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Niche partitioning among dead
wood-dependent beetles

Jakub Horak

Niche partitioning among species with virtually the same requirements is a fundamental concept

in ecology. Nevertheless, some authors suggest that niches have little involvement in structuring
communities. This study was done in the Pardubice Region (Czech Republic) on saproxylic beetles
with morphologically similar larvae and very specific requirements, which are related to their
obligatory dependence on dead wood material: Cucujus cinnaberinus, Pyrochroa coccinea, and
Schizotus pectinicornis. This work was performed on 232 dead wood pieces at the landscape scale over
six years. Based on the factors studied, the relationships among these species indicated that their
co-occurrence based on species presence and absence was low, which indicated niche partitioning.
However, based on analyses of habitat requirements and species composition using observed species
abundances, there was no strong evidence for niche partitioning at either studied habitat levels, the
tree and the microhabitat. The most likely reasons for the lack of strong niche partitioning were that
dead wood is a rich resource and co-occurrence of saproxylic community was not driven by resource
competition. This might be consistent with the theory that biodiversity could be controlled by the
neutral drift of species abundance. Nevertheless, niche partitioning could be ongoing, meaning that
the expanding C. cinnaberinus may have an advantage over the pyrochroids and could dominate in the
long term.

The biotic interactions and habitat requirements in terms of abiotic conditions of a species characterize its posi-
tion in the ecosystem—i.e., its ecological niche!. One of the most important questions in ecology is how species
interact and how their niches overlap®. Nevertheless, the unified neutral theory of biodiversity’ presented an alter-
native to traditional niche theory*. It suggests that biodiversity is mainly controlled by the neutral drift of species
abundances, therefore, niches and their partitioning are not particularly important in structuring communities.

Many species have relatively similar habitat requirements and, furthermore, occur in the same place’. This
has been studied fairly thoroughly for large to small®’ vertebrates. There is a high probability that the smaller
the organism is, the smaller and more delineated its habitat will be® and the stronger its interactions (e.g.,
competition) could be’. Therefore, it is important to understand the mechanism even for small, ephemeral and
delineated resources, such as tree microhabitats'®!!. Many questions arise regarding this topic, e.g., how species
share natural resources of microhabitats; which species is more successful; and how species share resources if
they have the same demands''~%>.

Highly diversified environments such as forests and other tree-dominated ecosystems offer highly diversi-
fied habitats that can be exploited by living organisms as their niches. Forests are also thought to be the most
biodiverse environments in the world. The combination of soil and woody vegetation has enabled forests to serve
as local biodiversity hotspots'*. One of the unique guilds dependent on trees is that of saproxylics, i.e., the biota
that is dependent on dead woody material'®.

A relatively large number of organisms exploit the subcortical environment. Of the organisms that depend on
the under-bark substrate for successful breeding, bark beetles (Scolytinae) are the best known. One of the most
important reasons is their potential to become pests'®. Nevertheless, many species of beetles that are not pests
also live in the narrow space between the bark and wood'’. The relationships within this subcortical community
are still not well known'®. Saproxylic beetles are an important ecological guild'®. However, our knowledge of their
biotic interactions and larval niches within the saproxylic community is still highly limited'”'®.

Entomologists studying beetles mainly focus their research on adults?®. One of the reasons for this focus is
highly objective—the evaluation of dispersal and reproduction. Other reasons are rather subjective, as adults
are, in most cases, much more beautiful and easier to identify than larvae. The focus on adults is also strongly
related to the fact that many beetle species do not have described larvae. Nevertheless, studies on larvae are
becoming more frequent®, and larval requirements reveal important information about the suitability of their
environments®»?. The main activities of larvae are eating, growing, and surviving to pupation. Therefore, the
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Figure 1. Study species and their habitat. (a) Illustration of the cooccurrence of all three studied species, with a
larva of Cucujus cinnaberinus on the left, one of Pyrochroa coccinea at the top and one of Schizotus pectinicornis
at the bottom. (b) View of the habitat where all three species cooccurred in the Czech Republic.

information about larval dietary preferences, successful growth and environments is important!*!7-2-22

that developmental stages live much longer than adults'.

