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Abstract We analysed the habitat preferences of adult
stages and oviposition electivity of Melitaea aurelia in
calcareous grasslands in the Diemel Valley (central Ger-
many) to assess the key factors for successful management.
Egg-laying and adult habitats of M. aurelia were more or
less congruent. Oviposition electivity at the host plant
(Plantago media) was best explained by a combination
of host plant quantity and vegetation structure. Habitat
quality, isolation and patch area explained 86% of the
current patch occupancy of M. aurelia. With M. aurelia
preferentially inhabiting transitional vegetation types,
management requires a balance between abandonment and
disturbance. Disturbances provide open soil that facilitates
germination of the host plant Plantago media. On the other
hand, immature and adult stages of M. aurelia perform best
on calcareous grasslands with a high amount of host plants
and low disturbance intensity. Traditional rough grazing
regimes seem to be the most favourable tool for developing
the necessary spatial and temporal heterogeneity in pat-
ches. The best results may be achieved by rotational
grazing where only a subset of inhabited patches is grazed
intensively each year. Our analysis of patch occupancy
indicates that it would be desirable to restore patches in
close proximity to occupied sites.
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Introduction

The losses of butterflies in Europe exceed those of many
other animal groups or vascular plants, presumably because
they respond particularly rapidly to environmental changes.
Therefore, butterflies are well established as sensitive
indicators in conservation policies (Thomas and Clarke
2004; Thomas et al. 2004; Thomas 2005). Among the
butterflies, checkerspots (Ehrlich and Hanski 2004) provide
one of the most established model groups in animal ecol-
ogy and conservation.

Based on extensive research of this group, habitat quality
within sites, habitat patch size, and patch isolation have
been identified as the most critical parameters determining
butterfly persistence in cultivated landscapes (Dennis and
Eales 1997; Moilanen and Hanski 1998; Thomas et al.
2001; Fleishman et al. 2002; Fred and Brommer 2003;
Anthes et al. 2003b; WallisDeVries 2004). Numerous
metapopulation studies during the past decade preferen-
tially addressed these three parameters, whereas the
importance of the landscape matrix between habitat patches
for the survival and conservation of butterfly populations
has only recently been recognised (Ricketts 2001; Chardon
et al. 2003; Dennis et al. 2003, 2006; Shreeve et al. 2004).

A general definition of habitat quality is lacking so far.
Dennis et al. (2003, 2006) postulate a resource-based def-
inition of habitat and suggest viewing the landscape as a
continuum of overlapping resources that may be differen-
tially suitable for different purposes (such as feeding,
migrating, ovipositing, sun-basking etc.). Habitats and
resources perfectly match only where small patches of
semi-natural vegetation (habitat) are situated within
intensively used agricultural landscapes (non-habitat).

Most studies ascertain habitat quality on the basis of the
requirements of the immature stages (e.g. oviposition
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sites), because they are more specific than those of the
adults (Thomas 1991; Clarke et al. 1997; Thomas et al.
1998, 2001; Bourn and Thomas 2002; Fartmann 2004;
Garcia-Barros and Fartmann submitted). This is due to the
low or absent mobility as well as the longer life time of the
immature stages (Fartmann 2004). A patch with suitable
host plants for a butterfly is generally only a fraction of the
total host plant population in an area and the core habitats
of immature and adult stages usually only partly overlap
(Dennis et al. 20006).

Nickerl’s fritillary (Melitaea aurelia) is restricted to
calcareous grasslands in Central Europe (Ebert and Renn-
wald 1991; Seifert 1994; Leopold 2001; Fartmann 2004)
and has recently expanded its range in northwestern Ger-
many (Fartmann 2004). Nevertheless, it is listed as
‘vulnerable’ in Germany (Pretscher 1998) and in Europe as
a whole (van Swaay and Warren 1999). Due to frequent
confusion with other co-occurring Melitaea species such as
M. athalia, M. britomartis or M. parthenoides, the
knowledge about the ecology and conservation of this
species is still poor (Ebert and Rennwald 1991). Although
some studies provide information on phenology and nectar
resources as well as adult and larval habitats (Ebert and
Rennwald 1991; Seifert 1994; Fartmann 2004), compre-
hensive studies considering the whole life cycle of
M. aurelia as the basis for successful management of the
populations are lacking so far.

In this paper, we determine, for the first time, the con-
ditions that promote the persistence of M. aurelia in
calcareous grasslands at its northwestern range limit in
central Europe. We place a particular emphasis on ovipo-
sition site electivity at the microhabitat level and to patch
occupancy at the landscape level. Finally, we also use these
data to derive management recommendations for the con-
servation of Melitaea aurelia.

