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Abstract

As woody plants provide much of the trophic basis for food webs in forests their species richness, but also
stand age and numerous further variables such as vegetation structure, soil properties and elevation can
shape assemblages of ground beetles (Coleoptera: Carabidae). However, the combined impact of these
numerous variables on ground beetle diversity and community structure has rarely been studied simultane-
ously. Therefore, ground beetles were studied in 27 plots in a highly diverse and structurally heterogene-
ous subtropical forest ecosystem, the Gutianshan National Park (southeast China) using pitfall traps and
flight interception traps. Both trapping methods collected partly overlapping species spectra. The arboreal
fauna was dominated by lebiines and to a smaller extent by tiger beetles and platynines; the epigeic fauna
comprised mostly representatives of the genus Carabus and numerous tribes, especially anisodactylines,
pterostichines, and sphodrines. Ground beetle species richness, abundance, and biomass of the pitfall trap
catches were analyzed with generalized linear mixed models (GLMMs), fitted with seven environmental
variables. Four of these variables influenced the ground beetle assemblages: Canopy cover, herb cover, pH-
value of the topsoil and elevation. Contrary to our expectations, woody plant species richness and stand
age did not significantly affect ground beetle assemblages. Thus, ground beetles seem to respond differently
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to environmental variables than ants and spiders, two other predominantly predatory arthropod groups
that were studied on the same plots in our study area and which showed distinct relationships with woody
plant richness. Our results highlight the need to study a wider range of taxa to achieve a better understand-
ing of how environmental changes affect species assemblages and their functioning in forest ecosystems.

Keywords
Abundance, BEF-China, biomass, canopy cover, Carabidae, elevational gradient, herb cover, pH-value,
species richness

Introduction

Tropical and subtropical forests are among the world’s ecosystems with the highest
biodiversity. A substantial part of this biodiversity consists of arthropods, which are
involved in many ecosystem processes (Basset et al. 2012; Schuldt et al. 2015b; Stork
2018). Numerous biotic and abiotic variables can influence their diversity, but also the
abundance and biomass of these arthropods (Rainio and Niemela 2003; Mottl et al.
2020; Marrec et al. 2021). Trees structure forest ecosystems and, as they are the most
important primary producers of biomass, they provide the basis for much of the food
web consisting of decomposers, herbivores, and predators. As many biodiversity pat-
terns in forest ecosystems seem to be influenced by bottom-up processes (Gruner 2004;
W et al. 2013; Korboulewsky et al. 2016), woody plant species richness can have a
strong impact on higher trophic levels (Schuldt et al. 2017). As a consequence, the di-
versity of herbivores may be strongly determined by the diversity of trees (Riihimaki et
al. 2005; Wang et al. 2019). Also at higher trophic levels (predators, parasitoids), there
seem to be bottom-up effects from woody plant diversity (Strong et al. 1984; Lefcheck
etal. 2015; Schuldt et al. 2015a). However, such relationships between plant diversity
and arthropods are not always present or apparent (Vehvilainen et al. 2008).

To analyze the effects of woody plant species richness on arthropod diversity in a
real-world forest ecosystem, it is important to consider that environmental variables
can also influence communities or assemblages of arthropods (Thiele 1977; Bonn and
Schroder 2001). In experiments with manipulated woody plant species richness, pos-
sible biodiversity effects can be better determined (Loreau et al. 2001; Duffy 2009);
however, conclusions from such manipulative experimental approaches cannot simply
be transferred to forests with long-lasting maturation processes, in particular because
experiments are usually not much older than a few decades. Therefore, real-world eco-
systems are of particular importance for the study of arthropod communities (or as-
semblages) in forests of different stand ages.

Ground beetles (Coleoptera: Carabidae) represent a highly diverse predatory taxon
and are typical of forest ecosystems across latitudinal gradients (Zou et al. 2013; Nolte
etal. 2017; Garcia-Tejero et al. 2018). Moreover, ground beetles in temperate and bo-
real regions are known to be sensitive to numerous edaphic variables (e.g., pH-value:
Paje and Mossakowski 1984; moisture: Antvogel and Bonn 2001). Even effects of
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land-use legacy, tree age, vegetation structure and succession are known (Terrell-Nield
1990; Assmann 1999; Jelaska et al. 2011; Marrec et al. 2021). In general, ground
beetles are considered as a well-known taxon for bio-indication since numerous species
react sensitively to small changes in environmental variables (Koivula 2011).

The shaping variables of ground beetle assemblages in global biodiversity forest
hotspots are poorly understood. In particular, the ground beetles of the southeast Chi-
nese subtropics with summer rainfalls, which host particularly species-rich forests (Liu
et al. 2003; Tang 2006), provide an interesting opportunity for study. We worked
in Gutianshan National Park (Zhejiang, southeast China) that covers an area with
remarkable subtropical tree and shrub species diversity. Relationships between biodi-
versity and ecosystem functions and the effects of environmental variables have been
studied extensively in this area (e.g., Schuldt et al. 2010; Lang et al. 2012; Staab et al.
2014; Eichenberg et al. 2015; Zou et al. 2015; O’Brien et al. 2016; Brezzi et al. 2017).
However, while the main abiotic and biotic drivers potentially shaping herbivore, de-
composer and predator diversities have been studied (e.g., Schuldt et al. 2011; Staab
et al. 2014; Schuldt et al. 2015a; Binkenstein et al. 2018; Staab et al. 2021) studies on
ground beetles are still lacking for this National Park.

A study of ground beetles would reveal not only how this arthropod taxon responds
to environmental variables, but the comparison with other important taxa (esp. spiders
and ants) could provide a better understanding of how environmental variables affect
the abundance and species diversity of predatory arthropods. Thus, since environmen-
tal variables can potentially influence ground beetle assemblages, we hypothesize that
abundance, richness, and biomass of ground beetles increases with (H1) woody plant
species richness and (H2) stand age in a subtropical forest in China. Moreover, we ex-
pect that (H3) the structural richness of vegetation and abiotic variables affect ground
beetle abundance, richness, and biomass. Specifically, we investigate whether woody
plant species richness, stand age of forests plots, structural richness of vegetation (cover
of canopy and herb layer), and abiotic variables (elevation and soil pH) influence abun-
dance, species richness, and biomass of ground beetles.

Material and methods

Study area and plots

Gutianshan National Park (Gutianshan NP), formerly Gutianshan National Nature Re-
serve, is located in the western part of Zhejiang Province in southeast China (29°14'N,
118°07'E). The park is approximately 81 square kilometers in size and was established
in 1975, first as a National Forest Reserve, to preserve parts of the old-growth ever-
green broad-leaved forest in the region. The climate is typical for subtropical areas with
an annual mean temperature of 15.3 °C and ~2000 mm mean precipitation per year,
occurring mostly between March and September (Yu et al. 2001). Further meteoro-
logical information is provided by Bruelheide et al. (2011) or cited therein. The park
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is characterized by a mixed broad-leaved forest composed of deciduous and evergreen
tree species, and in which Castanopsis eyrei (Champion & Bentham, 1845) and Schima
superba (Gardner & Champion, 1849) are the prevailing tree species (Hu and Yu 2008;
Legendre et al. 2009). Most stands consist of secondary forest, with maximum ages of
trees < 180 years. The park is located in a mountain range with elevations varying be-
tween 300 and 1260 m above sea level. Our study focused on stands ranging from 251
t0 903 m a.s.l. The local rock is granitic and thus the topsoil pH-values ranges from
5.5 to 6.5 (Bruelheide et al. 2011).

In 2008, 27 study plots, each measuring 30 m x 30 m, were established by a re-
search consortium of Chinese and European scientists (Bruelheide et al. 2011). The
plots were randomly distributed throughout the park, excluding sites with slopes > 55°.
The plots included gradients of woody plant species richness (25-69 trees and shrub
species per plot) and stand age (21-115 years). Further information on plot character-
istics and study design is provided by Bruelheide et al. (2011).

Pitfall trapping

We sampled ground beetles using four pitfall traps in each plot, installed in the corners
of the central 10 m x 10 m square (resulting in 108 traps). Traps were plastic cups
with a diameter of 8.5 cm and a capacity of ~-550 ml filled with 150 ml of preserving
solution (40% ethanol, 20% glycerol, 10% acetic acid, 30% water). They were open
continuously during the main vegetation period in 2009 (end of March to the begin-
ning of September). Traps were emptied fortnightly (in total ten collections per trap)
and catches were preserved in 70% ethanol until identification (Schuldt et al. 2011).
Flight interception traps were installed close to the pitfall traps in 2010 (Schuldt et
al. 2015a; Staab et al. 2021). Ground beetles were sorted and body length was meas-
ured for biomass calculation (see section Statistical analysis). Specimens were identi-
fied to species level or classified to morphospecies by carabid taxonomists (David W.
Wrase, Thierry Deuve, and Thorsten Assmann). Results from such a “morphospecies
approach” show high correlation to true species diversity (Oliver and Beattie 1996).
Hereafter, we use the term species for both diagnosed species and morphospecies to
characterize our catches.