The main aim of this study was to find possible interspecific interactions (i.e., co-occurrences) among three
obligate saproxylic species and possible partitioning of their niches in terms of their habitat requirements at the
tree and microhabitat levels. The study focused on larvae of morphologically similar species with apparently
similar habitat requirements, namely, one flat bark beetle (Cucujidae), Cucujus cinnaberinus (Scopoli), and two
fire-colored beetles (Pyrochroidae), Pyrochroa coccinea (Linnaeus) and Schizotus pectinicornis (Linnaeus). All
species have relatively long and flat-bodied larvae, with an abdomen bearing urogomphi, which enable them
to crawl in narrow spaces between the wood and bark (Fig. 1). The species have been reported to prefer wood
infested with fungi, with occasional feeding on subcortical arthropods'’. Adults of the fire-colored beetles are
mainly observed on vegetation within forested landscapes**. Adults of the flat bark beetle spend most of their
life under or on the bark of trees.

The main focus of this research was the biotic interactions and requirements of the three saproxylic beetles at
the microhabitat and tree levels. Using gradual steps, I aimed to test for possible niche partitioning®. Specifically,
I was interested in (1) biotic interactions:

, especially

1. Spatial structure of species—with the prediction of significant positive spatial autocorrelation for the studied
species, i.e., clustered spatial distributions of individual species. This can indicate species avoidance in space.

2. Relative density of the species—with the prediction of differences in the observed abundances of individual
species. This can indicate the predominance of some species.

3. Overlap in species occurrences—with the prediction that the species would not share habitats. This can
indicate species avoidance within habitats.

I also focused on (2) species requirements:

1. Species requirements at the tree level—with the prediction that the species would prefer different tree-level
parameters.

2. Species requirements at the microhabitat level —with the prediction that the most suitable microhabitat-level
parameters would differ among species. These two points can indicate differences in species’ habitat require-
ments.

And finally, I focused on (3):

1. Species composition within the environment—with the prediction that the composition would be highly
differentiated. This can indicate differences in species’ interactions with the environment.

Results

By inspecting dead wood, 198 larvae of C. cinnaberinus (mean = SE=0.85+0.15; min-max = 0-20 per piece of
dead wood), 77 larvae of P. coccinea (0.33+0.09; 0-12) and 72 larvae of S. pectinicornis (0.31 +0.08; 0-9) were
found.

Species interactions. Data on the abundance of individual species did not show spatial clustering (C.
cinnaberinus: P=0.241; P. coccinea: P=0.146; and S. pectinicornis: P=0.106). The abundance of larvae of C. cin-
naberinus was significantly higher than that of the other two species. All possible species combinations were
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Figure 2. (a) Comparison of larval abundances among the three studied saproxylic beetles in the Czech
Republic. Squares are the means; boxes are the means + SEs; and whiskers are the means+ 1.96 SEs. (b) Venn
diagram illustrating the numbers of observed occurrences and cooccurrences of the studied species.

Species Predictor Estimate |t P
Position (lying) | —1.246 -2.887 |0.004
Poplar 0.680 1.835 | 0.068
Diameter 0.005 0.718 | 0.473
Cucujus cinnaberinus
Bark cover -0.004 —-0.601 |0.549
Fungi -0.015 -0.013 |0.989
Sun exposure 0.012 0.352 | 0.725
Position (lying) | —0.852 -1.219 |0.224
Poplar 0.353 0.633 | 0.527
Diameter 0.014 1.433 | 0.153
Pyrochroa coccinea
Bark cover -0.002 -0.209 |0.835
Fungi 0.079 0.107 | 0.915
Sun exposure —-0.636 -1.895 |0.059
Position (lying) | —1.955 -2.687 |0.008
Poplar -0.229 -0.395 |0.693
Diameter -0.012 -0.971 |0.332
Schizotus pectinicornis
Bark cover 0.019 1.518 | 0.130
Fungi 0.134 0.367 | 0.714
Sun exposure 0.469 1.308 |0.192

Table 1. Interactions of larvae of the three studied saproxylic beetles with the environment at the tree level in
the Pardubice Region (Czech Republic). GLM was used and significant P values are shown in bold.

observed (Fig. 2). Based on the occurrences of individual species, the high C-score indicated low cooccurrences
among species (Fig. S1). This indicated a segregated matrix of species occurrence.