Materials and methods
Study species

M. aurelia occurs from northeastern France to central Asia
and from southern Sweden to the Balkans (Bink 1992; van
Swaay and Warren 1999; Kudrna 2002). In Germany, it is
predominantly found in chalk and limestone areas in the
south (Ebert and Rennwald 1991; BLfU 2001). In the
Diemel Valley, M. aurelia was first recorded in 1990, and
numerous occupied calcareous grasslands have since been
discovered. The Diemel Valley is currently the north-
western distribution border in Europe (Fartmann 2004).
In Germany, M. aurelia is a characteristic species of
extensively used calcareous grasslands, classified as the
Gentiano-Koelerietum vegetation type (cf. Rennwald
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2000) and typically occurring on south-facing slopes
(Seifert 1994; Leopold 2001; Fartmann 2004). Little is
known about population patterns and dynamics, but
available observations indicate that M. aurelia currently
occurs in metapopulations (Fartmann 2004).

The adults are frequent and non-discriminating visitors
to nectaring plants and are on the wing from the beginning
of June until the end of July. In the Diemel Valley, flight
activity peaks at the end of June (median = 22/06,
Fartmann 2004). Females lay the eggs in clusters on the
underside of the host plant leaves (mostly Plantago spp.). In
general, two clutches are laid, the first with 150-200 eggs
and the second with 50-150 eggs, on average (Bink 1992).
The larvae hatch after 18 days and live gregariously in a
web on the host plant. Hibernation takes place in a smaller
silken web at the base of the host plant. In April or May, the
larvae pupate and adults hatch after 18 days (Bink 1992).

Plantago media has been recognised as the only larval
host plant in the Diemel Valley (Fartmann 2004). The plant
is common and widely distributed in unimproved semi-dry
grassland in Germany (Haeck 1992; Peintinger and Philippi
1996). The seeds of P. media are wind-dispersed and the
plant behaves as a pioneer coloniser of disturbed bare
ground patches, typically created by grazing. P. media has
flat rosettes and grows on base-rich soils with moderate
nutrient supply. At undisturbed sites, the plants become
quickly overgrown by tall grasses (van der Aart and Vulto
1992; Peintinger and Philippi 1996).

Study area

The study area covers about 130 km? of the Middle and
Lower Diemel Valley (Fartmann, 2004, 2006) along the
border between the federal states of North Rhine-
Westphalia and Hesse (central Germany; 51°32'N/9°00'E
and 51°38'N/9°25’E) at an elevation of 140-300 m a.s.l.
(Fig. 1a). The climate is suboceanic with an average annual
temperature of 9°C. Mountain ranges west of the Diemel
Valley shield the region from some of the incoming oceanic
moisture, resulting in a comparably low annual precipita-
tion of less than 700 mm (Miiller-Westermeier 1999).
Until the mid-19th century, the landscape of the Diemel
Valley consisted of nutrient-poor arable fields, large sheep
pastures, and open woodlands (Brokel 1984; Lucan and
Eger 1996). Since then, the extent of sheep pastures has
continuously decreased. Following World War II, many of
the formerly sheep-grazed calcareous grasslands were
abandoned and/or afforested (Hozak and Meyer 1998;
Fartmann 2004), which is in line with the development
described for other parts of Europe (e.g. WallisDeVries
et al. 2002). Nowadays, grasslands cover approximately
660 ha, or ca. 5% of the study area. The most abundant
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Fig. 1 Study area in central Germany. Patch occupancy (a) and logistic regression classification (b) of study patches in the Diemel Valley

vegetation type of the grasslands is the Gentiano-Koeler-
ietum (Fartmann 2004).

Large parts of the Diemel Valley are proposed Sites of
Community Interest (pSCI) (E. Schroder, German Federal
Agency for Nature Conservation, pers. comm.) and the
prime butterfly area ‘Diemeltal’ is part of the study area
(van Swaay and Warren 2003).

Methods
Oviposition microhabitat

For microhabitat analyses, we chose 16 sites that contained
M. aurelia populations in high density. The search for egg-
batches started in July when the likelihood to find them was
highest. Within each site, we systematically checked a
randomly chosen subset of host plants for egg-batches (91
in total) in all potential parts of the site. To contrast the
characteristics of these occupied host plant individuals with
a random distribution of egg clutches across host plants, we
further recorded the available habitat structures at 25 ran-
domly chosen host plant individuals (the nearest plant to a
randomly thrown stick was taken; Anthes et al. 2003b). To
contrast habitat structures around potential host plants at
occupied habitat patches with those at unoccupied patches,
we performed a similar characterisation of available host
plant individuals in 13 randomly chosen uncolonised pat-
ches. For each analysed host plant, environmental
parameters were recorded in a 1 m X 1 m quadrat with the
plant as the centre (Table 1). These parameters were then

compared between occupied and vacant host plant
individuals.

