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ARTICLE INFO ABSTRACT

Among the factors that determine habitat quality for butterflies, an adequate microclimate is of crucial im-
portance, especially for the less mobile immature stages. Due to their narrow microclimatic preferences, ste-
notopic butterflies are potential indicators of specific microclimatic niches. Although the outstanding im-
portance of the microclimate is widely acknowledged, the thermal and hygric requirements of butterflies are
usually inferred from habitat structure or regional climate instead of being exactly measured. Here, we present
the results of year-round measurements of temperature and relative air humidity at typical oviposition micro-
habitats of three threatened grassland butterflies (Erebia medusa, Melitaea aurelia and Satyrium spini) inhabiting
different zones along a climatic gradient in the Diemel Valley (Central Germany). Furthermore, we analysed how
the climate in the study area has changed since the middle of the 20th century.

The interspecific differences in mean temperature and humidity at the oviposition sites roughly reflected the
differences in overall distribution of the three species, but separate analyses of day- and nighttime values re-
vealed that local habitat characteristics and radiative heating of the near-ground air layer have a strong mod-
ifying effect on the microclimate.

Since the 1950s, the climate in the Diemel valley has become significantly warmer. The magnitude of the
observed increase in mean temperature was similar or even greater than the interspecific differences recorded by
the microclimatic measurements. This implies that thermophilous species may expand their ranges within the
Diemel Valley if climate warming continues. Species living in the relatively cool Upper Diemel Valley such as E.
medusa, however, may incur population declines because there are few grasslands available at higher elevations
or at microclimatically cooler sites such as north-facing slopes.
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1. Introduction Sparks, 2000; Van Dyck et al., 2015), habitat preferences, biotic in-

teractions (Boggs and Inouye, 2012) and their latitudinal (Devictor

Since the beginning of the industrial era, humankind has altered the
physical environment of the Earth at an unprecedented rate
(Rockstroem et al., 2009). Besides other factors such as land-use change
and alterations of the nitrogen cycle, climate warming is one of the
main drivers of this global change (Sala et al., 2000). Taxonomic groups
with many highly specialised species exhibit particularly fast and strong
responses to climatic change and, therefore, are highly suitable as
model organisms for assessing the impact of global warming (Parmesan,
2003; Thomas, 2005). Butterflies are one of these indicator groups
because many of them exhibit strong climatic associations (Dennis,
2010; Settele et al., 2008; Thomas, 1993). They are frequently used to
study the effects of rising temperatures on their phenology (Roy and
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et al., 2012; Thomas et al., 2001a) and altitudinal (Wilson et al., 2005)
distribution. There are strong differences between species regarding
their response to recent climate change. Thermophilous species usually
benefit from global warming and, consequently, extend their ranges
polewards and to higher elevations. Taxa adapted to cooler climates,
however, often suffer from deteriorating living conditions at the low-
latitudinal and low-elevational boundaries of their ranges (Dieker et al.,
2011; Konvicka et al., 2003; Wilson et al., 2005). Consequently, they
have to move to higher latitudes or elevations. If such movements are
not possible, e.g., due to habitat fragmentation or lack of suitable ha-
bitats at higher elevations, range retractions are the consequence (Hill
et al., 2002; Warren et al., 2001).
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Fig. 1. Distribution of Erebia medusa, Melitaea aurelia and Satyrium spini in the Diemel Valley in Central Germany. Each circle corresponds to an occupied habitat
patch. The surveys were carried out in 2009 for S. spini and in 2010 for E. medusa and M. aurelia. The black and white asterisks represent the weather stations in
Brilon and Warburg, respectively, from which reference data for temperature and relative humidity were obtained.

The spatial distribution of butterfly populations is crucially de-
termined by habitat quality within patches, whose importance typically
equals or exceeds that of patch size and isolation from neighbouring
populations (Anthes et al.,, 2003; Eichel and Fartmann, 2008;
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Stuhldreher and Fartmann, 2014; Thomas et al., 2001b, 2011). Habitat
quality is best defined on the basis of the ecological requirements of the
immature stages (eggs, larvae and pupae) because they often have more
specific habitat requirements than adults (Fartmann and Hermann,
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2006; Garcia-Barros and Fartmann, 2009; Maes et al., 2014). A parti-
cularly important feature of habitat quality is the microclimate, because
temperature and humidity strongly influence the duration of the em-
bryonic and larval development and the survival rate of the immature
stages (WallisDeVries, 2006; WallisDeVries and van Swaay, 2006;
Williams, 1981). Therefore, stenotopic butterflies are potential in-
dicators of specific microclimatic niches.

Despite the significance of the microclimate, the thermal and hygric
requirements of butterfly species are often not assessed directly by
measuring climatological parameters in situ, but are either inferred from
the preferred habitat characteristics with respect to vegetation struc-
ture, soil properties, topography and shading (e.g., Fartmann, 2006a;
Kraemer et al., 2012; Loeffler et al., 2013; Thomas et al., 1998; Thomas
et al., 1986) or estimated by modelling climate envelopes on the basis
of grid data of the distribution of species and climatic parameters (e.g.,
Hill et al., 2002, 1999; Settele et al., 2008). The former approach allows
for rough comparisons of the microclimatic preferences of different
species if the underlying observations are made at locations of similar
mesoclimate and elevation. However, it does not yield absolute values
and therefore is not suited for comparing the preferences of species that
live under different regional climates. The latter approach reveals
thresholds that define the climatic niche of a species, but as the mi-
croclimate within the habitats of butterflies is determined by the in-
terplay of the regional climate and the habitat structure—which can
greatly modify temperature and humidity of the near-ground air layer
(Kennedy, 1997; Stoutjesdijk and Barkmann, 1992)—these thresholds
are just a very rough estimate of what is actually experienced by a
butterfly or its immature stages. Despite the limitations of the indirect
approaches of investigating the climatic requirements of butterflies,
there are relatively few studies in which the microclimate of the larval
habitat was measured (but see e.g., Ashton et al., 2009; Turlure et al.,
2010; Turlure et al., 2011), and the measurements performed in these
studies covered only short periods of time (two months at the longest,
Merrill et al., 2008; Roy and Thomas, 2003).