Species and the tree level. Based on the explained variance, the position of dead wood explained the
most variance in C. cinnaberinus and S. pectinicornis abundance. This was followed by poplar as a host tree for
C. cinnaberinus, and sun exposure for P. coccinea. Other predictors had only marginal effects on the abundance
of the studied species at the tree level (Table S1).

Fallen dead wood pieces significantly positively influenced the abundances of C. cinnaberinus and S. pec-
tinicornis larvae against standing dead wood. Poplar as a host tree was significantly positively related with the
abundance of C. cinnaberinus in contrast to other tree species and increasing sun exposure had an almost nega-
tive effect on P. coccinea (Table 1).

Species and the microhabitat. The wetness of the under-bark substrate played the most important role
in determining C. cinnaberinus and S. pectinicornis larval abundance. The third species, P. coccinea, was unaf-
fected by the microhabitat predictors (Table S2).

A higher humidity of the under-bark substrate positively influenced C. cinnaberinus. This relationship was
also nearly positive for S. pectinicornis. The other factors did not play a significant role (Table 2).
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Axis 2

Species Predictor Estimate |t P
Bark peeling -0.254 -0.996 | 0.320
Wetness 0.887 3.376 | 0.001
Cucujus cinnaberinus
Bast consistency 0.187 0.678 | 0.498
Mycelia -0.552 -1.356 |0.177
Bark peeling -0.219 —-0.542 | 0.588
Wetness 0.417 1.245 |0.215
Pyrochroa coccinea
Bast consistency 0.597 1.140 | 0.256
Mycelia -1.036 -1.432 | 0.154
Bark peeling -0.243 -0.598 | 0.550
Wetness 0.732 1.873 | 0.062
Schizotus pectinicornis
Bast consistency | —0.103 -0.259 |0.796
Mycelia 0.325 0.595 | 0.553

Table 2. Interactions of larvae of the three studied saproxylic beetles with the environment at the microhabitat
level in the Pardubice Region (Czech Republic). GLM was used and significant P values are shown in bold.
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Figure 3. Responses of larvae of the three studied saproxylic beetles to the environment at the tree and
microhabitat levels in the Czech Republic. (a) Only significant predictors are presented in the RDA plot;
nonsignificant predictors were treated as covariables. *P<0.05 and ***P<0.001. (b) Venn diagram illustrating
the partitioning of variance between the tree and microhabitat predictors.

Species composition and the environment. The species composition analysis confirmed significant
responses of all three species to the environment. All species were mainly associated with fallen dead wood and
the gradient of wetness, with both variables mainly distributed along the first axis (R?=6.4%; F=15.2; P=0.006).
Tree- and microhabitat-level predictors explained the same percentage of variance. The shared variance was
lower than the independent variance (Fig. 3).

