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Abstract

The cultivation of peat mosses (‘Sphagnum farming’) is a new wet and climate-friendly agricultural use of degraded bog
sites. However, it is largely unknown to what extent these surrogate habitats are used by bog fauna. This study investigated
the potential of Sphagnum cultivation sites as surrogate habitats for beetles and evaluated the relationship between the veg-
etation structure and the occurrence of beetle species. In 2017 and 2018, comparative surveys were carried out at different
sub-areas of two Sphagnum cultivation sites and one near-natural bog. Beetles living in and on the upper Sphagnum layer
were studied by manually extracting quadrat samples. Vegetation surveys were conducted in the same quadrats to analyze the
occurrence of beetle species based on vegetation parameters. We collected 926 individuals of beetles belonging to 89 species
out of 17 families. At the different sections of the cultivation sites, 8—16 bog-typical beetle species were found, while at the
sub-areas of the near-natural bog, there were 15 and 19 bog-typical species, respectively. The statistical analyses showed that
vegetation structure influenced the numbers of beetle species and individuals at both the cultivation and near-natural sites.
Implications for insect conservation A dense and high Sphagnum carpet is a fundamental habitat structure for the beetle
fauna of cultivation sites, while vascular plants initially help to create habitat structures on bare peat. Conversely, if the
vascular plants overgrow and shade the Sphagnum, this can have a negative effect on bog-typical beetle species, as shown
at the near-natural site.
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Introduction

The fauna of peat bogs consists of highly specialized spe-
cies that have adapted to the extreme site conditions of these
unique habitats (Rydin and Jeglum 2006; Spitzer and Danks
2006). In the case of beetles, as well as for other insects,
there are particularly close connections at the microhabi-
tat level with the vegetation structure and the plant species
present (Gorn et al. 2014; Hollmen et al. 2008; Powell et al.
2013; Sushko 2017; Tobisch et al. 2023). These connections
are partly direct when species feed on plant material or their
larvae develop in them (e.g., Byrrhidae, Chrysomelidae,
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Curculionidae) (Ries et al. 2021; Sushko 2017). But they
are also partly indirect since the vegetation influences the
microclimatic conditions, which in turn affects, for example,
ground beetles (Brigi¢ et al. 2017; Saunders et al. 1991;
Spitzer et al. 1999). If these site conditions change, the spe-
cialized bog species lose not only their habitat along with the
corresponding habitat structures but also their competitive
advantage over less specialized and, therefore, more com-
petitive species (Elo et al. 2015; Hollmen et al. 2008; van
Kleef et al. 2012).

Species specialized in bogs have experienced a dras-
tic qualitative and quantitative habitat loss in Central
Europe, especially in the nineteenth and twentieth cen-
turies (Hughes et al. 2008; Joosten et al. 2017b). In Ger-
many, large-scale drainage as well as land-use modifi-
cation for agricultural and forestry cultivation, nutrient
inputs, and industrial peat extraction, among other causes,
have resulted in more than 95% of peatlands being severely
degraded or destroyed (Succow and Joosten 2001; Tre-
pel et al. 2017). Near-natural growing bogs with intact

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10841-023-00524-5&domain=pdf
http://orcid.org/0009-0002-1283-6641
http://orcid.org/0009-0009-8039-7645
http://orcid.org/0000-0001-5401-1993

76

Journal of Insect Conservation (2024) 28:75-88

vegetation structures that meet the unique bog fauna's
habitat requirements exist only to a minimal extent (Joos-
ten and Couwenberg 2001). Thus, there is an increasing
decline in the distribution and relative abundance of spe-
cialized bog species (Habel et al. 2019; Sperle and Bruel-
heide 2021; van Grunsven et al. 2020; Vries and Boer
1990). It can be assumed that the consequences of cli-
mate change will further exacerbate the existing threats to
the species and habitat types of peatlands (Thomas et al.
2004).

Since the end of the twentieth century, increasing
efforts have been made to counteract these adverse devel-
opments and to restore degraded peatlands (Tanneberger
et al. 2017). However, large restoration projects primarily
focus on areas after peat extraction (Schmatzler 2015),
whereas most peat soils in Europe continue to be found
in agricultural and forestry use (Joosten et al. 2017a;
Schmatzler 2015). To stop the high greenhouse gas emis-
sions from drainage-based use of peatlands, the water
table on these lands needs to be raised to the soil surface
and thus to peat preserving conditions (Tanneberger et al.
2021; Tiemeyer et al. 2020; Wilson et al. 2016). For this
reason, paludiculture is being tested as a wet and climate-
friendly form of agricultural use of peatlands (Wichtmann
et al. 2016). On bog soils, the cultivation of peat mosses
(‘Sphagnum farming') has emerged as a promising, sus-
tainable form of land use (Gaudig et al. 2018). Crop pro-
duction trials show that Sphagnum biomass is suitable
as a constituent for horticultural growing media and is
a sustainable alternative to peat due to similar physical
and chemical properties (Jobin et al. 2014; Miiller and
Glatzel 2021).