Environmental data

During plot establishment, a comprehensive set of environmental variables of biotic
and abiotic habitat characteristics was collected (Bruelheide et al. 2011). We asked if
seven variables, known to influence ground beetles assemblages (e.g., Assmann 1999;
Antvogel and Bonn 2001; Marrec et al. 2021) could predict the abundance, species
richness and biomass of ground beetles. The age of the forest included in each plot was
estimated using stem core measurements of the tree with the fifth largest diameter at
breast height within each plot. Woody plant species richness was determined as the
number of all tree and shrub species represented by individuals larger than 1 m in the
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plot (Bruelheide et al. 2011). Species richness and abundance of the herbaceous layer
were estimated for all herb species smaller than 1 m height in the inner 10 m x 10 m
subplots (Both et al. 2011). Canopy cover (%), herb cover (%), elevation (meters
a.s.l.), and pH-value of the topsoil (05 cm; taken from nine dried and sieved soil
samples per plot, pooled and measured potentiometrically) were additionally assessed
as plot characteristics (see Bruelheide et al. (2011) for details).

Statistical analysis

All statistical analyses were conducted using the packages glmmTMB (Brooks et al.
2017) and DHARMa (Hartig 2020) in R 3.6.3 (http://www.R-project.org). We ap-
plied generalized linear mixed models (GLMMs) to assess the effects of biotic (woody
species richness, stand age, canopy and herb cover, herb species richness) and abiotic
(topsoil pH-value, elevation) stand conditions (i.e., plot characteristics) on the abun-
dance, species richness and biomass of ground beetles. Plot identity was used as a ran-
dom factor to account for the nested data structure (traps nested in study plots). Abun-
dance and species richness data were modelled with a Poisson distribution and log-link
function. There was no indication of overdispersion in the data for either abundance
(p = 0.25) or species richness (p = 0.20). For the biomass data, we applied a Gamma
distribution with a log-link and added a value of 0.01 to the observed biomass prior to
model fitting to ensure the convergence of the algorithm. Ground beetle biomass was
calculated according to the following formula:

In y =-8.92804283 + 2.5554921 In x,

where: x is the measured body length of the specimen and y is the estimated body
weight of the individual (Schwerk and Szyszko 2007). The calculated biomass esti-
mates were then summed over all individuals per plot.

Model selection was based on likelihood-ratio tests starting with a fully saturated
model that included all predictors and the interaction between woody species richness
and stand age to test, if possible, species richness effects depended on the age of the
forest plots. We sequentially removed non-significant (p > 0.05) terms and tested for
assumptions of the best-fitting model following (Zuur et al. 2009). Prior to analysis,
all predictor variables were standardized (mean = 0, SD = 1) and tested for critical cor-
relations (all variance inflation factors were < 1.75).

Results

Number of species, abundance, and biomass

In total, we caught 258 ground beetle specimens in the pitfall traps, belonging to
22 species (Table 1). Catches ranged from two to 27 specimens per plot (mean
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Table 1. Collected ground beetles from pitfall traps of 27 plots in Gutianshan NP. For classification, we
followed the systematics of the Palearctic catalogue (Lobl and Lsbl 2017). Abundance (No.) and body size
(mean body size if more than one individual caught) is given for each (morpho-) species. The elevation
data refer to the highest and lowest plots where the ground beetles were caught.

Tribe (Morpho-) Species No. Size (mm) Elevation (m a.s.l.)
Anisodactylini  undet. spec. 1 60 8.9 348-903
undet. spec. 2 3 8 639
Carabini Carabus (Apotomopterus) davidis Deyrolle, 1878 5 35 566-679
Carabus (Isiocarabus) kiukiangensis Bates, 1888 20 30 348-903
Carabus (Damaster) lafossei Feisthamel, 1845 5 42 566-679
Brachinini Pheropsophus (Stenaptinus) beckeri Jedlicka, 1930 1 14 647
Harpalini Amara spec. 1 1 8 542
Harpalus spec. 1 1 12 617
Lebiini Calleida (Callidiula) spec. 1 1 12 617
Lachnoderma asperum Bates, 1883 1 8 880
Pericalina, undet. 1 1 617
Pentagonicini Pentagonica spec. 1 10 4.5 251-679
Pentagonica spec. 2 1 5 542
Perigonini Perigona spec. 1 4 3 542-720
Pterostichini Lesticus spec. 1 7 25.3 590-903
Lesticus spec. 2 43 28.1 251-903
Pterostichus spec. 1 47 24.8 251-903
Pterostichus spec. 2 3 11 419-670
Sphodrini Synuchus spec. 1 32 13.7 251-679
Synuchus spec. 2 10 10.9 251-903
Cicindelini Cylindera (Ifasina) kaleea Bates, 1863 1 9 880
Collyridini Tricondyla macrodera Chaudoir, 1861 1 19 566

Table 2. Collected ground beetles from flight interception traps of 27 plots in Gutianshan NP. For clas-
sification, we followed Lébl and Lobl (2017). Abundance (No.) and body size (mean body size if more
than one individual caught) given for each (morpho-) species.

Tribe (Morpho-) Species No. Size (mm)
Lebiini Lachnoderma asperum Bates, 1883 1 8
Lioptera erotyloides Bates, 1883 1 13
Coptodera (Coptoderina) spec. 1 42 7.5
Pentagonicini Pentagonica spec. 1 2 4.5
Platynini undet. spec. 1 1 8
Collyridini Tricondyla macrodera Chaudoir, 1861 2 19

9.6 £ 1.19 SE), based on a relatively low number of individuals (2.4 + 0.22) per trap.
As expected, species richness was strongly correlated with abundance (Pearson correla-
tion coefficient r = 0.85, p < 0.001). Biomass of captured ground beetles ranged from
0.15 to 10.63 g per plot. The average biomass per plot was 3.11 g (+ 0.54 SE).

The number of ground beetle specimens in flight interception traps was lower
than in pitfall traps. In total, we caught 49 individuals of six species (Table 2), three
of which were recorded also by the pitfall traps on the forest floor. As we caught
few ground beetles in the flight interception traps, we performed further analyses
only with the catches of the pitfall traps. Although there was overlap in species spec-
tra, the catches of the two trapping methods differed strongly. Species of the genus
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Table 3. Results from mixed-effects models for ground beetle abundance, species richness, and biomass.
P-values were obtained from likelihood-ratio tests starting with a full-saturated model and removing non-
significant (p > 0.05) terms sequentially. Significant predictors (p < 0.05) are indicated in bold.

Abundance Species richness Biomass

x2 p-value %2 p-value x2 p-value
Woody species richness (WSR) 0.07 0.787 0.04 0.849 1.44 0.230
Stand age 0.33 0.565 0.00 0.961 1.17 0.280
Canopy cover 4.28 0.039 3.90 0.048 4.98 0.026
Herb cover 4.67 0.031 5.98 0.014 0.60 0.438
Herb species richness 1.60 0.206 0.89 0.345 0.18 0.673
pH-value (topsoil) 5.30 0.021 3.64 0.056 0.97 0.324
Elevation 0.39 0.531 0.18 0.668 14.71 <0.001
WSR * stand age 0.01 0.941 0.19 0.664 2.41 0.120
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Figure |. Relationships between ground beetle abundance and canopy cover (A), herb cover (B) and
pH-value of the soil (C). Black lines indicate significant relationships at p < 0.05 obtained from mixed-ef-
fects models (keeping other significant predictors fixed at their means) with grey areas indicating the 95%
confidence intervals. Points represent observed values per trap. Note that some traps had similar abun-
dance and predictor values. The fixed-effects explained 22% of the variation in ground beetle abundance.

Carabus and the tribes Anisodactylini and Pterostichini were caught exclusively in
the pitfall traps; and lebiines were more abundant in the flight interception traps

(Tables 1, 2; Fig. 4).

