrupt changes in habitat structure and environmental parameters, limiting the permeability of these
edges for forest specialist species, but from the other direction, allow the influx of open-habitat species
into the forest interior [11].

The invasion of open-habitat species into the forest interiors may have harmful effects on the forest
specialist species through biotic interactions, including resource competition and depletion, and even
intraguild-predation [31]. Both intensive agriculture, forestry and progressive urbanization tend to
eliminate natural, semi-natural habitat patches, including forest remnants, thus these human activities
can be considered one of the greatest current threats to forest specialist species [32-38], impoverishing
community composition and simplifying its organization [39,40], and damaging ecosystem functions
and services [41,42]. The impoverishment and/or compositional changes of forest interior assemblages
caused by the invasion of open-habitat species across edges with continued human influences, as well
as the restricted dispersal or spillover of forest specialist species into these edges and the adjacent
fields may have negative effects on ecosystem functions and services, like biological pest control, and
decomposition [25]. Indeed, a recent study indicated limited predator spillover from native forest
fragments across edges disturbed by agriculture to maize fields in central Argentina [43].

Our results also underline that forestry-induced edges are penetrable for walking specialist
species, allowing them to disperse from forest interiors to edges. This result seems surprising, as it was
shown that changes in habitat structure and environmental conditions in forest edges under forestry
influences are detrimental for biodiversity [3]. Forestry-induced edges are mainly created by timber
harvesting and the harvested sites will usually be reforested. Regeneration of these sites can reduce the
contrast between the neighboring habitats, softening the edge effects [44]. Studying the edge influence
on forest and understory structure and composition at forest edges adjacent to regenerating clear-cut
originated sites, it was shown that significant edge effects are of relatively short duration [45]. In the
first two years after harvesting, significant responses were detected to edge creation, but the edge
influence weakens with time. This weakening of the edge influence resulted from the re-establishment
of edge-related microclimatic gradients due to rapid regeneration of the adjacent, harvested habitat [45].
In forestry-generated edges, the regeneration of edge gradients in habitat structure and environmental
conditions allow forest species to disperse into such edges. Moreover, this dispersion is strongly
facilitated by the recovery potential of forest ground beetles after the canopy closure (8-16 years after
the reforestation) in regenerating habitats [46—48].

Significant total and unexplained heterogeneity in the models concerning walking specialist
species suggests that in addition to the history of forest edges, other features may be important in
determining the spatial distribution of these species across edges. The size, isolation and quality of
the neighboring habitats, the temporal effects and edge orientation are among important factors [5].
Moreover, other traits of the forest specialist species (body size, feeding habit, activity, and reproduction
type) may also be responsible for the remaining heterogeneity, thus could be additional, important
factors determining edge responses by these species. A global meta-analysis considering all the
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above-factors would be challenging but very useful to further examine and articulate the history-based
edge effect.

Our results highlight that different maintaining processes (natural vs. anthropogenic)
fundamentally determined the permeability of forest edges, the spatial dispersal of flying grasslander
species and walking forest specialist ground beetle species across edges. This difference can basically
affect both the biodiversity in edges and the local ecosystem functions and services. Therefore, all
edges maintained by natural processes should be preserved and unfavorable changes to their structure
and characteristics should be avoided to ensure their proper functioning. Simultaneously, if possible,
human-induced edges should be restored (e.g., by softening theses edges [44]) to develop a filter
function similar to edges with natural processes.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/12/9/320/s1,
Figure S1: Funnel plots with missing data (empty circles) for the abundance of flying grasslander (macropterous
open-habitat) (a) and walking specialist (brachypterous forest specialist) ground beetle species (b), Table S1:
Studies used in the meta-analyses, Table S2: Ground beetle species included into the meta-analyses, their dispersal
power and habitat affinity, and the papers from which their abundances were extracted, Table S3: Estimates and
heterogeneities in the models, Table S4: Results of regression test for funnel plot asymmetry of abundances of
flying grasslander (macropterous open-habitat) and walking specialist (brachypterous forest specialist) ground
beetle species, Table S5: Model results after trim and fill for the abundances of flying grasslander (macropterous
open-habitat) and walking specialist (brachypterous forest specialist) ground beetle species.
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Abstract: Since successful reforestation after the 1970s, Korean red pine (Pinus densiflora) forests
have become the most important coniferous forests in Korea. However, the scarcity of evidence for
biodiversity responses hinders understanding of the conservation value of Korean red pine forests.
This study was conducted to explore the patterns of carabid beetle diversity and assemblage structures
between broad-leaved deciduous forests and P. densiflora forests in the temperate region of central
Korea. Carabid beetles were sampled by pitfall trapping from 2013 to 2014. A total of 66 species
were identified from 9541 carabid beetles. Species richness in broad-leaved deciduous forests was
significantly higher than that in pine forests. In addition, the species composition of carabid beetles in
broad-leaved deciduous forests differed from that of P. densiflora forests. More endemic, brachypterous,
forest specialists, and carnivorous species were distributed in broad-leaved deciduous forests than in
P. densiflora forests. Consequently, carabid beetle assemblages in central Korea are distinctively divided
by forest type based on ecological and biological traits (e.g., endemisim, habitat types, wing forms,
and feeding guilds). However, possible variation of the response of beetle communities to the growth
of P. densiflora forests needs to be considered for forest management based on biodiversity conservation
in temperate regions, because conifer plantations in this study are still young, i.e., approximately
30-40-years old.

Keywords: biodiversity conservation; temperate forests; ground beetles; ecological trait

1. Introduction

The positive ecological role in plantation forests has been emphasized recently because it prevents
the loss of biodiversity caused by deforestation worldwide [1,2]. For example, plantations can have
direct impacts on biodiversity [3], as well as stand dynamics and structure [4]. The global plantation
area is approximately 7.3% of the total forested area (291 million ha) [5]. However, conifer forests in
Korea, mainly plantations, cover approximately 36.9% of the total forested area (2.3 million ha) [6].
Almost all natural forests in Korea had been destroyed until the 1960s and have recovered since
the 1970s [7]. For this reason, a large area of forests in Korea is composed of 30-50-year-old conifer
plantations and naturally regenerating deciduous forests covering approximately 87.3% of the total
forested area [6]. Thus, understanding biotic responses of young forests, including plantations and
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regenerated forests, provides valuable insight into biodiversity conservation in temperate forests
of Korea.