It can be assumed that the large-scale establishment of
Sphagnum combined with permanent water control at the
cultivation sites creates a potential habitat for bog spe-
cies. However, only a few pilot projects exist for Sphag-
num farming worldwide, mainly in Germany and Canada
(Gaudig et al. 2018; Grobe et al. 2021; Pouliot et al. 2015).
Due to this, the extent to which these substitute habitats
are used by bog fauna is still largely unknown, apart from
single studies on the species groups of spiders (Muster
etal. 2015, 2020), birds, amphibians, dragonflies, and but-
terflies (Zoch and Reich 2020, 2022). So far, the only study
known on beetles was done by Mainda (2021), who studied
Carabidae, Dytiscidae, and Staphylinidae on a cultivation
site in northwestern Germany and found a few characteris-
tic bog species out of all three families. In addition, more
knowledge about epigeic arthropod assemblages or micro-
habitat preferences is still needed, even for intact natural
sites, because fauna is recorded much less frequently than
flora (Kato et al. 2009).

The aim of our study was:
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— to assess the potential of Sphagnum cultivation sites as
habitats for beetles

— and to evaluate the relationship between the vegetation
structure and the occurrence of beetle species at Sphag-
num cultivation sites and near-natural sites.

We focused on all beetles living in the ground vegeta-
tion layer since habitat specialists can be found in many
different beetle families, such as Byrrhidae, Carabidae,
Chrysomelidae, Hydrophilidae, or Staphylinidae (Koch
1989; Peus 1932; Sprick et al. 2013). Due to their diverse
habitat requirements and functional traits, they show differ-
ent connections to the vegetation and provide information
about the prevailing environmental conditions (Bettacchioli
et al. 2012; Bohac 1999; Ries et al. 2021).

Material and methods
Study sites

The survey of beetles and vegetation structure was con-
ducted at two Sphagnum cultivation sites (‘Provinzialmoor’,
52°40' N, 07°06' E and ‘Drenth’, 52°41' N, 07°05’ E) and a
near-natural peat bog (‘Meerkolk’, 52° 38" N, 07° 08" E). All
sites are located in northwestern Germany, near the Dutch-
German border (Fig. 1). The region was originally covered
by extensive peatlands, which are now degraded mainly by
agricultural use and peat extraction.

Within the two Sphagnum cultivation sites, we compared two
different treatments of rewetting. Both sites were established
from 2015 to 2016 on cutover bog after milled peat extraction
(Graf et al. 2017; Grobe et al. 2021). The ‘Provinzialmoor’ site
was already rewetted in 2008 as a shallow polder. To establish
Sphagnum cultivation, the water table of the inundated polder
was lowered to make the site accessible. The site was provided
with open ditches for irrigation in the summer months and drain-
age of excess water in the winter months. The water was let
in manually from the surrounding polders with pipes. The pH
(mean = SE) of the irrigation water was 4.2+0.03. In contrast,
the ‘Drenth’ cultivation site was established directly after the
termination of peat extraction in 2015 without any previous
re-wetting. During the study, the area was still surrounded by
active peat extraction. Seven polders separated by peat bunds
on the cultivation site ‘Drenth’ were formed and equipped for
irrigation and drainage either with open ditches or subsurface
drainage pipes combined with above-ground drip tubes. The
water required for irrigation at Drenth was pumped in from two
ponds, which could be refilled with groundwater if rainwater
ran out in the summer months. This led to higher values of pH
5.5+0.15 of the irrigation water at Drenth.

During the establishment, Sphagnum fragments were
spread manually on the bare peat surface following the
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Fig.1 Location of the cultivation sites Drenth and Provinzialmoor with different sub-areas (cult-D, cult-PA, cult-PB, cult-PC) and the donor
(nat-MD) and reference (nat-MR) sites at Meerkolk in northwestern Germany

moss-layer-transfer technique (Quinty and Rochefort 2003).
The cultivation sites were mainly inoculated with the peat
moss species Sphagnum papillosum and S. palustre. Both
are characteristic of natural peatlands in the region and are
suitable as raw material for growing media (Gaudig et al.
2018; Holzer 2010). Biomass of both Sphagnum species
was gathered at different near-natural donor sites in adjacent
regions in Germany and the Netherlands. With the donor
material of the target species, various other mosses and
vascular plants typical of bogs were unintentionally intro-
duced to the sites (Grobe 2023; Grobe and Rode 2023). The
most frequent vascular plants at both cultivation sites were
Eriophorum angustifolium, Erica tetralix, Molinia caerulea,
and Rhynchospora alba (Grobe and Rode 2023). During the

establishment, the Sphagnum fragments were covered with
straw mulch or geotextile to improve the microclimate for
the Sphagnum in the initial phase. The cultivation sites were
mown 1-2 times per year to reduce competition from vas-
cular plants. Until the end of this study, no Sphagnum had
been harvested on the cultivation sites. We established four
study sites at the cultivation sites that differ in age (inocula-
tion time) and donor sites (Sphagnum biomass) (Table 1).
We compared the cultivation sites with a near-natural
bog, the 'Meerkolk'. It is a nature reserve of 31 ha at a dis-
tance of 4 and 7 km from the cultivation sites, respectively.
A quaking bog with floating Sphagnum mats and typical bog
vegetation characterizes the center of the area. In October
2016, Sphagnum biomass was collected from a part of the

Table 1 Study sites with location, area [ha], and for cultivation sites inoculation time and main Sphagnum species