Patch occupancy

Habitat preferences of adult M. aurelia in the Diemel
Valley were assessed at all 55 sites (patches) that were
considered particularly suitable for the butterfly, irrespec-
tive of whether or not they were currently occupied.
Calcareous grassland habitats were considered “particu-
larly suitable” when they contained the host plant. A patch
was defined as contiguous suitable habitat if it was isolated
from the nearest neighbouring suitable habitat by over
100 m of woodland, improved grassland, or arable fields.
From the end of June to the end of July, each site was
visited twice to assess the presence or absence of the
species. As there are no co-occurring Melitaea species in
the area, all stages of M. aurelia were easy to identify. All
sites were systematically searched for adults, and host
plants were checked for eggs. At each site, several envi-
ronmental parameters were examined in representative
quadrates of 1 m X 1 m (Table 1). These variables were
then compared between occupied and vacant patches.

Statistical analysis
To test for patch occupancy and oviposition preferences,

binary stepwise-forward logistic regression was used to
recognise those parameters with the highest explanatory
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Table 1 Overview of parameters examined for patch occupancy and microhabitat analyses

Parameter Study part
Microhabitat Patch occupancy
Climate
Aspect Numerical (°) Nominal® (16 categories)
Inclination Numerical (°) Numerical (°)

Potential daily sunshine duration”
Host plant (Plantago media)
Diameter and height (average of 10 plants)
Coverage
Number of leaves
Group size (in a perimeter of 20 cm around the host plant)
Prominence®
Growth form*
Vegetation structure
Coverage of different layers®
Height of different layers ®
Vertical coverage in 5, 10, ...and 25 cm height®
Land use and plant community
Grazing
Time period since last grazingh
Plant community’
Metapopulation
Isolation (geometric mean of the next three populated patches)
Patch size
Clutch
Distance to average height of the first herb layer
Number of eggs
Position on leaf
Age of clutch
Height above ground

Numerical (h/d) -
Numerical (cm) Numerical (cm)
Numerical (%) Numerical (%)
Numerical -
Numerical -
Nominal (3 categories) -
Nominal (3 categories) -
Numerical (%) Numerical (%)
Numerical (cm) Numerical (cm)!
Numerical (%) Numerical (%)
Binary (yes/no) Binary (yes/no)

Nominal (3 categories) Nominal (3 categories)

Nominal Nominal

- Numerical (km)
- Numerical (ha)
Numerical -

Numerical -

Nominal -

Numerical (d) -

Numerical (cm) -

Measured in 22.5° steps, 16 categories

Categories: concealed, visible, prominent

Categories: spindly, normal, luxuriant

Measured with a horizontoscope after Tonne (1954) for June, accuracy: Y2 h

¢ Categories: bare ground, stones, gravel, moss/lichen, litter, herb 1 (0-20 c¢m), herb 2 (20100 c¢m), shrub (100-500 cm)

Mean of 10 samples per layer
€ 20 cm in depth (Anthes et al. 2003a; Fartmann 2006)

power on occurrence. Several parameters showed a right-
skewed distribution and were log;o-transformed to achieve
normality. Differences in habitat quality between occupied
and unoccupied host plants were assessed with Student’s #-
test. Differences between observed and expected frequen-
cies in nominal and ordinal variables were analysed using
y-test. Because y°-tests do not allow empty categories,
frequencies of 0 were conservatively set to 0.1. All anal-
yses were performed with statistical package SPSS 13.
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Categories: short (up to 2 weeks), middle (2—4 weeks), long (longer than 4 weeks)
Classification according to characteristic and differentiating plant species after Fartmann (2004a)

Results
Oviposition microhabitat

In total, we found 91 clutches of Melitaea aurelia on
the undersides of Plantago media leaves. Almost half
of them (44%, N = 40) were deposited in the middle
of the centre rib at an average height of 2.7 cm
(x1.0 cm, ranging from 1.1 to 6.2 cm) above ground.
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The average clutch size was 110 eggs, ranging from 3
to 330.