To our knowledge, this is the first paper to present year-round mi-
croclimatic measurements in the larval habitats of European butterflies.
Three threatened grassland butterflies inhabiting different zones along
an elevational and mesoclimatic gradient, the Woodland Ringlet (Erebia
medusa), Nickerl’s Fritillary (Melitaea aurelia) and the Blue-spot
Hairstreak (Satyrium spini), were chosen as model organisms. E. medusa
is considered to be negatively affected by climate warming (Settele
et al., 2008; Stuhldreher et al., 2014), whereas Central European po-
pulations of M. aurelia and S. spini will probably benefit from rising
temperatures (Settele et al., 2008). In line with this, several populations
of E. medusa in the lowlands of the area where this study was conducted
went extinct in the second half of the 20th century, whereas M. aurelia
greatly extended its range (Fartmann, 2004). The study was carried out
in the Diemel Valley (Central Germany), the northernmost German
“Prime Butterfly Area” (van Swaay and Warren, 2003). We demonstrate
how the microclimatic conditions at the oviposition microhabitats
differ among the three species, compare them to measurements taken
by official weather stations in the same area and discuss the ecological
implications of our findings in the context of past and projected future
climatic changes in the study area. Finally, we provide recommenda-
tions for the conservation of the species in times of global warming.

2. Material and methods
2.1. Study area
The study area, the Diemel Valley, covers an area of about 460 km?

in Central Germany along the border between the federal states of
North Rhine-Westphalia and Hesse (Fig. 1). It is the largest area of
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calcareous grassland in the northern half of Germany (Fartmann, 2004).
The climate is suboceanic (Mueller-Wille, 1981) and varies greatly with
elevation. The Upper Diemel Valley (200-600 m a.s.l.) is the coolest
(annual mean temperature [1961-90]: 7.6°C) and wettest (annual
precipitation [1961-90]: 814 mm) part of the study area (all meteor-
ological values were derived from 1-km? grid datasets from Germany’s
National Meteorological Service, pers. comm.). In the Middle Diemel
Valley (140-380 m a.s.l.) the precipitation is lower (703 mm) and the
temperature is higher (8.2 °C). The Lower Diemel Valley (100-375m
a.s.l.) is similarly warm (8.3°C), but the precipitation (756 mm) is
slightly higher, due to orographic rainfall caused by the eastwardly
adjacent hill landscapes of the Reinhardswald and Solling.

2.2. Study species

The three studied butterfly species—Erebia medusa Fabricius 1787
[Satyrinae], Melitaea aurelia Nickerl 1850 [Nymphalinae] and Satyrium
spini Denis & Schiffermdiller 1775 [Lycaeninae])—are univoltine habitat
specialists that are restricted to nutrient-poor semi-natural grasslands,
however, they differ in their ecological requirements regarding climate
and host plants. Melitaea aurelia and S. spini are xerothermophilous sub-
Mediterranean species that in Central Europe mainly occur in semi-dry
and dry calcareous grasslands (Ebert and Rennwald, 1991a,b;
Fartmann, 2004; Hermann, 2007; Kolbeck, 2013). In the study area,
both are restricted to the warm Middle and Lower Diemel Valley
(Fig. 1b, ¢, Eichel and Fartmann, 2008; Loeffler et al., 2013). Erebia
medusa has a continental-montane distribution and is slightly less heat-
demanding (Ebert and Rennwald, 1991b; Kudrna et al., 2011). In the
Diemel Valley, it currently occurs only in the mountainous Upper
Diemel (Fig. 1a, Stuhldreher and Fartmann, 2014). Its habitats are semi-
dry and nutrient-poor mesic grasslands that are abandoned or char-
acterised by very low land-use intensity (Ebert and Rennwald, 1991b;
Fartmann, 2004; Schraml and Fartmann, 2013; Stuhldreher and
Fartmann, 2014).

With respect to host plant use in the Diemel Valley, all three species
are mono- or oligophagous. Erebia medusa attaches the eggs singly to
leaves of the grasses Festuca rubra agg. and F. ovina agg. (Stuhldreher
and Fartmann, 2015). The only larval host plant of M. aurelia in the
Diemel Valley is the herb Plantago media (Eichel and Fartmann, 2008).
The eggs are laid in clutches on the underside of leaves of P. media. Both
E. medusa and M. aurelia overwinter as half-grown larvae. S. spini de-
posits eggs exclusively on the shrub Rhamnus cathartica, usually in small
batches on the upper side of twig forks of small host plant individuals
(Helbing et al., 2015; Loeffler et al., 2013). Satyrium spini overwinters in
the egg stage. Detailed information on the timing and duration of the
life-cycle stages of all three species can be obtained from Figs. A1l and
A2 in the Appendix.

At the regional level (North Rhine-Westphalia and Hesse), all three
species are considered vulnerable, endangered or critically endangered
(HMUELV, 2009; LANUV NRW, 2011). At the national level, E. medusa
and M. aurelia are considered as near threatened, S. spini as vulnerable
(Reinhardt and Bolz, 2011).

2.3. Microclimatic measurements

During previous studies, the distribution of E. medusa and S. spini in
the Diemel Valley has been documented by exhaustive surveys in 2009
and 2010 that covered all potentially suitable habitat patches in the
study area (Loeffler et al., 2013; Stuhldreher and Fartmann, 2014). The
distribution of M. aurelia was recorded in the same way in 2010. Based
on these data, we randomly selected 11 occupied habitat patches per
species and placed one data logger in each of them. The three sets of
patches covered the entire current range of the respective species in the
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Diemel Valley and the full spectrum of environmental conditions of the
occupied patches (e.g., elevation, slope, aspect, shading, vegetation
structure).

Within each habitat patch, we identified one typical egg-laying site
based on the findings of previous studies on the oviposition preferences
of E. medusa (Fartmann, 2004; Stuhldreher and Fartmann, 2015), M.
aurelia (Eichel and Fartmann, 2008) and S. spini (Helbing et al., 2015;
Loeffler et al., 2013) in the Diemel Valley and installed the data loggers
next to an egg or clutch at the same height above ground as the eggs. All
measurements were taken using Maxim iButton® Hygrochron DS1923
data loggers which recorded air temperature and relative air humidity
hourly with an accuracy of 0.5 °C and 0.6%, respectively, for 12 months
from 01 September 2011 until 31 August 2012. The data loggers were
protected from rain and direct sunlight by a white cap. This prevented
the measurements from being affected by heating of the metal cases of
the iButtons during periods in which the logger was exposed to direct
sunlight, which would have led to unreasonably high temperature re-
cordings.

