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Abstract. We studied a population of the regionally endangered marsh fritillary butterfly Euphydryas aurinia inhabiting a system
of loosely connected dry calcareous grasslands in sub-Mediterranean Slovenia. Our goal was to set the basis for a long-term
monitoring of this butterfly in four meadows using mark-release-recapture (MRR). We determined its demographic parameters,
dispersal, behaviour and utilization of nectar plants in different quality patches. Total population size was estimated to be approxi-
mately 347 males (95% confidence interval: 262—432) and 326 females (95% confidence interval: 250-402), with an unbiased
sex ratio. The average lifespans were 6.3 and 8.6 days, respectively. Daily population sizes followed a parabola with marked
protandry. Both sexes were relatively highly mobile with both occasionally moving over half a kilometre. The spatial distribution
of animals seemed to be associated with patch size, host plant densities and nectar sources, resulting in much higher population
densities in the largest patch. Adult behaviour differed between the sexes, with females resting more and flying less than males.
Behaviour also changed during daytime and with the progression of the season. Adults were confirmed to be opportunistic feed-
ers, since as many as ten nectar sources were detected. We conclude that demographic parameters differ greatly among regions
and habitats, thus conservation aims should be planned accordingly. Although the population studied is apparently in good condi-
tion, there are threats that may hamper the long-term persistence of the species in this area: succession, intensification of mowing

and overgrazing.

INTRODUCTION

The marsh fritillary, Euphydryas aurinia (Rottemburg
1775) (Lepidoptera: Nymphalidae) is listed in the Habi-
tats Directive 92/43 EEC of the European Union, and in-
cluded as of least concern in the Red List of Butterflies
(van Swaay et al., 2010). In Slovenia, the species is classi-
fied as vulnerable in the Red List (Uradni List Republike
Slovenije, 2010) and its populations are in general decline,
which is around 20% over the last 20 years, as measured
by the number of atlas grid cells it occupies (Verovnik et
al., 2012). Declines, or even local extinctions, are report-
ed, especially for populations inhabiting wet meadows in
Eastern, but also Central Slovenia; even in protected areas
and Natura 2000 sites (Celik, 2015). This species is well
studied throughout its entire distribution, which stretches
across Europe to temperate Asia (Gorbunov, 2001; Gor-
bunov & Kosterin, 2003; Tolman & Lewington, 2009) and
its demographic parameters differ considerably in different

parts of its distribution. It inhabits a wide range of differ-
ent habitats: e.g. pastures in UK (Asher et al., 2001), hay
meadows in central Europe (Anthes et al., 2003; Konvicka
etal., 2003), woodland clearings in Scandinavia (Wahlberg
et al., 2002a) and Alpine meadows at high altitudes (£. a.
glaciegenita up to cca. 2300 m a.s.l.: Casacci et al., 2015).
Thus, populations appear to be regionally associated with
particular hosts and habitats (Warren, 1994; Anthes et al.,
2003) and different evolutionary units are recognised (see
Casacci et al., 2014) in Europe. In terms of conservation
it should be emphasized that management appropriate for
one part of the distribution area would be impractical or
even harmful in other areas (Konvicka et al., 2003). Most
studies of European populations were done in nutrient poor
grasslands and fens in central and northern Europe (Wahl-
berg et al., 2002a; Konvicka et al., 2003, 2005; Hula et al.,
2004; Fric et al., 2010; Zimmermann et al., 2011a, b; Celik,
2015) and rarely in Mediterranean or Alpine (Singer et al.,
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2002; Casacci et al., 2015) habitats. Results of the stud-
ies on the Iberian populations of the E. aurinia complex,
which have a markedly different ecology (Munguira et al.,
1997; Junker & Schmitt, 2010) were not taken into account
as these populations were recently raised from subspecies
to the level of a new species, E. beckeri (Korb et al., 2016).

In Slovenia this species’ main distribution centres are in
the western and south-western part of the country (Verovnik
etal., 2012). Populations differ regionally morphologically
and ecologically, and in different parts of the country occur
as one of the three ecotypes; the first living in marshes and
nutrient-poor wet meadows and the second in dry and ther-
mophilous meadows (Celik, 2015). The latter populations
are also present over a wider area of our study site within
the sub-Mediterranean climate zone in south western (SW)
Slovenia, where this species persists in a system of loosely
connected habitat patches. In addition, Alpine meadows
are home to the alpine ecotype and morphotype (E. aurinia
f. debilis) (Verovnik et al., 2012).

