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Climatic conditions, landscape, and habitat quality drive
patch occupancy and larval density of a threatened mire
butterfly
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Abstract Mire ecosystems have severely suffered from land-use and climate change. As
a result, many of the characteristic mire species are now threatened or even have become
extinct. In this study, we aimed to identify the environmental drivers of habitat occupancy
and larval density of the threatened Moorland Clouded Yellow (Colias palaeno) in one of
its last refuges in Central Europe, the Black Forest (SW Germany). Our study revealed
that climatic conditions, landscape and habitat quality drove patch occupancy and lar-
val density. In generalized linear models, both patch occupancy and larval density were
positively associated with summer sunshine duration and cattle grazing, and negatively
associated with patch isolation. Under the cool and wet mountain climate, a warm macro-
climate during summer as well as a warm and moist microclimate played a pivotal role for
patch occupancy and larval density. Colias palaeno exhibited a metapopulation structure,
depending on a network of well-connected but relatively small patches of high quality.
Habitat quality was strongly improved by cattle grazing. The species benefited from graz-
ing in three different ways by (i) fostering the nectar supply; (ii) enhancing rejuvenation
of the host plant; and (iii) improving microclimatic conditions for successful development
of the immature stages. Restoration measures should include the (i) re-wetting of drained
mires and (ii) removal of shrub or tree encroachment. To secure high habitat quality over
the long run, we recommend establishing cattle grazing with low stocking rates.

Key words bog ecosystem; cattle grazing; climate change; habitat connectivity; land-
use change; microclimate

Introduction

Insects represent the most abundant and diverse group
within the tree of life and play vital roles in extensive net-
works of biotic interactions (Stork, 2018; Cardoso et al.,
2020). They have an outstanding intrinsic conservation
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value and are of prime importance for ecosystem func-
tioning (Samways et al., 2020). However, insect popu-
lations all over the world are experiencing dramatic de-
clines, with many species facing the threat of extinction
in the course of global change (Cardoso et al., 2020;
Fartmann et al., 2021). As a result, insect conservation
has received increased attention in recent years (Samways
et al.,2020; Pryke et al., 2024). However, evidence-based
conservation strategies are still lacking for many insect
taxa, a fact that hinders successful conservation efforts,
even in charismatic groups with numerous eye-catching
and colorful species (Schlegel & Rupf, 2010; Saunders
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et al., 2020; Harvey et al., 2023; Loffler et al., 2023).
Butterflies, for example, are facing declines in abundance
and diversity that surpass those observed in plants and
many other animal taxa (van Strien ef al., 2019; Warren
etal.,2021).

In terrestrial ecosystems, the main drivers of the cur-
rent biodiversity crisis in general and butterfly declines
in particular are land-use change and, to an increas-
ing extent, climate change (Pecl e al., 2017; Cardoso
et al., 2020; Harvey et al., 2023). Mires are among those
ecosystems that have severely suffered from both. In Eu-
rope, they have been drained for peat cutting, agriculture,
and forestry since medieval times (van Dam, 2001). Par-
ticularly in Central Europe, the losses have been severe;
here, only 1% of the original area of peat-accumulating
mires has remained (Succow & Joosten, 2001). Today,
the mire remnants additionally suffer strongly from cli-
mate change (Essl ef al., 2012). As a result, many species
typical of mires are now threatened or have already be-
come extinct (e.g., Topic & Stancic, 2006; Hughes ef al.,
2008; Krieger et al., 2019). Due to the severe loss and the
high value for biodiversity conservation, raised bogs and
transition mires are now protected under the EU Habitats
Directive (Annex [ habitats 7110, 7120, and 7140, respec-
tively; EC, 2007).

Among conservation practitioners, mire ecosystems
have traditionally been regarded as highly sensitive to
land use—especially livestock trampling—resulting in a
predominant focus on non-intervention (e.g., Bragg et al.,
2003). However, there is no convincing evidence that
grazing universally harms mire biodiversity; the few stud-
ies that have examined its effects (e.g., Weking et al.,
2013; Schwarz & Fartmann, 2021) actually indicate that
grazing can be beneficial. Moreover, in regions where
mires are abundant, they have historically been inte-
grated into traditional land-use systems that commonly
included cattle grazing (Geis et al., 2013; Tanneberger
etal.,2021).

In our fragmented landscapes, the quality, size, and
connectivity of habitat patches are considered the main
drivers of patch occupancy in insects (Poniatowski et al.,
2018; Fartmann, 2024). This is especially true for those
insect species that build metapopulations (Hanski, 1999),
such as many butterflies (e.g., Dover & Settele, 2009;
Jones et al., 2023; Franzén et al., 2024; Simcox et al.,
2025). Accordingly, butterflies are considered sensible
indicators for environmental alterations, such as land-use
and climate change, at both the landscape and habitat
level (Scherer et al., 2021).