Study site Location Area [ha] Inoculation time Sphagnum species
Cultivation sites cult-D ‘Drenth’ 2.5 October 2015/March 2016 S. papillosum/S. palustre

cult-PA ‘Provinzialmoor’ 1.0 October 2015/March 2016 S. papillosum/S. palustre

cult-PB ‘Provinzialmoor’ 1.0 October 2016 S. palustre

cult-PC ‘Provinzialmoor’ 0.4 October 2016 S. papillosum
Near-natural sites nat-MD ‘Meerkolk’—Donor site 0.6

nat-MR ‘Meerkolk’—Reference site 0.6
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site to inoculate the ‘Provinzialmoor’ cultivation site. The
collection of Sphagnum fragments (5—10 cm length) was
done manually, cutting only half of the individual hummocks
to limit the damage to the vegetation. Samples were taken at
the donor site ‘Meerkolk’ (nat-MD) as well as at a reference
site (nat-MR), which was not affected by the collection of
Sphagnum biomass (Table 1).

Sampling, determination, and classification

In 2017 and 2018, beetles living in and on the upper Sphag-
num layer were studied by manually extracting a total of
100 quadrat samples per study site. Quadrat samples allow
conclusions about the relationship between vegetation struc-
ture and the occurrence of beetles, as they show absolute
densities of individuals (Andersen 1995; Coulson and But-
terfield 1985). In addition, less inactive species primarily
residing among mosses can be captured better than with the
commonly used pitfall traps (Coulson and Butterfield 1985).

Sampling was conducted on five dates each year from
April to October. Ten samples were taken on each date
and randomly distributed at each study site. Each sample
included a vegetation survey and the manual collection of
beetles in the same sample frame (30 cm X 30 cm). First,
during the vegetation survey, the following parameters were
recorded: moss height, vascular plant height, moss cover,
vascular plant cover, litter, bare peat, and open water. When
present, the height of Sphagnum mosses was measured
with a yardstick at five points (four corners and middle)
in each frame and then averaged. For the vascular plants,
the maximum height was measured. In addition, the cover
of Sphagnum mosses, vascular plants, litter, bare peat, and
water area was estimated according to a modified scale of
Braun-Blanquet (1964) (scale: < 1, 1-5, 5-25, 25-50, 50-75,
75-95, 95-100%). The mean values of the scale classes were
used for analysis. For the hand collection of beetles, the top
layer of living Sphagnum (maximum 5 cm) and other vegeta-
tion or litter was cut off in the sample frame and examined
in a white tray. All beetles from all families were collected
from the material for identification in the laboratory. The cut
vegetation was placed back so the Sphagnum could continue
growing.

Beetles were identified according to Lompe (2002).
Nomenclature follows Gruttke et al. (2016) and Ries et al.
(2021). The beetles were determined to the species level.
Critical species were confirmed by various experts (see
Acknowledgements). However, 120 individuals were deter-
mined only to genera (mainly Euaesthetus and Stenus) or
subfamily (Aleocharinae). These individuals were indi-
cated with spec. or agg. and the genera or subfamily count
as one additional species in the total number of species. For
all determined species, a binary classification as “threat-
ened” (categories 1, 2, 3, G, V on the German Red List, see
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Appendix for abbreviations) or “not threatened” (categories
* D, n.b.) (Gruttke et al. 2016; Ries et al. 2021) and as “bog-
typical” or “bog-tolerant” species was made. Those species
were evaluated as bog-typical, which are considered tyrpho-
biont or tyrphophilous according to Koch (1989). Addition-
ally, Carabid species were included as bog-typical, which
have a regional distribution focus in bogs in northwestern
Germany according to Briunicke and Trautner (2009). All
other species were classified as bog-tolerant. For species
not appearing in Koch (1989), classification was based on
habitat information in Lompe (2002).

Data analysis

All statistical analyses were performed using R software
(R version 4.1.1, R Core Team 2022). First, the vegetation
parameters were tested for collinearity using the variance
inflation factor (VIF). The function vifcor from the package
"usdm" (Naimi et al. 2014) was used and, as recommended
by Dormann et al. (2013), pairs of variables with a cor-
relation coefficient greater than 0.7 were first searched for
and, if found, the variable from the pair with the higher VIF
was removed. The VIF was then calculated for all remain-
ing variables. All pairs of the seven parameters of interest
(moss height, vascular plant height, moss cover, vascular
plant cover, litter, bare peat, open water) had a correlation
coefficient lower than 0.7, and none of the variables showed
a severe collinearity problem (VIFs < 3.8). Therefore, all
variables were included in further analyses.

Generalized linear mixed models (GLMM, with nega-
tive binomial error distribution) were used to investigate
the influence of vegetation parameters on beetle occur-
rence. The experimental design encompasses three primary
grouping variables: ‘study site’, ‘year’, and ‘date’. Interac-
tions between these grouping variables resulted in addi-
tional hierarchical grouping structures. Firstly, the interac-
tion between ‘study site’ and ‘year’ resulted in a grouping
variable with twelve levels, allowing us to consider variance
between study sites in the same year. Secondly, the interac-
tion between ‘study sites’, ‘year’, and ‘date’ resulted in a
grouping variable with 60 levels, allowing us to account for
the variance between the study sites in the same year and
on the same date. This led to five grouping variables that
were included in the model. As the grouping variables ‘study
site’ and ‘year’ have only a few levels, they were specified
as fixed effects, as recommended by Crawley (2002) and
Piepho et al. (2003). The remaining three grouping vari-
ables were specified as random effects. All seven vegetation
parameters were included as fixed effects.