Knowledge of demography is necessary for successful
conservation of any species. Since butterflies have com-
plex life cycles, live in metapopulations, which consist of
spatially restricted colonies interconnected by dispersal of
adults (Warren, 1994; Hanski, 1999; Wahlberg et al., 2002a;
Hula et al., 2004), utilize different nectar plants, their dis-
persal is crucial for the successful conservation and long-
term survival of this species in different regions. This spe-
cies’ dispersal ability is important in natural habitats and in
increasingly fragmented landscapes that are a by-product
of human activities (Zimmermann et al., 2011b). Although
some authors (e.g. Warren, 1994) recognise E. aurinia as
a sedentary species, it was much later that long distance
movements were systematically recorded (Zimmermann et
al., 2011b; see also Wahlberg et al., 2002a, b; Schtickzelle
et al., 2005; Fric et al., 2010; Casacci et al., 2015). Results
of these studies differ greatly, which could be the result of
habitat and regional differences within this species.

During a one-season study of a population of E. aurinia
inhabiting a system of fragmented patches in dry calcare-
ous meadows in SW Slovenia we aimed to: (i) determine
its demographic parameters and movements among patch-
es, (ii) identify its use of habitats and associated different
types of behaviour, and (iii) its utilization of nectar plants.
Our goal was to set the basis for the long-term monitor-
ing of the allegedly largest Slovenian metapopulation,
considering changes in land management during the last
100 years from traditional extensive grazing that preserved
open grasslands in the past, towards overgrazing and inten-
sive mowing in some places, or abandonment leading to
succession in others.

MATERIALS AND METHODS

Study species

Populations of E. aqurinia occur in the SW part of Slovenia,
from sea level up to around 1250 m (Verovnik et al., 2012). More
particularly, the metapopulation studied inhabits a fragmented
semi-natural grassland (Natura 2000 habitat type 62A0) with
the following species of plants: Chrysopogon gryllus, Stipa erio-
caulis, Danthonia alpina, Carex humilis, Festuca rupicola (all
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Festuco-Brometea) and additional submediteranean-illyric spe-
cies, such as Scorzonera austriaca, Thesium divaricatum, Ju-
rinea mollis, Muscari botryoides, Leontodon crispus, Plantago
holosteum, Knautia illyrica (E. aurinia hostplant), Helianthemum
ovatum and Serapias vomeracea (Ogorelec, 2007). In this area,
dry meadows are secondary open habitats, mostly rocky and
highly eroded; many of which have been abandoned and are now
completely or partially overgrown with shrub land, consisting of
Juniperus communis or Cotinus coggygria, which develops after
the abandonment of grazing and traditional mowing (Jogan et al.,
2004; Kaligari¢ et al., 2006; Jugovic et al., 2013).

This species completes its life cycle in such habitats. Females
lay eggs in groups (up to 250, rarely more) on the underside of
the leaves of its host plant (Wahlberg et al., 2002a; Smee et al.,
2011; Nunner et al., 2013). Larvae hatch after three to four weeks
(Nunner et al., 2013) and at first live in a common nest. They
feed on the host plant and are not very mobile, staying within
50 cm of their host plant (Liu et al., 2006; Tjernlev et al., 2015)
as they need fresh leaves of nearby host plants. They feed and
sunbathe until autumn, when they overwinter in a common wa-
terproof nest. At the beginning of spring larvae stay together for a
while and continue to feed, but spread before pupating on leaves
or stems of nearby vegetation (Celik, 2015).

Study site

The study site is located in SW Slovenia (WGS84:
45°28°51.83"N, 13°56°38.08"E; Fig. 3) near the village of Raki-
tovec (Municipality of Koper) at altitudes between 500 and 620
m a.s.l. on calcareous bedrock of Kraski rob (part of the Slove-
nian Natura 2000 site named “Kras”). The climate and vegetation
here are sub-Mediterranean (Jogan et al., 2004). Four patches (A:
2.22 ha, B: 0.26 ha, C: 0.11 ha, D: 0.25 ha; total area: 2.84 ha)
were selected in an area of dry meadows enclosed by primary
forests of Quercus pubescens and Ostrya carpinifolia, mixed
with secondary pioneer vegetation of Pinus nigra. In some places
hedges, consisting mainly of Prunus spinosa and Crataegus spp.,
separate the habitat patches. The patches consist of fully or at
least partially maintained meadows, where mowing slows down
succession.

Mark-release-recapture (MRR), population density and life
expectancy

This study was carried out on 14 occasions from 5" May to 5%
June 2015 at one to four day intervals, weather permitting (Table
1). On each occasion two people searched for and netted butter-
flies while walking in a zigzag pattern across the patches. The
time spent in each patch was proportional to its size. The duration
of each sampling occasion was six hours (from 9 a.m. to 3 p.m.).
On the first day we did not find any E. aurinia, therefore we did
not include this occasion in the analyses. Each butterfly was indi-
vidually marked with a black permanent marker and immediately
released where it was captured. Prior to netting, the behaviour of
each butterfly was recorded (flying, resting, feeding, in copula or
courting). When feeding or resting, the species of plant was re-
corded. We also collected data on the butterfly’s individual mark,
sex, exact locality and time (date, hour) of a capture (Garmin Ore-
gon 200, precision 5 m).