The Moorland Clouded Yellow (Colias palaeno) is
considered a boreo-montane, cold-adapted species (An-
wander et al., 2013). Its occurrence is mainly restricted
to raised bogs and transition mires, where its only host

plant, the Bog Bilberry (Vaccinium uliginosum), grows.
During the last 25 years, the species has heavily de-
clined in the German pre-Alps below 800 m a.s.l. (An-
wander ef al., 2013; Dolek ef al., 2019). By contrast, in
the mire ecosystems in the Black Forest, a low mountain
range in the southwest of the German Federal State of
Baden-Wiirttemberg (SW Germany), the species still has
a stronghold at an elevation of > 900 m a.s.l. It has been
shown that adults of C. palaeno have rather high nectar
demands and that the immature stages require a moist
microclimate for successful larval development (Dolek
et al., 2019). However, our knowledge on the causes of
the observed declines and the main predictors of habitat
occupancy and larval density of C. palaeno is still scarce.

In this study, we aimed to identify the environmental
drivers of habitat occupancy and larval density of the
threatened C. palaeno in one of its last refuges in Cen-
tral Europe, the Black Forest. From 2015 to 2022, we
systematically surveyed all 67 raised bogs and transition
mires, respectively, where its host plant (V uliginosum)
was present. Besides patch occupancy and larval density,
we assessed environmental parameters to describe cli-
matic conditions, landscape and habitat quality. Based on
our findings, we make recommendations for future man-
agement of C. palaeno habitats.

Materials and methods
Study area

The study was carried out in the two strongholds of
mire ecosystems in the central and southern part of the
Black Forest, a low mountain range in the southwest of
the German Federal State of Baden-Wiirttemberg (SW
Germany, Fig. 1). Both subareas were situated in the mon-
tane zone and covered elevations between 900 and 1050
m a.s.]. Moreover, they were characterized by a similar,
rather cool and wet climate, with a mean annual tempera-
ture ranging from 6.2 to 7.2 °C and an average annual pre-
cipitation of 1650 to 1750 mm (reference period 1991—
2020; German Meteorological Service, 2025). The land-
scape was generally characterized by large closed forests,
mostly dominated by conifers, and extensive areas of low-
intensity pastures with hay meadows interspersed (Fumy
et al., 2020; Fumy & Fartmann, 2021). Additionally, it
comprised a large variety of different types of mires (Geis
et al., 2013), including more than 70 raised bogs and tran-
sition mires, respectively. As was the case for most mires
in Central Europe (Succow & Jeschke, 2001; Poschlod,
2017; Fartmann ef al., 2021), those in the study area have
also been heavily modified by human land use in the past.
All of them have suffered from a disturbed hydrology due

© 2026 The Author(s). Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese

Academy of Sciences., 0, 1-14

85U017 SUOWILWOD BAIER1D 3|geo ! dde au Aq peusenob ae sejolie YO ‘8sn JO S| Joj Aeiq 1 8UlIUO A8]IAA UO (SUONIPUCD-PUR-SWII/LI0D A8 | IM"Afe1q1BUIUO//SANY) SUONIPUOD pUe SWB | 8y} 88S *[9202/70/ST] U0 Ald1aulluO ABIIM ‘¥820L LT6.-v72T/TTTT OT/I0P/W0 A 1M Afelq i puljuoy/:Sdily Woly pepeojumod ‘0 ‘L1672 T



Patch occupancy
® Regular
@ Irregular

o Never

777 Subarea

®m | ocality

Elevation (m a.s.l.)
[ <= 800
[1800-9%00
[]900- 1,000
[ 1,000 - 1,100
B > 1,100

Fig. 1 Location of the two study subareas and patch occupancy
of the Moorland Clouded Yellow (Colias palaeno) in the south-
ern and central part of the Black Forest (SW Germany: federal
state of Baden-Wiirttemberg).

to drainage (Koppler, 2004; Geis ef al., 2013). Moreover,
traditional grazing of mires has largely become aban-
doned, resulting in shrub and tree encroachment. How-
ever, between 2011 and 2016, the local nature conserva-
tion authority has re-established low-intensity cattle graz-
ing in some of the mires (pers. comm., nature conserva-
tion authority of the administrative district of Freiburg).
The grazing stock consists mainly of robust breeds—
principally the small-sized Hinterwélder, a local breed
from the Black Forest, and Galloway cattle—and, in a few
cases, young Angus animals. The stocking densities are
low, ranging from 0.3 to 0.8 livestock units/ha. Grazing
takes place from June to October. Most mires are split
into a few paddocks (minimum size: 3 ha), each of which
is grazed once per year in a rotating sequence. See Fig. 2
for an example of a grazed study site. Tree cutting is also
carried out, but only seldom and on an irregular, non-
systematic schedule.