Among young conifer plantation forests in Korea, Pinus densiflora forests are the most important,
covering approximately 24.7% (1,562,843 ha) of the total forested area [6]. However, biodiversity
in P. densiflora forests, as compared with young broad-leaved deciduous forests (Quercus spp.) in
Korea, is poorly understood despite successful reforestation since the 1970s. In human-dominated
landscapes, the diversity and composition of carabid beetles [8-11] and moths [12] in coniferous
forests (mainly P. densiflora) have been investigated and compared to those in secondary mixed forests.
In mountains in temperate regions, the effects of forest types on moths [13,14] and carabids [15-17]
have been compared. Differences in carabid communities among forest types have been occasionally
observed due to the effects of habitat fragmentation [8,11] and landscape heterogeneity [10]. However,
the species diversity and composition of moths [13,14] and carabids [9,15-17] in coniferous plantations
are generally similar to those in secondary or natural forests, except that the species richness of all
carabid beetles is increased in regenerating deciduous forests [10]. In temperate regions, few studies
have considered the ecological and biological traits of carabid beetles to compare diversity between
forest types, such as habitat type [10,11], body size [10], and wing morphs [10,11,17]. By considering
ecological and biological traits, the species richness of macropterous species differed only in grasslands
as compared with various forest types, such as two natural forests (broad-leaved deciduous and
P. densiflora forests) and one plantation (a deciduous coniferous forest) [17], and the species richness
of brachypterous and forest specialists decreased significantly as a result of habitat fragmentation
irrespective of forest type [11]. Nonetheless, the low number of spatial replications for measuring
biodiversity in young P. densiflora forests is limited to emphasizing the conservation value compared to
young broad-leaved deciduous forests because the distribution of insects is basically related to the
local environment, such as habitat heterogeneity and elevation, in addition to habitat types.

To compare biodiversity in young P. densiflora and young broad-leaved deciduous forests,
we studied carabid beetles because they are diverse, ecologically well known, and abundant in most
ecosystems [18]. In particular, large-bodied and flightless carabid beetles are more vulnerable to
disturbances than generalist species that have high mobility [19]. The endemism rate could also
be an important biological characteristic because endemism is closely related to the low dispersal
ability of carabid beetles combined with adaptation to specific local environments [20]. In addition,
feeding guilds could also be an important trait, because diversity and distribution of carnivorous and
herbivorous species are influenced by vegetation [21] and microhabitat characteristics, such as leaf
litter [22]. These ecological and biological traits could provide a basis for biodiversity conservation in
different forest types.

The primary aim of this study was to compare the abundance, species richness, and composition of
carabid beetles based on ecological and biological traits (all carabid beetles, geographical distribution,
wing morph, habitat preference, and feeding guilds) between young broad-leaved deciduous forests
(Quercus spp. dominated, abbreviated to BLF hereafter) and young pine plantations (P. densiflora
dominated, abbreviated to PF hereafter) in central Korea. In addition, we characterized carabid
communities in each forest type by indicator species analysis, because carabid communities can not be
regenerated even in relatively old plantations [23].

2. Materials and Methods

2.1. Study Area

Carabid beetles were studied in Yeongwol-gun and Jeongseon-gun, which are located in central
Korea (Figure 1a). Because of the higher proportion of mountainous forests in the study area with
steep terrain, forest landscapes are well preserved. In Yeongwol-gun and Jeongseon-gun, forests
cover approximately 85% of the area [24]. The study area is surrounded by several reserves, such as
Mt. Chiaksan National Park (17,567 ha), Mt. Sobaeksan National Park (32,205 ha), Mt. Taebaeksan
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National Park (7005 ha), and forest genetic resource reserves on Mt. Gariwangsan (2475 ha) (Figure 1b).
Moreover, the Donggang River traversing Yeongwol-gun, Jeongseon-gun, and Pyeongchang-gun has
been designated an ecological and landscape conservation area (6497 ha) because of its beautiful
landscape and high biodiversity. The climate of the region is temperate, with an average annual
temperature of 11.03 °C; the average temperatures of the warmest and coolest months from 2011 to
2013 were 31.07 °C and —11.77 °C, respectively; the annual precipitation in 2011, 2012, and 2013 was
2085.7, 1398.8, and 1245.5 mm, respectively [25].

Mt. Chiaksan Mt. Taebaeksan
(national park) (national park)

t. Gariwangsan

(forest genetic resources reserve)

Jeongseon

AN

e

Forest types
Mt. §oba ksan ® BLF
national parl

e

o PF

ca. 70km

Figure 1. Map of (a) study area and (b) study sites (filled circle, broad-leaved deciduous forests (BLF);
opened circle, Pinus densiflora forests (PF)).

Carabid beetles were sampled at 22 study sites (Figure 1b). The location and environmental
characteristics of the study sites are described in Table 1. Half of the 22 sites were PF, the other half
BLE. Forest information (forest types and ages) in this study area was confirmed by the Korean forest
geographic information service system [6]. The latitude and longitude (i.e., spatial location) of the
study sites were 37°05"03”” N, 37°22’23” N and 128°13’48" E, 128°48’35” E, respectively, but the spatial
locations of the two forest types were quite distinct (Figure 1b). In addition, forest ages of PF were
relatively higher than those of BLF (Welch two sample t-test, f = 3.49, p = 0.002). However, elevation
was not different between the two forest types (range of 245-473 m for PF and 273-744 m for BLE,
t =1.49, p = 0.157) (Table 1). These five variables for each sampling site were used in the redundancy
analysis (RDA) to explain the variation in carabid beetle assemblages between forest types.

