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Abstract

The potential of forest nature reserves as refuges for biodiversity seems to be overlooked probably due to their small size.
These, however, may constitute important safe havens for saproxylic organisms since forest reserves are relatively
numerous in Europe. Saproxylic beetles are among the key groups for the assessment of biodiversity in forest habitats
and longhorn beetles may play an important role in bioindication as they are ecologically associated with various micro-
habitats and considered a very heterogeneous family of insects. To study the role of forest reserves as important habitats for
saproxylic beetles, we compared cerambycid assemblages in corresponding pairs of sites (nature reserves and managed
stands) in a forest region under high anthropogenic pressure (Upper Silesia, Poland, Central Europe). Moreover, we also
intended to assess the role played by these beetles as bioindicators in the different forest types from this area. According to
the obtained diversity index values, the most valuable stands are located in nature reserves, whilst sites with the lowest
value included managed forests together with two homogeneous and relatively recently established nature reserves. Our
analyses demonstrated a positive correlation between deadwood volume and biodiversity, for both species richness and
abundance. Our results indicate that the decisive factor is the type of a given habitat, whose characteristics can be mainly
influenced/determined by forest management. The potential role of longhorn beetles as bioindicators is highlighted and the
effectiveness of using traps in this family, as well as general issues regarding the use of non-selective lethal traps in the study
of single invertebrate groups in protected areas are discussed.
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Introduction small-scale objects, but on the other hand are relatively

Managed and unmanaged forests differ regarding the
population characteristics and species composition of
various groups of organisms (Weslien & Schroeder
1999). This is especially true for the saproxylic beetle
diversity that was in the focus of several studies (e.g.
Weslien & Schroeder 1999; Martikainen et al. 2000;
Borowski 2001; Mokrzycki 2001; Byk 2001a, 2001b;
Gutowski et al. 2006; Hilszczanski et al. 2007;
Gossner et al. 2013, 2016; Bouget et al. 2014;
Miiller et al. 2015; Bouget & Parmain 2016).
However, only a small part of such research took
place in nature reserves (or reserves outside national
parks), which on the one hand are usually local and

numerous, which in turn increases their importance in
the network of ecological corridors. Along with
national parks, nature reserves play an important role
as deadwood reservoirs. In 2020, Poland has 1501
nature reserves, which cover a total area of
169,000 ha, representing 0.54% of the country’s ter-
ritory. There are about 720 forest reserves with a total
area of 67,224 ha and 140 fauna ones (45,869 ha).
Forest reserves constitute approx. 0.73% of all
national forests (9.2 million ha), although only a few
have been established for the purpose of insect protec-
tion (Central Register of Forms of Nature Protection
2020).
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Saproxylic beetles represent one of the most species-
rich and functionally diverse groups of endangered
organisms inhabiting forest ecosystems (Stokland
et al. 2012) and they constitute a key group when
assessing forest biodiversity. Thus, it is important to
explore their habitat requirements (Horak et al. 2011)
and mechanisms driving their occurrence. Studies on
the relationships between saproxylic beetles and dead-
wood have been undertaken relatively recently
(Speight 1989; Martikainen et al. 2000; Grove 2002;
Lachat et al. 2007, 2012, 2016; Dollin et al. 2008;
Muiller & Butler 2010; Lassauce et al. 2011; Boucher
et al. 2012; Hjiltén et al. 2012; Wu et al. 2013, 2015;
Muiller et al. 2014; De Zan et al. 2014; Della Rocca
et al. 2014; Buse et al. 2016; Heikkala et al. 2016;
Seibold et al. 2016; Doerfler et al. 2018; Jaworski et al.
2019). Most of these studies were conducted in the
temperate and boreal zones, while only a few refer to
subtropical and tropical ones (Seibold et al. 2015).
Nevertheless, despite the numerous studies on this
topic, it is still relatively rare to find results dealing
with the amount of deadwood that is needed to main-
tain a proper saproxylic diversity.

Within saproxylic beetle assemblages, longhorn
beetles (Coleoptera: Cerambycidae) are one of the
most diverse groups occurring in various habitats
with different characteristics. The members of this
family can be excellent indicators of well-
differentiated saproxylic communities (Speight 1989)
and of the progress of forest restoration (Maeto et al.
2002), but their role in biodiversity assessment of
islands can be also emphasized (Sugiura et al. 2009).
Given that proper biodiversity indicators should
reflect similar patterns in biodiversity as those
observed for total species diversity, longhorn beetles
were among the top beetle families indicating coleop-
teran diversity in Japanese forests (Ohsawa 2010).
Considering the degree of habitat specificity, longhorn
beetles are among the five best indicators of habitat
conditions (Bhargava 2009; Lachat et al. 2012).
According to Holland (2007), some cerambycid spe-
cies may even serve as very good bioindicators of forest
sites with high biodiversity since they are closely asso-
ciated with specific forest habitats, although mono-
phagous and oligophagous species are better
indicators than strongly polyphagous ones.

In the present study, we compared the diversity,
species assemblages, richness, and abundance of cam-
bio-xylophagous representatives of Cerambycidae
between nature reserves and managed forest stands
and assessed the effects of some general stand (forest
stand size and number of dominant tree species) and
deadwood characteristics (number of deadwood tree
species, decomposition class, and type of deadwood)

on their species richness and abundance. We hypothe-
sized that the nature reserves would differ from man-
agement sites in the (a) diversity and (b) species
richness and abundance of Cerambycidae, and that
these latter (c) will be determined by the different site
characteristics. We expected a higher Cerambycidae
diversity with a higher number of species with high
natural value (e.g. protected, red listed, locally endan-
gered) in the nature reserves. Moreover, we also
expected that site characteristics, like the larger size of
the sites and the presence of different types and higher
amount of deadwood, would have a positive effect on
species richness and abundance of Cerambycidae. One
of the key issues in protecting the biodiversity of forest
ecosystems is to find a compromise regarding the
amount of deadwood that is left in managed forests.
The applied forestry practices, besides the social inter-
est, should also take into account the preservation of
high species richness in these ecosystems. To achieve
this it is necessary to understand the ecological require-
ments of saproxylic organisms.