Patch occupancy and larval density of a butterfly 3

Fig. 2 Host plant Vaccinium uliginosum stands at the study site
“Leimenldcher,” Hotzenwald, municipality of Dachsberg, fed-
eral state of Baden-Wiirttemberg, Germany, one of the locations
where Colias palaeno thrives. The area is grazed by Galloway
cattle from June to October at a stocking density of 0.4 ani-
mals/ha. Photo by T. Fartmann.

Study species

The Moorland Clouded Yellow (Colias palaeno) is a
pierid butterfly that has a Holarctic distribution and par-
ticularly occurs throughout the boreal biome (Anwan-
der et al., 2013; Hafner, 2020). In Central Europe, it is
thought that the fragmentation of a continuous Wiirm-
glacial distribution has produced two genetically mod-
estly differentiated lineages, a northeastern one in North-
ern Europe and a southwestern one including the alpine
populations (Kramp et al., 2016). Here, the strongholds
of the species are the higher elevations (> 800 m a.s.1.) of
low-mountain ranges, such as the study area, parts of the
pre-Alps and the Alps (Ebert & Rennwald, 1993; Anwan-
der et al., 2013; Hafner, 2020). Apart from its alpine habi-
tats, C. palaeno is mostly restricted to raised bogs and
transition mires, where its only host plant, the Bog Bil-
berry (Vaccinium uliginosum), grows. Overall, it is con-
sidered a boreo-montane, cold-adapted species (Anwan-
der et al., 2013). C. palaeno is univoltine, and adults are
mainly on the wing from June to July (Ebert & Rennwald,
1993; Anwander et al., 2013; Hafner, 2020). Eggs are de-
posited singly on the upper side of host plant leaves. After
hatching, the larvae start feeding on the leaves, producing
characteristic window-feeding patterns. In late August or
early September, the third-instar larvae stop feeding and
spin on the leaf. With their host plant leaf, the larvae usu-
ally fall to ground, where they hibernate. In spring, they
resume feeding on host plant leaves, however, this time,
consuming whole buds and leaves. Pupation usually oc-
curs on the host plant at the end of May or beginning
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of June. Due to large-scale losses in recent decades, C.
palaeno is now considered threatened with extinction in
Baden-Wiirttemberg and endangered in Germany (Rein-
hardt & Bolz, 2011; Steiner & Trusch, 2025).

Sampling design

Study patches From 2015 to 2022, we surveyed 67
raised bogs and transition mires (27 in the northern sub-
area and 40 in the southern subarea), all of which con-
tained the host plant of C. palaeno, V. uliginosum. The
mires were located across the full elevational gradient
of the two subareas (see section “Study area”). Charac-
teristic plant communities of the studied mires were the
Sphagnetum magellanici, the Eriophoro-Trichophoretum
cespitosi, Vaccinium uliginosum dwarf-shrub vegetation
and to a lesser extent the Pino mugo-Sphagnetum (Kop-
pler, 2004). All mires surrounded by closed forest were
regarded as discrete patches. All other mires were con-
sidered as discrete patches when they were isolated from
the nearest neighboring patch by at least 200 m. The mean
size (£ SE) of the studied patches was 2.8 + 0.4 ha, and
the connectivity among potential C. palaeno habitats was
high with a mean distance (£ SE) of 0.79 £ 0.12 km (ge-
ometric mean) to the three closest potential habitats (see
Section “Environmental parameters” below).

Environmental parameters Several environmental
parameters were gathered to describe climatic conditions,
landscape and habitat quality. The climate data included
elevation (since it is usually a proxy for climatic condi-
tions) (Stoutjesdijk & Barkman, 2014) as well as precipi-
tation, sunshine and temperature in the summer months
(June—August) both as a 30-year average (1991-2020;
hereinafter termed “climate”) and for each of the study
years separately (hereinafter termed “weather”). For each
patch, we extracted the mean values of climate data (pro-
vided by the German Meteorological Service, 2025; grid
length: 1 km) and the mean elevation (data provided by
Sonny, 2023; grid length: 20 m). All extractions were
made from spatial raster data using the “exact_extract”
function from the “exactextractr” package by Baston
(2022) in R.

To characterize landscape quality, we calculated the
geometric mean distance to the three closest poten-
tial C. palaeno habitats (raised bogs or transition mires
with V. uliginosum) as a measure of isolation (Eichel &
Fartmann, 2008) and the size of each patch using the
“st_distance” and “st_area” functions from the “sf” pack-
age (Pebesma, 2018; Pebesma & Bivand, 2023) in R.