Ground beetle assemblages and environmental variables

Four of the seven environmental variables tested for effects on ground beetles in gener-
alized linear mixed models were significantly related to the ground beetle assemblages.
Canopy cover had a positive influence on species richness, abundance, and biomass
of ground beetles (Table 3, Figs 1A, 2A, 3A); however, herb cover influenced ground
beetle species richness and abundance negatively (Table 3, Figs 1B, 2B). In addition,
ground beetle abundance decreased significantly with increasing soil pH (Table 3, Fig.
1C). Finally, ground beetle biomass significantly increased with elevation (Table 3,
Fig. 3B). This is related to the presence of Carabus species, the ground beetles with the
largest body lengths in our study, especially at higher elevations. The biomass of repre-
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Figure 2. Relationships between ground beetle species richness and canopy cover (A) and herb cover
(B). Black lines indicate significant relationships at p < 0.05 obtained from mixed-effects models (keeping
other significant predictors fixed at their means) with grey areas indicating the 95% confidence intervals.
Points represent observed values per trap. Note that some traps had similar richness and predictor values.

The fixed-effects explained 12% of the variation in ground beetle species richness.
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Figure 3. Relationships between ground beetle biomass and canopy cover (A) and herb cover (B). Black
lines indicate significant relationships at p < 0.05 obtained from mixed-effects models (keeping other
significant predictors fixed at their means) with grey areas indicating the 95% confidence intervals. Points
(slightly jittered to improve visibility) represent observed values per trap. The fixed-effects explained 30%

of the variation in ground beetle biomass.

sentatives of the genus Carabus was strongly correlated with elevation (Pearson correla-
tion coeflicient r = 0.65, p < 0.001). The biomass of the representatives of the tribes
Pterostichini, which included species with the second largest individuals, however, was
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Figure 4. Representatives of ground beetles from pitfall traps and flight interception traps in Gutianshan
NP A Carabus kiukiangensis B Carabus davidis C Lioptera erotyloides D Tricondyla macrodera.
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not significantly correlated with elevation (r = 0.26, p > 0.05). The same was true for
the Anisodactylini (r = 0.005, p > 0.05) which were numerous in terms of individuals
(n = 63). Neither species richness of woody plants and of herbs nor stand age signifi-
cantly influenced any characteristic of the ground beetle assemblages (Table 3).

Discussion

Our study revealed that four environmental variables impacted on ground beetle
assemblages at our sample sites. Contrary to our expectations, woody plant species
richness (H1) and stand age (H2) did not influence ground beetle assemblages in
this study. We did corroborate H3, as higher canopy cover led to increased species
richness, abundance, and biomass of ground beetles, and because ground beetle abun-
dance and species richness decreased with higher herb cover. Moreover, soil pH nega-
tively influenced ground beetle abundance, and greater biomass of beetles was found
at higher elevations.

Vegetation effects and ground beetle assemblages

Classical ecological theory such as the “enemies” hypothesis (Root 1973; Staab and
Schuldt 2020), predict higher predator abundance and diversity with increasing plant
diversity caused by different mechanisms at herbivore and predator trophic levels. This
theory has been corroborated in other studies, especially in non-forest ecosystems (An-
dow 1991; Haddad et al. 2009). Furthermore, Jouveau et al. (2020) demonstrated
positive and additive effects of vegetation diversity (understory, canopy and surround-
ing scales) on the density of ground beetles in a tree diversity experiment with planted
tree individuals. Nonetheless, with increasing diversity of an ecosystem, mixed results
are often obtained. For example, some studies postulate positive relationships between
plant diversity and ground beetles, while other studies show no or negative relation-
ships (Vehvilainen et al. 2008; Worthen and Merriman 2013; Yeeles et al. 2017; Zou
etal. 2019).

We found no relationship between woody plant species richness and species num-
bers, abundance, or biomass of ground beetles in Gutianshan NP. This result is con-
sistent with those from numerous other studies on plants and arthropods, especially
ground beetles (Wolters et al. 2006; Harry et al. 2019; Corcos et al. 2021). Ground-
dwelling predators do not directly depend on vegetation, while most herbivores de-
pend directly on host plant selection. This difference alone may result in different pat-
terns for the two trophic groups. It is primarily the structural features of vegetation that
increase with increasing woody plant species diversity (Bruelheide et al. 2011; Schuldt
et al. 2019) that would be expected to affect predator assemblages. Such structural
patterns, in turn, influence microclimatic factors such as temperature, humidity, and
light availability and thus the activity and distribution of species such as carabid beetles
(Work et al. 2011). Nevertheless, the non-significant results of the mixed-effects model
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provide no support for relationships between woody plant species richness and ground
beetle assemblages in Gutianshan NP. However, previous studies of epigeic arthropods
in our study plots found mixed evidence of relationships with woody plant species
richness. The relationship for spiders was negative but positive for predatory ants, with
no relationship for omnivorous ants (Schuldt et al. 2011; Staab et al. 2014).

The positive relationship between woody plant and ground beetle diversity found
by Zou et al. (2019) is limited to mature forests in a study area in temperate China.
For secondary forests, no correlation was found, which the authors attributed to the
lower forest age. The forest in Gutianshan NP is classified as secondary forest, because
it was previously used agriculturally (Bruelheide et al. 2011). Compared to the for-
ests studied by Zou et al. (2019), the older plots in Gutianshan NP closely resemble
mature stands. However, we found no relationship between ground beetle richness
and woody plant species diversity in older stands in Gutianshan NP. Possibly, these
forest plots are not old enough to have fostered a reasonably distinct natural ground
beetle community.

Greater closure of the canopy layer was associated with more beetle species and
specimens. However, our results contrast findings from numerous studies in forests of
boreal, temperate and Mediterranean climate zones, according to which the number of
ground beetle species increases with decreasing canopy cover (Koivula et al. 2002; Ta-
boada et al. 2008; Thorn et al. 2016). These findings can be explained (at least partly)
by the presence of more open habitat species of ground beetles in addition to the forest
species in open or structural-rich forest sites (Heli6ld et al. 2001; Magura et al. 2001).
Nonetheless, if open habitat specialists are rare in the study region and simultaneously
forest specialists avoid more open patches in Gutianshan NP, beetle catches would be
lower in plots with less canopy cover. Although the hypothesis is tempting, habitat
preferences of ground beetles in Chinese forests and other habitats are not as well
studied as in the western Palearctic (Yu et al. 2009; Zou et al. 2015) and no data are
available to test this idea.

In contrast, herb cover had a negative influence on ground beetle abundance and
species richness. Studies from forests in both temperate and Mediterranean climate
regions have documented both negative and positive influences of the forest herb layer
on the species richness of ground beetles (Antvogel and Bonn 2001; Taboada et al.
2010; Liu et al. 2016). It is known that the cover of the herb layer can impede the
movements of ground beetles on the forest floor (Taboada et al. 2010). Thus, a denser
understory could hinder ground beetle activity within these stands. This, in turn, could
negatively affect hunting processes in such stands. It might also reduce estimates of
abundance and diversity that depend on activity-based trapping as in our study which
uses pitfall traps. Contrastingly, a greater herb cover provides protection from poten-
tial predators. Additionally, the forest understory can modify the microclimate (tem-
perature, humidity, sun-exposition), which is known to shape the ecological niches of
many ground beetles (Thiele 1977; Bonn and Schroder 2001). Nonetheless, the influ-
ence of understory vegetation could be more complex and therefore requires further
research with regard to ground beetles.
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Abiotic effects and ground beetle assemblages

The guild of predatory arthropods (Araneae, Chilopoda, Formicidae, cavity-nesting wasps
and their parasitoids) in Gutianshan NP showed a significant decrease of both abundance
and species richness with increasing elevation (Binkenstein et al. 2018). In contrast, we
found that the biomass of the predominately predatory ground beetles studied on the
same plots increased along the same elevational gradient. Therefore, response of organ-
isms to elevation depends not only on trophic guild (predators, herbivores, decomposers)
in these forests (Binkenstein et al. 2018), but it can also vary within trophic guilds.

Our results for biomass indicate that beetle biomass within plots increases with
elevation. This relationship is driven by the higher numbers of representatives of the
genus Carabus (Fig. 4A, B), with specimens up to 42 mm in body length, the largest
ground beetles in our study. The genus Carabus does not occur in the tropics and only
a few species occur in the summer humid subtropics (such as in Gutianshan NP). The
centers of species diversity are clearly in the temperate climatic zones (Breuning 1932;
Meyer 2008). The general climate preference of Carabus species may therefore be re-
flected in our catches, where we found more individuals of these species at the cooler
(and moister) higher elevations.