Materials and methods
Study area

Fourteen forest sites located in southern Poland (the
Silesian Voivodeship) were designated for the study
area representing both lowlands (the North European
Plain: Silesian Lowlands) and highlands (the Polish
Highlands: Silesian Upland and Woznicko-Wielunska
Upland). The entire region is located in the catchment
area of the two biggest rivers in Poland—the Oder and
Vistula. The annual average precipitation is from 700
to 800 millimeters. Being the largest urbanized area in
Poland, the climate has undergone a significant trans-
formation under the influence of human activity
(strong air pollution that results in reduced solar radia-
tion and increased cloudiness) (Ramanathan & Feng
2009; RWMS GIOS 2019).

Unmanaged stands were selected within forest nature
reserves and managed stands within regular areas of
State Forests (six stands) and one part of the Natura
2000 network (Table 1) as this site was the only avail-
able suitable comparative area for one of the reserves. In
Natura 2000 sites, forest management is carried out in
a standard manner but regarding possible invest-
ments, the general principle is to conduct operations
in such a way as not to worsen the condition of these
habitats and populations of individual species. The
study sites cover different types of stands: broadleaved,
mixed, coniferous, and riparian forests. All sites are in
the jurisdiction of the Regional Directorate of State
Forests in Katowice (RDST) or the Regional
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Table 1. Specifications (stand type, area, forest site type, dominant tree species, and stand age) of the research sites.
Area Main forest site Dominant tree Average stand age No. of
Site Code Stand type [ha] type species (year) inventories
Babczyna Dolina Bl unmanaged 76.25 humid mixed pine 30-170
deciduous 11
- B2 managed 66.29 humid mixed pine 30-100
deciduous
D¢bowa Gora D1 wunmanaged 5.43 fresh deciduous oak 100-200 10
- D2 managed 5.06 fresh deciduous oak 80-120
Hubert H1 unmanaged 19.26 fresh deciduous pine/oak 80-160
- H2 managed 20.83 fresh mixed pine/oak 20-150/100-120 10
deciduous
Yezczok L1 unmanaged 135.46 lowland (riparian) oak/alder 40-220/30-110
Las Koto Tworkowa L2 managed 130.07 lowland (riparian) oak/ash 60-120/20-120
. 14
(Natura 2000 site:
PLLH240040)
Las Murckowski M1 unmanaged 102.56 fresh mixed beech 130-250
deciduous 13
- M2 managed 105.12 fresh mixed beech 100-150
deciduous
Modrzewiowa Gora MG1 unmanaged 49.27 fresh deciduous oak/larch 80-250/90-170 11
- MG2 managed 49.62 fresh deciduous oak/pine 80-100
Segiet S1 unmanaged 24.54 fresh deciduous beech 160-180
- S2  managed 25.66 fresh deciduous beech 160-180 10

Directorate for Environmental Protection in Katowice
(RDEP). In most cases, reserve protection has been
carried out since the sixties (1953-1958), except for
one site (B1) that was created relatively recently in
2002. We included also this site because we wanted to
assess the biggest range of different forest site types
available in this region. In Poland, due to the method
of protection, there are regular and strict nature
reserves. All selected reserves belong to the former cate-
gory. Although some limited maintenance in various
forms, such as sanitary treatments (e.g. opening the
canopy in thermophilous oak forests to bring in more
light) in regular nature reserves are allowed by Polish
law (occasionally and locally), none of such forest
renewal operations, or their recent residues have been
noticed during the surveys. Therefore,
we considered these stands unmanaged. The
proper permits from RDEP (WPN.6205.10.2013.
MM-WPN.6205.10.2013.MM.6) were obtained to
conduct research in all nature reserves. The geological
and tree species data on particular habitats were gained
from portals of the Interactive map of RDST in
Katowice (2017) and Forest Data Bank (2017).

Sampling design

Seven pairs of managed and unmanaged correspond-
ing research sites were considered, in which the cer-
ambycid assemblages were thoroughly examined. Sites
within each pair were situated about 1-11 km from
each other. They were almost equal in respect of the

area and very similar in terms of the age (although, due
to the difference in management, generally older
stands were found in most of the nature reserves) and
tree species composition. Also, the forest site types
were the same or very close (H1/H2) in each pair
(Table 1).

Field surveys were carried out in 2013-2016. In this
period, 10 to 14 standardized inventories (depending
on the area size) were conducted in each site (in total
approx. 160 inventories), wherein the number of visits
in a particular pair of sites was always identical. The
average duration of a single inventory was four to five
hours. Visits to a given pair were scheduled on the
same day (alternately in following visits) or on the
following day to maintain the most similar research
conditions. Standardized field inventories, using the
most effective and non-invasive methods, were carried
out. These consisted in shaking flowering plants
(mostly shrubs of Crataegus L., Cornus L., Padus
Mill., Sorbus L., Sambucus L., and Viburnum 1L.) and
deadwood, controlling woodpiles and flowers, and
attracting individuals to artificial light sources (power
generator with two lamps: 500 W mercury and 23 W
UV, white sheet 4 X 2 m) during the plant growing
season (from mid-April to mid-August). Moreover, in
late autumn and early spring, larval feeding galleries
were analyzed but also wood material inhabited by
immature beetle stages was collected for further rear-
ing. Regarding abandoned feeding galleries, to elimi-
nate the problem of counting intersecting galleries and
parasitized or moldy larvae and pupae, the method of
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single observation was applied: all galleries of the same
cerambycid species on a single plant specimen were
counted as one. In some cases, the immature stages
were identified using the taxonomic keys provided by
Svacha and Danilevsky (1987, 1988, 1989) under an
Optek SZM7045-J41. stereo microscope (at
7-90x magnifications), and in one situation the iden-
tification was confirmed by Petr Svacha (Czech
Academy of Sciences). Whenever larval galleries
could not be identified with certainty in the field, spe-
cies were confirmed by rearing. As in other methods,
the time spent searching for inhabited material was
a standardizing factor also here, which resulted in an
uneven sampling of the deadwood amount between
particular sites and, generally, in increased sampling
in nature reserves as these stands accumulate larger
amounts of the suitable material. Only one person
(LK) was responsible for collecting beetles, both the
imagoes and the infested deadwood. During the
laboratory rearing, the obtained wood material with
immature beetle stages was placed in suitably adapted
containers (transparent plastic boxes with a capacity of
65 1 and ventilation holes). A separate culture was set
up for each of the 14 research stands, regularly
inspected, moistened, and replenished in the course
of the research. Larval rearing was carried out in an
unheated room to keep the indoor temperature possi-
bly similar to natural conditions.