To describe habitat quality, for each patch, we assessed
whether it was grazed by cattle or abandoned. Addition-

ally, in each larval density plot and during each survey
(see section “Butterfly survey”), we estimated the cover
of V uliginosum.

Butterfly survey

Patch occupancy All patches were surveyed at least
in four years between 2015 and 2022. Surveys consisted
either of the search for adults at the peak of the flight
activity in late June/early July or for larvae (see section
“Larval density” below). Adult surveys were conducted
only under favorable weather conditions, i.e. temperature
> 13 °C (cloud cover < 40%) or > 17 °C (cloud cover
< 80%) and wind < 4 Beaufort (cf. van Swaay et al.,
2008) for 1 h per patch. A patch was considered “occu-
pied” if either at least two adults or 10 larvae were found.
We grouped the patches according to their occupancy dy-
namics into three categories: (i) never occupied, (ii) irreg-
ularly occupied (in one to three survey years), and (iii)
regularly occupied (during at least four survey years).

Larval density In order to assess larval density, we
searched for caterpillars of C. palaeno in all 19 regularly
occupied patches (10 in the northern, 9 in the southern
subarea). All patches were visited in August during at
least four years between 2015 and 2022. In each patch,
at least two thirds of the V. uliginosum dwarf-shrub veg-
etation were covered by study plots of 20 m x 20 m.
Per year, at least 80% of the plots in each visited patch
were sampled. In total, we surveyed 458 plots during
the eight years. Per plot, we systematically inspected the
leaves of V. uliginosum for 10 min and searched for lar-
vae as well as for the typical window-feeding marks on
the leaf surfaces. The eggs are deposited singly (see sec-
tion “Study species”), and the caterpillars have a very
small home range; usually, not more than 3—5 neighbor-
ing leaves are used for feeding per larva prior to hiber-
nation (own observation). Moreover, at least in the study
area, no other species produces similar feeding patterns
on V uliginosum leaves (own observation). Accordingly,
each clustered location with feeding marks was attributed
to a single larva of C. palaeno.

Statistical analysis

All statistical analyses were performed using R statis-
tical environment (R Core Team, 2025).

Patch occupancy Differences in environmental pa-
rameters between never, irregularly and regularly occu-
pied patches were tested using univariable generalized
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Table 1 Mean values (& SE) of environmental parameters and results of univariable GLMMs on the relationship between environ-

mental parameters and larval density.

Variable Mean &+ SE Estimate + SE P R?./R?,,
Weather (summer)
Elevation (m a.s.l.) 942 +£4 —0.66 + 0.22 ok 0.23/0.06
Precipitation (mm) 306 + 8.0 —0.85 £ 0.08 woHk 0.36/0.08
Sunshine (h) 720 £9.0 3.34£0.37 HHE 0.80/0.40
Temperature (°C) 16.2 £0.1 0.30 £ 0.07 ok 0.24/0.01
Landscape quality
Patch isolation (km) 0.33 +£0.03 —0.77 £ 0.21 ** 0.23/0.08
Patch size (ha) 423 +0.39 0.01 £0.26 n.s. 0.23/0.00
Habitat quality
Grazed vs. abandoned — 1.37 £ 0.45 *K 0.23/0.06

Note: Survey year and patch nested in subarea were set up as random factors. All fixed effects were standardized (centered and scaled)
prior to the GLMM calculation. Weather (summer) = mean values June—August. R, = variance explained by both fixed and random
effects, R?,, = variance explained by fixed effects (Nakagawa et al., 2017). Statistical significance is indicated as follows: **P < 0.01,

**%P < (.001, n.s. = not significant.

linear mixed-effects models (GLMMs) with the respec-
tive environmental parameter as the response and habi-
tat use as a fixed effect using the “glmer” function
from the “Ime4” package by Bates et al. (2021). For nu-
meric parameters (all but land use), the family was set
to “gamma.” For land use, the family was set to “bi-
nomial” with the levels “grazed” and “abandoned.” All
never occupied patches were abandoned (perfect separa-
tion dilemma), so we conservatively added a fictive never
occupied “grazed” patch to the land-use model. Possible
spatial autocorrelation was taken into account by adding
subarea as a random effect. P values were obtained from
likelihood ratio tests comparing model fits for each pa-
rameter to the intercept-only model via ANOVA. Pair-
wise comparisons between the occupancy categories were
made using the “glht” function in the “multcomp” pack-
age by Hothorn ef al. (2008), with the Tukey’s test as
a post hoc test (homogeneity of variance was given).
All fixed effects were standardized (centered and scaled)
prior to the GLMM calculation to make their effect size
comparable. Moreover, all environmental predictors were
tested for intercorrelations (Spearman’s rank correlation
|rs| > 0.5; see Table S1).