The egg-laying sites of M. aurelia were well exposed to
the sun with 11.9 h (2.0 h) of potential daily sunshine in
June, and were mostly on rather steep slopes (15.8 = 7.0°)
in SSE aspects (165.8 + 45.4°) (Table 2). The predominant
vegetation type was the Gentiano-Koelerietum typicum
(59%, N = 54), followed by the Gentiano-Koelerietum
cladonietosum (59%, N = 54) and the Trifolio-Agrimonie-
tum (12%, N = 11) (Table 3). M. aurelia used grazed or
mown as well as abandoned sites for egg-laying. Managed
sites containing clutches typically had not been grazed or
mown for more than 4 weeks (63%, N = 35). The majority
of the sites were subject to a rough grazing regime. Most of
the oviposition sites showed evidence of low management
pressure. Therefore, the coverage of mosses and lichens was
very high with a mean of 40.3% (£30.4%). In conjunction
with the cover of the first herb layer (61.7% + 21.9%) and a

certain amount of litter (9.9% + 6.8%), this resulted in an
almost complete coverage of the ground by living or dead
plant biomass. Especially in the first 5 cm above the
ground, the vegetation was dense with a horizontal cover-
age of 39.0% (£26.5%). Due to the short swards
(7.0 cm = 2.1 cm), vegetation cover further up was more or
less negligible. The average occupied host plant rosette was
characterised by a height of 4.7 cm (1.6 cm), a diameter of
13.3 cm (+2.8 cm), and 7.2 leaves (+2.2). In a perimeter of
20 cm around the host plant, there were on average two
more potential host plants (2.3 = 1.4).

Host plant height and the number of adjacent Plantago
plants were significantly higher for occupied plants than for
unoccupied plants (Table 2). Plant communities sur-
rounding a potential host plant differed significantly
between occupied and available individuals: the Gentiano-
Koelerietum cladonietosum was disproportionally used for
oviposition, whereas the Gentiano-Koelerietum typicum

Table 2 Mean values + SD of all numerical variables at available (N = 38 plants) and occupied host plants (N = 91 clutches) of Melitaea

aurelia in the Diemel Valley

Parameter Mean + SD t P
Occupied (N = 91) Available (N = 38)
Host plant
Rosette height (cm) 47 + 1.6 42+ 1.4 -2.217 *
Diameter (cm) 133 +£2.8 133 +25 -0.004 n. s.
Number of leaves 72 +22 7.1 £ 1.8 -0.136 n. s.
Number of adjacent plants 23+14 1.7+ 1.0 -2.972 HE
Climate
Inclination (°) 158 +£7.0 15.0 £ 6.6 -0.557 n. s.
Aspect (°) 165.8 + 45.4 183.2 + 83.5 1.208 n. s.
Daily sunshine in June (h) 119 £ 2.0 120+ 23 0.267 n. s.
Vegetation height (cm)
First herb layer 7.0 2.1 7.3 +£2.7 0.497 n. s.
Second herb layer 559 = 12.5 51.1 = 12.6 —-1.957 n. s
Vegetation coverage (%)
Stones/gravel 0.7+2.0 0921 0.567 n. s.
Bare ground 5.7 = 10.5 50+9.7 -0.367 n. s.
Mosses/lichens 40.3 + 304 36.0 +26.8 -0.790 n. s.
Litter 9.9 + 6.8 9.0 7.9 -0.643 n.s
First herb layer 61.7 +21.9 674 +214 1.362 n. s.
Second herb layer 163 £ 13.8 175 £ 155 0.414 n. s.
Horizontal coverage (%)
S5 cm 39.0 £ 26.5 40.0 = 31.3 0.192 n. s.
10 cm 10.8 £ 12.0 135+ 142 1.112 n. s.
15 cm 3.1+£33 3.5+39 0.571 n.s
20 cm 09+14 1.0+14 0.365 n. s.
25 cm 02+0.7 0.2 +0.7 0.062 n. s.

Comparison of mean values by #-Test, * P < 0.05, ** P < 0.01, n.s. = not significant. For further explanations, see the section ‘methods’
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Table 3 Absolute and relative frequencies of all nominal variables at available (N = 38 plants) and occupied host plants (N = 91 clutches) of
Melitaea aurelia in the Diemel Valley

Parameter Occupied (N = 91) Available (N = 38) ;(2 df P
Absolute % Absolute %
Plant community 13.44 5 *
Gentiano-Koelerietum typicum 54 59.3 26 68.4
Gentiano-Koelerietum cladonietosum 14 15.4 4 10.5
Trifolio-Agrimonietum 11 12.1 5 13.1
Pruno-Ligustretum 7 7.7 2 5.3
Nutrient-poor Arrhenatheretum 4 4.4 1 2.6
Vincetoxicum hirundinaria-Gesellschaft 1 1.1 0 0.0
Grazing 0.11 1 n.s.
Grazed 56 61.5 24 63.2
Time period since last grazing 1.89 2 n.s.
Short (less than 2 weeks) 11 19.6 5 20.8
Middle (2-4 weeks) 10 17.9 6 25.0
Long (more than 4 weeks) 35 62.5 13 54.2
Ungrazed 35 38.5 14 36.8
Host plant growth form 72.81 2 HoAk
Spindly 19 20.9 6 15.8
Normal 57 62.6 31 81.6
Luxuriant 15 16.5 1 2.6
Prominence 348.92 2 Hokk
Concealed 21 23.1 9 23.7
Visible 64 70.3 29 76.3
Prominent 6 6.6 0 0.0

n.s., not significant, * P < 0.05, *** P < 0.001. For further explanations, see the section ‘methods’