Deadwood measurements

To estimate the quantity and quality of deadwood in
all research stands, we used the methodology devel-
oped by Czerepko (2008) based on the field manual
for the BioSoil Forest Biodiversity Project (Bastrup-
Birk et al. 2007). This was slightly modified by us by
accounting for the ecological requirements of the
saproxylophagous representatives of the family
Cerambycidae. The BioSoil method consists of deter-
mining the common center of an area and deriving
from it three circular sub-surfaces with the radii:
3.09 m (30 m?), 11.28 m (400 m? and 25.24 m
(2000 m?), respectively. In these three sub-surfaces,
particular deadwood categories are counted: 1—
coarse woody debris (CWD hereafter) (@ > 10 cm),
lying dead trees (@3, > 0), stumps (@ > 10 cm),
snags (@ > 10 cm), and standing dead trees (@ 3m
>0); 2—CWD (@ > 10 cm), lying dead trees (@ 3., >
10 cm), stumps (@ > 10 cm), snags (@ > 10 cm), and
standing dead trees (@, 3, = 10 cm); 3—lying dead
trees (D 3m = 50 cm) and standing dead trees (D 3y, >
50 cm). We introduced the following modifications in
the discussed method: (I) wood debris from the oldest
(fifth) decomposition class was not taken into account

as such material is no longer suitable for most
Cerambycidae species, and (II) stumps and snags
(@ > 10 cm), being the optimal micro-habitats for
numerous species, were counted on all three sub-
surfaces. Besides the above parameters, for each
piece of deadwood the tree species was determined
and a decomposition class was assigned.

Due to the relatively small area of sites and
unevenly distributed woody debris, in each stand
one plot was selected for estimation of the amount
of deadwood. To maintain the comparability of the
results, the plot with the clearly highest share of
deadwood was always chosen, and the core of each
plot was selected so that it could cover the largest
amount of the substrate. This evaluation was made
by two independent observers after identifying the
resources in the entire site. Although the data
obtained in this way are therefore estimates and
should be averaged, a distinctly larger share of dead-
wood in nature reserves clearly results from different
management strategies. General disparities in the
amount of the material and structure of the forest
floor are depicted in Figures 1 and 2.

Data analyses

The Margalef diversity index (d) (Margalef 1958),
using natural logarithm, was applied in order to deter-
mine the longhorn beetle species diversity in particular
sites. Valorisation of all sites was done according to the
cumulative (Gutowski et al. 2006, 2010) and non-
cumulative index of species value. The cumulative
index was slightly modified by the authors regarding
the categories used (exclusion of the categories unre-
lated to the presented study, for instance, species char-
acteristic for pine forests) and it awards a given species
for being present in all applicable categories, by sum-
ming up all relevant values. The non-cumulative index
is based on similar categories, however, the point
values for a given species are not cumulative, which
means that species only receive points for the highest
category that applies to them. Detailed categories of
species value are presented in Table 2. Regarding both
indices, in order to avoid the impact of different
research intensity between pairs of sites that strongly
differ in the area size, the sum of points obtained was
divided by the number of all species recorded in
a given site.

The European Red List of Saproxylic Beetles (Nieto
& Alexander 2010) was not considered due to the fact
that some subfamilies (Lepturiane, Necydalinae,
Spondylidinae) were not yet compiled, while among
the others (e.g. Lamiinae) many vulnerable species
such as Acanthocinus reticulatus (Razoumowsky, 1789),
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Figure 1. Typical habitats in examined nature reserves: (a) D1, (b) H1, (¢) L1, (d—f) M1, (g) MG1, (h) S1.

Exocentrus adspersus Mulsant, 1846, Exocentrus stierlini
Ganglbauer, 1883, and Saperda similis Laicharting,
1784 (taking into account only Polish fauna) were not
included. Local lists of endangered species (Pawlowski
et al. 2002; Glowacinski & Nowacki 2004; Gren et al.
2012) seem to better reflect the real situation.
Furthermore, national protection includes all species
from the Annex IV of the Habitats Directive, as they
are subject to a strict protection system in all EU
Member States. As for the relict species (primeval forest
species) in Poland only two taxa were considered:
Cerambyx cerdo Linnaeus, 1758—in accordance with
Miiller et al. (2005) and Eckelt et al. (2018)—and
Stictoleptura scutellara (Fabricius, 1781). For stenotopic
species we considered cerambycids tolerating only

a narrow range of environmental conditions or adapta-
ble to only a narrow range of environmental changes.
All species included in this category are listed in Tables
S1 (List of total point values assigned to individual
species).

The species richness and abundance of the different
sites were compared between the different site cate-
gories (very high, high, moderate obtained by their
classification based on the Margalef diversity index)
with the help of LMMs (maximum likelihood). Two
separate models were built, one with species abun-
dance and one with species richness as a dependent
variable. In the models, the site category was included
as an explanatory factor, whereas the different site pair
ID (managed, unmanaged), as a random factor.
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Figure 2. Typical habitats in examined managed stands: (a-b) B2, (c¢) D2, (d) H2, (e) L2, (f) M2, (g) MG2, (h) S2.