As the 11 data loggers belonging to the same study species were
placed in distinct habitat patches, we considered them to be statistically
independent units. The values recorded by the same data logger,
however, were not independent of each other. Therefore, we averaged
the readings of each data logger over the period under consideration
(year, season, month or daytime/nighttime within a season) and based
our analyses on these averages. Consequently, the sample size was al-
ways 11 temperature or humidity values per species, and the differ-
ences between the mean values of different data loggers reflect the
microclimatic differences between patches.

The data were analysed in two different ways. First, we calculated
yearly, seasonal and monthly averages of temperature and relative
humidity for each data logger without distinguishing between day and
night. The year was divided into seasons using the meteorological de-
finition, according to which spring begins on 01 March, summer on 01
June, autumn on 01 September and winter on 01 December. Second, we
calculated the seasonal averages of temperature and humidity sepa-
rately for daytime and nighttime to analyse the diurnal variation of
both parameters in autumn, winter, spring and summer. As the thermal
effects of solar radiation are weak shortly after sunrise and shortly
before sunset, “day” was defined as the period from two hours after
sunrise to two hours before sunset. Consequently, all measurements
that fell within this period were assigned to “day” and all others to
“night”. Then, the mean daytime and nighttime values were calculated
for each data logger and each season. In both approaches, differences
among species with respect to the seasonal averages were analysed by
Kruskal-Wallis H test and subsequent pair-wise comparisons using the
Wilcoxon rank-sum test with correction of the level of significance
following the method described by Siegel and Castellan (1988). These
analyses were done using the package pgirmess (version 1.5.7,
Giraudoux, 2013) within the R environment (R Development Core
Team, 2013).

2.4. Reference data from weather stations

In order to compare the microclimate at the oviposition sites with
reference data recorded by official weather stations in the same region,
we obtained data from weather stations in Brilon (Upper Diemel Valley,
447 m a.s.l., range of E. medusa) and Warburg (Middle Diemel Valley,
236 m a.s.l., range of M. aurelia and S. spini) from Germany’s National
Meteorological Service (Fig. 2) (WebWerdis database, DWD, 2015). The
reference data had the same temporal resolution (1 h) as our own
measurements and covered the same period. For each of the weather
stations, we calculated hourly averages of temperature and humidity
separately for each season. These averages were used in Figs. 3 and 4 to
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Fig. 2. Microclimatic conditions at oviposition sites of Erebia medusa, Melitaca
aurelia and Satyrium spini in terms of (a) annual mean air temperature and (b)
annual mean relative air humidity. In each of the three species, the sample size
was 11 data loggers. The boxplots show the median of the 11 sites per species,
the 1st and 3rd quartile (boxes), and the 10th and the 90th percentile (whis-
kers). The measurements were taken between 01 September 2011 and 31
August 2012. The solid and dotted lines indicate the annual averages at the
weather stations in Brilon (Upper Diemel Valley) and Borgentreich-Biihne
(Middle Diemel Valley), respectively, during the same period. Differences
among species were analysed by Kruskal-Wallis H test and subsequent pair-wise
comparisons using the Wilcoxon rank-sum test (for details see Section 2.3).

contrast the diurnal variation of temperature and humidity at the
weather stations to that at the oviposition sites.

2.5. Assessment of long-term climate trends

To assess the magnitude of climatic changes that have occurred in
the study area since the middle of the 20th century, we analysed time
series data for several climatic parameters from two weather stations
run by Germany’s National Meteorological Service (WebWerdis data-
base, DWD, 2015). One of the stations was the above-mentioned station
in Brilon (Upper Diemel Valley) and the other was Borgentreich-Biihne
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Fig. 3. Diurnal variation of air temperature at oviposition sites of Erebia medusa (dark grey), Melitaea aurelia (light grey) and Satyrium spini (white) in (a) autumn, (b)
winter, (c) spring and (d) summer. In each of the three species, the sample size was 11 data loggers. The curves on the left of the diagrams show the hourly averages
per season (points = median of the 11 sampled loggers, bars = range of values). The hourly averages of weather stations in Brilon (Upper Diemel Valley) and
Warburg (Middle Diemel Valley) are indicated by solid and dotted lines, respectively. The boxplots on the right indicate the mean daytime and nighttime tem-
peratures per season and their variation between sites by displaying the median of the 11 loggers, the 1st and 3rd quartile (boxes) and the 10th and the 90th
percentile (whiskers). The calculation of the mean daytime and nighttime temperatures is based on the measurements that were taken within the period delimited by
the grey area in the plot and outside of it, respectively. Differences among species were analysed by Kruskal-Wallis H test and subsequent pair-wise comparisons using
the Wilcoxon rank-sum test (for details see Section 2.3). Different letters indicate significant differences among species. n.s. = not significant.

(Middle Diemel Valley, 240 m a.s.l.) (Fig. 2). It was not possible to use
data from the station in Warburg as it was established only in 1998,
whereas Borgentreich-Bithne was closed in 2008 and therefore could
not be used to obtain hourly reference data (see above).

The time series comprised monthly averages of air temperature and
relative air humidity, monthly sums of precipitation and the number of
days with a snow depth > 5cm. The data from the weather station in
Brilon covered the period from 1951 to 2011, those from the station in
Borgentreich-Biihne the period from 1951 to 2007. The temporal trends
were calculated using linear regression analyses (climatic parameter vs.
year) and the statistics program SigmaPlot 12.5 (Systat Software, 2011).