Ground beetles are able to adapt to a wide range of varying pH-values (Krogerus
1939, 1960; Paje and Mossakowski 1984); however, our data showed significantly
negative relationship between ground beetle abundance and increasing topsoil pH.
Evidence from field studies suggests that different ground beetle species prefer differ-
ent pH-values in the soil (Mossakowski 1970; Matern et al. 2007). Explanations have
been suggested only for a very limited number of species (e.g., species adapted to feed
on snails, which prefer calcerous soils with higher pH-values: Assmann 2003). To our
knowledge, no such studies are available for ground beetles from China. However, the
pH-gradient we found in Gutianshan NP is relatively compressed, and also indirect
effects, e.g., via plants, could influence ground beetle assemblages.

Low species number, abundance, and biomass of ground beetles

The overall number of ground beetle specimens, species and biomass was relatively
low in Gutianshan NP Given the fact, that our study took place in a subtropical hot-
spot of vascular plant diversity, we expected higher numbers of ground beetles. For
example, studies using the same sampling approach in Central European forests have
reported 60 times more ground beetle specimens and 90 times more ground beetle
biomass (Homburg et al. 2019; Hiilsmann et al. 2019). Similarly, the number of spe-
cies from temperate forests is higher (Nolte et al. 2017; Marrec et al. 2021). Further
south, towards the European subtropical zone, Brandmayr et al. (1983) found similar
low catches of both individuals and species, but in a less plant diverse forest (Mediter-
ranean forest dominated by Quercus ilex (Linnaeus, 1753)). Comparable subtropical
forest studies in China are largely lacking, but low catch rates of ground beetles have
also been reported from another study conducted in Gutianshan NP (Yu et al. 2017).



Carabids in a subtropical forest 919

Pitfall trap catches for carabids seem to be low in most tropical evergreen forests
(Vennila 1999, 2000; Maveety et al. 2011; Qodri et al. 2016). In comparison to Gu-
tianshan NI, the dry tropics of Colombia host more species and greater abundance
(Ariza etal. 2021). Many of these tropical species occur mostly in the canopy. Terry Er-
win was the pioneer of research on insect diversity of this forest stratum (Erwin 1982a,
b, 2002), discovering many new species in the canopy of South American rainforests
(Arndt et al. 2001; Erwin 2004a, b). However, we know from other studies that the
ground strata can contribute to the overall biodiversity similar to that of higher strata,
such as canopies (Stork and Grimbacher 2006).

Catches from flight interception traps

Although only a few species were recorded in our flight interception traps, they rep-
resent guilds or taxonomic entities that are well known from the tropics (Erwin and
Erwin 1976; Erwin 1982b, 1983; Maveety et al. 2011), illustrating that the fauna of
the subtropical Gutianshan NP is composed of temperate and tropical elements. At
least some of these species have morphological adaptations to an arboreal life like pec-
tinate claws and adhesive setae on the lower side of the tarsi (Erwin 1979; Stork 1980).
All species from our flight interception traps show these morphological adaptations:
lebiine species with their ectoparasitic larval development (e.g., Lioptera erotyloides
(Fig. 4C), which mimics erotylids in coloration, its possible hosts which also occur in
Gutianshan NP (cf. Erwin and Erwin 1976; Hunting and Yang 2019)), the collyridine
Tricondyla macrodera (Fig. 4D), which not only resembles ants in their habitus, but
also regularly hunts them (Shook and Wu 2007; own observations), and the platynine
species (cf. Whitehead and Ball 1997).

The epigeic assemblages with their few species and individuals, but also the arboreal
fauna with its specific morphological adaptations in Gutianshan NP resembles the ground
beetle fauna typical for tropical forests. However, further study is required to achieve a
better understanding of patterns of ground beetle species richness in subtropical forests.

Acknowledgements

We dedicate this work to the memory of the late Terry Erwin (1940-2020). He was
one of the pioneers who studied how tree species diversity can affect the diversity of
insects, especially ground beetles. One of his publications from a rainforest in Panama
stimulated intensive research on tropical species diversity, particularly of arthropods.
At the same time, Terry was one of the most dedicated entomologists we have ever met.
His ecological work, as well as his contributions to natural history and conservation
biology of carabids, has been very stimulating to our own studies. We are grateful for
his influence and we will not forget him and his work.

We thank the administration of the Gutianshan National Park, and all BEF-China
members for their support. We further thank Jiang Zaigen (Gutianshan) for help with



920 Pascale Zumstein et al. / ZooKeys 1044: 907-927 (2021)

trap maintenance, Marianne Peters (Leuphana University Liineburg) for sorting trap
catches, David D. Wrase (Gusow-Platkow), and Thierry Deuve (Natural History Mu-
seum Paris) for help with identification. We gratefully acknowledge funding by the
German Research Foundation (DFG FORS891/1-3).

We also thank John Spence, Nigel Stork, and an anonymous reviewer for useful
comments that helped improve this work.

References

Andow DA (1991) Vegetational diversity and arthropod population response. Annual Review
of Entomology 36: 561-586. https://doi.org/10.1146/annurev.ent0.36.1.561

Antvogel H, Bonn A (2001) Environmental parameters and microspatial distribution of in-
sects: a case study of carabids in an alluvial forest. Ecography 24: 470-482. https://doi.
0rg/10.1034/j.1600-0587.2001.d01-203.x

Ariza GM, Jdcome ], Esquivel HE, Kotze DJ (2021) Early successional dynamics of ground
beetles (Coleoptera, Carabidae) in the tropical dry forest ecosystem in Colombia. In: Spen-
ce ], Casale A, Assmann T, Liebherr JK, Penev L (Eds) Systematic Zoology and Biodiversity
Science: A tribute to Terry Erwin (1940-2020). ZooKeys 1044: 877-906. https://doi.
org/10.3897/zookeys.1044.59475

Arndt E, Kirmse S, Erwin TL (2001) Arboreal beetles of Neotropical forests: Agra Fabricius,
larval descriptions with notes on natural history and behaviour (Coleoptera: Carabidae,
Lebiini, Agrina). Coleopterists Bulletin 55: 297-310. https://doi.org/10.1649/0010-
065X(2001)055[0297:ABONFA]2.0.CO;2

Assmann T (1999) The ground beetle fauna of ancient and recent woodlands in the lowlands of
north-west Germany (Coleoptera: Carabidae). Biodiversity and Conservation 8: 1499-1517.
https://doi.org/10.1023/A:1008974413376

Assmann T (2003) Biology and ecology. In: Turin H, Penev L, Casale A (Eds) The Genus
Carabus in Europe: a Synthesis. Pensoft, Sofia-Moscow, 287-305.

Basset Y, Cizek L, Cuenoud B, Didham RK, Guilhaumon E Missa O, Novotny V, Odegaard F,
Roslin T, Schmidl J, Tishechkin AK, Winchester NN, Roubik DW/, Aberlenc HP, Bail J,
Barrios H, Bridle JR, Castano-Meneses G, Corbara B, Curletti G, da Rocha WD, de Bak-
ker D, Delabie JHC, Dejean A, Fagan LL, Floren A, Kitching RL, Medianero E, Miller SE,
de Oliveira EG, Orivel ], Pollet M, Rapp M, Ribeiro SP, Roisin Y, Schmidt B, Sorensen
L, Leponce M (2012) Arthropod diversity in a tropical forest. Science 338: 1481-1484.
hteps://doi.org/10.1126/science. 1226727

Binkenstein J, Klein AM, Assmann T, Buscot F, Erfmeier A, Ma K, Pietsch KA, Schmidt K,
Scholten T, Wubet T, Bruelheide H, Schuldt A, Staab M (2018) Multi-trophic guilds re-
spond differently to changing elevation in a subtropical forest. Ecography 41: 1013-1023.
hteps://doi.org/10.1111/ecog.03086

Bonn A, Schréder B (2001) Habitat models and their transfer for single and multi-species
groups: a case study of carabids in an alluvial forest. Ecography 24: 483-496. https://doi.
0rg/10.1034/j.1600-0587.2001.d01-204.x


https://doi.org/10.1146/annurev.ento.36.1.561
https://doi.org/10.1034/j.1600-0587.2001.d01-203.x
https://doi.org/10.1034/j.1600-0587.2001.d01-203.x
https://doi.org/10.3897/zookeys.1044.59475
https://doi.org/10.3897/zookeys.1044.59475
https://doi.org/10.1649/0010-065X(2001)055%5B0297:ABONFA%5D2.0.CO;2
https://doi.org/10.1649/0010-065X(2001)055%5B0297:ABONFA%5D2.0.CO;2
https://doi.org/10.1023/A:1008974413376
https://doi.org/10.1126/science.1226727
https://doi.org/10.1111/ecog.03086
https://doi.org/10.1034/j.1600-0587.2001.d01-204.x
https://doi.org/10.1034/j.1600-0587.2001.d01-204.x

Carabids in a subtropical forest 921

Both S, Fang T, Bshnke M, Bruelheide H, Geissler C, Kiihn P, Scholten T, Trogisch S, Erfmeier A
(2011) Lack of tree layer control on herb layer characteristics in a subtropical forest, China. Jour-
nal of Vegetation Science 22: 1120-1131. https://doi.org/10.1111/j.1654-1103.2011.01324.x

Brandmayr P, Colombetta G, Polli S (1983) Waldcarabiden des Triester Karstes als Indika-
toren des makroklimatischen Uberganges vom kontinentalen Europa zur Mediterraneis
(Coleoptera: Carabidae). Zoologische Jahrbiicher, Abteilung fiir Systematik, Geographie
und Biologie der Tiere 110: 201-220.