Discussion

Co-occurrences among the target species. The results revealed that species overlap in terms of occur-
rence was very low and the species mainly occurred alone. The results for the fire-colored beetles were partially
consistent with the knowledge that niches of closely related species tend to differ at least in some aspects, as
interspecific competition increases partitioning'. However, the findings also partly support the theory that bio-
diversity could be controlled by the neutral drift of species abundance®. Regarding species interactions based
on their abundances, C. cinnaberinus was the most abundant beetle. Furthermore, this species also exhibited
the largest number of larvae per sample. Large numbers of larvae in one place were also observed for the other
two studied species. These results indicate occasional gregarious behaviors of these species. Such behaviors are
known to occur in other saproxylic beetles, which exploit similar microhabitats?”. However, this pattern cannot
be taken as an indication of social behavior, such as that observed, e.g., in saproxylic ambrosia beetles?®. None
of the study species are not known to be significantly limited in their dispersal e.g.,”%, as the poor dispersal
might result in aggregated occurrence patterns®. Concerning larval aggregation, additional information that is
lacking and that could help clarify the relationships among saproxylic beetles is whether larvae in one log are
the descendants of a single female. There is evidence that at least in the case of C. cinnaberinus, more than two
parents are responsible for breeding’!. Therefore, the observed gregarious pattern is probably not only due to the
fact that the larvae are related, which is known to occur in insects*.
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Species and their observed niche requirements. Regarding the microhabitat requirements, C. cinna-
berinus preferred subcortical environments with a high humidity decaying bast (phloem). This result probably
reflects the preference of this species for bast decayed by yeasts'” and dead arthropods®’. Nevertheless, the most
likely competitor of C. cinnaberinus, namely, P. coccinea (with larvae that can reach more than 3 cm in size), was
rather not choosy regarding microhabitat preferences. Only S. pectinicornis exhibited a relationship with humid
microhabitats.

In the cases of C. cinnaberinus and S. pectinicornis, there was an indication of possible niche sharing, in
which they both preferred fallen dead wood. A preference for fallen trunks is consistent with the preference of
these species for humid microhabitats, as logs are almost always moister than standing dead wood. However,
only three cooccurrences of C. cinnaberinus and S. pectinicornis are not sufficient to support this statement. The
significantly lower number of S. pectinicornis, its low cooccurrence with C. cinnaberinus, and the similar prefer-
ences for the environment lead to the hypothesis that C. cinnaberinus is a successful competitor. This species
appears to be undergoing range expansion at the present time***> and may occupy niches that were formerly
inhabited by the fire-colored beetles.

These findings indicate that C. cinnaberinus has a possible advantage over pyrochroids and could become
dominant in the long term. More likely, it would affect the abundances of inferior competitors (i.e., pyrochroids).
Nevertheless, it can also be predicted that this might be a result of the process that would lead in the future to
the competitive exclusion principle to structure saproxylic communities®®*”. Namely, this process would lead to
either a behavioral or evolutionary shift toward a different ecological niche in pyrochroids. This may probably
explain why P. coccinea was not choosy in habitat requirements. Another possibility is that C. cinnaberinus has
stricter ecological requirements® than P. coccinea.

The studied species did not exhibit a clear preference for categories of tree species. There were no preferences
for the diameter, bark coverage, or the presence of fungi either, which confirmed the findings of previous studies
on C. cinnaberinus®>. The lack of response to the wood-inhabiting fungi could reflect the lack of response to
the consistency of wood and the presence of mycelia. However, the lack of response to the peeling of the bark
contrasts with the findings of previous research on C. cinnaberinus®®. The most likely reason for this discrepancy
is the exclusion of adults from this study.

Sharing, partitioning, or a neutral relationship?  The result of this study appears to be consistent with
the knowledge that community structure may not be driven by resource competition®, mainly because dead
wood appears to be a rich resource (nutrients and microhabitats)!*!°. Important features of the ecological niche
include the habitat requirements and functional role of the species'. Therefore, one indication of niche partition-
ing is that one species mainly avoids the others even if all these species have highly similar dietary preferences!’.
Another possible explanation for the low niche partitioning among species is that the most abundant species,
C. cinnaberinus, displays many signs of antipredator strategies, together with antimicrobial and antifungal
functions®. The same adaptations could also be expected for the pyrochroids*'~*. The most likely reason for the
lack of strong niche partitioning could be at least partial consistency with neutral theory. Nevertheless, niche
partitioning could be ongoing due to range expansion of C. cinnaberinus which could dominate in the long term.