Larval density We tested for relationships between
environmental parameters and larval density by using
uni- and multivariable GLMMs. For the univariable mod-
els, we used the mean larval density for each patch and
year as the response variable (i.e., four to eight data
points per patch dependent on the number of surveys
conducted in the respective patch) and included the cor-
responding V. uliginosum cover as an offset term for

each patch-year combination. We calculated one model
for each environmental parameter, using the respective
parameter as a single fixed effect in each model. To
account for potential non-independence of observations
across space and time, we included survey year and patch
nested within subarea as random effects. P values were
obtained from likelihood ratio tests comparing model
fits for each parameter to the intercept-only model via
ANOVA.

The multivariable models were set up using the same
settings but adding all environmental parameters to a
global model at once. The weather variables temperature,
precipitation and sunshine duration were intercorrelated
(Spearman’s rank correlation || > 0.5; see Table S2).
Sunshine duration and precipitation were negatively cor-
related and sunshine duration and temperature were pos-
itively correlated. Since sunshine duration had a stronger
effect on larval density in the univariable models than
the two other weather variables (Table 1), we omitted
“temperature” and “precipitation” from the global model.
For all variables entered into the global model, multi-
collinearity was low (|rs] < 0.5, VIF < 2) (see Graham,
2003; Zuur et al., 2010). In order to increase the robust-
ness of models with multiple predictors and identify the
most important environmental parameters, we conducted
model averaging based on an information-theoretic ap-
proach including the top-ranked models within AAIC¢
< 3 (Burnham & Anderson, 2010; Grueber et al., 2011).
All fixed effects were standardized (centered and scaled)
prior to the GLMM calculation to make their effect size
comparable. We used the “lme4” package of Bates et al.
(2021) for all GLMM analyses and the “dredge” and the
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“model.avg” functions in the R package “MuMIn” by
Barton (2023) for model averaging.

Moreover, we tested for changes in larval densities over
time using univariable GLMMs. This was done separately
for grazed and abandoned patches. We set up the larval
density for each plot and year as the response variable
(i.e., four to eight data points per plot dependent on the
number of surveys conducted in the respective plot) and
the cover of ¥ uliginosum of the respective plot as an off-
set term. The survey year (1-8 corresponding to 2015—
2022) was set up as an independent variable. Possible
temporal and spatial autocorrelation was taken into ac-
count by adding survey year and patch nested in subarea
as random factors. P values were obtained from likeli-
hood ratio tests comparing the model fits to the intercept-
only model via ANOVA.

For all models, conditional (variance explained by both
fixed and random effects) and marginal (variance ex-
plained by fixed effects) R? values (Nakagawa et al.,
2017) were calculated using the “r2” function from the
“performance” package by Liidecke et al. (2021).

Results
Patch occupancy

Temperature in the surveyed patches was negatively
correlated with elevation and precipitation but positively
with sunshine duration (Table S1). Moreover, sunshine
duration was negatively correlated with elevation and iso-
lation of the patches.

In total, 19 (28%) of the 67 surveyed patches were reg-
ularly, 27 (40%) irregularly and 21 (31%) never occu-
pied by C. palaeno. Patch occupancy was influenced by
climate, landscape quality, and habitat quality (Fig. 3).
Regularly and irregularly occupied patches were located
at lower elevations than never occupied ones. Addition-
ally, regularly occupied patches exhibited higher summer
temperatures and were larger than never occupied ones.
Moreover, regularly occupied patches had a longer sun-
shine duration and were less isolated from potential habi-
tats than irregularly or never occupied ones. Whereas all
of the never and most (81%) of the irregularly occupied
patches had no land use, the majority (68%) of the regu-
larly occupied ones were grazed by cattle (Fig. 4).

Larval density

In the univariable GLMMSs, elevation and all weather
variables had an effect on the density of Colias palaeno
larvae: abundance increased with summer temperature

and sunshine duration and decreased with elevation and
precipitation (Table 1). Among the landscape quality
variables, patch isolation had a negative effect. At the
habitat level, cattle grazing fostered larval densities. In
the multivariable model, weather, landscape, and habi-
tat quality affected larval densities; more precisely abun-
dance was favored by sunshine duration and cattle graz-
ing, while patch isolation had a negative effect (Fig. 5).

Over the course of the study (2015-2022), larval den-
sity was stable at a rather low level in abandoned patches
(Fig. 6). By contrast, although starting from a similar
level in 2015, in the grazed patches, larval density in-
creased steadily and nearly quadrupled by 2022.