Table 4 Binary stepwise-forward logistic regression analysis on predictor variables at available (N = 38 plants) and occupied host plants
(N =91 clutches) of Melitaea aurelia in the Diemel Valley

Independant parameter Parameter (B) SE Wald df P
Constant —2.880 1.357 4.501 1 *
Host plant height (cm) 0.589 0.196 9.016 1 woE
Host plant group size 0.567 0.199 8.118 1 o
Vertical coverage in 10 cm (%) -0.061 0.021 8.914 1 wk
First herb layer coverage (%) -0.023 0.011 4.268 1 *
Second herb layer 2 height (cm) 0.042 0.019 5.066 1 *

Model ;(2 =28.151, df = 5, P < 0.001, correctly classified = 73.6%

Several variables entered into the regression were not significant: grazing (yes/no); time period since last grazing (3 categories); host plant
diameter (log;o transformed); number of host plant leaves (log;, transformed); host plant growth form (3 categories); host plant prominence (3
categories); inclination (°); aspect (16 categories); potential daily sunshine duration in June (h); coverage (%) of stones, bare ground, mosses/
lichens, litter, second herb layer, horizontal coverage at 5, 15, and 20 cm height; plant community

n.s., not significant, * P < 0.05, ** P < 0.01

was under-represented (Table 3). Host plant growth form  host plant quantity and vegetation structure parameters
differed significantly between used and available host  (Table 4): the likelihood of a host plant being accepted for
plants, with prominent plants being over represented. oviposition increased with host plant height and the num-

In a stepwise regression model, the oviposition pattern  ber of Plantago individuals in close proximity, but
on Plantago media was best explained by a combination of  decreased with vertical coverage at 10 cm height, coverage
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of the first herb layer, and the height of the second herb
layer. Accordingly, P. media plants were three times more
often occupied when the plant protruded over the first herb
layer.

Patch occupancy

Out of 55 studied sites, 25 were occupied by Melitaea
aurelia. The average size of occupied patches was 6.9 ha
(6.3 ha) (Table 5). The geometric mean of the distance to
the next three populated patches was 1.5 km (3.0 km).
The predominant vegetation type of the M. aurelia patches
was the Gentiano-Koelerietum (84%, N = 21). More than
half (60%, N = 15) of the occupied sites were abandoned
(Table 6). Of the 10 grazed or mown sites, 7 (70%) had not
been used for more than 4 weeks. Almost all sites were
south-facing (92%, N = 23), predominantly SW and SSW
(56%, N = 14).

M. aurelia sites were characterised as calcareous
grasslands with a low coverage of shrubs, a low turf height

with a mean of 7.3 cm (£3.1 cm), and a sparsely covering
first herb layer (47.5% + 17.4%) (Table 5). Due to the low
grazing pressure on most sites, the coverage of the moss/
litter layer was very high (60.0% =+ 25.6%) and bare
ground was rare (6.6% * 6.9% coverage). The average
occupied site had 12.2 (+9.6) potential host plants per m>
that covered 4.1% (+2.9%) of the ground surface. At those
sites, the mean Plantago media plant was 2.6 cm (x1.1 cm)
high and had a diameter of 10.6 cm (£2.1 cm).

Occupied sites had a significantly lower coverage of the
first herb layer and were significantly less isolated than
unoccupied available sites (Table 5). Furthermore, P.
media plants on occupied sites were significantly higher
than those on vacant sites.

The logistic-regression model provided an 86% correct
classification of current patch occupancy (Table 7). Patch
occupancy was negatively correlated with isolation and
positively correlated with patch area, the height of the
moss/litter layer, and host plant coverage. This suggests
that the likelihood of occupancy is best in cases of low

Table 5 Mean values + SD of all numerical variables at occupied (N = 25) and unoccupied habitat patches (N = 30) of Melitaea aurelia in the