Methods
Target species. The larvae of three obligately saproxylic species were studied. The first two species are in
the same family of fire-colored beetles (Pyrochroidae): P. coccinea and S. pectinicornis. The third species is in
the family of flat bark beetles (Cucujidae): C. cinnaberinus. The observed length of the larvae was 10-24 mm in
C. cinnaberinus, 10-39 mm in P. coccinea and 9-26 mm in S. pectinicornis. The larval development of the three
studied species lasts for more than 1 year 4%

All the species were identified in the field. Only very small larvae (< 10 mm) of P. coccinea that can be misi-
dentified with the rare species P. serraticonins (Scopoli) were taken into the laboratory for detailed identification.

Study area. The study area was situated in the Pardubice Region (Czech Republic) and totaled more than
1000 km?. The area has a lowland landscape dominated by crop fields, followed by grasslands and forests. This
area is relatively densely populated. The elevation is between 200 and 370 m a.s.l. The climate has an annual mean
temperature between 7.5 and 9 °C and precipitation between 550 and 700 mm.

During six consecutive years (from 2006 to 2012), 232 pieces of dead wood were inspected for the presence
or absence of C. cinnaberinus, P. coccinea, and S. pectinicornis. The samples were collected throughout the year.
Sites with dead wood were heterogeneous. The inspected habitat types included riparian corridors, abandoned
lignicultures, commercial and conservation forests, as well as tree windbreaks and avenues. The method of bark
strip removal was used***38 to search for the larvae of the studied species. Nearly every piece of the dead wood
found (limbs, logs, stumps, snags, fallen trees, etc.) was studied. As there could be substantial variation in the
carrying capacity of such dead wood, I used equal-stratified sampling® with the standardization of one sample
of the same size per dead wood piece*.

Environmental parameters. Samples were taken from each piece of dead wood. Specifically, one bark
strip (=0.1 m?) was peeled away and replaced after collecting the data on the larvae and environment.

Based on the previous research®, data on the studied environment were divided into two hierarchical levels
that reflected the demands of saproxylic beetles living under the bark. The first, tree level included independent
variables that can be observed without modifying the dead wood. Specifically, the tree species (or genus) was
identified, but due to a large number of tree species and statistical parsimony*, only the poplar tree (Populus spp.;
N=127), other broadleaved trees (N =89) and conifer tree (N=16) categories were used. Other broad-leaved
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trees included oak (Quercus), ash (Fraxinus), alder (Alnus), cherry (Prunus), willow (Salix), maple (Acer), horse
chestnut (Aesculus), birch (Betula), hornbeam (Carpinus), beech (Fagus), locust (Robinia), rowan (Sorbus) and
linden (Tilia); conifer trees were represented by spruce (Picea) and pine (Pinus). The studied species preferred
medium stage decayed dead wood. An insignificant effect of tree chemistry®® compared to the attraction effect
of living trees on insects can be expected'®. The second variable, the position of dead wood, was designated as
either standing (N =108) or fallen (N =124). The diameter of the sampled dead wood was the third variable
(mean+SE=42.3+1.5 cm; min=2.0 cm, max =149.0 cm). The fourth variable was the bark cover of the dead
wood piece (79.4+1.5%; 10.0-100.0%). The presence (N =74) or absence (N =158) of fruiting bodies of wood-
inhabiting fungi was noted as a fifth variable. The level of sun exposure was estimated as the last variable at this
level, with the following three categories: shaded (N =59), semi-shaded (N =67) and sun exposed (N =106),
following the previously published methodology™.

The second, microhabitat level of sampling included characteristics found under the bark. The stage of bark
peeling, scored as good (N =134), medium (N =51) and poor (N=47), was measured based on the power applied
by a screwdriver needed to peel the bark. The wetness of the under-bark substrate was estimated as wet with the
majority of the sample covered by humidity (N =106); partly wet (N =58) or dry, with no observed humidity
(N'=68). The consistency of the bast (phloem) was reflected by its color as follows: yellow (N =38) when fresh,
brown (N =36) when decayed and black when crumbled (N =258). Finally, the presence (N'=75) or absence
(N =157) of fungal mycelia was noted.