Discussion

Our study in the Black Forest (SW Germany) revealed
that climatic conditions, landscape and habitat quality
drove patch occupancy and larval density of C. palaeno.
Those three explanatory variables that predicted larval
density in the multivariable GLMM were also among the
predictors of patch occupancy. Overall, summer sunshine
duration and cattle grazing had positive effects, while
patch isolation negatively affected both response vari-
ables.

Climate and weather are important drivers of the dis-
tribution patterns as well as the reproductive success of
butterfly species (e.g., Thomas & Hanski, 2004; Faltynek
Fric et al., 2020). In general, climate and weather vari-
ables were strongly intercorrelated in our study. Sun-
shine duration was positively associated with tempera-
ture, and usually both decreased with elevation and pre-
cipitation. C. palaeno is considered a boreo-montane,
cold-adapted species that in Central Europe today mostly
occurs at elevations of above 800 m a.s.l. (see section
“Study species”). As for other butterfly species inhabit-
ing mires, C. palaeno has also been shown to depend on
a moist microclimate for successful larval development
(Dolek et al., 2019). In this context, our results may ini-
tially seem contradictory, as summer precipitation even
had a negative effect on larval density. However, it is im-
portant to consider that our study area was located above
900 m a.s.l. and characterized by a very cool and wet cli-
mate (see section “Study area”). Accordingly, we assume
that a lack of humidity is currently unlikely to limit the
species in the study area. However, this might change in
the future, particularly if more extreme and more frequent
summer droughts lead to increasingly desiccated mires
(see also Dolek et al., 2019; Harvey et al., 2023).

Adaptations to harsh climates involve both physiolog-
ical and behavioral traits. The larvae of C. palaeno tol-
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indicated by different letters (P < 0.05). See Table S4 for detailed model results.
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Fig. 4 Number of grazed and abandoned patches in never, ir-
regularly and regularly occupied patches. Differences among
the three habitat-use categories were tested by GLMM with land
use as the response, habitat use as a fixed effect and subarea as
a random factor; family was set to “binomial.” Pairwise com-
parisons between the habitat-use categories were made by us-
ing the Tukey’s test as a post hoc test. For further information
see section “Statistical analysis.” Significant differences of pair-
wise comparisons of patch categories are indicated by different
letters (P < 0.05). See Table S4 for detailed model results.

erate early autumn frosts (Vrba ef al., 2017) and quite
low temperatures in winter (Vrba et al., 2014). Never-
theless, regularly occupied patches were characterized by
longer sunshine duration and higher temperatures in sum-
mer compared to never and irregularly occupied ones.
Additionally, summer sunshine duration fostered larval
density in the multivariable GLMM. It has been shown
that direct sunlight benefits ovipositing females in the
Speckled Wood (Pararge aegeria) probably by exposing
clearly the microclimatic variation of potential oviposi-
tion sites in the herbaceous layer (Braem & van Dyck,
2021; Braem et al., unpublished). These findings are in
line with our own, non-systematic field observations for
C. palaeno: flight activity was much higher and ovipo-
sition was exclusively observed under sunny conditions.
Hence, we assume that the sunshine duration is an impor-
tant driver of oviposition activity. Moreover, constant low
temperatures can impede larval development, hence cold-
adapted butterflies often select habitats that provide abun-
dant solar radiation and relatively warm temperatures,
both at the mesoscale and the microscale (Wallis de Vries
& van Swaay, 2006; Ewing et al., 2020; Scherer et al.,

Sunshine |—i—.—¢
i
Patch size - p—Q:—¢
Isolation —@—
Grazed/abandoned . ‘ ;—'.—I|

15 10 -05 0.0 0.5 1.0 15 2.0

Coefficient estimate

Fig. 5 Results of multivariable GLMM: Relationship between
significant environmental parameters and larval density. Sur-
vey year and patch nested in subarea were set up as random
factors. Model-averaged coefficients (standardized estimates
95% confidence intervals [CI]) derived from top-ranked mod-
els (AAICc < 3) are shown. CI of significant predictors (P <
0.05) do not cross x = 0. For further information, see section
“Statistical analysis.”
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Fig. 6 Changes in larval density in grazed and abandoned
patches from 2015 to 2022. Changes were tested using GLMMs
with survey year and patch nested in subarea as random factors.
The log cover of ¥V uliginosum in the patch served as an offset
and the family was set to “Poisson.” Statistical significance is
indicated as follows: **P < 0.01.
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2021; Braem et al., unpublished). Solar radiation likely
plays a particularly crucial role for species whose larvae
are active in early autumn and late spring, periods when
ambient air temperatures remain relatively low but sun-
exposed microsites can become markedly warmer (also
see Konvicka et al., 2021 on two species from the Ere-
bia genus). Therefore, we infer that the C. palaeno com-
pensates for the generally cold macroclimate by selecting
sun-exposed, relatively warm locations at both the habitat
and microsite scales.