Table 2. Categories in cumulative and non-cumulative index of species value.

Index Each species ~ Stenotopic species RLTAYRLBSV®  Primeval forest relict species PRDB®  Protected by law®
cumulative 1(+) 1(+) 4(+) 5 (+) - 6
non-cumulative 1 (or) 3 (or) 5 (or) 8 (or) 10 (or) 12

aRed List of Threatened Animals in Poland (RLTA) (Pawlowski et al. 2002); ® Red list of beetles (Coleoptera) of the Silesian Voivodship
(RLBSV) (Gren et al. 2012); © Polish Red Data Book of Animals (Invertebrates) (PRDB) (Glowacifiski & Nowacki 2004); ¢ protected by
the Polish law, includes all species listed under Annex IV of the Council Directive 92/43/EEC (Habitats Directive).

The similarity of the assemblages was examined by
using cluster analysis performed with Ward’s method
(Ward 1963). The species richness and abundance of
the different study site pairs were compared by using
Canonical Correspondence Analysis (CCA). Two
separate models were built with a matrix of the species

abundance (1) or richness (2) for every site, as depen-
dent variables, whereas every site pair and the manage-
ment (managed, unmanaged) were included, as
explanatory variables in both models. To calculate
the significance of the association between the depen-
dent and independent variables, for each independent
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variable a permutation test was performed (Oksanen
et al. 2019), with Bray-Curtis dissimilarity method
and 999 permutations. We also examined the beta
diversity of the forest sites to see the contribution of
turnover versus nestedness within and between site
pairs. The nestedness and turnover values between
forest sites were obtained by comparing the cumulated
values of species richness (if present in at least one of
the managed and unmanaged sites, got 1, if missing
from both, 0) and abundance for all the site pairs
(managed + unmanaged). The within-site pair values
(managed vs. unmanaged) of nestedness and turnover
were extracted (both for species richness and abun-
dance) from the matrix of all site comparisons. In this
latter case, the average of the within site pair values
were taken.

The difference in the deadwood volume between
the managed and unmanaged sites was analysed
using GLM (Gaussian error, maximum likelihood).
In the model, the deadwood volume was included as
a dependent variable, whereas the managed or unma-
naged state of the sites, as an explanatory factor.
A similar model approach (GLM, Gaussian error,
maximum likelihood) was used to test the effect of
deadwood volume on the species richness and abun-
dance. Two models were built, one with species rich-
ness and one with abundance as a dependent variable,
whereas the deadwood volume was an explanatory
factor in both models. In these two models, one pair
of beech sites (S1/S2) was not included because a very
small number of cerambycid species that are asso-
ciated with beech wood was found and at the same
time this tree species had an almost exclusive share on
the respective measurement plots. Moreover, the site
MG1 was identified as a highly influential point by the
model diagnostics, so it was left out from these ana-
lyses. Two non-saproxylic species (Pseudovadonia
hvida and Agapanthia villosoviridescens) were also
excluded from the analyses.

The effects of the different site (management, site
size, number of dominant tree species, Table 1) and
deadwood (number of deadwood tree species, decom-
position class, and type of deadwood, Table S2) char-
acteristics on the species richness and abundance were
analysed in two separate GLMs (Gaussian error, max-
imum likelihood). In the models, the species richness
and abundance were included as dependent variables,
whereas the management type (two-level factor: man-
aged, unmanaged), site size, number of dominant tree
species (one vs. two, see Table 1), the different num-
ber of deadwood categories (three-level factor: 3 or
less, 4, and 5), the decomposition class (two-level
factor: classes 1-2 or 3—4), and number of deadwood
tree species were used as explanatory variables. In the

model for species abundance, the stand MG2 was
identified as an influential point by the model diag-
nostics, so it was left out from this analysis.

Statistical analyses were performed in Statistica 13.1
(StatSoft) and R statistical environment (R Core Team
2019). If necessary, the variables were log-transformed
prior to the analyses to meet the normality and homo-
geneity of variances. GLMs were performed using the
glm function (‘stats’ package), whereas LMMs were
performed by using the hner function (‘hme4’ package,
Bates et al. 2015). To carry out the multivariate statistic
(CCA) and the PERMANOVA we used the adonis2
function from the ‘vegan’ package (Oksanen et al.
2019). The portioning of beta diversity into turnover
and nestedness was performed with ‘berapars’ package
(Baselga et al. 2020). The pairwise comparisons within
site pairs were performed with the bera.pair (species
richness) and beta.pair.abund (species abundance)
functions. The between site pair turnover and nested-
ness values were obtained with the help of bera.muln
(species richness) and bera.multi.abund (species abun-
dance) functions. The emmeans function (‘emmeans”
package) was used for sequential post-hoc comparisons
among factor levels when performing GLLM analyses
(Russell 2019).

Results
Cerambycid diversity and the valorisation of the sites

A total number of 2,838 individuals belonging to 75
species (ca. 40% of the Polish cerambycid fauna) and
49 genera, which represent all six subfamilies occur-
ring in the country, were found. During the field study,
approx. 1,700 imagines, 650 larvae and pupae, and
220 feeding galleries (in the form of single observa-
tions) of longhorn beetles were recorded. As a result of
carrying out over 280 separate laboratory rearings,
a total of 424 imagines of longhorn beetles were
obtained. Four species: Axinopalpis gracilis (Krynicki,
1832), E. adspersus, Mesosa nebulosa (Fabricius, 1781),
and Pachytodes cerambyciformis (Schrank, 1781) were
reported for the first time in this region of Poland. The
species that were considered primeval forest relicts
(C. cerdo and S. scutellara) were found exclusively in
nature reserves. A complete species list with the num-
ber of individuals recorded in particular research sites
is available in the Supplementary Material (S1
Appendix).