The near-natural and the cultivation sites were analyzed
separately since different primary site conditions prevailed.
This is mainly due to the naturally dense moss carpet at the
near-natural compared to the only 1-3 years old initial stages
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at the cultivation sites. Models were run for the total number
of species and individuals, and in addition, models were
run for the individual number of bog-typical and threatened
species. No meaningful estimates could be obtained for the
species number of bog-typical and threatened species as the
models did not converge.

The package ‘glmmTMB’ (Brooks et al. 2017) was used
to model the GLMMs. Based on the fitted models, an analy-
sis of deviance was performed to test the significance of the
parameters.

To interpret and summarize major patterns of variation
in vegetation structure between sites, principal compo-
nent analysis (PCA) was performed after standardization
using spectral decomposition with the packages ‘ggrepel’
(Slowikowski 2021) and ‘factoextra’ (Kassambara and
Mundt 2020).

Results
Numbers of species and individuals

In total, we collected 926 individuals of beetles belonging to
89 species out of 17 families (Appendix). Of these, 30 beetle
species were classified as bog-typical and 15 as threatened.
Whereby 13 of the threatened species were also classified
as bog-typical.

At the cultivation sites, most species and individuals were
found at cult-PA in terms of the total numbers and the mean
values per sample (Table 2). The same applies to bog-typical
and threatened species, with 16 and seven species, respec-
tively, at cult-PA. Fewer individuals and species were found

at the other three sites (cult-D, cult-PB, cult-PC), with little
differences. There were 8—11 bog-typical and 2-3 threatened
species. As the only difference, more individuals overall and
of bog-typical species were found at cult-PB than at cult-
PC and cult-D. A similar number of species and even more
individuals were found at the near-natural bog compared to
cult-PA. Here, 15 and 19 bog-typical species and six and
eight threatened species, respectively, were recorded. The
two sub-areas of the near-natural bog show no apparent dif-
ferences. While species numbers were slightly higher at nat-
MD, marginally more individuals were found at nat-MR.

Species composition

At the cultivation sites, Staphylinidae, Carabidae, and
Hydrophilidae were most abundant, while at the near-natural
bog, the families of Staphylinidae, Dytiscidae, Hydrophili-
dae, and Scirtidae were dominant (Table 5 in Appendix).
The most abundant species, in general, were Myllaena inter-
media (204 individuals), Euaesthetus spec. (73 individuals)
and Cyphon variabilis (61 individuals). At the near-natural
bog, the bog-typical species with the largest number of
individuals were Cyphon variabilis, C. hilaris, Hydroporus
scalesianus and Acylophorus wagenschieberi. At the same
time, these species occurred only with single individuals at
the cultivation sites, distinguishing the near-natural bog from
the cultivation sites. In contrast to the other families, more
species and individuals of Carabidae were present at the
cultivation sites than at the near-natural bog. Nevertheless,
the bog-typical species most abundant at the cultivation sites
(e.g., Pterostichus diligens, Erichsonius cinerascens) were
also found with some individuals at the near-natural bog.

Table 2 Pooled numbers

. o cult-D cult-PA  cult-PB cult-PC ~ nat-MD  nat-MR
of species and individuals
per study site and mean No. of species
number + SD per sample (for all
species and separated by bog- All 28 36 28 23 38 35
typical and threatened species) Bog-typical 9 16 11 8 19 15
Threatened 7 2 3 8 6
No. of individuals
All 82 158 127 80 214 265
Bog-typical 18 70 33 14 89 136
Threatened 11 29 6 3 54 64
Mean no. of species per sample
All 07+12 1.0x15 09+10 07+£09 15+14 14=x16
Bog-typical 02+04 04+08 02+05 0.1+04 0.6+09 0.7+1.0
Threatened 0.1+03 0.1+04 0.1+02 0.0+02 04+05 03=+0.6
Mean no. of individuals per sample
All 08+15 1.6+39 13+18 08+13 21+25 27+44
Bog-typical 02+06 0.7+24 03+08 0.1+04 09+1.6 14+35
threatened 0.1+04 03+15 0.1+03 0.0+02 05+12 06=+1.3

See Table 1 for abbreviations of study sites
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Cult-D and cult-PA are distinguished from the other sites
by the ground beetle species Acupalpus dubius, Bradycel-
lus harpalinus and Stenolophus mixtus. Cult-PA stands out
for the only records of Trichocellus cognatus and the rove
beetles Tachyporus transversalis and Myllaena kraatzi. As
the only pill beetle species, Cytilus sericeus was found only
at cult-PB and cult-PC.

Vegetation structure

At the near-natural bog, vegetation was primarily characterized
by a thick and dense Sphagnum carpet. However, at nat-MD
this was thinner due to Sphagnum collection, with a mean of
6.7 cm, than at nat-MR, which had a height of 9.4 cm (Table 3).
Mean Sphagnum carpet height was lower at all cultivation sites
than at the near-natural bog, averaging 2.8 cm at cult-PA and
1.6-1.9 cm at the other sites. Mean Sphagnum cover was also
higher at the near-natural bog, averaging around 97%, than at
the cultivation sites, ranging from 56% (cult-D) to 83% (cult-
PA). No clear differences were found among samples for vas-
cular plants. Height averaged 11-19 cm and covered 13-33%
at all sites. Litter was most abundant at the two younger cultiva-
tion sites, cult-PB and cult-PC, with 21-23%, and least much
at the near-natural bog, with 1-2%. There were no bare peat
areas at the near-natural bog. At the cultivation sites, the largest
proportion of bare peat was found at cult-D, with an average of
25%, and the lowest at cult-PA, with an average of 5%. Smaller
open water areas occurred occasionally at all sites, although the
variation in extent was greater at the cultivation sites.