Estimating the potential impact of expected climate warming on the
future distribution of species in a specific region requires knowledge of
the vertical lapse rate of the air temperature in that region. The vertical
lapse rate determines how far species have to shift their ranges to
higher altitudes to track rising temperatures. The temperature lapse
rate of the study area was calculated using elevation and annual mean
temperature data from the weather stations in Borgentreich-Biihne,
Brilon and another at the “Kahler Asten” (839 m a.s.l). The “Kahler
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Asten” is the highest elevation of the “Rothaargebirge”, a low mountain
range southwest of the study area that transitions into the western part
of the Upper Diemel Valley. For each of the years between 1951 and
2007 for which data were available from all three weather stations
(46 years in total), the annual average temperatures were regressed
against elevation. Then the mean slope of the resulting regression lines
was calculated to obtain the long-term averages of the regional tem-
perature lapse rate.

2.6. Potential effects of climate change on species distributions

To assess the possible effect of continued climate change on the
distributions of the study species in the Diemel Valley, the climatic
niches of the species were modelled based on current climatic condi-
tions and current distributions of the species. The results were used to
evaluate the climatic suitability of the Diemel Valley in the year 2061
under a scenario of moderate climate change that was derived from the
assessment of regional long-term climate trends (cf. Section 2.5).

Information on the current climate were obtained from Germany’s
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Fig. 4. Diurnal variation of the relative air humidity at oviposition sites of Erebia medusa (dark grey), Melitaea aurelia (light grey) and Satyrium spini (white) in (a)
autumn, (b) winter, (c) spring and (d) summer. In each of the three species, the sample size was 11 data loggers. The curves on the left of the diagrams show the
hourly averages per season (points = median of the 11 sampled loggers, bars = range of values). The hourly averages of weather stations in Brilon (Upper Diemel
Valley) and Warburg (Middle Diemel Valley) are indicated by solid and dotted lines, respectively. The boxplots on the right indicate the mean daytime and nighttime
relative humidity per season and its variation between sites by displaying the median of the 11 loggers, the 1st and 3rd quartile (boxes) and the 10th and the 90th
percentile (whiskers). The calculation of the mean daytime and nighttime humidity is based on the measurements that were taken within the period delimited by the
grey area in the plot and outside of it, respectively. Differences among species were analysed by Kruskal-Wallis H test and subsequent pair-wise comparisons using the
Wilcoxon rank-sum test (for details see Section 2.3). Different letters indicate significant differences among species. n.s. = not significant.

National Meteorological Service as grid data with a spatial resolution of
1 km?2 containing long-term averages of annual mean temperature and
annual precipitation for the period 1981-2010 (DWD, 2018). Being
averages, the grid data indicate the climatic conditions at the middle of
this period (i.e., around 1995) rather than at the end of it when the
distributions of the study species were surveyed. Therefore, all values of
the annual mean temperature were increased by 0.33 °C (which corre-
sponds to the average increase of 0.22°C per decade at the weather
station in Brilon, cf. Table 2) before being used in the modelling pro-
cedure. Precipitation data were not modified because no significant
trend of annual precipitation was detected either in Brilon or Borgen-
treich (cf. Table 2). For each cell of the climate grid data, its status
(occupied vs. unoccupied by a certain species) was determined by
overlaying it in ESRI ArcMap 10.2.2 with a layer that contained the
geometries of all the sites in which the species was present. All cells that
intersected with occupied sites were classified as occupied, all others as
unoccupied. This resulted in 19, 46 and 56 cells (out of the total of 535

88

cells that covered the study area) being classified as occupied by E.
medusa, M. aurelia and S. spini, respectively.

The climate niches of the study species were calculated by means of
Generalised Linear Models (GLM) with binomial error structure and a
logit link using the R environment. The status of the grid cells was the
dependent variable, and annual mean temperature, annual precipita-
tion and the interaction between them served as predictor variables. As
indicated above, the ratios between occupied unoccupied grid cells
were highly imbalanced. When fitted to such datasets, binomial GLM
may yield biased results, especially if the absolute number of presence
or absence samples is small (as it is the case here for occupied cells)
(King and Zeng, 2001). Therefore, we adopted the following approach.
Step 1: For each of the three species, we randomly sampled (without
replacement) as many unoccupied grid cells from the total of un-
occupied cells as there were occupied cells using the function “sample
()” of the R environment and combined them with the occupied cells to
obtain balanced datasets of 38, 92 and 112 cells for E. medusa, M.
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Seasonal averages of air temperature and relative humidity at oviposition sites of Erebia medusa, Melitaea aurelia and Satyrium spini. In each of the three species, the
sample size was 11 data loggers. The values indicate the median and the range. Differences among species were analysed by Kruskal-Wallis H test and subsequent
pair-wise comparisons using the Wilcoxon rank-sum test (for details see Section 2.3). n.s. = not significant.

Parameter Erebia medusa (E) Melitaea aurelia (M)

Satyrium spini (S) Pairwise comparison

Air temperature (°C)

Autumn 9.2 (7.7-10.1) 9.9
Winter 0.7 (0.2-1.3) 1.8
Spring 9.6 (8.7-10.0) 10.9
Summer 15.9 (15.0-16.5) 17.0
Relative air humidity (%)
Autumn 91.3 (87.3-96.4) 89.4
Winter 95.1 (94.2-95.8) 94.2
Spring 84.1 (82.8-85.4) 81.5
Summer 88.0 (83.3-94.3) 84.1

(8.3-11.0) 10.3 (9.1-10.9) E<S
(0.7-2.3) 2.2 (1.8-2.6) E<MS
(10.0-11.7) 11.0 (10.3-11.8) E<MS
(16.1-17.6) 16.8 (16.4-17.8) E<MS
(87.9-94.5) 88.0 (85.7-91.4) n.s.
(93.3-96.6) 92.8 (91.4-95.1) E>S
(79.5-83.1) 80.0 (77.8-82.9) E>MS
(81.1-85.6) 81.4 (80.3-83.1) E,M > S

aurelia and S. spini, respectively. Step 2: A GLM was fitted to the data as
described above. Steps 1 and 2 were repeated 100 times for each of the
study species, and the coefficients of the 100 models per species were
averaged to obtain the final climate niche model. The performance of
the final models was evaluated by means of the area under the curve
(AUCQ) of an ROC plot (Fielding and Bell, 1997).