The Margalef diversity index (d) for the assemblages
of longhorn beetles ranged from 3.84 to 7.0. The high-
est values were obtained for the sites 1.2 (7.0; riparian
forest within a Natura 2000 site) and L1 (6.46; riparian
forest within nature reserve) and the lowest for the sites
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B1 (3.84; mainly pine monoculture within a nature
reserve of a short protection time) and S1 (3.85; shady
beech forest within a nature reserve). Based on the
obtained index values, we conducted the classification
of research sites into three classes of species richness: I)
d > 5.3—very high (sites L2, LL1); IT) 4.7 < d < 5.3—high
(sitesH1,D1, M1, MG1); IIT) d < 4.7—moderate (sites
B1, B2, H2, M2, S1, S2, D2, MG2).

Based on the classes of species richness, there is
a conspicuous share of the cerambycid assemblages of
the majority of nature reserves in the second biodiver-
sity group (high biodiversity value) and of the assem-
blages of all the remaining managed sites in the last
group (moderate biodiversity value). The detailed
values for the assemblages of all sites are presented in
Table 3. The three categories were significantly differ-
ent in the species richness, with the very high being
larger than the high and moderate (LMM z > 3.95,
p < 0.01), whereas the high larger than the moderate
(z = 3.16, p = 0.02). Similarly, the species abundance
was larger in the very high category compared to the
moderate (z=3.61, p =0.03), but showed only margin-
ally significant difference between the high and moder-
ate (z = 2.58, p = 0.06), and no difference between the
very high and high classes (z = 1.22, p = 0.48).

As a result of the valorisation of sites based on
the cumulative index of species value, we found
that the most precious sites in terms of the occur-
rence of rare and valuable (from a conservation
point of view) species are MG1 (1.79) and Ml
(1.37). Stands of L1 and L2 were also ranked very
high (1.32 and 1.34, respectively), whereas the
least valuable sites in the considered category
were H2 (1.04) and Bl together with M2 (1.05).
The valorisation carried out based on a non-
cumulative index gave similar results. The most

Table 3. The number of longhorn beetle species and the Margalef
diversity index (d) values of their assemblages for all investigated
stands.

Area code Number of species Margalef diversity index (d)
B1 21 3.84
B2 26 4.61
D1 26 5.1
D2 22 4.33
H1 31 5.14
H2 23 4.57
L1 37 6.46
L2 44 7.0
M1 30 4.91
M2 21 4.54
MG1 28 4.87
MG2 21 4.15
S1 17 3.85
S2 21 4.53

valuable sites turned out to be MG1 (1.96) and
M1 together with MG2 (1.57). Again, the least
valuable ones were H2 (1.09), as well as B1 and
M2 (1.1). The detailed values for all sites together
with a list of total point values assigned to indivi-
dual species are presented in the Supplementary
Material (Table S1).

Stmilariry of assemblages

The cluster analysis carried out using Ward’s method
showed that in every studied site the cerambycid com-
munities were most similar in managed and unma-
naged site pairs (Figure 3). The strongest similarity
was observed for the B1/B2 group, while the most
diverse pair of sites was LL1/L.2. This method also
enabled the identification of five faunal groups within
the research area: (I) assemblage of fresh forest (MG1/
MG?2) with stands dominated by oak and larch and
a share of aspen; (I) assemblage of riparian forest (IL1/
L2; sisters with the previous one), whose stands are
dominated by oak, linden, and alder; (IIT) assemblage
of acid lowland beech forest (M1/M2 and S1/S2); (IV)
assemblage of subcontinental oak-hornbeam forests in
the habitats of fresh deciduous and fresh mixed decid-
uous forests (D1/D2 and H1/H2; sisters with the pre-
vious one) formed by oak-spruce and oak-pine stands,
respectively; (V) assemblage of pine-dominated marsh
reed forest in the habitat of a humid mixed deciduous
forest transforming into a humid mixed coniferous
forest (B1/B2). The two first-mentioned faunal groups
(pairs MG1/MG2 and L1/L.2) actually clustered in
a distinct branch separated from other site pairs at
a higher level. Most likely this was resulted by the
share of species associated with oak and poplars/
aspen in both of these assemblages.

The species richness (CCA F = 6.11, R? = 0.83,
p = 0.001) and abundance found in the different
study site pairs showed significant differences
(F = 2.46, R* = 0.66, p = 0.001). However, we
did not find any difference in the species richness
(F = 1.31, R = 0.03, p = 0.29) and in abundance
(F = 1.45, R? = 0.07, p = 0.13) between managed
and unmanaged sites. We also considered the beta
diversity based on species richness and abundance.
The contribution of turnover (richness: 0.61; abun-
dance: 0.74) was much larger than that of the nest-
edness (richness: 0.07; abundance: 0.08) between
site pairs. However, within site pairs, the contribu-
tion of turnover (richness: 0.17; abundance: 0.38)
and nestedness (richness: 0.1; abundance: 0.2) to
the beta diversity was more even, but still with
a larger turnover both in species richness and
abundance.
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Figure 3. Ward’s cluster analysis of similarity of the assemblages, shown for all sites.

Site and deadwood characteristics

As a result of the field surveys, the data on the
quantity and quality of deadwood in all individual
measurement plots (2000 m?) were obtained.
Definitely, the highest volume of deadwood was
found in the MGl site (67.37 m>), followed by the
M1 (25.33 m?) and L1 (22.03 m?). As assumed,
generally the lowest amount of deadwood was
counted in the managed sites, with the extreme
values in MG2 (0.79 m?), B2 (0.85 m>), and H2
(0.9 m>). The exception is site S2, where the dead-
wood was in form of old beech snags—Ileft by the
forestry for aesthetic reasons. The volume of the
deadwood was significantly lower in the managed
sites (GLM t = —3.45, p = 0.005). Moreover, the
species richness (GLM t = 2.35, p = 0.04, Figure 4)
and abundance was affected significantly by the
deadwood volume (t = 2.25, p = 0.05, Figure 5).