The two dimensions of the PCA could explain 64% of the
vegetation structure data (Fig. 2). Dimension 1 (horizon-
tal axis) captured 47.3% of the variance, showing a gradi-
ent from a structure characterized by bare peat or litter to a
structure characterized by tall and dense vegetation (Sphag-
num mosses and vascular plants). The slight angles of the
vectors reveal a close correlation between Sphagnum height
and cover and vascular plant height and cover. For dimen-
sion 2 (vertical axis), describing a supplemental 16.7% vari-
ance, the proportion of open water area had greater weight,
and the differences between vegetation were more character-
ized by vascular plants or Sphagnum.

The PCA shows that the cultivation sites are relatively
similar in the measured parameters. The two sub-areas of
the near-natural bog overlap with the other sites. Still, it
becomes apparent here that the bare peat and litter cover at
the near-natural bog is lower than at the cultivation sites, and
the height and the cover of Sphagnum mosses are somewhat
higher on average, while the vascular plants show lower
cover and height. In addition, the relative concentration of
plots of the near-natural bog in the PCA shows an overall
homogeneity of vegetation. In contrast, the plots of the cul-
tivation sites are much more scattered.

Impact of vegetation structure on beetle occurrence

The statistical analyses showed that vegetation structure
influenced the numbers of beetle species and individuals at
both the cultivation and near-natural sites. At the cultivation
sites, moss height in particular was found to be an impor-
tant parameter. Therefore, there was a significant positive
influence on the total number of species and individuals as
well as on the number of individuals of bog-typical species
(Table 4). Thus, the number of beetle species per unit moss
height showed an average increase of 1.16, 95% CI [1.06,
1.27], the number of all individuals increased by 1.24, 95%
CI [1.10, 1.42], and the number of bog-typical individu-
als increased by 1.26, 95% CI [1.01, 1.57]. The latter was
also positively influenced by the height of vascular plants
(on average, 1.03 times, 95% CI [1.00, 1.07], as many bog-
typical individuals per unit increase). In contrast, a negative
effect was found with an increased proportion of bare peat
on the number of species and individuals of all species. For
each percent increase in bare peat cover, the number of spe-
cies decreased by an average factor of 0.99, 95% CI [0.98,
1.00], and the number of individuals by 0.98, 95% CI [0.97,
1.00].

The height of vascular plants was determined as a sig-
nificant factor at the near-natural bog, which was analyzed
separately due to the widely differing site conditions.
Thereby, in the samples, there were on average 0.94 times,
95% CI [0.90, 0.98], fewer individuals of bog-typical spe-
cies and 0.87 times, 95% CI [0.81, 0.94], fewer individuals

Table 3 Mean =+ SD cover

8 . cult-D cult-PA cult-PB cult-PC nat-MD nat-MR

and height of the vegetation

structure per quadrat sample Moss height [cm] 1.6+14  28+2.1 1.8+14 19+12 67+20 94+24
Vascular plant height [cm] 11.0+10.2 18.5+11.3 194+109 17.1+11.4 13.7+7.7 132+79
Moss cover [%] 56.2+294 83.0x17.1 67.3+£29.7 67.7+257 97.1+2.1 969+2.7
Vascular plant cover [%] 129+17.1 33.1+£23.0 179+21.6 159+21.3 12.7+13.6 21.7+154
Litter [%] 84+159 49+9.0 209+26.1 23.1+245 14+22 23+39
Bare peat [%] 2484272 54x114 129+195 9.0+135 0.0+0.0 0.0+0.0
Open water [%] 40+132 6.8+227 7.8+23.0 48+17.1 1.0+43 20+9.6

See Table 1 for abbreviations of study sites
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Fig.2 Principal Component Analysis (PCA) Biplot of the vegetation structure in n=100 samples at each study site. Each dot represents one

quadrat sample at which the vegetation structure was assessed. See Table 1

for abbreviations of study sites

Table 4 Influence of vegetation structure on the number of beetle species and individuals (for all species and separated by bog-typical and

threatened species)

Moss height [cm]  Vascular plant  Moss cover [%]  Vascular plant Litter [%]  Bare peat [%]  Open water [%]

height [cm] cover [%]
Cultivation sites
No. of species
All 1.16%* 1.01 1.00 0.99 1.00 0.99% 1.00
No. of individuals
All 1.247%%* 1.01 1.00 0.99 0.99 0.98* 1.00
Bog-typical 1.26%* 1.03* 1.00 1.00 0.99 0.97 1.00
Threatened 1.10 1.04 1.02 1.00 1.02 0.96 1.00
Near-natural bog
No. of species
All 1.02 0.98 0.99 1.00 1.00 1.00
No. of individuals
All 1.00 0.98 0.98 0.99 0.99 1.01
Bog-typical 1.00 0.947%* 0.97 0.99 0.92 1.01
Threatened 1.09 .87k 0.92 0.97 0.88 1.03