Projections of the future climate in the study area with sufficiently
fine spatial resolution, which we would have preferred to use for
modelling possible future distributions, were not available. Therefore,
we extrapolated the temperature values from the grid data until the
year 2061 by means of the equation that describes the linear trend of
annual mean temperature in the Upper Diemel Valley over the course of
recent decades (cf. Table 2). Thus, the annual mean temperature in the
Diemel Valley was assumed to increase by 0.22 °C per decade, resulting
in a total increase of 1.10 °C until the year 2061. Annual precipitation
was assumed to stay the same because no significant change was de-
tected in climate data from the past (cf. Table 2). Finally, climatic
suitability of the study area after 50 years of continued climate change
was assessed by calculating the probability of occurrence of a species
for all grid cells using the final climate niche models and the values of
annual mean temperature and annual precipitation that were assumed
for the year 2061. Grid cells with a probability of occurrence of 0-0.5
were considered as climatically unsuitable, those with values > 0.5-1.0
as suitable. Cells with probabilities > 0.5 under both current and pro-
jected future climates were considered as “stable”. Cells with prob-
abilities > 0.5 under current but <0.5 under future conditions were
considered as “losses”, those with probabilities <0.5 under current
but > 0.5 under future conditions as “gains”.

3. Results
3.1. Microclimate — temperature and humidity

3.1.1. Annual averages and seasonal variation

Throughout the year, the microclimate at the oviposition sites of E.
medusa was significantly cooler than at the oviposition sites of M.
aurelia and S. spini (Table 1, Fig. 2). The latter two species did not differ
significantly from each other, although there was a slight tendency
towards higher temperatures at the oviposition sites of S. spini in most
seasons. Concerning relative air humidity, the annual and seasonal
averages were highest, by a statistically significant margin, at the ovi-
position sites of E. medusa and lowest for S. spini. M. aurelia took an
intermediate position.

The annual mean temperature at the oviposition sites of E. medusa
(median = 8.8 °C) corresponded approximately to the annual mean air
temperature (8.7 °C) at the reference weather station in Brilon in the
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Upper Diemel Valley (Fig. 2). The annual mean relative humidity at the
oviposition sites (median = 89.2%), however, was considerably higher
than at the reference station (79.2%). At the oviposition sites of M.
aurelia and S. spini, both the annual mean temperature
(median = 9.9°C and 10.0 °C, respectively) and the annual mean re-
lative humidity (median = 87.2% and 85.6%, respectively) were higher
than at the reference station in Warburg (9.3 °C, 79.8%) in the Middle
Diemel Valley.

3.1.2. Diurnal variation

In all seasons, the average temperature and humidity conditions at
night were very similar to the general pattern described above on the
basis of the seasonal averages, i.e., the microclimate of the oviposition
sites of E. medusa was coolest and most humid and that of the ovipo-
sition sites of S. spini was warmest and driest (Figs. 3 and 4). During the
day, the differences in temperature at the oviposition sites of the three
species were generally much smaller than at night, especially in spring
and autumn when no significant differences were found. Concerning
relative humidity, the significant differences between E. medusa and S.
spini that were observed at night persisted during the day in most
seasons (except in autumn). The relative humidity at the oviposition
sites of M. aurelia, which at night was almost as high as for E. medusa,
decreased much more strongly during the day than in the case of E.
medusa. Consequently, the conditions at the oviposition sites of M.
aurelia were relatively humid (similar to those of E. medusa) at night,
but relatively dry (similar to those of S. spini) during the day.

In summary, it can be stated that the differences between daytime
and nighttime temperatures were considerably greater for E. medusa
than for M. aurelia and S. spini. Concerning relative humidity, in con-
trast, E. medusa was the species with the smallest differences between
daytime and nighttime.

3.2. Climate change in the study area

In the course of the past six decades, the annual mean air tem-
perature increased significantly in both the Upper and the Middle
Diemel Valley (Table 2). Concerning the seasonal mean temperatures,
statistically significant increases were mainly found for the spring and
summer seasons in both parts of the Valley. The strongest increase (on
average +0.32 °C per decade) occurred in the Middle Diemel Valley in
spring. In the other seasons, the air temperature did not increase sig-
nificantly, except for the autumn period in the Middle Diemel Valley.

In contrast to the clear temperature trends, precipitation changed
very little in the study area in the course of the past six decades. The
only significant trend was found for the summer season in the Upper
Diemel Valley, where precipitation decreased on average by 13.5 mm
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Table 2
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Temporal trends of several climatic parameters measured at two weather stations (Brilon and Borgentreich-Biihne) in the Diemel Valley from 1951 to 2011. The
analyses were carried out as linear regressions (climatic parameter vs. year). SE; = standard error of the regression coefficient, R? = percentage of explained

variance, *** = P < 0.001, ** = P < 0.01, * = P < 0.05, n.s. = not significant.

Parameter Regression function SEc R? Mean change
per decade per 50 years
Brilon (Upper Diemel Valley)
Mean temperature (°C)
Year y = 6.936 + 0.022 * x 0.005 0.23"" +0.22°C +1.10°C
Autumn n.s.
Winter . . n.s. . .
Spring y = 6.039 + 0.029 * x 0.008 0.19™" +0.29°C +1.45°C
Summer y = 14.198 + 0.026 * x 0.007 0.19"" +0.26°C +1.30°C
Mean relative humidity (%)
Year . . n.s. . .
Autumn y = 82.457 + 0.054 *x 0.023 0.08" +0.54% +2.7%
Winter n.s.
Spring n.s.
Summer n.s.
Precipitation (mm)
Year n.s.
Autumn n.s.
Winter n.s.
Spring . . n.s. . .
Summer y = 332.609 — 1.351 *x 0.607 0.08" —13.5mm —67.6 mm
Snow cover > 5cm n.s.
(no. of days)
Borgentreich (Middle Diemel Valley)
Mean temperature (°C)
Year y = 7.780 + 0.027 * x 0.006 0.30"" +0.27°C +1.35°C
Autumn y = 8.208 + 0.023 *x 0.010 0.11" +0.23°C +1.15°C
Winter . . n.s. . .
Spring y = 7.156 + 0.032 * x 0.009 0.21" +0.32°C +1.60°C
Summer y = 15.543 + 0.029 *x 0.009 0.19" +0.29°C +1.45°C
Mean relative humidity (%)
Year y = 83.477 — 0.096 *x 0.018 0.42"" —0.96% —4.8%
Autumn . . n.s. . .
Winter y = 87.613 — 0.056 *x 0.021 0.15" —0.56% —2.8%
Spring y =80.211 — 0.124 *x 0.023 0.40™" —1.24% —6.2%
Summer y = 80.629 — 0.156 *x 0.034 0.33"" —1.56% —7.8%
Precipitation (mm)
Year n.s.
Autumn n.s.
Winter n.s.
Spring n.s.
Summer n.s.
Snow cover > 5cm n.s.