Breuning S (1932) Monographie der Gattung Carabus, L. Bestimmungs-Tabellen der europii-
schen Coleopteren. 104®-110" edn. Troppau, 1016 pp.

Brezzi M, Schmid B, Niklaus PA, Schuldt A (2017) Tree diversity increases levels of herbivore
damage in a subtropical forest canopy: evidence for dietary mixing by arthropods? Journal
of Plant Ecology 10: 13-27. https://doi.org/10.1093/jpe/rtw038

Brooks M, Kristensen K, van Benthem K, Magnusson A, Berg CW, Nielsen A, Skaug H,
Michler M, Bolker B (2017) glmmTMB balances speed and flexibility among packages
for zero-inflated generalized linear mixed modeling. R Journal 9: 378-400. https://doi.
org/10.32614/R]J-2017-066

Bruelheide H, Bshnke M, Both S, Fang T, Assmann T, Baruffol M, Bauhus ], Buscot F, Chen
XY, Ding BY, Durka W, Erfmeier A, Fischer M, Geissler C, Guo D, Guo LD, Hirdtle W,
He JS, Hector A, Kréber W, Kithn B Lang AC, Nadrowski K, Pei K, Scherer-Lorenzen
M, Shi X, Scholten T, Schuldt A, Trogisch S, von Oheimb G, Welk E, Wirth C, Wu YT,
Yang X, Zeng X, Zhang S, Zhou H, Ma K, Schmid B (2011) Community assembly dur-
ing secondary forest succession in a Chinese subtropical forest. Ecological Monographs 81:
25-41. https://doi.org/10.1890/09-2172.1

Corcos D, Lami F, Nardi D, Boscutti F, Sigura M, Giannone E, Pantini P, Tagliapietra A, Busato
E Sibella R, Marini L (2021) Cross-taxon congruence between predatory arthropods and
plants across Mediterranean agricultural landscapes. Ecological Indicators 123: €¢1073606.
hteps://doi.org/10.1016/j.ecolind.2021.107366

Dufly JE (2009) Why biodiversity is important to the functioning of real-world ecosystems.
Frontiers in Ecology and the Environment 7: 437—444. https://doi.org/10.1890/070195

Eichenberg D, Trogisch S, Huang YY, He JS, Bruelheide H (2015) Shifts in community leaf func-
tional traits are related to litter decomposition along a secondary forest succession series in
subtropical China. Journal of Plant Ecology 8: 401-410. https://doi.org/10.1093/jpe/rtu021

Erwin TL (1979) Thoughts on the evolutionary history of ground beetles: hypotheses generated
from comparative faunal analyses of lowland forest sites in temperate and tropical regions.
In: Erwin TL, Ball GE, Whitehead DR, Halpern AL (Eds) Carabid beetles: their evolu-
tion, natural history, and classification. Junk Publishers, The Hague, 539—-592. https://doi.
0rg/10.1007/978-94-009-9628-1_30

Erwin TL (1982a) Agra, arboreal beetles of neotropical forests: erythropus group systematics (Carabi-
dae). Systematic Entomology 7: 39—71. https://doi.org/10.1111/j.1365-3113.1982.tb00125.x

Erwin TL (1982b) Tropical forests: their richness in Coleoptera and other arthropod species. The
Coleopterists Bulletin 36: 74-75. http://europepmc.org/abstract/ AGR/IND83098006

Erwin TL (1983) Tropical forest canopies: the last biotic frontier. Bulletin of the Entomological
Society of America 29: 14-20. https://doi.org/10.1093/besa/29.1.14


https://doi.org/10.1111/j.1654-1103.2011.01324.x
https://doi.org/10.1093/jpe/rtw038
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.32614/RJ-2017-066
https://doi.org/10.1890/09-2172.1
https://doi.org/10.1016/j.ecolind.2021.107366
https://doi.org/10.1890/070195
https://doi.org/10.1093/jpe/rtu021
https://doi.org/10.1007/978-94-009-9628-1_30
https://doi.org/10.1007/978-94-009-9628-1_30
https://doi.org/10.1111/j.1365-3113.1982.tb00125.x
http://europepmc.org/abstract/AGR/IND83098006
https://doi.org/10.1093/besa/29.1.14

922 Pascale Zumstein et al. / ZooKeys 1044: 907-927 (2021)

Erwin TL (2002) The beetle family Carabidae of Costa Rica: twenty-nine new species of Agra
Fabricius 1801 (Coleoptera: Carabidae, Lebiini, Agrina). Zootaxa 119: 1-68. https://doi.
org/10.11646/zootaxa.119.1.1

Erwin TL (2004a) The beetle family Carabidae of Costa Rica: the genera of the Cryptobatida
group of subtribe Agrina, tribe Lebiini, with new species and notes on their way of life
(Insecta: Coleoptera). Zootaxa 662: 1-54. https://doi.org/10.11646/zootaxa.662.1.1

Erwin TL (2004b) The beetle family Carabidae of Costa Rica and Panamd: descriptions of
four new genera and six new species with notes on their way of life (Insecta: Coleoptera).
Zootaxa 537: 1-18. https://doi.org/10.11646/zootaxa.537.1.1

Erwin TL, Erwin LJM (1976) Relationships of predaceous beetles to tropical forest wood de-
cay. Part II. The natural history of Neotropical Eurycolens macularis Chevrolat (Carabidae:
Lebiini) and its implications in the evolution of ectoparasitoidism. Biotropica 8: 215-224.
hteps://doi.org/10.2307/2989713

Garcia-Tejero S, Spence JR, O’Halloran J, Bourassa S, Oxbrough A (2018) Natural succession and
clearcutting as drivers of environmental heterogeneity and beta diversity in North American
boreal forests. PLoS ONE 13: €0206931. https://doi.org/10.1371/journal.pone.0206931

Gruner DS (2004) Attenuation of top-down and bottom-up forces in a complex terrestrial
community. Ecology 85: 3010-3022. https://doi.org/10.1890/04-0020

Haddad NM, Crutsinger GM, Gross K, Haarstad ], Knops JMH, Tilman D (2009) Plant
species loss decreases arthropod diversity and shifts trophic structure. Ecology Letters 12:
1029-1039. https://doi.org/10.1111/j.1461-0248.2009.01356.x

Harry I, Héfer H, Schielzeth H, Assmann T (2019) Protected habitats of Natura 2000 do not
coincide with important diversity hotspots of arthropods in mountain grasslands. Insect
Conservation and Diversity 12: 329-338. https://doi.org/10.1111/icad.12349

Hartig F (2020) DHARMa: Residual diagnostics for hierarchical (multi-level/mixed) regres-
sion models. R package version 0.3.2.0. https://CRAN.R-project.org/package=DHARMa

Helisli J, Koivula M, Niemeli J (2001) Distribution of carabid beetles (Coleoptera: Carabidae)
across a boreal forest—clearcut ecotone. Conservation Biology 15: 370-377. https://doi.
0rg/10.1046/j.1523-1739.2001.015002370.x

Homburg K, Drees C, Boutaud E, Nolte D, Schuett W, Zumstein P, von Ruschkowski E, Ass-
mann T (2019) Where have all the beetles gone? Long-term study reveals carabid species
decline in a nature reserve in Northern Germany. Insect Conservation and Diversity 12:
268-277. https://doi.org/10.1111/icad.12348

Hu Z, Yu M (2008) Study on successions sequence of evergreen broad-leaved forest in Gutian
Mountain of Zhejiang, Fastern China: species diversity. Frontiers of Biology in China 3:
45-49. hteps://doi.org/10.1007/s11515-008-0011-4

Hiilsmann M, Boutaud E, Buse J, Schuldt A, Assmann T (2019) Land-use legacy and tree age
in continuous woodlands: weak effects on overall ground beetle assemblages, but strong
effects on two threatened species. Journal of Insect Conservation 23: 623—-633. https://doi.
0rg/10.1007/s10841-019-00156-8