For the cultivation sites (cult-D, cult-PA, cult-PB, cult-PC) and the sub-areas of the near-natural bog (nat-MR, nat-MD), generalized linear

mixed models (GLMM) were fitted separately
##%p <0.001; **p <0.01; *p<0.05

of threatened species with each unit that the height of
vascular plants increased. A similar trend, although not
significant, was seen in the total number of species. This
decreased by a factor of 0.98, 95% CI [0.96, 1.00], on
average, when vascular plant height increased by one unit
(p=0.0774). In addition, there was a tendency for the year

of the collection also to affect the total species number at
the near-natural bog. Thus, 2018 tended to have, on aver-
age, 0.593 times, 95% CI [0.33, 1.05] fewer species count
than 2017 (p=0.0725).
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Discussion
Influence of vegetation structure

In this study, we showed that the influence of vegetation struc-
ture on the occurrence of beetles differed between the Sphag-
num cultivation sites and the near-natural bog. The studied cul-
tivation sites were still in the initial stage, so no dense moss
layer and large bare peat areas existed. At the cultivation sites,
it was determined that the abundance of beetles, particularly of
bog-typical species, was promoted with the increasing height
of Sphagnum and vascular plants. This is consistent with other
studies that found vegetation height a key factor for beetle occur-
rences (Dennis et al. 2004; Gorn et al. 2014; Hoffmann et al.
2016). The close relationship between height and cover, both
of vascular plants and Sphagnum mosses (Fig. 2), suggests that
increasing cover also positively affects beetle occurrence. This
was confirmed by studies of beetle assemblages on large intact
peat bogs (Sushko 2019a). Accordingly, the influence of bare
peat was negative on the total number of beetle species and indi-
viduals. Muster et al. (2020) also found a positive effect of high
Sphagnum cover on epigeic arthropods at Sphagnum cultivation
sites. We found no relationship between moss height and cover
with the beetle occurrence at the near-natural bog. This could
be related to the fact that the dense Sphagnum carpet meant
that the values of the mosses varied little. Different from the
cultivation sites, increasing heights of vascular plants even had
a negative effect on the numbers of individuals of bog-typical
and threatened beetle species at the near-natural bog. There-
fore, the influence of vegetation can be expected to change as
succession increases at the cultivation sites. Initially, vegetation
structures dominated by vascular plants provide better condi-
tions for bog-typical species than bare peat, but with a dense
moss layer, vascular plants can sometimes have adverse effects.
Sushko (2019b) also found that beetle diversity was highest in
the mid-successional stages of bog vegetation. One explanation
of the disadvantages of older stages is that high vascular plants
lead to the shading of the moss layer, which changes the micro-
climatic conditions (Matlack 1993).

The vegetation structure at the sites partly explains the
differences in the composition of the beetle fauna (number of
species and individuals per sample). The statistical analysis
showed that the greatest influencing factor was moss height.
At cult-PA, Sphagnum mosses were on average 1 cm higher
than at the other cultivation sites. Thus, the most bog-typical
and threatened species were also found here. At cult-D, on
the other hand, open peat was dominant, which was reflected
in lower species and individual numbers and thus also corre-
sponds to the results of the GLMM. There were more mosses
and correspondingly more beetles at the near-natural sites.

Collecting Sphagnum at the donor site resulted in a clear
difference in moss height between nat-MR and nat-MD, and

@ Springer

there was a trend toward fewer individuals at the donor site.
It can be assumed that a reduction in moss height can have
a negative effect. However, this effect is limited by the rapid
regeneration of mosses and will hardly be of any signifi-
cance in the medium to long term (Sanders and Winterbourn
1993). The influence of maintenance activities, such as the
mowing of vascular plants and Sphagnum harvesting at the
cultivation sites, was not studied. However, based on the
results, it can be assumed that removing Sphagnum mosses
has a temporary negative impact on habitat structures. In
contrast, the mowing of vascular plants can have a differ-
ent effect depending on the succession stage, as mentioned
before. In addition, it is important to note that mechanical
harvesting and biomass removal can have lethal effects on
different developmental stages and weaken populations
(Humbert et al. 2009). To better evaluate this aspect, further
research is needed on the impact of Sphagnum harvesting
at cultivation sites and Sphagnum collection at donor sites.

Even though the cultivation sites were more heterogene-
ous in the initial phase than the near-natural sites, this will
change over time due to constant maintenance. Sphagnum
farming aims to achieve high productivity by cultivating
strong-growing Sphagnum species that form an even moss
layer with only a small proportion of other plant species that
would reduce its suitability as a raw material (Gaudig et al.
2018). However, it is the natural hummock-hollow structure
with different moss and vascular plant species and small-
scale differences in vegetation at different heights above
the water level that meets the habitat requirements of the
bog-typical species (Spitzer and Danks 2006). This natural
diversity of microhabitats is prevented and homogenized by
site management and harvest, so fewer habitat structures for
bog-typical beetle species will be provided.