Statistical analyses. The effect of spatial autocorrelation of the studied species was tested using Moran’s I
in SAM v4.0.

Differences in the abundances among individual species within samples were computed using Friedman’s
ANOVA. This analysis was performed using Statistica 13.2.

The co-occurrence analysis was performed in R 3.0.2 using the EcoSim R package* to analyze possible
aggregation of species occurrence. Occurrences were randomized, and species and site data were fixed in the
null model. The number of burn-in iterations was 500. Comparison of simulated and observed matrices was
used to confirm the proper use of the randomization algorithm*.

Regarding the analyses of relationships with the environment, there was high multicollinearity for tree species;
thus, only a predictor specifying whether the host tree was a poplar (55%) was used in the final analysis. This
analysis was performed using the HH package®’. All independent predictors were analyzed as continuous vari-
ables; i.e., categorical ones were transformed to a semi-quantitative scale. The variance explained by a particular
independent variable was computed separately for the tree and microhabitat levels using hierarchical partitioning
in the hier.part package*®. The relationship between larval abundance and the environment was computed using
two generalized linear models (tree and microhabitat). These analyses were performed in R 3.0.2.

The influence of the studied environment on the species composition of the studied species was computed
using redundancy analysis (RDA) with 9999 permutations. Variance partitioning among tree- and microhabitat-
level predictors was also performed. An inflation factor was used to reflect potential multicollinearity among
independent variables, which was not observed. These analyses were performed in CANOCO 4.5. The results for
the species composition were visualized in CanoDraw 4.12; species and significant predictors were visualized,
while other predictors were included as covariables.

Data availability

Data are available upon request.

Received: 11 March 2021; Accepted: 8 July 2021
Published online: 26 July 2021

References
1. Polechovd, J. & Storch, D. Ecological niche. Encycl. Ecol. 2, 1088-1097 (2008).
. Vannette, R. L. & Fukami, T. Historical contingency in species interactions: Towards niche-based predictions. Ecol. Lett. 17, 115-124
(2014).
. Hubbell, S. P. The Unified Neutral Theory of Biodiversity and Biogeography (Princeton University Press, 2011).
. Clark, J. S. The coherence problem with the unified neutral theory of biodiversity. Trends Ecol. Evol. 27, 198-202 (2012).
. McGill, B. J. A test of the unified neutral theory of biodiversity. Nature 422, 881-885 (2003).
. Bocci, A. et al. Sympatric snow leopards and Tibetan wolves: Coexistence of large carnivores with human-driven potential com-
petition. Eur. J. Wildl. Res. 63,92 (2017).
7. Dueser, R. D. & Shuggart, H. H. Niche pattern in a forest-floor small-mammal fauna. Ecology 60, 108-118 (1979).
8. Cloyed, C. S. & Eason, P. K. Niche partitioning and the role of intraspecific niche variation in structuring a guild of generalist
anurans. R. Soc. Open Sci. 4, 170060 (2017).
9. Armstrong, R. A. & McGehee, R. Coexistence of species competing for shared resources. Theor. Popul. Biol. 9, 317-328 (1976).
10. Paillet, Y. et al. The indicator side of tree microhabitats: A multi-taxon approach based on bats, birds and saproxylic beetles. J. Appl.
Ecol. 55,2147-2159 (2018).
11. Kadowaki, K. Species coexistence patterns in a mycophagous insect community inhabiting the wood-decaying bracket fungus
Cryptoporus volvatus (Polyporaceae: Basidiomycota). Eur. J. Entomol. 107, 89 (2010).
12. Peter, A.-K. Survival in adults of the water frog Rana lessonae and its hybridogenetic associate Rana esculenta. Can. J. Zool. 79,
652-661 (2001).
13. Borkowski, A. & Skrzecz, I. Ecological segregation of bark beetle (Coleoptera, Curculionidae, Scolytinae) infested Scots pine. Ecol.
Res. 31, 135-144 (2016).
14. Bobiec, A., Gutowski, J. M. & Laudenslayer, W. E. The Afterlife of a Tree (WWF Poland, 2005).
15. Alexander, K. N. Tree biology and saproxylic Coleoptera: issues of definitions and conservation language. Rev. Ecol. 10, 9-13
(2008).

|8}

AN U W

Scientific Reports |

(2021) 11:15178 | https://doi.org/10.1038/s41598-021-94396-x nature portfolio



www.nature.com/scientificreports/

16. Véle, A. & Horak, J. The importance of host characteristics and canopy openness for pest management in urban forests. Urban For.
Urban Green. 36, 84-89 (2018).