The most diverse deadwood in terms of species
composition was inventoried in the D1 site (five spe-
cies), followed by the sites: D2, H1, L1, MG1, S1, and
S2 (three species each). The predominance of unma-
naged sites is noticeable in this respect. Considering
the type of deadwood (CWD, lying dead trees,
stumps, snags, and standing dead trees), all five cate-
gories were found in the sites: D1, D2, and Ml,
whereas all four types of decomposition classes were
inventoried in the sites: D1, H2, M1, M2, MG2, and
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Figure 4. The effect of deadwood volume on the number of
cerambycid species richness, shown for all sites except S1, S2
and MG1 (the pair of beech sites—S1/S2—were not included
because a small number of cerambycid species associated with
beech wood, whereas the MG1l—the site with three times
higher amount of deadwood than other sites—was identified
as an influential point). The black line with confidence band
(grey) is plotted based on the Pearson correlation of the two
variables.
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Figure 5. The effect of deadwood volume on the abundance of
the cerambycid species richness, shown for all sites except S1, S2
and MG1 (the pair of beech sites—S1/S2—were not included
because a small number of cerambycid species associated with
beech wood, whereas the MG1—the site with three times higher
amount of deadwood than other sites—was identified as an influ-
ential point). The black line with confidence band (grey) is
plotted based on the Pearson correlation of the two variables.

S1. The detailed deadwood characteristics for all sites
can be found in the Supplementary Material (Table
S2). The final model testing the effect of different site
(management, site size, number of dominant tree spe-
cies, Table 1) and deadwood (deadwood tree species,
decomposition class, and type of deadwood) charac-
teristics on the species richness contained the site size,
number of dominant tree species and the tree species
of deadwood. The size of the site (GLM t = 2.74,
p = 0.02; Figure 6) had a positive effect, whereas
there was a marginally higher species richness in forest
sites with more than one dominant tree species
(t=2.06, p = 0.06). The deadwood species composi-
tion did not have a significant effect (t = 1.61,
z = 0.14). Considering the species abundance, the
final model contained the size of the site, number of
dominant tree species, and the type of deadwood. The
species abundance was higher in larger forest sites
(GLM t = 4.08, p = 0.003) and sites with more than
one dominant tree species (t =5.23, p < 0.001). Sites
with five and three (or less) types of deadwood had
a higher species abundance than those containing four
types (t > 4.18, p < 0.001), however, there was no
significant difference between the former two types
(t=0.68,p =0.78).
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Figure 6. The effect of area size on the cerambycid species rich-
ness, shown for all sites. The black line with confidence band
(grey) is plotted based on the Pearson correlation of the two
variables.

Discussion

Our results indicate an important effect of area size
and the amount of deadwood present in forest habi-
tat on the species richness and abundance of ceram-
bycid beetles. Moreover, we also found differences
in the species richness and abundance of longhorn
beetles between the different forest types, and spe-
cies of this group are good indicators of forest value
in the terms of saproxylic diversity. Even if our
results indicated a difference in the amount of dead-
wood between the managed and unmanaged sites,
we could not detect an effect of the management
type strictly on the species richness and abundance
of Cerambycidae, perhaps due to the differences
between the site pairs. However, the species that
are the most valuable from a conservation point of
view were found almost solely in nature reserves:
C. cerdo—a primeval forest species included in all
considered endangered species lists (Karpinski et al.
2017)—in the MG1 site, S. scutellata (primeval for-
est species) in the M1 site, and A. gracilis (RLBSV)
in the L1 and MG sites. The latter species was also
recorded from a Natura 2000 site (LL2).

Methods used

Various types of traps are a great tool to be used to
measure the overall saproxylic biodiversity. However, in
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our opinion, when it comes to a single indicator group
that consists of taxa with very diverse biology, the use of
a full range of methods provides better results and
allows us to reveal a much wider picture of
a community in a given area. This is possible because
they take into account the ecological preferences of all
representatives. Moreover, in this heterogeneous beetle
family, different species respond differently to many
variables (lure type, trap color, trap height, etc.), thus
trapping efficacy varies not only at the species level but
also at upper taxonomic levels (Rassati et al. 2019).
Accordingly, the used design might affect the obtained
structure of assemblages. It is also noteworthy that
cerambycids seem to be insensitive to alcohol baits
(Sweeney et al. 2004; Bouget et al. 2009).

The effectiveness of traps in capturing longhorn
beetles is controversial. For instance, Rassati et al.
(2019) reported on 35 longhorn beetle species
(approx. 13% of the Italian fauna) caught in North-
East Italy, while Fayt et al. (2006) trapped 1,637
individuals of 30 species (approx. 25% of the
Belgian fauna) in southern Belgium. For a total of
12,211 saproxylic beetles representing 196 species,
only 4 cerambycid species were lured in the central
French Pyrenees (Bouget et al. 2009). In North
America, 885 individuals of 37 longhorn beetle spe-
cies were trapped in east-central Illinois (Wong &
Hanks 2016).

In the presented research, 75 species representing
all six subfamilies that occur in Poland were found,
which constitutes approx. 40% of the Polish fauna.
Additionally, some uncommon and more valuable
(from a conservation point of view) taxa, such as
Anaglyprus mysticus (Linnaeus, 1758), Necydalis major
Linnaeus, 1758, and Rhamnusium bicolor (Schrank,
1781) usually require personal search and they are
predominantly found at larval stage in their specific
microhabitats. On the other hand, some nocturnal
species (e.g. A. gracilis and E. adspersus) can be rela-
tively easily attracted to an artificial light source.
Opverall, the effectiveness of individual research meth-
ods was as follows: the largest number of species (43)
was found by controlling breeding material and flow-
ers, followed by analyzing inhabited material with
immature stages and abandoned galleries (40 species)
and conducting laboratory rearings (39 species). As
two of the latter methods seem to be closely related, it
should be emphasized that only 24 species (approx.
44%) were found using both techniques. It is also
noteworthy that, despite generally the larger dead-
wood sampling in most nature reserves (related to
the greater resources), the total number of reared spe-
cies was comparable between both site types, slightly
favouring the managed sites (25 vs. 27, respectively).