2.2. Sampling

Three pitfall traps were installed at each study site for collecting carabid beetles from 2013 to
2014. Sampling periods differed among study sites, ranging between 78-196 days (234-588 trap X days,
Table 1). Short sampling periods at some study sites, such as YNC, YNG, and YBD, may have limited
appropriate carabid beetle collection. However, we sampled carabid beetles at least from August
to October at all sampling sites because the diversity of carabid beetles during these months in
mountainous forests of central Korea was higher than that in other months [26].
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The trap was a plastic cup (9.5 cm in diameter, 10 cm in height, 430 mL in volume), and a
plastic roof was placed 3 cm above each trap to prevent the inflow of rainfall and litter. Pitfall traps
were unbaited, containing preservatives (200 mL, 95% ethyl-alcohol/95% ethylene-glycol = 1:1) as
killing-preserving solutions, which were replaced every 4 weeks. Collected carabid beetles were
transported to the laboratory, dried, mounted, and identified to the species level under a dissecting
microscope (63x, Olympus SZ61, Tokyo, Japan). Identification was performed according to [27-35].
Nomenclature confirmed the list of Korean Carabidae by [32-35]. Endemism with respect to Korea,
including South and North Korea, was confirmed according to [32,34,36]. The identified carabid beetles
were stored in the Insect Ecology Laboratory at Seoul National University.

2.3. Data Analysis

All of the following statistical approaches were performed in R version 3.3.2 [37]. The species
richness of carabid beetles in each forest type was estimated by individual-based rarefaction curves
using the “vegan” R package [38]. Rarefaction curves are based on a random resampling of the pool of
captured individuals and are used to estimate expected richness at lower sample sizes [39]. Rarefaction
methods enable meaningful standardization and comparison of datasets [39]. For the rarefaction
curves, carabid beetle samples were pooled based on forest type and forest age.

To compare the abundance and species richness of total carabid beetles and functional groups
between two forest types, a t-test was applied. For the t-test, carabid beetle samples were pooled at
each site. In addition, we standardized species richness and abundance, dividing them by trap x days
(ranging between 234 and 588 trap x days) for statistical analyses (Table 1) because sampling periods
were different at each study site and some pitfall traps were disturbed by rain.

The RDA was performed to explain the variation in carabid beetle assemblages between forest
types and to visualize differences in species composition between forest types. Because there is
a possible “horseshoe effect” in ordination [40], a Hellinger transformation was applied to species
data prior to RDA. To preselect the environmental variables, we applied the “ordistep” function from
the “vegan” R package [41], which performs both forward and backward selection of variables based
on P-values. The vegan function “anova” was used to assess the significance of each variable in
the final model (sequential test) and to obtain the P-values for each variable based on permutation
tests [42]. We further compared the species richness of different ecological groups of carabid beetles by
performing a Pearson correlation analysis against plot scores of the first and second axes resulting from
the ordination analysis (plot scores for RDA1 and RDA2 based on weighted averages of site scores).

The indicator value (IndVal) approach was conducted to find indicator species between forest types
that could characterize the habitats [43]. Flexible IndVal was independent of the relative abundance of
other species, and there was no need to use pseudospecies. IndVal is at maximum value (1.00) when
all individuals of a species occur in a single group of sites and when the species is found in all sites of
that group. Therefore, abundance and occurrence stability indices for species were determined for
analysis. The statistical significance of the species indicator value (x = 0.1) was determined using the
Monte Carlo permutation test [44,45].

3. Results

3.1. Diversity and Abundance of Carabid Beetles

A total of 66 species were identified from 9541 collected carabid beetles (Table S1). Three Synuchus
species, i.e., Synuchus nitidus (3888 individuals, 40.75% of total), Synuchus cycloderus (2587 individuals,
27.11%), and Synuchus agonus (825 individuals, 8.65%), and Eucarabus cartereti, 1982 (418 individuals,
4.38%), were abundant, comprising over 80% of the total carabid beetle assemblages (Table S1).
Fourteen endemic specieswere collected, comprising 8.84% of the total abundance (843 individuals).

Individual-based rarefaction curves indicated that the species richness of carabid beetles in BLF
was higher than that in PF (Figure 2a). When considering forest age for each forest type, the species richness
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of carabid beetles in 31-40-year-old BLF was more distinct than the other three forest types (Figure 2b).
Considering ecological groups, the abundances of brachypterous, forest specialists, open-habitat species,
and carnivorous species were not different between the two forest types, while those of widespread,
macropterous, and herbivorous species were significantly higher in PF (Table 2). The abundance of
endemic species was higher only in BLF. The species richness of endemic, brachypterous, forest specialist,
and carnivorous species, in PF were significantly lower than those in BLF.

(a) b
8 1 BLF g ® BLF-IV
S _
3 21
[
S Q- F-V
£ < PF BLF-III
O o
= o«
» o |
9 o PF-IV
2 o S
Q W
"
o | 2
Q- e o -
T T T T T T T T T T T T T T
0 1000 2000 3000 4000 5000 6000 0 500 1000 1500 2000 2500 3000
No. of individuals No. of individuals

Figure 2. Individual-based rarefaction curves for ground-beetle catches (a) in Pinus densiflora forests
(PF) and broad-leaved deciduous forests (BLF), and (b) in forest age classes (III, 21-30-years old;
1V, 31-40-years old; V, 41-50-years old). Data points indicate average species numbers computed for
the given number of individuals.

Table 2. Comparison of carabid catches (abundance and species richness) between Pinus densiflora
forests (PF) and broad-leaved deciduous forests (BLF). Bold characters indicate statistical difference of
abundance or species richness of carabid beetles between BLF and PF (p < 0.05).

Carabid Catches (Mean + S.E.) Statistics
Dependent Variables
PF (n =11) BLF (n =11) t-value P
Abundance
All species 540.6 + 96.46 326.7 £ 77.63 1.728 0.1002
Endemic species 7.6 +2.47 69.0 + 27.40 —-2.231 0.0494
Widespread species 533.0 + 95.44 257.7 + 56.44 2.483 0.0243
Brachypterous species 53.3 + 14.87 172.0 £70.11 -1.657 0.1261
Macropterous species 487.4 + 87.95 154.7 + 33.31 3.537 0.0037
Forest specialists 519.0 £ 91.69 301.5 £ 79.25 1.795 0.0881
Open-habitat species 21.6 +12.47 25.3 £ 8.67 —-0.239 0.8135
Carnivorous species 539.5 + 96.24 318.4 + 75.34 0.942 0.3573
Herbivorous species 1.2 +0.38 8.4 +2.76 -3.002 0.0084
Species richness