(no. of days)

per decade. The number of days with a snow depth > 5cm did not
change significantly either in the Upper or in the Middle Diemel Valley.

Concerning the relative air humidity, significant changes occurred
mainly in the Middle Diemel Valley. Here, the relative humidity de-
creased in most seasons. The strongest decrease was found in summer
(on average —1.56% per decade). In the Upper Diemel Valley, the re-
lative humidity showed a significant change only in autumn (on
average +0.54% per decade).

The long-term average ( + standard deviation) of the temperature
lapse rate in the study area and the adjacent low mountain range was
estimated at —0.58 ( = 0.05) °C for a 100 m increase in elevation. This
means that in the study area, species would have to move 171 m uphill
to compensate for a 1 °C increase of the annual mean temperature.
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3.3. Potential effects of climate change on species distributions

The climate niche models that relate the distribution of the study
species and current climatic conditions had AUC values of 0.92 (E.
medusa), 0.86 (M. aurelia) and 0.81 (S. spini), indicating excellent to
outstanding model performance (Hosmer and Lemeshow, 2000). Thus,
there is a high correlation between local climate and species distribu-
tions (for a visual comparison between current distributions and mod-
elled probabilities of occurrence see Fig. A3a, ¢, d). The models indicate
a positive relationship between the occurrence of M. aurelia and S. spini
and annual mean temperature, and a negative one in the case of E.
medusa. The occurrence of all three species is positively related to an-
nual precipitation.

With respect to the future climate, the models predict that 79
(65.8%) of the 120 grid cells that were classified as suitable for E.
medusa under current climatic conditions will become unsuitable by the
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(a) Erebia medusa

Lower Diemel Valle!

Fig. 5. Modelled climatic suitability of the
Diemel Valley in the year 2061 with respect
to (a) Erebia medusa, (b) Melitaea aurelia and
(c) Satyrium spini under a scenario of mod-
erate climate change. “Stable” grid cells had
probabilities of occurrence > 0.5 under
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tions, respectively. Cells classified as “un-
suitable” had probabilities < 0.5 at both
points in time. The white circles indicate the
present distribution of the study species (cf.
Fig. 1).
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year 2061, the rest is predicted to remain suitable (Fig. 5). For M.
aurelia and S. spini, in contrast, the climatically suitable area may
dramatically increase. Under current climatic conditions, 147 grid cells
were classified as suitable for M. aurelia, 173 for S. spini. Under the
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assumption of a 1.10 °C increase in annual mean temperature and no
change in annual precipitation, all 535 grid cells (i.e., the entire study
area) are predicted to become suitable for both species by the year
2061. This is equivalent to an increase in climatically suitable area by
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264% in the case of M. aurelia and 209% in the case of S. spini.
4. Discussion
4.1. Microclimate

The microclimatic measurements at the oviposition sites of E. me-
dusa, M. aurelia and S. spini in the Diemel Valley revealed significant
interspecific differences. These differences roughly reflect the overall
distribution of the three species along the climatic gradient in the study
area. Regarding annual and seasonal averages, the oviposition sites of E.
medusa (a species that is restricted to the mountainous Upper Diemel
Valley), are cooler and more humid than those of M. aurelia and S. spini
(species that occur only in the Middle and Lower Diemel Valley). In
terms of mean values, the microclimates of the oviposition sites of the
latter two species are largely similar to each other.

Interestingly, the interspecific differences in annual and seasonal
mean temperatures were mainly due to differences in nighttime tem-
peratures, because at night the oviposition sites of E. medusa in the
Upper Diemel Valley were clearly cooler than those of M. aurelia and S.
spini in the Middle and Lower Diemel Valley in all seasons. During the
day, however, the heating of the near-ground air layer due to absorp-
tion of solar radiation by the ground seemed to be the dominant factor
that determined the temperature at the oviposition sites, thus com-
pensating for the generally cooler climate of the Upper Diemel Valley
(cf. Stoutjesdijk and Barkmann, 1992). As a result, the daytime tem-
peratures at the oviposition sites of E. medusa closely resembled those at
the oviposition sites of M. aurelia and S. spini in spring, summer and
autumn, although the daytime readings of the weather station in the
Upper Diemel Valley were generally lower than those of the station in
the Middle Diemel Valley. During the winter, when the angle of in-
cidence of solar radiation was low and the sky mostly clouded, the ef-
fect of radiative heating was marginal (cf. Stoutjesdijk and Barkmann,
1992). Consequently, the night- and daytime patterns of the tempera-
ture were very similar to each other in winter.