This may be due to the fact that the suitable deadwood
pool is much poorer in managed sites and, conse-
quently, it is more optimally utilized by females,
while the rich deadwood pool present in nature
reserves is inhabited more evenly. Halfway through
the list, there was a method of shaking off blooming
plants and deadwood, with the result of 23 species.
The least effective was attracting beetles to an artificial
light source (5 species) and sweep netting (3 species).
Although it might be found problematic for an
untrained investigator to correctly identify immature
stages of some cerambycids, many species are very
characteristic in larval stages as well as in the structure
of their feeding galleries, especially in certain specific
microhabitats (Figures 7 and 8, S1, S2).

These results indicate the advantage of using a full
range of diverse methods, which can be time stan-
dardized, provided that the research is carried out by
one and the same person in all sites. The results of
cluster analysis seem to confirm the effectiveness
and objectivity of such standardized surveys.
Namely, despite the fact that a few different sets of
sites shared similar types of forest stands (e.g. fresh
deciduous), the cluster analysis carried out using
Ward’s method showed that in each studied case
the cerambycid communities were most similar in
individual pairs of sites (Figure 3).

Another important aspect, along with the disputed
effectiveness of various traps in longhorn beetles is the
fact of unnecessary killing of thousands of other inver-
tebrates that causes serious objections against the use of
non-selective lethal traps, mostly when the rest of the
material is not used for other research. This is particu-
larly important when considering research in protected
areas. Such an approach is consistent with a widely
cited guide to good practice in insect collecting
(Invertebrate Link —JCCBI— 2002), which states
that “collecting should always be limited to the mini-
mum necessary for the purpose intended”. Many
British organisations and recent authors, for instance,
Fischer and Larson (2019), support the code. The
latter indicates that the problem is not only the way in
which insects are killed but also that the trapping tech-
niques give little consideration to the importance of
minimising the number of insects collected and killed.
The authors consider whether the unintentional killing
of many non-target species by the use of Malaise traps
—which have enormous bycatch rates—obligates the
research community to coordinate a global sampling
regime and to create opportunities for other researchers
to study all collected specimens. Issues of invertebrates
protection seem to be particularly important in times of
global trends of insect declines (Basset & Lamarre
2019; Cardoso & Leather 2019).
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Figure 7. Immature stages, larval feeding galleries and microhabitats of cambio-xylophagous longhorn beetles: (a) Oplosia cinerea—larva in
a linden branch; (b) O. cinerea—prepupal larva in its pupal cell in linden wood; (c) Xylotrechus rusticus—larva in its pupal cell deep in an
aspen trunk; (d) X. rusticus—stopper of pupal cell made of moistened aspen sawdust; (e) X. ruszicus—feeding galleries in an aspen trunk;
(f) Prionus coriarius—larva in a hornbeam root; (g) Saperda populnea—pupa in its pupal cell in an aspen twig; (h) Saperda perforata—pupa in

its pupal cell in an aspen trunk.

Regarding the deadwood measurements, in the
unmanaged stands, due to the episodic nature of
events (e.g. storms, snowfalls) that create deadwood
and distribute it non-homogeneously, there were
usually several plots that were similar regarding the
deadwood amount, while the managed forests were
generally almost empty—both because of forestry
service operation and local people who illegally but
frequently collect deadwood for fire. During the
research, we observed several such situations when
the fallen trees were removed within a few weeks
(much faster than it takes for a single generation of
longhorn beetles to develop, which is usually two to

three years) and as such deadwood is removed so
quickly it does not affect the insect fauna of these
stands. Therefore, it is difficult to find a proper and
objective method for assessing the amount of dead-
wood that is comparable between sites of different
sizes. Finally, we opted to keep only the most abun-
dant plot per each site. The fact that nature reserves
accumulate much more deadwood is obvious due to
the different management strategies and it is con-
firmed by our own observations depicted in the
photographs presented in this paper, as well as the
latest literature data from Polish forests (Bujoczek
et al. 2021).
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Figure 8. Immature stages, larval feeding galleries and microhabitats of cambio-xylophagous longhorn beetles: (a) Rhamnusium bicolor—
characteristic feeding galleries in chestnut necrosis at the contact zone with living tissue; (b) R. bicolor—larva; (c) R. bicolo—characteristic
caudal process on ninth tergum; (d) Oxymirus cursor—microhabitat (spruce stump); (e) O. cursor—larva; (f) O. cursor—characteristic stout
conical urogomphi on ninth tergum; (g) Grammoptera abdominalis—microhabitat (oak branch with fruiting bodies of Vuilleminia comedens);
(h) G. abdominalis—pupa in its characteristic tear-like shaped pupal cell.

Target amounts of deadwood

Based on the results we can tell that the volume of
the deadwood has a positive influence on both the
species richness and abundance. However, our
results about the different types of deadwood influ-
encing species abundance were not conclusive, and
the higher species abundance in sites with three (or
less) and five different types of deadwood compared
to those with four can be mainly linked with the
presence of lying dead trees, almost absent in the
middle category (except S1/S2 with a very small
number of cerambycid species). According to the
obtained Margalef’s diversity index values, sites