All species 10.0 + 0.88 15.4 +1.99 —2.466 0.0274
Endemic species 1.1+0.31 4.5 +0.90 —3.534 0.0039
Widespread species 8.9 +0.72 10.9 +1.32 -1.327 0.2038
Brachypterous species 4.5+ 0.58 8.0 + 1.41 —-2.330 0.0362
Macropterous species 55+0.78 74+1.13 -1.325 0.2021
Forest specialists 7.2 +0.60 11.3 +1.71 -2.262 0.0423
Open-habitat species 2.8+0.72 4.1+0.99 —-1.041 0.3116
Carnivorous species 9.2 +0.77 13.3 £ 1.75 —2.459 0.0265
Herbivorous species 0.82 +0.26 2.1+0.55 —0.9464 0.3629
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3.2. Species Composition of Carabid Beetles

The RDA for carabid beetles was significant (permutation test for RDA under reduced model,
Fy17 =3.51,p <0.001). The first and second axes accounted for 36.55% of the total variation, with the first
and second axes explaining 24.17% (permutation test, F1 17 = 7.51, p < 0.001) and 12.37% (F; 17 = 3.84,
p = 0.005), respectively (Table 3). The first axis of the RDA was strongly and positively associated
with elevation and longitude, while forest type was negatively related to the first RDA axis (Figure 3
and Table 3). In addition, the species composition in BLF appeared to be distinct from that in PF
(Figure 3). Species richness in most ecological groups showed positive correlations with weighted
average site scores on the first RDA axis, whereas species richness of open-habitat species showed
weak and positive correlations with the first axis (Table 3).
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Figure 3. A RDA ordination of species composition of ground beetles in 22 sites. The first and second
RDA axes are shown. The different forest types are shown as closed circles by different colors, i.e., black,
broad-leaved deciduous forests and grey, Pinus densiflora forests.

Table 3. Correlations between environmental variables or species richness and the axes in the RDA
analyses (total inertia = 0.3808). Species richness was calculated by biological or ecological groups.

Variables RDA 1 RDA 2 RDA 3 RDA 4
Eigenvalue 0.0921 0.0471 0.0218 0.0114
% variation explain * 2417 12.37 5.72 3.00
Environmental variables
Forest type **—0.64 ***0.54 -0.02 -0.23
Elevation **0.87 0.14 0.05 -0.32
Latitude -0.29 0.12 ***0.76 0.23
Longitude *0.45 **—0.62 -0.20 -0.25
Species richness
Total ***0.85 -0.18 0.06 -0.16
Endemic ***0.86 -0.07 0.08 -0.14
Widespread **#0.80 -0.23 0.06 -0.17
Brachypterous ***0.79 -0.06 0.09 -0.20
Macropterous *0.43 -0.32 -0.02 -0.05
Forest specialists **0.83 —-0.01 0.02 -0.18
Open-habitat 0.24 *-0.43 0.08 -0.04
Carnivorous species **0.76 -0.11 0.04 -0.20
Herbivorous species **0.55 *-0.48 0.07 0.00

* Percentage = 100 X (variation explained by respective axis)/(variation explained by all environmental variables).

Statistically significant correlations are indicated by * p < 0.05, ** p < 0.01, *** p < 0.001.
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According to forest types, the following two characteristic groups of carabid beetle species
were detected: (1) numerous in BLE, i.e., Eucarabus cartereti cartereti, Harpalus discrepans, Pristosiavigil,
Leistus niger, and Cymindis collaris; (2) abundant in PF, i.e., Coptolabrus smaragdinus branickii (Table 4).
However, P. vigil, C. collaris, and C. s. branickii had low indicator values (p > 0.05).

Table 4. Two-way indicator table showing carabid beetle species indicator value for habitat clustering
hierarchy according to forest type, the number of individuals of ground beetle species by forest types,
and their proportion in observation (%). Carabid species that showed high indicator value (p < 0.1)
were listed.

Number of Individuals

Forest Types In‘(/iilcator p-Value (Proportion in Observation, %)
alue OF PF
Broad-leaved deciduous forest (QF)
Eucarabus cartereti cartereti 0.998 0.001 416 (100.0) 2(9.1)

Harpalus discrepans 0.749 0.023 30 (63.6) 4(27.3)
Pristosia vigil 0.729 0.060 77 (54.5) 2(18.2)

Leistus niger niger 0.674 0.033 8 (45.5)

Cymindis collaris 0.603 0.093 8 (36.4)

Pinus densiflora-dominated forest (PF)

Coptolabrus smaragdinus branickii 0.699 0.081 6 (27.3) 51 (54.5)

4. Discussion

4.1. Carabid Beetle Diversity in Different Forest Types

In temperate forests of Korea composed of young coniferous and deciduous forests, we found
that forest type and elevation were important factors that influenced carabid beetle assemblages.
In particular, the species richness of carabid beetles of the BLF in this study was obviously higher
than inPF, although the average elevation did not differ between the forest types. These results were
rather different from those in previous studies conducted in Korea [15], China [16], and Japan [17],
whereas similar findings were reported in Japan [46] and Korea [10]. In particular, the diversity of
carabid beetles was significantly reduced in conifer plantations, especially in more heterogeneous
landscapes [10]. In Japan, carabid beetles in fragmented landscapes at high elevations (1240-1490 m)
showed no differences in diversity between natural forests (evergreen coniferous and broad-leaved
deciduous) and plantations (deciduous coniferous) [17]. In contrast, similar carabid diversity between
pine plantations and oak forests was reported from Korea and China [15,16], but the estimated species
richness in mixed forests was higher than that reported in China [16]. On the basis of ecological traits
of carabid beetles in several habitat types, including deciduous, mixed, and mature conifer forests,
more forest specialists were caught in deciduous forests, while more forest generalists were caught in
mature conifer plantations [46]. Thus, conifer plantations sometimes support biodiversity, but this is
dependent on the history of disturbances such as forest management or biogeographical characteristics.
In fact, many forest-inhabiting species in Korea are flightless, and thus they cannot disperse from
source habitats to fragments, especially the large-bodied species [47]. However, our study region is
composed of continuous mountainous forests, not fragmented landscapes, although the locations of
the study sites of each forest type were not pairwise in the same locality. Thus, PF could have the
potential to support low biodiversity, at least for carabid beetles.