Diemel Valley

Parameter Mean + SD t P
Occupied (N = 25) Unoccupied (N = 30)
Host plant
Diameter (cm) 10.6 £ 2.1 9.1 3.9 -1.766 n.s.
Height (cm) 26+ 1.1 19+13 -2.160
Number 122 £ 9.6 9.4 + 8.0 -1.163 n.s.
Coverage (%) 4129 2.6 + 3.1 -1.821 n.s.
Climate
Inclination (°) 154 £ 6.6 141 £7.6 -0.678 n.s.
Vegetation height (cm)
Moss/litter 2415 1.9+09 -1.499 n.s.
First herb layer 73 +£3.1 7.0 £ 3.6 -0.376 n.s.
Second herb layer 38.6+11.9 38.2 +21.6 -0.098 n.s.
Vegetation coverage (%)
Bare ground 6.6 + 6.9 73+ 14.1 0.229 n.s.
Moss/litter layer 60.0 + 25.6 59.9 +25.1 -0.009 n.s.
First herb layer 475+174 58.8 £ 20.4 2.196 *
Second herb layer 5.8 £3.9 74 8.2 0.895 n.s.
Horizontal coverage (%)
5 cm 55.6 £ 29.1 47.8 = 33.7 -0.908 n.s.
10 cm 232 +£253 23.0 +31.8 -0.016 n.s.
15 cm 6.9 + 129 7.8 £16.5 0.209 n.s.
20 cm 22 +17.1 3.8+11.7 0.584 n.s.
25 cm 0.6 £1.7 2077 0.861 n.s.
Metapopulation
Area (ha) 6.88 £ 6.28 4.38 +£5.30 -1.606 n.s.
Isolation (km) 1.47 £ 2.96 4.08 £2.74 3.393 wE

Comparison of mean values by #-Test, n.s., not significant, * P < 0.05, ** P < 0.01. For further explanations, see the section ‘methods’
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Table 6 Absolute and relative frequencies of all nominal and ordinal variables at occupied (N = 25) and unoccupied habitat patches (N = 30) of

Melitaea aurelia in the Diemel Valley

Parameter Occupied (N = 25) Unoccupied (N = 30) Xz df P
Absolute % Absolute %
Aspect
S all together 23 92.0 17 56.7 12.69* 1 ok
Only SW and SSW 14 56.0 13 433 1.64° 1 n.s.
Others 2 8.0 13 433
Plant community 0.80 2 n.s.
Gentiano-Koelerietum typicum 21 84.0 23 76.7
Trifolio-Agrimonietum 2 8.0 4 13.3
Others 2 8.0 10.0
Grazing 2.84 1 n.s.
Grazed 10 40.0 17 56.7
Time period since last grazing 275.01 2 Hokk
Short (less than 2 weeks) 1 10.0 5.9
Middle (2-4 weeks) 2 20.0 6 353
Long (more than 4 weeks) 7 70.0 10 58.9
Ungrazed 15 60.0 13 433

n.s., not significant, *** P < 0.001. For further explanations, see the section ‘methods’

4 S vs. others

b SW/SSW vs. others

Table 7 Binary stepwise-forward logistic regression analysis of predictor variables at occupied (N = 25) and unoccupied habitat patches

(N = 30) of Melitaea aurelia in the Diemel Valley

Independant parameter Parameter (B) SE Wald df P
Constant -5.025 6.525 0.593 1 n.s.
Isolation (km, log;q transformed) -3.880 1.133 11.723 1 Rk
Patch area (ha, log;( transformed) 2.985 1.404 4.519 1 *
Moss/litter layer height (cm) 0.926 0.404 5.246 1 *
Host plant coverage (%) 0.368 0.150 6.018 1 *

Model ;(2 =40.985, df = 4, P < 0.001, correctly classified = 85.5%

Several variables entered into the regression were not significant: grazing (yes/no); time period since last grazing (3 categories); number of host
plants; host plant diameter (cm); host plant height (cm); inclination (°); aspect; coverage (%) of bare ground, mosses/lichens, litter, herb layer 1,
herb layer 2 (standards); horizontal coverage at 5, 10, 15, and 20 cm height; plant community

n.s., not significant, * P < 0.05, *** P < 0.001

distances between patches and large patch areas (Fig. 1).
Patch occupancy also increased with a high moss/litter
layer height, indicating a preference for late successional
stages of the Gentiano-Koelerietum. At least, the increas-
ing coverage of the larval host plant P. media highly
promotes colonisation.

The comparison of studies between 1998 and 2000
(Fartmann 2004) and the data presented here from 2004
show the colonisation of two new patches (1.3 and
8.0 km away from the next populated patch) and the
extinction of three formerly occupied patches (between
0.4 and 2.7 km away from the next populated patch)
(Fig. 1a).

@ Springer

Discussion
Oviposition microhabitat

The oviposition habitat requirements of Melitaea aurelia
were best explained by a combination of host plant quantity
and vegetation structure. In terms of host plant quantity,
tall P. media with many adjacent potential host plants were
preferentially used for egg-laying. A sufficient amount
of food is essential for the survival of the larvae, in par-
ticular in cluster building species with gregarious
caterpillars (Garcia-Barros and Fartmann submitted) such
as M. aurelia. Accordingly, preferences for large and
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Fig. 2 Relation between isolation (represented by geometric mean of
the three shortest interpatch distances) and patch area

prominent plants have been observed in many other but-
terflies (e.g. Wiklund 1984; Porter 1992; Dennis 1995;
Kiier and Fartmann 2005) including checkerspots (Anthes
et al. 2003a, b). For larval groups of Melitaea cinxia, food
shortage occurs frequently (Nieminen et al. 2004). Plan-
tago media typically grows in dense and conspicuous
groups, facilitating their location by ovipositing females of
M. aurelia and movement by larvae to nearby plants in the
case of food shortage (Fig. 2).