The apparent tolerance of E. medusa towards high daytime tem-
peratures from spring to autumn suggests that the sensitivity of this
continental-montane species to climate change, which various authors
assume (Caspari, 2008; Fartmann and Hermann, 2006; Schulte et al.,
2007; Settele et al., 2008; Stuhldreher et al., 2014), is related to factors
other than warm growing seasons. High winter temperatures, which in
a laboratory experiment decreased the survival rates of the over-
wintering larvae and the vitality of the subsequent life-stages
(Stuhldreher et al., 2014), are probably more detrimental. Moreover,
the results of the microclimatic measurements hint at the humidity of
the air being another important factor. Although E. medusa showed the
strongest diurnal temperature variation, the differences between night-
and daytime relative humidity were the smallest of the three species.
While the nighttime values were similarly high in all three species, the
humidity of the air at the oviposition sites of E. medusa decreased less
strongly during the day than was the case for M. aurelia and S. spini.
Consequently, the daytime values for E. medusa were considerably
higher than those for M. aurelia and S. spini, especially in spring and
summer. This is probably due to the fact that the vegetation is higher
and soils are deeper in the habitats of E. medusa than in the habitats of
the other species (Fartmann, 2004; pers. obs.). Moreover, the larval
habitats of E. medusa are characterised by thick layers of litter
(Stuhldreher and Fartmann, 2015, 2014) which retain dew and rain and
hereby probably act as a humidity buffer during the day. The im-
portance of relatively humid conditions may be explained by a low
desiccation resistance of the eggs. Among the butterflies from the
subfamily Satyrinae, there are great differences concerning the
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desiccation resistance of the eggs (Bergman, 1999; Karlsson and
Wiklund, 1985). Species that deposit their eggs in relatively dry mi-
crohabitats (e.g., Lasiommata sp.) have drought-resistant eggs, whereas
the mortality of eggs from species living in more humid habitats can be
very high when the ambient air is dry. Other life-cycle stages of E.
medusa could be equally sensitive to a lack of humidity and thus explain
the apparent dependence on humidity, but there are no studies relating
to this.

In summary, it can be stated that all three study species reproduce at
sites that provide warm microclimatic conditions throughout the
growing season. At these sites, the daytime temperature of the air far
exceeds that of “average” locations. The importance of warm micro-
climates for grassland butterflies, especially for threatened species, is a
well-documented fact (Fartmann, 2006b; Settele et al., 2009; Thomas,
1993; WallisDeVries and van Swaay, 2006). The continued existence of
particularly warm conditions is usually linked to some kind of repeated
mechanical disturbance such as regular mowing or grazing and
tramping by animals which counteracts succession by destroying plant
biomass and thereby maintains early seral stages where the near-
ground air layer heats up faster and more strongly than in dense ve-
getation. Therefore, the successful conservation of grassland butterflies,
including E. medusa, M. aurelia and S. spini, and many other thermo-
philous insects necessitates that the traditional forms of land-use that
created and shaped the semi-natural open landscapes of Europe are
continued or re-introduced (Bonari et al., 2017). However, there is no
universal “recipe” concerning type, intensity and timing of disturbance
that is equally suited for all butterfly species, which is why conservation
measures should always be designed according to the specific needs of
the target species (Eichel and Fartmann, 2008; Loeffler et al., 2013;
Stuhldreher and Fartmann, 2014; WallisDeVries et al., 2016).

4.2. Climate change in the study area

Since the middle of the 20th century, strong increases of the mean
temperature have occurred throughout the Diemel Valley, particularly
in spring and summer. Additionally, the relative air humidity decreased
significantly in the Middle Diemel Valley, whereas it remained largely
the same in the Upper Diemel Valley. With respect to precipitation,
there were no significant changes, except for the summer season in the
Upper Diemel Valley for which precipitation decreased. In the fol-
lowing, the possible effects of these climatic changes on the distribution
of the three threatened study species will be discussed, focussing on the
possible effects of rising temperatures as temperature is the parameter
that changed most strongly during recent decades.

In the Diemel Valley, all three study species reach the current north-
western distribution boundary in Europe (Fartmann, 2004; Kudrna
et al., 2011). In addition, E. medusa reaches its current lower elevational
limit within the region. There are strong indications that these
boundaries are at least partly due to climatic constraints. Firstly, the
xerothermophilous species M. aurelia and S. spini have never been re-
corded either in the Upper Diemel Valley or anywhere far northwest of
their current range. Moreover, M. aurelia colonised the Diemel Valley
only in the 1990s. Secondly, all populations of E. medusa in the Middle
and Lower Diemel Valley, where the species had occurred locally until
the 1980s, became extinct (Stuhldreher and Fartmann, 2014). The
causes of these extinctions could not be unambiguously determined
(Stuhldreher and Fartmann, 2014), but large-scale distribution model-
ling showed that the occurrence of E. medusa can be well explained by
climatic variables and that large parts of its current range are likely to
become unsuitable due to climate change (Settele et al., 2008).

As the current distribution pattern of the study species in the Diemel
Valley is very likely shaped by climatic constraints, it may change
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significantly if global warming continues. Within 50 years from now,
the annual mean temperature may increase by 1.10 °C in the Upper
Diemel Valley and 1.35°C in the Middle Diemel Valley if climate
warming in the study area continues at the same rate as in the past (i.e.,
at the rate determined by the analyses of climatic changes since the
middle of the 20th century). These are conservative estimates as they
are based on linear trends over the period from 1951 to 2011, although
the rate of warming has generally increased in Germany since the be-
ginning of the 1990s (DWD, 2016). Moreover, regional projections of
climatic changes in North Rhine-Westphalia predict an increase of the
annual mean temperature of 1.4-2.3 °C for the period 2031-2060 under
emission scenario A1B, depending on the climate model used (Kropp
et al.,, 2009). Even the conservative estimates of future warming
(+1.10°C and +1.35°C in the Upper and Middle Diemel Valley, re-
spectively) are of similar magnitude as the observed differences in an-
nual and seasonal mean temperatures in the larval habitats of E. medusa
on the one hand and M. aurelia and S. spini on the other (cf. Table 1).
Hence, we conclude that by the middle of the century, the larval ha-
bitats of E. medusa in the Upper Diemel Valley may become as warm as
those of M. aurelia and S. spini in the Middle and Lower Diemel Valley
currently are—even when a relatively low rate of future climate
warming is assumed. Consequently, M. aurelia and S. spini may be able
to expand their ranges to higher altitudes and colonize the Upper
Diemel Valley, where calcareous grasslands with sufficient amounts of
the host plants exist (Fartmann, 2004; pers. obs.). We assume that both
species will not be negatively affected by further decreases of the air
humidity because both are known to occur in even hotter and drier
habitats than the calcareous grasslands of the Diemel Valley (Ebert and
Rennwald, 1991a, 1991b; Hermann, 2007). In contrast, E. medusa may
incur severe population declines. Given the regional lapse rate of the air
temperature of —0.58 °C per 100 m (which is very similar to the value
of —0.6°C used by Franco et al. (2006) in a study on range shifts of
butterflies in Britain), the species would have to move 188 m uphill to
track an increase in the mean annual temperature of 1.1 °C. As E. me-
dusa is already restricted to elevations between 300 and 500 m a.s.l.,
there is little margin for moving uphill because within the study area
there are very few grasslands at elevations > 500 m a.s.l. (Fartmann,
2004; pers. obs.; cf. Streitberger et al., 2016). In the long term, E. me-
dusa may therefore become restricted to the Rothaar Mountains
southwest of the study area. This holds true even if—as discussed
above—winter temperatures are more important than spring and
summer temperatures, because the increase in the mean winter tem-
perature was equal to that of the annual mean temperature, both in the
Upper and Middle Diemel Valley. Alternatively, the species could move
to microclimatically cooler habitats within its current range, such as
grasslands on north-facing slopes. However, very few of such habitats
exist as most of the north-facing slopes of the Diemel Valley are forested
(Fartmann, 2006a; pers. obs.). Modelling the possible future distribu-
tion of the three species in the Diemel Valley under a scenario of
moderate climate change supported the conclusions derived from the
comparison of microclimatic preferences with long-term trends of the
regional climate.