Although this study showed that the diversity of carabid beetles clearly differed between forest
types, the synergistic effect of elevation, locality of study sites, and forest type could also be important
to understand carabid beetle assemblages in this region. Thus, interpretation of our results should be
carefully applied to forest management for biodiversity conservation. This is because the difference
in carabid communities could be due to the mixed effect of forest types and other environmental
variables, such as moisture, pH, organic matter, texture [17,48], leaf litter [22], canopy cover [16],
and elevation [49].
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4.2. Ecological and Biological Traits of Carabid Beetles and Forest Types

Plant species (i.e., forest type) are regarded as the primary factor for insect communities, especially
herbivorous insects [50,51]. However, understanding the distributional pattern of carnivorous carabids
in temperate forests could be more important as compared with phytophagous or omnivorous carabids
because, in general, the biodiversity of carnivorous carabids is habitat heterogeneity dependent [52].
In fact, most carabid beetle species in this study were carnivorous (i.e., 9436 individuals belonging to
54 species), whereas only 105 belonging to 12 species were phytophagous or omnivorous (e.g., species
belonging to genus Amara and Harpalus), which could occasionally occur in forests with understory
vegetation because of forest gaps or forest roads. Thus, temperate forests in Korea could have no
herbivorous carabid beetles. Nonetheless, forest type can alter other herbivorous insect communities,
and carnivorous carabid beetles could change according to changes in the abundance and composition
of herbivorous communities.

Unlike feeding guilds, this study suggested that the trait-specific response of carabid beetles to
different forest types appears to be valuable information for establishing biodiversity conservation
plans in young reforested landscapes. In this study, the species richness of endemic, brachypterous,
and forest specialists in BLF was obviously higher than that in PF, while the abundance of macropterous
and widespread species in PF was obviously higher than that in BLE. In general, highly heterogeneous
topography due to mountains is regarded as one of the reasons for the high diversity of forest specialist
carabid beetles in Korea. In fact, many forest specialists are brachypterous and they prefer stable
environments, such as BLF in this study. PF with homogenized environments can be suitable habitats
for macropterous and widespread species, such as S. cycloderus and S. nitidus. In fact, these two species,
which are dominant in forests of South Korea [10], were significantly more common in PF than in BLF
and accounted for approximately 68% of all carabid beetles in this study. Consequently, ecological
and biological traits for carabid beetles are very useful to understand the distributional pattern of
biodiversity in temperate forests and are beneficial for forestry through biodiversity conservation.

4.3. Habitat Specialists for Forest Types

This study showed that only three species (E. cartereti, H. discrepans, and L. niger) could be
considered BLF specialists, although the species composition was quite different between forest
types. However, some species or groups could have the potential to become bioindicators of distinct
forest types. For example, species, belonging to the genus Pterostichus were more numerous in BLF
(258 individuals belonging to 8 species) than in PF (69 individuals belonging to three species) (Table S1).

In contrast, there were no habitat specialists in PE, only C. s. branickii was more frequently observed
in PF than in BLE. C. s. branickii is a habitat specialist in PF patches [11], and this species is also found in
open habitats, such as agricultural fields, orchards, and lawns [53,54]. Thus, this species appears to be
a habitat generalist. In the genus Synuchus, some species, such as S. cycloderus and S. nitidus, can also be
used as potential bioindicators. Although they were found in almost every study site, these two species
were abundant in PF. This could be largely due to the habitat preference of Synuchus towards dry
forests [55]. In fact, P. densiflora trees are generally planted on south-facing slopes of mountains in Korea,
and the trees prefer well-drained soils. In addition, P. densiflora is considered to be the most preferable
tree species for plantations in Korea because of its esthetic value [56]. Thus, habitat conditions in PF
are generally dry, especially in fragmented patches [11]. For these reasons, some Synuchus species,
especially S. cycloderus and S. nitidus, are potential bioindicators in PF. Nonetheless, many PF in this
study were still young, approximately 31-50-years old. Therefore, habitat specialists did not have
enough time to establish populations in PF.

5. Conclusions

This study showed that carabid beetle assemblages in temperate forests of central Korea
were distinctively divided by forest type based on ecological and biological traits (e.g., endemism,
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habitat types, and wing forms). This suggested that monoculture plantations in temperate regions
(i.e., P. densiflora in this study), which appeared to be simple habitats, could have a limited ability to
preserve high biodiversity, at least for carabid beetles. In particular, young P. densiflora plantations may
not be appropriate for supporting populations of endemic, brachypterous, and forest specialist species.
For biodiversity conservation in Korea as a reforested area, however, possible variation of the beetle
community response to forest growth of P. densiflora plantations need to be considered.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-2818/12/7/275/s1,
Table S1: List of carabid beetles with number of individuals in Pinus densiflora forests (PF) and broad-leaved
deciduous forests (BLF) in central Korea.
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Abstract: Carabid beetles (Coleoptera: Carabidae) are considered as one of the most cardinal inverte-
brate predatory groups in many ecosystems, including forests. Previous studies revealed that the
predation pressure provided by carabids significantly regulates the ecological network of inverte-
brates. Nevertheless, there is no direct estimation of the predation risk on carabids, which can be an
important proxy for the phenomenon called ecological trap. In our study, we aimed to explore the
predation pressure on carabids using 3D-printed decoys installed in two types of forestry treatments,
preparation cuts and clear cuts, and control plots in a Hungarian oak-hornbeam forest. We estimated
the seasonal, diurnal and treatment-specific aspects of the predation pressure on carabids. Our results
reveal a significantly higher predation risk on carabids in both forestry treatments than in the control.
Moreover, it was also higher in the nighttime than daytime. Contrarily, no effects of season and
microhabitat features were found. Based on these clues we assume that habitats modified by forestry
practices may act as an ecological trap for carabids. Our findings contribute to a better understanding
of how ecological interactions between species may change in a modified forest environment.

Keywords: 3D printing; artificial prey; behavior; clear cut; ecological trap; ground beetles; preparation cut;
sentinel prey method

1. Introduction

Predation by various terrestrial animals can be one of the most important drivers of
carabid evolution and, together with abiotic factors, determines their activity patterns [1].
Although carabids have various morphological and chemical defense mechanisms to avoid
or reduce predation risk [2—4], they can also shift their behavior in space and time by being
active only in a certain part of the day or using different habitat patches than predators.
Another option is to be hidden in the soil, under the leaf litter or understory vegetation.
For instance, studies describing the activity patterns of some large carabid species reported
relatively long periods of beetle inactivity between movements that can last even for a
couple of days [5,6]. In some individuals, regardless of sex, this no-movement behavior
dominated during the tracking period [7]. Elek et al. [8] suggested that these periods when
beetles are hidden and not moving could be a predator avoidance strategy.