In terms of vegetation structure, oviposition occurred
preferentially in patches characterised by a low coverage of
the first herb layer within 10 cm above the ground, sur-
rounded by few tall grasses in the second herb layer. At
typical oviposition sites, nearly all of the ground was
covered by plant biomass in a proportion of two thirds
herbs/grasses and one third mosses/lichens. The average
sward was very short (7.0 £2.1 cm) and the higher
growing second vegetation layer was sparsely developed.
In summary, the architecture of egg-laying sites can be
described as host plants in a dense and very short turf with
some higher growing plants around. Due to the preferred
southern slope aspect and the short turf, the microclimate is
most likely to be warm to hot.

Although M. aurelia prefers well developed herb layers,
host plants usually remain easily accessible because lower
densities and horizontal coverage of the lower herb layer
support a better accessibility while searching for a host
plant. In the logistic regression model, only 35% of the
predicted suitable host plants were used. This shows that
there are more suitable host plants available than M. aur-
elia can use (Warren and Stephens 1989; Konvicka et al.
2003). Therefore, the availability of Plantago media is not
as restrictive as the specific vegetation structure, providing
the specific microclimate described above (Hermann and
Steiner 1997; Thomas et al. 2001; Anthes et al. 2003b;

Konvicka et al. 2003; Fartmann and Mattes 2003; Fart-
mann 2004, 2006).

M. aurelia prefers extensively used or recently aban-
doned sites with Gentiano-Koelerietum vegetation for
oviposition. Ongoing succession continuously reduces host
plant quantity, because Plantago media rosettes become
overgrown (van der Aart and Vulto 1992; Peintinger and
Philippi 1996) and less accessible for the ovipositing but-
terfly. Additionally, in advanced successional stages,
shading by taller vegetation deteriorates the presumably
required microclimatic conditions. On the other hand, open
and initial grassland sites with sparser vegetation, a high
proportion of bare ground, and small growing P. media
plants may not provide enough biomass to satisfy the
feeding demands of the larvae even if there are many
individuals of the food plant. Furthermore, the microcli-
mate near the soil surface is probably too dry and hot under
such open conditions. Thus, the optimal larval habitat
conditions depend on a fragile balance between a low
growing but densely closed vegetation structure near the
soil surface and the vital performance of the host plant.
Both essential requisites are provided by counteracting
processes: whereas the required vegetation structure and
microclimate is optimally provided by the absence or a
very low intensity of disturbances, the regeneration and the
vitality of the host plant is strongly enhanced by regularly
occurring higher levels of disturbance. This seems to be not
only a local phenomenon since our findings are in line with
qualitative habitat descriptions from other parts of central
Europe (e.g. Leopold 2001).

Patch occupancy

As with many other butterfly species (e.g. Dennis and Eales
1997; Osborne and Redak 2000; Thomas et al. 2001; see
introduction), patch occupancy of Melitaea aurelia in the
Diemel Valley was best explained by isolation, patch area,
and habitat quality. Fartmann (2004) reported in a more
qualitative way that the chance of colonisation is best in the
case of short distances between patches and a large patch
area. The most important parameters explaining habitat
quality in the patch occupancy model were the height of
the moss/litter layer and the host plant coverage.

One of the major topics of research in checkerspot
butterflies is the spatial structure of their populations
(Murphy et al. 2004). In the Diemel Valley, M. aurelia has
an obvious metapopulation structure. The local populations
breed in clearly separated habitat patches. For some pat-
ches, extinction and colonisation events were documented.
However, a number of remote and edge patches are not yet
colonised. As in Euphydryas aurinia (Warren 1994; Tho-
mas 1995; Lewis and Hurford 1997; Wahlberg et al. 2002;
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Anthes et al. 2003b), the population structure of M. aurelia
resembles mostly the ‘mainland-island’ or ‘source-sink’
type. In contrast, other Melitaea species such as M. cinxia
build a classical metapopulation of the Levins-type con-
sisting of many small and highly connected patches with a
high turnover rate (Hanski et al. 1994; Bourn and Warren
1997; Hanski 1999; Nieminen et al. 2004).