Another critical factor influencing the occurrence of bee-
tles in peatland areas is moisture (Blake et al. 2003; Gorn
and Fischer 2015; Hoffmann et al. 2016). This was indi-
rectly demonstrated in this study through the influence of
the extreme drought and heat in the second year of record-
ing in 2018. While in 2017, annual precipitation of 841 mm
was measured at the next meteorological station (Lingen), in
2018, it was 561 mm, which was only 70% of the long-term
average value of 799 mm from 1960 to 1990 (Deutscher
Wetterdienst 2022). These extreme conditions possibly had
a negative impact on the number of species and individuals
found in 2018 compared to 2017, which is consistent with
other entomological studies conducted during this period
(Lange-Kabitz et al. 2021; Muster et al. 2020), although this
is not certain due to lack of data from other years, so pos-
sible natural fluctuations may also be responsible. At the
near-natural bog, a negative effect was also shown in the
model results, with a tendency towards fewer species and
lower numbers of individuals in 2018. These effects were
less pronounced at the cultivation sites and were not evident
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in the statistical analyses. Here, several opposing develop-
ments coincided that partially overlaid the weather effects.
These include active irrigation as well as rapid succession
at the new sites.

Species composition

The cultivation sites provide a substitute habitat for beetle
species specialized in bogs. Of the 22 bog-typical species
found on at least one of the cultivation sites, the three rove
beetles Myllaena kraatzi, Philonthus nigrita, and Tachyporis
transversalis are tyrphobiont according to Koch (1989). The
occurrence of Trichocellus cognatus with its Red List sta-
tus as "Threatened with Extinction" in Germany at cult-PA
is also particularly noteworthy. These highly specialized or
threatened species were found at the cultivation sites only
in areas with high moss cover (>85%) and high moss carpet
(1.6 —1.6 cm), again highlighting the importance of these
structures.

It should be noted that the cultivation sites studied were
still in the initial stages. In particular, cult-D was charac-
terized by strongly patchy vegetation in which Sphagnum
mosses or other plants could not yet form a closed vegeta-
tion layer (Grobe et al. 2021). This was also evidenced by
species typically inhabiting open sandy soils at cult-D, such
as the ground beetles Acupalpus brunnipes or Harpalus tar-
dus (Braunicke and Trautner 2009). Out of 18 ground beetle
species found at the cultivation sites in this study, there are
eight matches to the observations of Mainda (2021) at the
German Sphagnum farm ‘Rastede’. Among them is Agonum
gracile as a tyrphophil species according to Koch (1989). As
expected, large mobile species, especially of ground beetles
(e.g., Carabus spec.), were missed with the quadrat sam-
ples, while Carabus granulatus was one of the dominant
species at ‘Rastede’ (Mainda 2021). Pterostichus rhaeticus,
the most abundant species at Mainda (2021), was found with
only one individual at cult-PA. Although it can be assumed
that running-active beetles were under-captured compared
to pitfall trapping (Andersen and Arneberg 2016; Spence
and Niemeld 1994), it is noticeable that chiefly small-bodied
species were present in large numbers in the quadrat samples
(e.g., Myllaena intermedia, Euaesthetus spec.). It is known
that small species are rather underrepresented in pitfall
traps (Arneberg and Andersen 2003; Spence and Niemela
1994). Out of 19 determined species in Staphylinidae, six
were found from Mainda (2021), including the tyrphophil
species Philonthus nigrita. In contrast, of the seven spe-
cies of Dytiscidae, no matches are found with Mainda. It
can be expected that with the succession of the vegetation,
the species composition of the fauna will change again (cf.
Muster et al. 2020). Even though a typical beetle composi-
tion of Sphagnum cultivation sites cannot be deduced, it can
be assumed that bog species, as the two tyrphophil species

Agonum gracile and Philonthus nigrita, benefit from this
land use and could find a substitute habitat here. Mainly spe-
cies with similar habitat requirements, i.e., wet Sphagnum
carpet (Koch 1989), can be expected to benefit.

The studied near-natural bog was characterized by float-
ing Sphagnum mats with a stable water table (Oestmann
et al. 2021). The higher numbers of Dytiscidae and Hydro-
philidae found here reflect this. In this context, the tyrpho-
biont species Hydroporus scalesianus showed increased
individual numbers. This fits with many individuals of the
rove beetle Acylopherus wagenschieberi, which is also tyr-
phobiont and lives in wet Sphagnum carpet, and of the
Scirtidae species Cyphon hilaris and C. variabilis, which
are associated with water bodies.

Chaetocnema sahlbergii (cult-PA, cult-PC) and Plateu-
maris discolor (nat-MR, nat-MD) were found as herbivore
bog beetles. For both species, Eriophorum angustifolium
was probably the host plant (Béhme 2001; Sprick et al.
2013) since other Cyperaceae were present only very
sporadically.

Conclusions

The study has shown that at Sphagnum cultivation sites
correlations between vegetation structure and beetle occur-
rence exist, especially for the specialized bog species. A
dense and high moss carpet is a fundamental habitat struc-
ture for the beetle fauna at bog sites, not only at natural
sites but also at Sphagnum cultivation sites. Furthermore,
it can be assumed that vascular plants initially help create
habitat structures on bare peat. Optimally, however, the
vascular plants are then overgrown by the Sphagnum with
succession. Conversely, if the vascular plants overgrow
and shade the Sphagnum, this can have a negative effect
on bog-typical beetle species. These principles should be
considered not only in planning Sphagnum cultivation
sites but also in restoration or conservation.