Although carabids are often studied as important natural enemies [9-11], they can
also be predated due to their middle position in the food chain. In temperate forests
of the Northern Hemisphere, carabids represent potential prey for a large spectrum of
predators, including bats, hedgehogs, shrews, raccoon dogs, wild boars and frogs [3,12-14].
Interactions between carabids and their predators might change due to shifts in the dis-
tribution of suitable habitat patches of various sizes within forest stands as a result of
forestry practices [15-17]. This is especially true for Europe, where the majority of tem-
perate forests have a semi-natural origin [18]. Therefore, it is crucial to explore whether
the spatial differences created by forestry practices can affect the predation pressure on
carabids. In addition, it can be an important issue to assess whether a certain treatment
can act as an ecological trap for carabids [19], a habitat which is suitable for foraging or
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breeding, despite the fact that mortality can be higher there than in the unmanaged control
forest stands.

There is an emerging need to estimate the structural changes in communities towards
understanding ecosystem functions. Predation is well known as a key driver of these pro-
cesses, potentially forming the community itself (i.e., keystone predation), and any change
in predation intensity can reflect changes in ecosystem functions [20]. The technique involv-
ing artificial decoys as prey provides a powerful tool to assess relative rates of predation or
predation pressure across various treatments [21]. Artificial prey is relatively cheap and
easy to manipulate, and it is not invasive as it does not involve living specimens [22-24].
This can be an issue especially for rare or endangered species with low population densities
where collection is nearly impossible [14]. Using 3D-printed decoys seems to be more
suitable than involving dried fragile specimens that can be easily damaged [25]. Other
frequently used materials, such as clay or plasticine [9,10,26], cannot replicate the narrow
parts of beetles” body, such as legs and antennae [14]. Yet, these materials and techniques
can be used for modeling various invertebrates with simple body shapes, such as snails,
slugs, caterpillars and earthworms, and is called the sentinel prey method [9,27].

In this paper, we experimentally tested the predation pressure on carabids in the
Hungarian managed temperate forest using real-sized 3D-printed models as decoys. As
a model organism for 3D decoys, we selected a forest generalist, Carabus coriaceus L.,
1758, a large species commonly occurring in Hungarian oak-hornbeam forests that sensi-
tively reacts to forestry practices [8,28]. Two distinct types of forestry treatments, clear cuts
and preparations cuts, were used for the field experiment. They considerably differ from
surrounded unmanaged forest stands in terms of tree height and the cover of understory
vegetation, leaf litter and bare soil [29] as well as in microclimatic conditions [30,31]. Hence,
we expected that the predation pressure will vary between forestry treatments and undis-
turbed control stands due to the different availability of shelters formed by dense ground
vegetation or leaf litter. Moreover, the different activity patterns of potential predators may
presume that the predation pressure will also have diurnal and seasonal aspects based on
predator activity and breeding period. Following these clues, we tested how the predation
pressure on large carabids is affected at the different spatio-temporal scales. In particular,
we focused on microhabitat characteristic, habitat type and time to determine the most
influential factor(s) of the predation pressure in the studied forest stands.

2. Materials and Methods
2.1. Study Area

We conducted our experiment in the vicinity of Pilisszant¢ village in the Pilis Moun-
tains, the northern part of Hungary (N 47°40/, E 18°54’). The study area (40 ha) is a
structurally homogenous, 80-year-old, managed two-layered sessile oak-hornbeam for-
est. The structure of the stand is a result of the past and recent management under
the shelterwood silvicultural system. The upper canopy layer is dominated by sessile
oak (Quercus petraea (Matt.) Liebl, 1784) with an average height of 21 m and a mean di-
ameter of 28 cm at breast height. The second most abundant tree species, hornbeam
(Carpinus betulus L., 1753), forms a secondary canopy layer with an average height of 11 m
and a mean diameter of 12 cm. Other admixing tree species include Quercus cerris L.,
1753, Fagus sylvatica L., 1753, Prunus avium L., 1753 and Fraxinus ornus L., 1753. The shrub
layer is scarce, mainly consisting of the regeneration of hornbeam and F. ornus, and the
understory cover is dominated by mesic forest plants, such as Carex pilosa Scopoli, 1772
and Melica uniflora Retz, 1779 [16,29].

Our study was implemented as a part of the Pilis Forestry System Experiment [32]
where four forestry treatments representing two different silvicultural systems were es-
tablished in 2014. The main aim of this project is to explore the major effect of various
treatments on natural forest regeneration and the biodiversity of several taxa including
plants, enchytraeid worms, spiders and ground beetles (see Elek et al. [16] for further
details). For the field experiment conducted in this study, we used two of the four imple-
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mented treatments representing characteristic stages of rotation forestry system: (1) Clear
cut (CC) was a circular clear-cutting area of 80 m diameter surrounded by a closed-canopy
stand. (2) Preparation cut (P) was created when 30% of the total basal area of the dominant
tree layer and the whole secondary tree layer were removed in a spatially uniform way in
a circle of 80 m diameter. These two treatments were chosen due to their strong effects on
carabids at different levels, from community composition to individual activity [8,16,17].

2.2. Three-Dimensional Printed Decoys and Field Experiment

The 3D model of Carabus coriaceus was prepared in Blender 2.8 [33] based on high-
resolution photos of real-sized individuals. One of the advantages of using C. coriaceus is its
relatively large body size (33—40 mm), making the species suitable for detailed 3D printing.
Unlike the other large species, C. coriaceus is unified in color (black) without iridescence and
itis also one of the most abundant species in the area [17]. The beetle model (Supplementary
Material Figure S1) was converted into printing data by KISSlicer 1.6, and then life-size
three-dimensional decoys were generated by the 3D printer (DeltiQ M, developed by
TriLAB Group s.r.o., Brno, Czech Republic). Black polylactic acid (PLA) filament was
used as a production material. The printed decoy was the same size as the real specimen
(Figure 1a).