17. Ptikryl, Z. B., Tur¢ani, M. & Hordk, J. Sharing the same space: Foraging behaviour of saproxylic beetles in relation to dietary
components of morphologically similar larvae. Ecol. Entomol. 37, 117-123 (2012).

18. Brin, A. & Bouget, C. Biotic interactions between saproxylic insect species. In Saproxylic insects: Diversity, ecology and conservation
(ed. Ulyshen, M. D.) 471-514 (Springer, 2018).

19. Stokland, J. N,, Siitonen, J. & Jonsson, B. G. Biodiversity in Dead Wood (Cambridge University Press, 2012).

20. Radchuk, V., Turlure, C. & Schtickzelle, N. Each life stage matters: The importance of assessing the response to climate change
over the complete life cycle in butterflies. J. Anim. Ecol. 82, 275-285 (2013).

21. Biedermann, P. H. & Taborsky, M. Larval helpers and age polyethism in ambrosia beetles. Proc. Natl. Acad. Sci. U.S.A. 108,
17064-17069 (2011).

22. Hanks, L. M. Influence of the larval host plant on reproductive strategies of cerambycid beetles. Annu. Rev. Entomol. 44, 483-505
(1999).

23. Horak, J. What is happening after an abiotic disturbance? Response of saproxylic beetles in the Primorsky Region woodlands (Far
Eastern Russia). J. Insect Conserv. 19, 97-103 (2015).

24. Hurka, K. Beetles of the Czech and Slovak Republics (Kabourek, 2005).

25. Hordk, J. & Chobot, K. Phenology and notes on the behaviour of Cucujus cinnaberinus: Points for understanding the conservation
of the saproxylic beetle. North-West. J. Zool. 7, 352-355 (2011).

26. Finke, D. L. & Snyder, W. E. Niche partitioning increases resource exploitation by diverse communities. Science 321, 1488-1490
(2008).

27. Crowson, R. Observations on Dendrophagus crenatus (Paykull)(Cucujidae) and some comparisons with piestine Staphylinidae
(Coleoptera). Entomol. Mon. Mag. 104, 161-169 (1969).

28. Tarno, H. et al. The behavioral role of males of platypus quercivorus murayama in their subsocial colonies. Agrivita 38, 47-54
(2016).

29. Della Rocca, . & Milanesi, P. Combining climate, land use change and dispersal to predict the distribution of endangered species
with limited vagility. J. Biogeogr. 47, 1427-1438 (2020).

30. Buse, J. “Ghosts of the past”: flightless saproxylic weevils (Coleoptera: Curculionidae) are relict species in ancient woodlands. J.
Insect Conserv. 16, 93-102 (2012).

31. Roed, K. H. et al. Isolation and characterization of ten microsatellite loci for the wood-living and threatened beetle Cucujus cin-
naberinus (Coleoptera: Cucujidae). Conserv. Genet. Resour. 6, 641-643 (2014).

32. Konvicka, M., Hula, V. & Fric, Z. Habitat of pre-hibernating larvae of the endangered butterfly Euphydryas aurinia (Lepidoptera:
Nympbhalidae): What can be learned from vegetation composition and architecture?. Eur. J. Entomol. 100, 313-322 (2003).

33. Bonacci, T. et al. Artificial feeding and laboratory rearing of endangered saproxylic beetles as a tool for insect conservation. J. Insect
Sci. 20, 20 (2020).