Hunting W, Yang MM (2019) A taxonomic review of the pericaline ground-beetles in Taiwan,
with descriptions of new species (Coleoptera: Carabidae, Lebiini). ZooKeys 816: 1-164.
hteps://doi.org/10.3897/z00keys.816.29738


https://doi.org/10.11646/zootaxa.119.1.1
https://doi.org/10.11646/zootaxa.119.1.1
https://doi.org/10.11646/zootaxa.662.1.1
https://doi.org/10.11646/zootaxa.537.1.1
https://doi.org/10.2307/2989713
https://doi.org/10.1371/journal.pone.0206931
https://doi.org/10.1890/04-0020
https://doi.org/10.1111/j.1461-0248.2009.01356.x
https://doi.org/10.1111/icad.12349
https://CRAN.R-project.org/package=DHARMa
https://doi.org/10.1046/j.1523-1739.2001.015002370.x
https://doi.org/10.1046/j.1523-1739.2001.015002370.x
https://doi.org/10.1111/icad.12348
https://doi.org/10.1007/s11515-008-0011-4
https://doi.org/10.1007/s10841-019-00156-8
https://doi.org/10.1007/s10841-019-00156-8
https://doi.org/10.3897/zookeys.816.29738

Carabids in a subtropical forest 923

Jelaska LS, Dumbovic V, Kucinic M (2011) Carabid beetle diversity and mean individual bio-
mass in beech forests of various ages. ZooKeys 100: 393—405. https://doi.org/10.3897/
zookeys.100.1536

Jouveau S, Toigo M, Giffard B, Castagneyrol B, van Halder I, Vétillard E Jactel H (2020)
Carabid activity-density increases with forest vegetation diversity at different spatial scales.
Insect Conservation and Diversity 13: 36-46. https://doi.org/10.1111/icad.12372

Koivula M (2011) Useful model organisms, indicators, or both? Ground beetles (Coleoptera:
Carabidae) reflecting environmental conditions. ZooKeys 100: 287-317. https://doi.
org/10.3897/zookeys.100.1533

Koivula M, Kukkonen ], Niemeld J (2002) Boreal carabid-beetle (Coleoptera: Carabidae) as-
semblages along the clear-cut originated succession gradient. Biodiversity and Conserva-
tion 11: 1269-1288. https://doi.org/10.1023/A:1016018702894

Korboulewsky N, Perez G, Chauvat M (2016) How tree diversity affects soil fauna diversi-
ty: a review. Soil Biology and Biochemistry 94: 94-106. https://doi.org/10.1016/j.s0il-
bio.2015.11.024

Krogerus R (1939) Zur Okologie nordischer Moortiere. Verhandlungen des 7. Internationalen
Kongress fiir Entomologie Berlin 1938 2: 1213-1231.

Krogerus R (1960) Okologische Studien iiber nordische Moorarthropoden. Societas Scien-
tiarum Fennica Commentationes Biologicae 21: 1-238.

Lang AC, Hirdtle W, Bruelheide H, Kréber W, Schroter M, von Wehrden H, von Oheimb G
(2012) Horizontal, but not vertical canopy structure is related to stand functional diversity
in a subtropical slope forest. Ecological Research 27: 181-189. https://doi.org/10.1007/
s11284-011-0887-3

Lefcheck JS, Byrnes JEK, Isbell E Gamfeldt L, Griffin JN, Eisenhauer N, Hensel MJS, Hec-
tor A, Cardinale BJ, Duffy JE (2015) Biodiversity enhances ecosystem multifunction-
ality across trophic levels and habitats. Nature Communications 6: €6936. https://doi.
org/10.1038/ncomms7936

Legendre P, Mi X, Ren H, Ma K, Yu M, Sun IF, He F (2009) Partitioning beta diversity in a sub-
tropical broad-leaved forest of China. Ecology 90: 663—674. https://doi.org/10.1890/07-
1880.1

Liu JL, Li FR, Sun TS, Ma LE, Liu LL, Yang K (2016) Interactive effects of vegetation and soil
determine the composition and diversity of carabid and tenebrionid functional groups in
an arid ecosystem. Journal of Arid Environments 128: 80-90. https://doi.org/10.1016/j.
jaridenv.2016.01.009

Liu WY, Fox JED, Xu ZF (2003) Litterfall and nutrient dynamics in a montane moist ever-
green broad-leaved forest in Ailao Mountains, SW China. Plant Ecology 164: 157-170.
hteps://doi.org/10.1023/A:1021201012950

Lobl I, Lebl D [Eds] (2017) Catalogue of Palaearctic Coleoptera. Archostemata-Myxophaga-
Adephaga, Revised and Updated Edition. Volume 1. Brill, Leiden, 1443 pp.

Loreau M, Naeem S, Inchausti P, Bengtsson J, Grime JB Hector A, Hooper DU, Huston
MA, Raffaelli D, Schmid B, Tilman D, Wardle DA (2001) Biodiversity and Ecosystem
Functioning: current knowledge and future challenges. Science 294: 804—808. https://doi.
org/10.1126/science.1064088


https://doi.org/10.3897/zookeys.100.1536
https://doi.org/10.3897/zookeys.100.1536
https://doi.org/10.1111/icad.12372
https://doi.org/10.3897/zookeys.100.1533
https://doi.org/10.3897/zookeys.100.1533
https://doi.org/10.1023/A:1016018702894
https://doi.org/10.1016/j.soilbio.2015.11.024
https://doi.org/10.1016/j.soilbio.2015.11.024
https://doi.org/10.1007/s11284-011-0887-3
https://doi.org/10.1007/s11284-011-0887-3
https://doi.org/10.1038/ncomms7936
https://doi.org/10.1038/ncomms7936
https://doi.org/10.1890/07-1880.1
https://doi.org/10.1890/07-1880.1
https://doi.org/10.1016/j.jaridenv.2016.01.009
https://doi.org/10.1016/j.jaridenv.2016.01.009
https://doi.org/10.1023/A:1021201012950
https://doi.org/10.1126/science.1064088
https://doi.org/10.1126/science.1064088

924 Pascale Zumstein et al. / ZooKeys 1044: 907-927 (2021)

Magura T, Téthmérész B, Molndr T (2001) Forest edge and diversity: carabids along for-
est-grassland transects. Biodiversity and Conservation 10: 287-300. https://doi.
0rg/10.1023/A:1008967230493

Marrec R, Le Roux V, Martin L, Lenoir J, Brunet J, Cousins SAO, De Smedt P, Deconchat
M, Diekmann M, Ehrmann S, Gallet-Moron E, Giffard B, Liira ], Lindgren ], Valdes A,
Verheyen K, Wulf M, Decocq G (2021) Multiscale drivers of carabid beetle (Coleoptera:
Carabidae) assemblages in small European woodlands. Global Ecology and Biogeography
30: 165-182. https://doi.org/10.1111/geb.13208

Matern A, Drees C, Kleinwichter M, Assmann T (2007) Habitat modelling for the conser-
vation of the rare ground beetle species Carabus variolosus (Coleoptera: Carabidae) in
the riparian zones of headwaters. Biological Conservation 136: 618-627. https://doi.
0rg/10.1016/j.biocon.2007.01.006

Maveety S, Browne R, Erwin TL (2011) Carabidae diversity along an altitudinal gradient in
a Peruvian cloud forest (Coleoptera). ZooKeys 147: 651-666. https://doi.org/10.3897/
zookeys.147.2047

Meyer P (2008) Distribution géographique des sous-genres actualisés du genre Carabus. Magel-
lanes, Conflans-Sainte-Honorine, 106 pp.