Figure 1. Printed decoy of Carabus coriaceus in comparison with a real specimen (a). Decoys installed on the green cardboard
(b) were checked for turns (c), broken or bent parts (d), predation attempts by birds (e), wild boars (f) or relocations (g).

The field experiment was conducted in two seasons, spring and autumn, which
corresponded with the highest activity peaks of carabids in the area [16,17]. In both
treatments (CC and P) and control plots (C), we installed 10 decoys (two lines, each with
five beetles) on the ground with an A5 cardboard sheet beneath them. Each plot (both
treatments and control) was replicated in three blocks, resulting in nine sampling plots.
The distance between decoys was approximately 2.5 m. Decoys were positioned in the
center of the green-colored sheet to avoid any unintended attraction due to conspicuous
sheet colors (Figure 1b). The exact position was marked by two perpendicular lines
drawn on the paper; the decoy was installed at their intersection to be able to record
possible predation events. We recorded the cover of bare soil, litter, herbal and shrub layer
(in %) in a one-meter-radius circle around each decoy and the number of surrounding
trees (see summary Table 1). These environmental variables can potentially affect the
distribution of carabids via the availability of shelters [7,8]. In total, 90 C. coriaceus decoys

61



Diversity 2021, 13, 484

were installed per season. Decoys were checked twice a day, in the morning and evening,
for six consecutive days (7-12 September 2020 and 8-13 June 2021). The exposed decoy
was considered attacked when it had been turned or moved /relocated from its original
position, including its disappearance or damage, such as scratches, bites and missing parts.
For turns, we measured the angle; if relocated, the distance was recorded. Although decoy
turns suggest that the potential predator was interested in the exposed decoy, the relocation
or scratches are clear signs of a predation attempt. After measurements, decoys were
repositioned or replaced by new ones when necessary.

Table 1. Environmental characteristics of forestry treatments represented as the cover of bare soil, leaf litter, herbal layer

and shrubbery and the average number of trees per plot.

Cover of (Mean + SEM, in %)

No. of Trees per Plot (Mean)

Treatment Bare Soil Leaf Litter Herbal Layer Shrubs
Control 2.51+£0.52 68.70 + 2.68 28.25 £ 2.59 0.58 4 0.37 4.67
Clear cut 3.63 £ 1.04 10.91 + 1.68 36.10 £ 2.20 49.35 £ 2.90 0.50
Preparation cut 411+£0.97 33.36 +2.39 50.40 £ 2.76 12.10 £2.14 2.67

2.3. Data Analyses

The predation pressure was considered as a ratio between attack and no-attack events
on 10 decoys in a plot per measurement session. This response was coded as two-column
matrix [attack; no attack] using the cbind function in R 3.6.1 [34] where all analyses were
conducted. We used generalized linear models (the glm function) with a binomial dis-
tribution and logit link function. Three different models were built considering various
temporal and spatial scales. In the first model, treatment (factor with three levels: control,
preparation cuts, clear cuts) was used as a single explanatory variable (spatial scale). In the
second model, treatment, cover of leaf litter, bare soil and number of trees in the plot were
included (micro-spatial scale). Cover of herbs and shrubs were excluded from the analyses
due to a strong negative correlation with leaf litter (Pearson r = —0.48 for herb layer and
r = —0.70 for shrubbery; see Supplementary Material Figure S2). The treatment, daytime
(factor with two levels: day and night) and season (factor with two levels: spring and
autumn) factors were used in the third model (spatio-temporal scale). Then, using the
model.sel function from the ‘MuMIn’ package [35], this set of models was tested to select
the best model(s) based on information criterion corrected for small sample sizes (Akaike
Information Criterion—AICc, [36]). The best model was selected as the most parsimonious
explanation of the data when A AICc was higher than two (A AICc > 2) for other models.

3. Results

In total, we recorded 108 attack events based on 1800 observation events (i.e., the
predation rate was 6%). Turn was the most common event in 87 cases, followed by scratches
or broken parts in 13 cases and 8 relocations. The majority of turns were between 5 and
10° from the original position, and the maximal turn reached 45°. The mean distance
for relocation was 11.8 cm and in one case the decoy was taken. Focusing on possible
predators, we observed bird droppings (N = 2) and wild boar hair (N = 1) on turned or
scratched decoys. Some of the recorded predation events are shown on Figure 1c-g.

The model selection showed that the “spatio-temporal scale” model was the best one,
suggesting spatial and temporal constraints are the most influential explanatory variables
on predation pressure (Table 2). Therefore, we revealed that the predation pressure was
significantly higher in both treatments than in the control forest (Table 3, Figure 2a).
Moreover, the pressure was higher during nights than daytime (Figure 2b). On the contrary,
no effect of season or environmental variables was confirmed.
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Table 2. Summary of the model selection using estimations based on the calculated AICc value of the
models, serving as the weight of evidence in favor of the different models. The most parsimonious

model (delta < 2) is emphasized in bold.

Model df LogLik AICs Delta Weight
Spatio-temporal scale 5 —179.890 370.1 0.00 0.833
Spatial scale 3 —183.925 374.0 3.86 0.121
Micro-spatial scale 6 —181.705 375.9 5.77 0.046

Table 3. The effects of treatment, daytime, season and environmental variables on the predation

pressure. Significant effects are in bold, marginal in italics.

Model Explanatory Variables X2 df P
Spatio-temporal scale treatment 11.334 2 0.003
daytime 4444 1 0.035
season 3.625 1 0.056
Spatial scale treatment 11.286 2 0.004
Micro-spatial scale treatment 0.203 2 0.903
leaf litter 0.973 1 0.323
bare soil 2.404 1 0.121
tree 0.010 1 0.918
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Figure 2. The effect of treatment (a) and time of day (b) on the predation pressure. Vertical lines

represent a 95% confidence interval and different capital letters above the bars indicate significant
differences based on Tukey multiple comparisons of means.

4. Discussion

We revealed that 3D-printed decoys represent a suitable approach for testing predation
pressure on large carabids, since predators interacted with them. The predation pressure in
our study area was affected by spatial as well as temporal constraints. We recorded more
attack events in both treatments than in the control. Moreover, the predation pressure on
the exposed carabid decoys was higher at night than during the daytime, and it did not
correlate with any microhabitat features, such as leaf litter or bush cover, as they are not
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important for predators of large carabids. Taking into account our previous findings on
habitat utilization by large carabids [28], we suggest that both forestry treatments can act as
an ecological trap for carabids, as these plots are used only temporarily and with a higher
risk of mortality.