34. Mazzei, A. et al. Rediscovering the ‘umbrella species’ candidate Cucujus cinnaberinus (Scopoli, 1763) in Southern Italy (Coleoptera
Cucujidae), and notes on bionomy. Ital. J. Zool. 78, 264-270 (2011).

35. Hordk, J., Chumanovi, E. & Chobot, K. Habitat preferences influencing populations, distribution and conservation of the endan-
gered saproxylic beetle Cucujus cinnaberinus (Coleoptera: Cucujidae) at the landscape level. Eur. . Entomol. 107, 81-88 (2010).

36. Hardin, G. The competitive exclusion principle. Science 131, 1292-1297 (1960).

37. Carmel, Y. et al. Using exclusion rate to unify niche and neutral perspectives on coexistence. Oikos 126, 1451-1458 (2017).

38. Hordk, J., Chumanovd, E. & Hilszczanski, J. Saproxylic beetle thrives on the openness in management: a case study on the ecological
requirements of Cucujus cinnaberinus from Central Europe. Insect Conserv. Divers. 5, 403-413 (2012).

39. Keddy, P. Competiton 2nd edn. (Springer, 2001).

40. Bonacci, T. et al. Beetles “in red”: are the endangered flat bark beetles Cucujus cinnaberinus and C. haematodes chemically protected?
(Coleoptera: Cucujidae). Eur. Zool. J. 85, 128-136 (2018).

41. Chararas, C., Chipoulet, J. M. & Courtois, J. E. Purification partielle et caracterisation d’une beta-glucosidase des larves de Pyro-
chroa coccinea (Coleoptere, Pyrochroidae). C. R. Séances Soc. Biol. Fil. 1771, 22-27 (1983).

42. Dettner, K. Description of defensive glands from cardinal beetles (Coleoptera, Pyrochroidae)—their phylogenetic significance as
compared with other heteromeran defensive glands. Entomol. Basil. 9, 204-215 (1984).

43. Nardi, G. & Bologna, M. Cantharidin attraction in Pyrochroa (Coleoptera: Pyrochroidae). Entomol. News 111, 74-75 (2000).

44. Hirzel, A. & Guisan, A. Which is the optimal sampling strategy for habitat suitability modelling. Ecol. Model. 157, 331-341 (2002).

45. Jaworski, T. et al. Saproxylic moths reveal complex within-group and group-environment patterns. J. Insect Conserv. 20, 677-690
(2016).

46. Gotelli, N. J., Hart, E. M. & Ellison, A. M. EcoSimR: Null Model Analysis for Ecologicaldata. R package version 0.1.0 (Zenodo,
2015).

47. Heiberger, R. M. HH: Statistical Analysis and Data Display: Heiberger and Holland. https://CRAN.R-project.org/package=HH
(2020).

48. Walsh, C. & Mac Nally, R. M. Hier.Part: Hierarchical partitioning. https://cran.r-project.org/web/packages/hier.part/index.html
(2020).

Author contributions
J.H. conceived, designed, and executed this study and wrote the manuscript. No other person is entitled to
authorship.

Competing interests
The author declares no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-94396-x.

Correspondence and requests for materials should be addressed to J.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2021) 11:15178 | https://doi.org/10.1038/s41598-021-94396-x nature portfolio


https://CRAN.R-project.org/package=HH
https://cran.r-project.org/web/packages/hier.part/index.html
https://doi.org/10.1038/s41598-021-94396-x
https://doi.org/10.1038/s41598-021-94396-x
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports|  (2021) 11:15178 | https://doi.org/10.1038/s41598-021-94396-x nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Niche partitioning among dead wood-dependent beetles
	Results
	Species interactions. 
	Species and the tree level. 
	Species and the microhabitat. 
	Species composition and the environment. 

	Discussion
	Co-occurrences among the target species. 
	Species and their observed niche requirements. 
	Sharing, partitioning, or a neutral relationship? 

	Methods
	Target species. 
	Study area. 
	Environmental parameters. 
	Statistical analyses. 

	References