Mossakowski D (1970) Okologische Untersuchungen an epigiischen Coleopteren atlantischer
Moor- und Heidestandorte. Zeitschrift fiir wissenschaftliche Zoologie 181: 233-316.
Mottl O, Fibich B, Klimes B, Volf M, Tropek R, Anderson-Teixeira K, Auga J, Blair T, But-
terill B, Carscallen G, Gonzalez-Akre E, Goodman A, Kaman O, Lamarre GPA, Libra M,
Losada ME, Manumbor M, Miller SE, Molem K, Nichols G, Plowman NS, Redmond C,
Seifert CL, Vrana J, Weiblen GD, Novotny V (2020) Spatial covariance of herbivorous and
predatory guilds of forest canopy arthropods along a latitudinal gradient. Ecology Letters

23: 1499-1510. hetps://doi.org/10.1111/ele. 13579

Nolte D, Schuldt A, Gossner MM, Ulrich W, Assmann T (2017) Functional traits drive ground
beetle community structures in Central European forests: implications for conservation.
Biological Conservation 213: 5-12. https://doi.org/10.1016/j.biocon.2017.06.038

O’Brien MJ, Brezzi M, Schuldt A, Zhang JY, Ma KB, Schmid B, Niklaus PA (2016) Tree diver-
sity drives diversity of arthropod herbivores, but successional stage mediates detritivores.
Ecology and Evolution 7: 8753-8760. https://doi.org/10.1002/ece3.3411

Oliver I, Beattie AJ (1996) Designing a cost-effective invertebrate survey: a test of methods
for rapid assessment of biodiversity. Ecological Applications 6: 594-607. https://doi.
0rg/10.2307/2269394

Paje F, Mossakowski D (1984) pH-preferences and habitat selection in carabid beetles. Oecolo-
gia 64: 41-46. https://doi.org/10.1007/BF00377541

Qodri A, Raffiudin R, Noerdjito W (2016) Diversity and abundance of Carabidae and Staphylini-
dae (Insecta: Coleoptera) in four montane habitat types on Mt. Bawakaraeng, South Sulawe-
si. HAYATT Journal of Biosciences 23: 22-28. https://doi.org/10.1016/j.hjb.2016.04.002

Rainio J, Niemeld ] (2003) Ground beetles (Coleoptera: Carabidae) as bioindicators. Biodiver-
sity and Conservation 12: 487-5006. https://doi.org/10.1023/A:1022412617568

Riihimaki J, Kaitaniemi B, Koricheva J, Vehvilainen H (2005) Testing the enemies hypothesis
in forest stands: the important role of tree species composition. Oecologia 142: 90-97.
https://doi.org/10.1007/s00442-004-1696-y


https://doi.org/10.1023/A:1008967230493
https://doi.org/10.1023/A:1008967230493
https://doi.org/10.1111/geb.13208
https://doi.org/10.1016/j.biocon.2007.01.006
https://doi.org/10.1016/j.biocon.2007.01.006
https://doi.org/10.3897/zookeys.147.2047
https://doi.org/10.3897/zookeys.147.2047
https://doi.org/10.1111/ele.13579
https://doi.org/10.1016/j.biocon.2017.06.038
https://doi.org/10.1002/ece3.3411
https://doi.org/10.2307/2269394
https://doi.org/10.2307/2269394
https://doi.org/10.1007/BF00377541
https://doi.org/10.1016/j.hjb.2016.04.002
https://doi.org/10.1023/A:1022412617568
https://doi.org/10.1007/s00442-004-1696-y

Carabids in a subtropical forest 925

Root RB (1973) Organization of a plant-arthropod association in simple and diverse habitats:
the fauna of collards (Brassica oleracea). Ecological Monographs 43: 95-124. https://doi.
0rg/10.2307/1942161

Schuldt A, Baruffol M, Béhnke M, Bruelheide H, Hirdde W, Lang AC, Nadrowski K, von
Oheimb G, Voigt W, Zhou H, Assmann T (2010) Tree diversity promotes insect herbivory
in subtropical forests of south-east China. Journal of Ecology 98: 917-926. https://doi.
org/10.1111/j.1365-2745.2010.01659.x

Schuldt A, Bruelheide H, Buscot E Assmann T, Erfmeier A, Klein AM, Ma K, Scholten T,
Staab M, Wirth C, Zhang J, Wubet T (2017) Belowground top-down and aboveground
bottom-up effects structure multitrophic community relationships in a biodiverse forest.
Scientific Reports 7: €4222. https://doi.org/10.1038/s41598-017-04619-3

Schuldt A, Wubet T, Buscot E Staab M, Assmann T, Bshnke-Kammerlander M, Both S,
Erfmeier A, Klein AM, Ma KB, Pietsch KA, Schultze S, Wirth C, Zhang JY, Zumstein B,
Bruelheide H (2015a) Multitrophic diversity in a biodiverse forest is highly nonlinear across
spatial scales. Nature Communications 6: e10169. https://doi.org/10.1038/ncomms10169

Schuldt A, Ebeling A, Kunz M, Staab M, Guimaraes-Steinicke C, Bachmann D, Buchmann N,
Durka W, Fichtner A, Fornoff E Hirdtle W, Hertzog LR, Klein AM, Roscher C, Schaller
J, von Oheimb G, Weigelt A, Weisser W, Wirth C, Zhang J, Bruelheide H, Eisenhauer N
(2019) Multiple plant diversity components drive consumer communities across ecosys-
tems. Nature Communications 10: €1460. https://doi.org/10.1038/s41467-019-09448-8

Schuldt A, Both S, Bruelheide H, Hirdtle W, Schmid B, Zhou H, Assmann T (2011) Preda-
tor diversity and abundance provide little support for the enemies hypothesis in forests of
high tree diversity. PLoS ONE 6: €22905. https://doi.org/10.1371/journal.pone.0022905

Schuldt A, Bruelheide H, Hirdtle W, Assmann T, Li Y, Ma KB, von Oheimb G, Zhang JY
(2015b) Early positive effects of tree species richness on herbivory in a large-scale forest
biodiversity experiment influence tree growth. Journal of Ecology 103: 563-571. https://
doi.org/10.1111/1365-2745.12396

Schwerk A, Szyszko J (2007) Mittlere Individuen Biomasse (MIB) von epigiischen Laufkifern (Co-
leoptera: Carabidae) als Indikator fiir Sukzessionsstadien. Angewandte Carabidologie 8: 69-72.

Shook G, Wu X]J (2007) Tiger beetles of Yunnan. Yunnan Publishing Group, Yunnan Science
and Technology Press, Kunming, 119 pp.

Staab M, Liu X, Assmann T, Bruelheide H, Buscot E Durka W, Erfmeier A, Klein AM,
Ma K, Michalski S, Wubet T, Schmid B, Schuldt A (2021) Tree phylogenetic diversi-
ty structures multitrophic communities. Functional Ecology 35: 521-534. https://doi.
0rg/10.1111/1365-2435.13722

Staab M, Schuldt A (2020) The influence of tree diversity on natural enemies — a review of
the “Enemies” hypothesis in forests. Current Forestry Reports 6: 243-259. https://doi.
org/10.1007/s40725-020-00123-6

Staab M, Schuldt A, Assmann T, Klein AM (2014) Tree diversity promotes predator but not
omnivore ants in a subtropical Chinese forest. Ecological Entomology 39: 637-647.
hteps://doi.org/10.1111/een.12143

Stork NE (1980) A scanning electron microscope study of tarsal adhesive setae in the
Coleoptera. Zoological Journal of the Linnean Society 68: 173-306. https://doi.
org/10.1111/].1096-3642.1980.tb01121.x


https://doi.org/10.2307/1942161
https://doi.org/10.2307/1942161
https://doi.org/10.1111/j.1365-2745.2010.01659.x
https://doi.org/10.1111/j.1365-2745.2010.01659.x
https://doi.org/10.1038/s41598-017-04619-3
https://doi.org/10.1038/ncomms10169
https://doi.org/10.1038/s41467-019-09448-8
https://doi.org/10.1371/journal.pone.0022905
https://doi.org/10.1111/1365-2745.12396
https://doi.org/10.1111/1365-2745.12396
https://doi.org/10.1111/1365-2435.13722
https://doi.org/10.1111/1365-2435.13722
https://doi.org/10.1007/s40725-020-00123-6
https://doi.org/10.1007/s40725-020-00123-6
https://doi.org/10.1111/een.12143
https://doi.org/10.1111/j.1096-3642.1980.tb01121.x
https://doi.org/10.1111/j.1096-3642.1980.tb01121.x

926 Pascale Zumstein et al. / ZooKeys 1044: 907-927 (2021)

Stork NE (2018) How many species of insects and other terrestrial arthropods are there on
earth? Annual Review of Entomology 63: 31-45. https://doi.org/10.1146/annurev-en-
t0-020117-043348

Stork NE, Grimbacher PS (2006) Beetle assemblages from an Australian tropical rainforest show
that the canopy and the ground strata contribute equally to biodiversity. Proceedings of the Roy-
al Society B-Biological Sciences 273: 1969—1975. https://doi.org/10.1098/rspb.2006.3521

Strong DR, Lawton JH, Southwood TRE (1984) Insects on plants: community patterns and
mechanisms. Blackwell, Oxford, 313 pp.