Although marks on decoys made from polylactic acid filament cannot deliver a de-
tailed determination of predator identity in comparison with plasticine models [37], we
were able to determine some of the predators and suggest other possible candidates. Con-
sidering the types of attack, the turn was the most common event, occurring in most cases.
Decoy turn may suggest an interest of the potential predator in the exposed decoy, investi-
gating its edibility. Contrarily, scratches and relocations are clear signs of feeding attempts.
Wild boar (Sus scrofa L., 1758) was determined directly since we found its hair on one
relocated decoy. Indeed, various carabid species were recorded as a part of the wild boar’s
diet [38]. From other mammalian predators, we do not have direct evidence for attacking
decoys, but their interest can be presumed as they commonly occur in oak-hornbeam
forests of the Pilis Mountains. Eurasian badger (Meles meles L., 1758) is already known for
feeding on carabids, including large ones, such as C. coriaceus [39,40]. Other potential preda-
tors could be the northern white-breasted hedgehog (Erinaceus roumanicus Martin, 1838)
or the greater mouse-eared bat (Myotis myotis Borkhausen, 1797), which collect ground-
dwelling insects directly from the ground, and large carabids were previously found in its
droppings [13]. Moreover, we also recorded bird droppings on two turned decoys. Since we
found these droppings exclusively in the spring season, carabids may provide food not only
for adult birds but also for nestlings. In addition, Eurasian nuthatch (Sitta europaea L., 1758)
can feed its young by a high proportion of large carabid species, including the genera
Carabus, Calosoma or Pterostichus [12].

The predation pressure was higher in treatments than in the control undisturbed
forest, thus the risk of beetles” mortality evidently increased in these treatments. Some large
carabids, including C. coriaceus, can penetrate clear cuts and preparation cuts in relatively
high numbers, likely for foraging, since there is a high competition for the limited resources
in the structurally homogeneous undisturbed forest [28]. This kind of habitat utilization
is rather transient, since individuals are able to leave the treatment sites within a couple
of days [8,28]. There is a high risk of predation in both treatments modified by forestry
practices; therefore, these habitats may act as an ecological trap for carabids. The ecological
trap is a habitat that is actively selected by individuals despite higher costs of utilization,
such as increased mortality and low breeding success [19]. Modified habitat patches are
often mentioned as an example of the ecological trap for various animal groups, including
insects [19,41]. Our results do not support the increasing disturbance hypothesis [42],
suggesting that predation pressure in modified habitats is lower than in undisturbed ones
due to the declining number of predators [43,44]. Treatments included in our study were,
however, relatively small (with diameter of 80 m) in comparison with landscape gradients
and surrounded by undisturbed semi-natural forest. We can presume that large predators,
such as wild boars, could easily move across plots regardless of disturbances.

Forestry treatments differ in terms of microclimatic conditions and the structure of
understory vegetation from the control forest [29,30]. Nevertheless, we found no effect of
any environmental variable on the predation pressure. Microhabitat features, such as the
cover of leaf litter or herbs, of a particular patch are important factors for the distribution of
carabids [45-47], but not for their predators, as they move at larger scales and likely consider
the same patch as structurally homogeneous. Additionally, the predation pressure was
higher at night than in the daytime. This seems to be coherent with the fact that C. coriaceus
is predominantly nocturnal [6,8] and most mammalian predators are more active during
nights, which may result in an overlap in activity of prey and potential predators. One of
the options to avoid predators is to switch movement activity to the daytime, when the
predation pressure is lower. Indeed, beetles, previously considered as strictly nocturnal,
were observed to be active during the daytime as well (see [6,8] for activity patterns of
C. coriaceus). However, there is still a risk of diurnal predators, such as birds. Another

64



Diversity 2021, 13, 484

option is to minimize the encounters with predators by being hidden as much as possible
in shelters. Based on radio-tracking studies, large carabids are able to be inactive for a
couple of days, hidden under leaf litter or burrowed in soil [5-7]. In C. coriaceus, this
anti-predation behavior was observed especially in undisturbed forest [8,28], where a high
amount of leaf litter seems to be ideal to hide.

It is also worth mentioning some methodological perspectives and limitations of
using 3D-printed decoys for testing predation pressure. This approach is suitable for
recording the exploratory behavior of various predators, as they frequently interacted with
decoys and turned them. Exact predator identification was, however, limited, as the used
printing material (polylactic acid filament) is rather tough for recording soft and small bites.
Originally, we experimented with a softer and more elastic material; nevertheless, we could
not print narrower body parts, such as legs or antennas. The surface of 3D-printed decoys
also could not mimic the structural colors of the real carabid cuticle, especially if the model
species has metallic iridescent colorization [14], and this may possibly bias attractiveness
for predators. Although we installed decoys far away from each other, there is a chance that
the same animals might attack them, leading to an overestimation of predation pressure.

5. Conclusions

Nowadays, ecological studies attempt to focus on the functional aspect of the studied
ecosystems [17,48]. Although community measures are widely used, new facets appear
and serve as a good proxy for ecosystem functioning including animal behavior. The
estimation of predation risk can reflect how animals can select their habitat for foraging,
breeding or overwintering. However, for making such a conclusion, the knowledge of the
spatio-temporal habitat use of beetles is required, suggesting that other methods should be
employed alongside decoys, such as pitfall trapping and radio telemetry. Understanding
how interactions between prey and predators change in modified habitats is crucial for
better predictions of species-specific responses to habitat alteration. We revealed that
habitats modified by forestry practices may act as an ecological trap for carabids. We also
proved that the estimation of predation on ground-dwelling predators can be a good proxy
for identifying key habitats for conservation [49]. These clues mentioned above may also
help us to scrutinize the potential knowledge gaps in understanding how animal behavior
can be generalized as a functional component of community-level measures.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/d13100484/s1, Figure S1: Three-dimensional model of the Carabus coriaceus decoy used for
3D printing. The original file in .stl format (205 MB) can be provided upon request, Figure S2: The
overview of the Spearman’s rank correlation test for exploring the relationship between microhabitat
features: cover of bare soil, leaf litter, herbal layer, shrubbery and the presence of tree.
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