Many butterfly species build metapopulations (Dover
& Settele, 2009) and depend on a network of well-
connected habitat patches of suitable size and quality
(Poniatowski et al., 2018; Miinsch et al., 2019; Jones
et al., 2023; Fartmann, 2024). Despite the relatively high
connectivity of the studied patches (see section “Study
patches,” for the southern subarea; see also Fumy & Fart-
mann, 2023), regularly occupied patches were less iso-
lated than never or irregularly occupied ones. However,
this pattern may also be explained by the negative corre-
lation between patch isolation and sunshine duration (see
Table S1), with the latter being a key driver of patch oc-
cupancy (see above). For larval densities, in turn, patch
isolation appeared to have a genuine effect, as no such
intercorrelations were present: patches with higher con-
nectivity supported higher larval densities.

Usually, larger patches are more likely to be occupied
by butterflies than smaller ones (Poniatowski et al., 2018;
Scherer et al., 2021). Moreover, larger patches often serve
as permanently populated core habitats, whereas smaller
ones tend to be occupied only irregularly (Poniatowski
et al., 2016; Jones et al., 2023). Particularly in moun-
tain ranges with their pronounced relief, such as the study
area, the habitats of C. palaeno—raised bogs and transi-
tion mires—are usually small, potentially making habitat
size an important factor for occupancy. Indeed, we found
that regularly occupied patches were larger than never-
occupied ones, with irregularly occupied patches falling
in between.

It has widely been acknowledged that low-intensity
management of grasslands fosters biodiversity in gen-
eral and threatened species in particular (e.g., Bonari
et al., 2017; Fumy et al., 2021; Jones et al., 2023; Fart-
mann, 2024). By contrast, and although low-intensity
land use was widespread in European mire ecosystems
in the pre-industrial era (Geis et al., 2013; Tanneberger
et al., 2021), mire ecosystems had long been consid-
ered disturbance-sensitive habitats and prime candidates
for non-intervention conservation strategy. Consequently,
only few studies have addressed the effects of land use on
the occurrence of species of conservation concern in such
habitats. However, for two threatened butterfly species,

Patch occupancy and larval density of a butterfly 9

the Large Heath (Coenonympha tullia) and the Dryad
(Minois dryas), it has been shown that they benefit from
low-intensity management, particularly cattle grazing, in
mires (Weking et al., 2013; Schwarz & Fartmann, 2021).
In a similar way, our results provide evidence that cat-
tle grazing improves the habitat quality of mire ecosys-
tems for C. palaeno. Grazing had a positive effect on
both patch occupancy and larval density. Formerly, all
patches had been abandoned for several decades (Geis
et al., 2013). In grazed patches, cattle grazing had been
re-introduced in the years 2011-2016. Our study began
at the end of this period, in 2015. Accordingly, there was
no difference in larval density in the first study years be-
tween grazed and abandoned patches with larval densi-
ties being rather stable in both types at a considerably
low level. However, in the grazed patches, larval den-
sities increased from 2019 onward and reached levels
roughly four times the baseline, differing substantially
from the still-abandoned patches, where we did not ob-
serve changes over time.

C. palaeno might benefit from grazing in three differ-
ent ways by (i) fostering the flower and nectar supply; (ii)
enhancing rejuvenation of V uliginosum; and (iii) gen-
erally improving microclimatic conditions for success-
ful development of the immature stages. The butterfly
species is assumed to have rather high nectar demands
(Dolek et al., 2019). Raised bogs generally are rela-
tively nectar-poor environments (Ellenberg & Leuschner,
2010). Thus, the adults rely on nearby nectar resources.
Adjacent fens and wet grasslands, often forming part
of the habitat complexes containing the studied patches,
could fulfill this function in the study area (own obser-
vation). However, these habitats do only provide signifi-
cant amounts of flowering herbs under low-intensity land
use, such as cattle grazing with low stocking rates (e.g.,
Fumy & Fartmann, 2023). Otherwise, when land use is
abandoned, they mostly consist of species-poor, grass- or
shrub-dominated habitats.