Taboada A, Kotze DJ, Tarrega R, Salgadoa JM (2008) Carabids of differently aged reforested
pinewoods and a natural pine forest in a historically modified landscape. Basic and Applied
Ecology 9: 161-171. https://doi.org/10.1016/j.baac.2007.01.004

Taboada A, Tarrega R, Calvo L, Marcos E, Marcos JA, Salgado JM (2010) Plant and carabid
beetle species diversity in relation to forest type and structural heterogeneity. European
Journal of Forest Research 129: 31-45. https://doi.org/10.1007/s10342-008-0245-3

Tang CQ (2006) Forest vegetation as related to climate and soil conditions at varying altitudes
on a humid subtropical mountain, Mount Emei, Sichuan, China. Ecological Research 21:
174-180. hteps://doi.org/10.1007/s11284-005-0106-1

Terrell-Nield C (1990) Is it possible to age woodlands on the basis of their carabid beetle
diversity? Entomologist 109: 136-145.

Thiele HU (1977) Carabid beetles in their environments: a study on habitat selection by adap-
tations in Physiology and Behaviour. Springer-Verlag Berlin Heidelberg, 372 pp. https://
doi.org/10.1007/978-3-642-81154-8

Thorn S, Bufller H, Fritze MA, Goeder B, Miiller J, Weif§ I, Seibold S (2016) Canopy clo-
sure determines arthropod assemblages in microhabitats created by windstorms and sal-
vage logging. Forest Ecology and Management 381: 188-195. https://doi.org/10.1016/j.
foreco.2016.09.029

Vehvilainen H, Koricheva J, Ruohomaki K (2008) Effects of stand tree species composition
and diversity on abundance of predatory arthropods. Oikos 117: 935-943. https://doi.
org/10.1111/.0030-1299.2008.15972.x

Vennila S (2000) Pitfall trap sampling of tropical carabids (Carabidae: Coleoptera) — evaluation
of traps, preservatives and sampling frequency. Journal of Bombay Natural History Society
97: 241-246.

Vennila S (1999) Optimum sampling effort for study of tropical ground beetles (Carabidae:
Coleoptera) using pitfall traps. Current Science 77: 281-283.

Wang MQ, Li Y, Chesters D, Anttonen B, Bruelheide H, Chen JT, Durka W, Guo PF, Hirdtle
W, Ma KP, Michalski SG, Schmid B, von Oheimb G, Wu CS, Zhang NL, Zhou QS,
Schuldt A, Zhu CD (2019) Multiple components of plant diversity loss determine her-
bivore phylogenetic diversity in a subtropical forest experiment. Journal of Ecology 107:
2697-2712. https://doi.org/10.1111/1365-2745.13273

Whitehead DR, Ball GE (1997) The middle American genus Onypterygia Dejean (Insecta: Co-
leoptera, Carabidae, Platynini): a taxonomic revision of the species, with notes about their
way of life and geographical distribution. Annals of the Carnegie Museum 66: 289-409.
hteps://www.biodiversitylibrary.org/part/215140.


https://doi.org/10.1146/annurev-ento-020117-043348
https://doi.org/10.1146/annurev-ento-020117-043348
https://doi.org/10.1098/rspb.2006.3521
https://doi.org/10.1016/j.baae.2007.01.004
https://doi.org/10.1007/s10342-008-0245-3
https://doi.org/10.1007/s11284-005-0106-1
https://doi.org/10.1007/978-3-642-81154-8
https://doi.org/10.1007/978-3-642-81154-8
https://doi.org/10.1016/j.foreco.2016.09.029
https://doi.org/10.1016/j.foreco.2016.09.029
https://doi.org/10.1111/j.0030-1299.2008.15972.x
https://doi.org/10.1111/j.0030-1299.2008.15972.x
https://doi.org/10.1111/1365-2745.13273
https://www.biodiversitylibrary.org/part/215140

Carabids in a subtropical forest 927

Wolters V, Bengtsson J, Zaitsev AS (2006) Relationship among the species richness of different
taxa. Ecology 87: 1886-1895. https://doi.org/10.1890/0012-9658(2006)87[1886:RATS
RO]J2.0.CO;2

Work T, Shorthouse D, Spence J, Volney W, Langor D (2011) Stand composition and structure
of the boreal mixedwood and epigaeic arthropods of the Ecosystem Management Emulat-
ing Natural Disturbance (EMEND) landbase in northwestern Alberta. Canadian Journal
of Forest Research 34: 417-430. https://doi.org/10.1139/x03-238

Worthen WB, Merriman DCG (2013) Relationships between carabid beetle communities and
forest stand parameters: Taxon congruence or habitat association? Southeastern Naturalist
12: 379-386. https://doi.org/10.1656/058.012.0211

Wu YT, Wubet T, Trogisch S, Both S, Scholten T, Bruelheide H, Buscot F (2013) Forest age and
plant species composition determine the soil fungal community composition in a Chinese
subtropical forest. PLoS ONE 8: ¢66829. https://doi.org/10.1371/journal.pone.0066829

Yeeles P, Lach L, Hobbs RJ, van Wees M, Didham RK (2017) Woody plant richness does not
influence invertebrate community reassembly trajectories in a tree diversity experiment.
Ecology 98: 500-511. https://doi.org/10.1002/ecy. 1662

Yu M, Hu Z, Yu ], Ding B, Fang T (2001) Forest vegetation types in Gutianshan Natural
Reserve in Zhejiang. Journal of Zhejiang University (Agriculture and Life Sciences) 27:
375-380. http://europepmc.org/abstract/ CBA/351032.

Yu XD, Luo TH, Zhou HZ (2009) Distribution of carabid beetles (Coleoptera: Carabidae)
across ecotones between regenerating and mature forests in southwestern China. Environ-
mental Entomology 38: 1053—1060. https://doi.org/10.1603/022.038.0412

Yu XD, Liu CL, Lu L, Bearer SL, Luo TH, Zhou HZ (2017) Does selective logging change
ground-dwelling beetle assemblages in a subtropical broad-leafed forest of China? Insect
Science 24: 303-313. https://doi.org/10.1111/1744-7917.12283

Zou Y, Sang W, Bai E Brennan E, Diekman M, Lius Y, Li L, Marples A, Shi H, Sui Z, Sun
X, Wang C, Wang X, Warren-Thomas E, Yang X, Yu Z, Axmacher JC (2019) Large-scale
alpha-diversity patterns in plants and ground beetles (Coleoptera: Carabidae) indicate a
high biodiversity conservation value of China’s restored temperate forest landscapes. Diver-
sity and Distributions 25: 1613—1624. https://doi.org/10.1111/ddi.12964

Zou Y, Sang WG, Bai E Axmacher JC (2013) Relationships between plant diversity and the
abundance and alpha-diversity of predatory ground beetles (Coleoptera: Carabidae) in a
mature Asian temperate forest ecosystem. PLoS ONE 8: €82792. https://doi.org/10.1371/
journal.pone.0082792

Zou Y, Sang W, Wang S, Warren-Thomas E, Liu Y, Yu Z, Wang C, Axmacher JC (2015) Di-
versity patterns of ground beetles and understory vegetation in mature, secondary, and
plantation forest regions of temperate northern China. Ecology and Evolution 5: 531-542.
hteps://doi.org/10.1002/ece3.1367

Zuur A, Ieno EN, Walker N, Saveliev A, Smith GM (2009) Mixed effects models and exten-
sions in ecology with R. Springer-Verlag, New York, 574 pp. https://doi.org/10.1007/978-
0-387-87458-6_1


https://doi.org/10.1890/0012-9658(2006)87%5B1886:RATSRO%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2006)87%5B1886:RATSRO%5D2.0.CO;2
https://doi.org/10.1139/x03-238
https://doi.org/10.1656/058.012.0211
https://doi.org/10.1371/journal.pone.0066829
https://doi.org/10.1002/ecy.1662
http://europepmc.org/abstract/CBA/351032
https://doi.org/10.1603/022.038.0412
https://doi.org/10.1111/1744-7917.12283
https://doi.org/10.1111/ddi.12964
https://doi.org/10.1371/journal.pone.0082792
https://doi.org/10.1371/journal.pone.0082792
https://doi.org/10.1002/ece3.1367
https://doi.org/10.1007/978-0-387-87458-6_1
https://doi.org/10.1007/978-0-387-87458-6_1

	What shapes ground beetle assemblages in a tree species-rich subtropical forest?
	Abstract
	Introduction
	Material and methods
	Study area and plots
	Pitfall trapping
	Environmental data
	Statistical analysis

	Results
	Number of species, abundance, and biomass
	Ground beetle assemblages and environmental variables

	Discussion
	Vegetation effects and ground beetle assemblages
	Abiotic effects and ground beetle assemblages
	Low species number, abundance, and biomass of ground beetles
	Catches from flight interception traps

	Acknowledgements
	References