However, there are some uncertainties as to whether the three
species will react to future climate change in the way described above.
Firstly, it is not clear whether mesoclimatic changes will entail identical
changes in the microclimatic conditions of the larval habitats of but-
terflies. It has been suggested that global warming can lead to micro-
climatic cooling in spring by advancing the onset of plant growth in
spring, especially in combination with high inputs of nitrogen through
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atmospheric deposition (WallisDeVries and van Swaay, 2006). How-
ever, current nitrogen deposition rates of 10-20kgha™'y~! in the
study area are comparatively low (Wichink Kruit et al., 2014) and are,
at most, at the lower end of the critical loads for calcareous
(15-25kgha~'y™!) and mesic grasslands (20-30kgha'y™ %)
(Achermann and Bobbink, 2003). Secondly, M. aurelia and S. spini will
be able to expand their ranges only if the mobility of both species is
high enough to cope with the lower density of extant calcareous
grasslands in the western half of the study area. However, single mi-
grating individuals of M. aurelia have repeatedly been observed in
calcareous grasslands around the city of Marsberg in the eastern part of
the Upper Diemel Valley since 2005, about 15 km away from the next
population (W. Schubert, pers. comm.; pers. obs.). This suggests that at
least this relatively mobile species may be able to expand its range in
the Diemel Valley in response to climate warming.

4.3. Implications for conservation

If northern and montane species cannot shift their ranges to higher
latitudes or elevations, either because habitats that are both climati-
cally and structurally suitable simply do not exist or they are in-
accessible due to fragmentation, the populations at the “warm” margins
are under strong evolutionary pressure to develop physiological and
ecological adaptations to climate change. Local evolutionary responses
to climate change have indeed been documented for many species
(Parmesan, 2006). However, the available evidence suggests that these
adaptations have typically involved shifts in seasonality, rather than
increases in absolute thermal tolerance which would be necessary to
allow species to survive under previously unsuitable climatic regimes
and thereby conserve their geographic distribution in the face of cli-
mate change (Bridle and Vines, 2007; Parmesan, 2006). This view is
supported by the disproportionate number of population extinctions
documented along southern and low-elevation range edges in response
to recent climate warming, resulting in the contraction of species’
ranges at these warm boundaries (Parmesan, 2006; for case studies on
butterflies see Dieker et al., 2011, Franco et al., 2006, Konvicka et al.,
2003, Merrill et al., 2008, Wilson et al., 2005; Wilson et al., 2007).

Based on the results of this and other studies on the ecology of E.
medusa, M. aurelia and S. spini, we conclude that there is one potential
“climate change loser” (E. medusa) and two potential “winners” (M.
aurelia and S. spini). The range of E. medusa within the study area is
likely to contract, whereas M. aurelia and S. spini may become more
widely distributed while persisting in the warmest parts of the region.

As all three species are highly relevant to nature conservation in
both North Rhine-Westphalia and Hesse, conservation managers should
try to slow down the decline of E. medusa and enable M. aurelia and S.
spini to track climate change. To this end, two complementary measures
should be taken:

1. Broaden the spectrum of available habitats by preserving or creating
heterogeneous vegetation structures within existing patches and
restoring nutrient-poor grasslands at north- and east-facing slopes
(cf. Fartmann, 2006a; Streitberger et al., 2016). This would enable
the species to accommodate extreme weather conditions, at least up
to a certain degree, without having to move to other habitat patches
(cf. Ackerly et al., 2010; Shafer, 1999; Thomas et al., 1999).

2. Enhance habitat connectivity at the landscape level to facilitate the
colonisation of previously unoccupied habitat patches within the
study area and beyond.
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See Figs. A1-A3
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Fig. Al. Monthly mean air temperature at the oviposition sites of (a) Erebia medusa, (b) Melitaea aurelia and (c) Satyrium spini. In each of the three species, the sample
size is 11 data loggers. The points represent the median, and the bars indicate the range of values. The bars at the bottom of the diagrams indicate the approximate
timing and duration of the different stages within the species’ life-cycle in the Diemel Valley (#3334 egg, M larva, mmmmmmm pupa, mmmmmm adult).
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Fig. A2. Monthly average of the relative air humidity at the oviposition sites of (a) Erebia medusa, (b) Melitaea aurelia and (c) Satyrium spini. In each of the three
species, the sample size is 11 data loggers. The points represent the median, and the bars indicate the range of values. The bars at the bottom of the diagrams indicate
the approximate timing and duration of the different stages within the species’ life-cycle in the Diemel Valley (xx:-330<4 egg, M larva, s pupa, I

adult).
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Fig. A3. Probabilities of occurrence of Erebia medusa (a, b), Melitaea aurelia (c, d) and Satyrium spini (e, f) in the Diemel Valley as predicted by climate niche models
with annual mean temperature and annual precipitation as predictors. The maps on the left (a, c, e) show the probabilities under current (year 2010) climatic
conditions, the maps on the right (b, d, f) show the probabilities that are predicted by the models for the year 2061, based on an assumed increase of the annual mean
temperature of 0.22 °C per decade (the annual precipitation is assumed to stay the same).
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