Although cattle rarely feed on V. uliginosum, they affect
the host plants by trampling and creating microsites for its
rejuvenation (own observation). Particularly, such young,
low and sparsely growing plants were clearly preferred
for oviposition over the older, taller and rather dense
stands (own observation). Oviposition close to the ground
usually results in higher temperatures during sunny days,
and the air humidity is also higher close to the sur-
face of the moist soil (Stoutjesdijk & Barkman, 2014).
Moreover, grazing cattle suppressed the tall Purple Moor-
grass (Molinia caerulea agg.), which partly shaded the
host plants (own observation). As already highlighted be-
fore, the immature stages of C. palaeno vitally depend
on sunlit, warm microhabitats for successful develop-
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ment of the immature stages. This is particularly true
under the overall harsh climatic conditions of the study
area.

Furthermore, grazing maintains warm and humid mi-
crohabitats by preventing the encroachment of the mires,
all of which are hydrologically disturbed due to human
activities in the past (see section “Study area”), by shrubs
and trees such as Alder Buckthorn (Frangula alnus).
Woody plants alter the microclimatic conditions by pro-
viding shade, hence cooler conditions during sunny days,
and by drying out the mires with their delicate hydrology
due to elevated evapotranspiration (Simanauskiené et al.,
2019). Besides a warm microclimate, the development of
the immature stages of C. palaeno requires sufficient hu-
midity: Dolek et al. (2019) have shown that the repro-
ductive success of C. palaeno is tenfold higher in micro-
habitats with moist soils compared to those on dry soils.
However, tree species such as the Norway Spruce (Picea
abies) are not suppressed sufficiently by cattle grazing,
hence, tree cutting every 5 to 10 years is necessary to
keep these mires open habitats.

Historically, mires have been considered highly vul-
nerable to cattle grazing because of concerns over hy-
drological disturbance and peat-soil compaction caused
by trampling. Evidence shows that high-intensity cattle
grazing can indeed degrade peat soil properties and re-
duce soil biodiversity (Cid-Rodriquez et al., 2024). How-
ever, empirical studies quantifying these negative effects
of low-intensity grazing are currently lacking. The out-
comes of grazing evidently depend on stocking density
(animals/ha) and perhaps also on whether grazed, peat-
soil-dominated patches also include mineral soils (which
mostly is the case in the study area). For example, cat-
tle may prefer night-roosting on mineral soils, where
they do not sink into the substrate; this spatial “mix-
ing” may partially relieve trampling pressure on the peat-
dominated areas. Moreover, the choice of cattle breed—
smaller, lighter animals tend to exert a milder physical
impact—Ilikely moderates negative effects. As Wallis de
Vries et al. (2016) demonstrated for heathlands, different
habitats require finely tuned grazing intensities to support
their characteristic insect communities. Optimal stocking
densities and grazing periods for mires, however, were
beyond the scope of this study and warrant further re-
search.

In summary, under the cool and wet mountain climate
in the study area, a warm macroclimate during summer
as well as a warm and moist microclimate played a piv-
otal role for patch occupancy and larval densities of C.
palaeno. Overall, C. palaeno exhibited a metapopulation
structure, depending on networks of well-connected but
relatively small patches of high habitat quality. The habi-

tat quality was strongly improved by cattle grazing. C.
palaeno likely benefited from grazing in three different
ways by (i) fostering the flower and nectar supply; (ii)
generally enhancing rejuvenation of V. uliginosum and
thus creating stands of young, low-growing host plants
exhibiting a warm and moist microclimate; and (iii) gen-
erally improving microclimatic conditions for successful
development of the immature stages due to the suppres-
sion of encroachment of woody plants.

Implications for conservation

Due to the metapopulation structure C. palaeno ex-
hibits (see also Anwander et al., 2013; Dolek et al.,
2019), all conservation approaches should focus on the
maintenance or establishment of a network of well-
connected habitat patches of sufficient size and high
quality. Due to the dramatic losses and strong degrada-
tion of mires in Central Europe (Poschlod, 2017; Fart-
mann et al., 2021; Tanneberger et al., 2021), all avail-
able raised bogs and transition mires in landscapes where
C. palaeno still occurs should be considered for conser-
vation actions. Restoration measures should include (i)
the re-wetting of drained mires and (ii) the removal of
shrub or tree encroachment. These measures should be
targeted especially at mires where the host plant—and
possibly the butterfly itself—is still present and that are
located near occupied patches. Re-wetting does not only
re-create moist conditions that are necessary for success-
ful development of the immature stages of C. palaeno, it
also slows down the encroachment of woody plants (Suc-
cow & Jeschke, 2001).

To secure a high habitat quality in the long run, we
recommend establishing cattle grazing with low stock-
ing densities during the entire growing season. Such mea-
sures will benefit C. palaeno while also enhancing over-
all biodiversity of these habitats (Lederbogen et al., 2004;
Schwarz & Fartmann, 2021, 2022). When grazing alone
does not completely halt succession, singular measures to
remove woody plants should be repeated periodically.
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