with the richest cerambycid assemblages (classes
I and II) were nature reserves and a Natura 2000
site. The volume of the deadwood in the measure-
ment plots (2000 m?) within these sites was at least
13.00 m?, which would result in approx. 70 m? per
hectare. It should be emphasized, however, that this
is an estimated value and the average volume of the
deadwood in these areas is lower. The exclusive
share of managed sites in the group of moderate
biodiversity is noticeable. Among unmanaged
stands, the sites B1 and S1 were ranked with the
lowest biodiversity. In the first case, it is related to
the monoculture character of pine stands and
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presumably with the short time of reserve protection
(established only in 2002), while in the second case,
with an almost exclusive share of beech, a tree spe-
cies that is not preferred by domestic representatives
of Cerambycidae, especially outside the mountai-
nous areas. It is also noteworthy that all sites with
an estimated volume of deadwood below 5 m®/ha
(B2, D2, MG2) belong to the group characterized
by moderate species richness. This is very similar to
the results of Czerepko (2008), who after analyzing
numerous related publications proposed the follow-
ing classification based on deadwood volume (V)
per hectare: i) V < 3.0 m>/ha—conditions of exis-
tence for saproxylic organisms are unsatisfactory; ii)
3.0 < V < 10.0 m’/ha—conditions are satisfactory
for some organisms; iii) 10.0 < V < 30.0 m>/ha—
conditions are good for most organisms; 1iv)
V > 30.0 m’/ha—conditions for preserving
saproxylic biodiversity are very good. This is some-
how consistent with the results published by further
authors, for instance: Della Rocca et al. (2014)—a
threshold of 35 m>/ha for saproxylic beetles, above
which there is a minor increase in species richness;
Bouget et al. (2013)—a threshold of 46 m>/ha for
saproxylic beetles—beyond this value the number of
common species increased more slowly; Miiller and
Biitler (2010)—similar peaks (20-50 m®/ha) of
thresholds for saproxylic organisms for three main
types of forests; Okland et al. (1996)—a threshold of
23 m?/ha, below which the disappearance of some
saproxylic beetle species can be observed.

Cerambycidae as bioindicators

Longhorn beetles have already been used as exclu-
sive indicators (e.g. Maeto et al. 2002; Makino et al.
2007) but they are usually utilized as an accompa-
nying group among the aggregate of saproxylic
families (e.g. Fayt et al. 2006; Gutowski et al.
2006; Makino et al. 2006; Bhargava 2009; Sebek
et al. 2012).

The usefulness of cambio-xylophagous represen-
tatives of Cerambycidae as effective indicators on
the state of biodiversity conservation in saproxylic
habitats is certainly supported by our results (clus-
ter analysis, canonical correspondence analyses,
site valorization) and the facts that (i) they con-
stitute a well-known group of moderate-sized and
relatively easily identifiable beetles, (ii) they exhi-
bit close associations with specific forest habitats,
and (iii) they are characterized by great heteroge-
neity of lifestyles resulting in inhabiting specific
and diverse microhabitats at different forest layers.
Moreover, (iv) many representatives of the family

have strong requirements for the quantity and
quality of wood and probably particular species
of saproxylic fungi, as they almost exclusively
feed on living, dying or dead trees in the larval
stage. Furthermore, (v) longhorn beetles show
a great range of host tree species, extending from
strict monophages to broad polyphages, as well as
(vi) the adults of numerous anthophilous species
visit flowers to feed on nectar and pollen, which
makes them easy to spot and collect.

Management practices affecting biodiversity

For species that develop in stumps, forest manage-
ment favors the number and availability of this opti-
mal microhabitat. However, the problem is stump
milling, which is conducted in the subsequent years
after cutting. As it was observed in the clear-cuts
from the managed stand B2, most of the stumps
were destroyed together with the immature stages
and overwintering imagines of several cerambycid
species. Consequently, the element of forest man-
agement that could promote saproxylic biodiversity,
in fact, limits it by attracting fertilized females into
a deadly trap. This wrong practice could easily be
abandoned or even converted by leaving spread
snags with a height of 3-5 meters next to the stan-
dard stumps, as it is commonly practiced in
Scandinavian forests (Jonsell et al. 2004).

On the other hand, unintentional lateral dama-
ging of trees done during dragging logs from the
forest, which often lead to trunk scars, may benefit
saproxylic species associated with such microhabi-
tat, as observed in the case of A. mysticus and
R. bicolor in M1 and MG2 stands. However, this
may apply also to other valuable longhorn beetles
such as Awnisarthron barbipes (Schrank, 1781),
Anoplodera rufipes (Schaller, 1783), Pedostrangalia
revestita (Linnaeus, 1767), and Ropalopus ungaricus
(Herbst, 1784) sspp. (Karpinski et al. 2020).

Conclusions

The results on the effects of deadwood volume on
the cerambycid biodiversity indicate that the dead-
wood is an important factor determining both the
species assemblages and their abundance, mostly
through the larval development of the cambio-
xylophagous longhorn beetles, although the impor-
tance of other factors is also indicated. Despite the
difference in the amount of deadwood between
managed and unmanaged sites, this was not
reflected in differences regarding the species rich-
ness and abundance of Cerambycidae. However, it
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seems that the reason behind this is the high species
turnover between different site pairs. Until some
deadwood characteristics, like the deadwood type,
had an important effect on the species abundance,
whereas other deadwood characteristics were less
important (i.e. decomposition class), emphasizing
the importance of other factors linked with the site
characteristics (e.g. dominant tree species, size).
Stand characteristics, as the size of the site, can be
important factors that influence its microclimate
characteristics, like temperature and humidity,
being important for larval development, but these
factors can also determine the cerambycid species
composition of these sites. In aggregate, our results
indicate that the decisive factor is the type of a given
habitat, in which specific cerambycid assemblages
are formed, whose characteristics can be mainly
influenced/determined by forest management.

To conclude, we have demonstrated that, as pre-
dicted, forest nature reserves in the studied region can
harbor diverse cambio-xylophagous assemblages of
the family Cerambycidae. On the other hand, a very
small share of relict species may indicate that the area
of these forest stands is usually too small to provide the
appropriate microclimate (required by primeval forest
species), characteristic for large-scale forest areas.
However, further research in nature reserves protect-
ing other habitats in other geographical regions and
using other insect families as model groups should be
continued in order to be able to perform a broader
analysis on the importance of these protected areas for
saproxylic diversity.
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