The suitability of Sphagnum cultivation sites as substi-
tute habitats for individual bog-typical species was dem-
onstrated. However, cultivation sites as artificial systems
with continuous management influence can never develop
the same vegetation structure as near-natural sites, so their
suitability as beetle habitats will remain limited. It remains
to be seen if a typical species composition for cultivation
sites will result from the widespread establishment of this
land use.

Appendix

See Table 5.
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Table 5 Number of individuals of all recorded beetle species with
indication of Red List Category according to Gruttke et al. (2016)
and Ries et al. (2021) and “bog-typical” species (marked with x);

1 =Threatened with Extinction; 2=Highly Threatened; 3 =Threat-
ened; G=Threat of Unknown Extent; V=Near Threatened; D =Data
Deficient; 4 =Not Evaluated; * =Not Threatened

Family Species Red List bog-typical cult-D cult-PA  cult-PB nat-MR nat-MD total
Category
Byrrhidae Chytilus sericeus * 1 2
Carabidae Acupalpus brunnipes 2 5 1 6
Acupalpus dubius v X 5 7 1 13
Acupalpus flavicollis * 1 4
Acupalpus parvulus * 10 6 2 18
Agonum gracile v X 5 6
Agonum sexpunctatum * 1 1
Bembidion femoratum * 2 2
Bembidion obliquum * 5 8
Bembidion quadrimaculatum * 1 1
Bradycellus harpalinus * X 3 6 1 10
Harpalus tardus * 1 1
Loricera pilicornis * 3
Pterostichus diligens * X 1 11 2 7 1 24
Pterostichus rhaeticus * X 1 1
Pterostichus vernalis * 1 1
Stenolophus mixtus * X 1 2 3
Stenolophus teutonus * 1 1
Trechus quadristriatus * 1
Trichocellus cognatus 1 X 10 10
Chrysomelidae ~ Chaetocnema hortensis * 1 1
Chaetocnema sahlbergii 3 1 2
Plateumaris discolor 2 5 2 7
Cryptophagidae  Atomaria fuscata * 1 3
Curculionidae Limnobaris dolorosa * 3 9
Betulapion simile * 1 1
Dytiscidae Agabus uliginosus * 1 1
Hydroporus melanarius * X 1 1
Hydroporus obscurus \ X 1 3 1 5
Hydroporus pubescens * X 1 1
Hydroporus scalesianus 2 X 24 15 39
Hydroporus tristis * X 4 1 5
Rhantus suturellus v X 1 2
Hydrophilidae  Anacaena lutescens * 1 1
Cercyon pygmaeus * 1 1
Chaetarthria seminulum * 1 1 7 25 34
Coelostoma orbiculare * X 1 1 5 3 10
Enochrus affinis * X 1 1 3 1 1 10
Enochrus coarctatus * X 2 2
Enochrus ochropterus * X 3 4
Helochares punctatus D X 1 2 10 3 16
Helophorus brevipalpis * 6 6
Helophorus flavipes * 2 1 3
Latridiidae Cartodere bifasciata ¢ 2 2
Corticarina fuscula * 1
Corticarina similata * 1 1
Nitidulidae Meligethes aeneus * 1 1
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Table 5 (continued)

Family Species Red List bog-typical cult-D cult-PA cult-PB cult-PC  nat-MR nat-MD total
Category
Noteridae Noterus crassicornis * X 1 1
Pselaphidae Pselaphus heisei * 1 1 2
Ptiliidae Acrotrichis henrici ¢ 1 1
Scarabaeidae Chilothorax distinctus * 1 1
Scirtidae Cyphon hilaris g X 1 24 10 35
Cyphon padi * 7 6 13
Cyphon variabilis * X 1 1 45 14 61
Scydmaenidae  Euconnus rutilipennis g 1 1
Stenichnus scutellaris * 1 1
Staphylinidae Acylophorus wagenschieberi 2 X 5 20 25
Aleocharinae agg 2 3 1 8
Anotylus nitidulus * 1 1 2
Bledius spec 1
Carpelimus corticinus * 1 4
Ochthephilum fracticorne * 2 2 9 1 21
Cypha spec 1
Drusilla canaliculata * 8 9 17
Erichsonius cinerascens * X 7 3 4 1 2 17
Euaesthetus spec 18 20 23 3 4 73
Gabrius spec 1 2 11
Ischnosoma longicorne * 1 1
Ischnosoma splendidum * 1 1
Lathrobium rufipenne g X 3 7
Tetartopeus terminatus * 4 2 3 3 12
Lesteva sicula heeri * 1 1
Myllaena intermedia * 3 30 25 15 71 60 204
Myllaena kraatzi g X 4 4
Myllaena minuta * X 8 3 4 15
Philonthus carbonarius * 1 8 4 13
Philonthus cognatus * 2 1 2 5
Philonthus nigrita * X 4 3 1 1 6 4 19
Philonthus varians agg 1 1
Scopaeus laevigatus * 1 3 1 9
Stenus spec 9 24 6 39
Tachyporus chrysomelinus * 1 1
Tachyporus hypnorum * 1 1 2
Tachyporus obtusus * 1 1
Tachyporus pusillus * 1
Tachyporus transversalis \ X 5 5
Xantholinus longiventris 1 1
Xantholinus gallicus * 1 1 2
Tenebrionidae Tribolium castaneum * 1 1
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