Spatial arrangement of immature and adult habitats

Oviposition and adult habitats of Melitaea aurelia in the
Diemel Valley are more or less congruent: both the
within-patch microhabitat analysis as well as the land-
scape-level patch occupancy analysis showed a clear
preference for south-facing slopes. On average, the slopes
are quite steep (15°) and sun-exposed (12 h of possible
daily sunshine in June, measured only in the microhabitat
study). In most cases, M. aurelia uses the Gentiano-
Koelerietum typicum (more than 60% of the occupied sites
in both study parts) followed by the Gentiano-Koelerietum
cladonietosum. Regarding management, it appears that
M. aurelia has a preference for infrequently managed or
recently abandoned sites. At the grazed or mown sites,
M. aurelia tends to use patches and host plants where the
last grazing or mowing occurred more than 4 weeks ago
(more than 60% of the used sites in both study parts).
Sites with a higher amount of host plants have a higher
likelihood of being used for oviposition and as an adult
habitat.

All the stages (egg, larvae, pupae, adult) of a species
need specific resources. These resources may be spatially
separated and overlap only partly (Dennis et al. 2006).
Although adults of M. aurelia are good flyers, the adult
habitats closely match those of the immature stages. In
contrast, the related Melitaea athalia has spatially sepa-
rated adult feeding and larval breeding habitats
(Schwarzwilder et al. 1997). As found for other species,
larval habitat quality represented mainly by host plant
availability and vegetation structure/microclimate is usu-
ally the primary restricting key factor for patch occupancy
(Dennis and Eales 1997; Osborne and Redak 2000; Thomas
et al. 2001; Anthes et al. 2003b; Fred and Brommer 2003;
Fartmann 2004, 2006).

Management

Creating suitable habitats for Melitaea aurelia requires
finding the right balance between abandonment and dis-
turbance. Disturbance creates the gaps for the germination
of the host plant Plantago media. In contrast, immature and
adult stages of M. aurelia need calcareous grasslands with
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a high amount of host plants and low disturbance intensity,
typically found under light grazing conditions or on young
fallows. A possible solution to solve this apparent contra-
diction in the long run could be infrequent, spatially and
temporarily heterogeneous grazing (Balmer and Erhardt
2000; Anthes et al. 2003b; Dennis et al. 2004). As for
many other butterflies of calcareous grasslands, traditional
rough grazing seems to be the most favourable tool (BUTT
1986; Fartmann 2004, 2006). The best results may be
achieved by rotational grazing systems using only a
selection of patches at a given time (Warren and Stephens
1989; Dolek 1994; Kleyer et al. 2007). A short term effect
of such management schemes will decrease the suitable
area for M. aurelia, but in the long run, spatially restricted,
heavier disturbances will promote the existence of optimal
Plantago media stands, which are of crucial importance
(see also Moilanen and Hanski 1998). Leaving parts un-
grazed provides enough space within the patch for the
butterfly to hide. In addition, heterogeneity has proven to
be beneficial in unfavourable climatic years by offering
possibilities to shift habitats on a small scale level (Weiss
et al. 1988; Fartmann 2006). Intensive grazing of the whole
patch is only preferable if enough unmanaged patches
within a short distance can act as hideaways (Gerken and
Meyer 1994; Michels and Woike 1994). In the following
years, the managed patch should be left fallow to allow
regeneration of suitable vegetation structures. In some
cases, M. aurelia seem to be robust towards higher grazing
intensity.

At the metapopulation level, it would be advisable to
restore patches, especially near colonised sites (Schultz
2001). Many of the former calcareous grasslands in the
Diemel Valley are now abandoned and invaded by shrubs
and trees. Restoration priority should be given to sites that
were formerly covered with calcareous grassland vegeta-
tion and/or still hold some remnants of it and are not further
than 1.5 km away from known breeding sites (geometric
mean of the next three populated patches). Thomas et al.
(1992) and Maes et al. (2004) proved stepping-stone hab-
itats to be more efficient than corridors. Because of
numerous and patchy distributed calcareous grasslands in
the Diemel Valley, installing step-stone habitats seems to
be the most promising way to restore a healthy metapop-
ulation structure.

Recommendations for the size of restored patches are
still in discussion: according to Thomas et al. (2001), every
patch, irrespective of its size, is beneficial for the species.
In contrast, Fred and Brommer (2003) report low immi-
gration rates of wandering adults to small patches due to a
low likelihood of finding them. In addition, emigration
rates seem to be higher from small patches because the
borders of the patch are more often reached by the but-
terflies (Crone and Schultz 2003). Due to the
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aforementioned and the realised metapopulation type of
M. aurelia we recommend that the bigger the sites the
better. Based on our results, a patch area of 7 ha (the
average area of colonised sites) or more seems to be of
special relevance, although patch area seems to be clearly
of minor importance relative to patch connectivity.
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