We recorded some movement between all four plots; therefore
the data on capture were pooled for the study of demographic
parameters in MARK 8.0 (White & Burnham, 1999). Within
MARK, we used the POPAN module that indicates the existence
of a superpopulation. This approach is suitable for demographic
studies of butterfly populations, which change daily due to re-
cruitment from pupae and death of adults, and is often used in
such cases (Ockinger & Smith, 2008; Celik et al., 2010; Celik,
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Table 1. Summary of the numbers of males and females of E. aurinia caught in SW Slovenia on 14 occasions in May and June 2015.

Sampling occasion 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Date 5.05. 8.05. 11.05. 13.05. 16.05. 18.05. 20.05. 24.05. 25.05. 27.05. 29.05. 1.06. 3.06. 5.06.
Interval 3 3 2 3 2 2 4 1 2 2 3 2 2

No. of males 0 29 44 42 13 53 31 30 23 23 1 10 9 1
No. of females 0 10 21 32 20 31 Y| 20 27 18 24 23 12 5
Total no. 0 39 65 74 33 84 72 50 60 41 35 33 21 6

2012; Weyer & Schmitt, 2013; Pennekamp et al., 2014; Jugovic
etal., 2017).

The two-step procedure (Schtickzelle et al., 2003; Celik, 2012)
in MARK was used to select the best models to fit the data. Ini-
tially, data were analyzed within the Cormack-Jolly-Seber (CJS)
module, which models the probability of survival (p) and cap-
ture (p). The best-fitting models were then incorporated into the
POPAN module. Within this formulation, we modelled ¢, p and
rate of recruitment (or probability of entrance; ), which resulted
in an estimate of total population size (V) and derived parameters,
such as daily population sizes (V) and daily recruitment (B). The
best models were selected using the Akaike Information Criterion
corrected for small sample size (AIC)) (Burnham & Anderson,
2002) and choosing models with an AIC <2. A goodness-of-fit
test for the global model (qo(gm p(gm) was also run in the CJS mod-
ule, using the median c-hat approach, incorporated in MARK.
The resulting estimate of c-hat was then used to correct for over-
dispersion in the global model of the mark-recapture analysis.

In CJS, we modelled both ¢ and p in eight different ways, al-
lowing them to be constant (.), differ between groups (g), be time-
dependent (t), show a linear trend (tlin), or arranged in an additive
([g +t], [g + tlin]) or interactive way ([g x t], [g % tlin]), giving a
total of 64 different models. In POPAN the additional parameter
of recruitment included eight basic and three additional structures
([tlin + tlin?], [g + tlin + tlin?], [g % [tlin + tlin?]]). The best mod-
els were used to infer the parameters of interest (daily survival,
capture probability, daily and total population sizes), using the
procedure of model averaging (weighted average of selected best
models).

To detect possible effects of weather upon demographic pa-
rameters, data on rainfall from the nearest meteorological station
located at Rakitovec (2.5 km distant from the study site) was col-
lected from the Slovenian Environmental Agency (National Me-
teorological Service, 2017).

We used y>-test of homogeneity (p<0.05) for determining
whether the ratios of captures and recaptures differed between
males and females.

Population densities (maximum daily number of specimens
per hectare) were estimated on the days when males and females
were most abundant (N, /area). In addition, total population
densities (N/area) for males and females were also calculated.
Densities of captures for males and females were also calculated
for each patch in order to determine whether they differed.

We assessed average lifetime expectancy using the method
proposed by Nowicki et al. (2005): = (1-¢)'-0.5. The for-
mula is reported to be suitable for animals that emerge in groups
early in the morning (Nowicki et al., 2005).

Behaviour and nectar plants

We used y-test of association to check for possible differences
in behaviour and choice of nectar plants by males and females.
Since in some cases expected frequencies were lower than 1, like-
lihood ratio (LR) statistics was used. We compared the frequen-
cies of distribution of five types of behaviour between the sexes,
and accepted difference at p<0.05. In the same way, we tested
for possible differences in behaviour each hour from 9 a.m. to 3

p-m. and on different days, but grouped together for males and fe-
males. The frequencies of distribution in the visits to nectar plants
were compared between males and females.

In all cases, standardized residuals were used to assess the rela-
tive contributions of the cells to the overall y* value. Significant
contribution was accepted when the absolute value of the stand-
ardized residual for the cell was >[2.0| (Celik, 2013). Then we
classified plant species used as nectar sources into three catego-
ries: rarely (<3%), commonly (3-25%) and frequently (>5%)
visited.

To assess differences in plant density in the four patches we
counted the numbers and species of nectar and host plants per m?
in 8 to 10 randomly selected squares in each patch and expressed
them as average values.

Movements

To visualize the spatial use within the patches, GPS points of
each capture and recapture were graphically presented. For each
patch, we counted and calculated the proportions of residential
and non-residential males and females. All animals that were
marked in one patch but later recaptured in at least one of the
other patches were considered as non-residents. We distinguished
transferring individuals from transferring events, the latter oc-
curred every time an individual moved between two patches;
however, an individual may move between patches more than
once. Due to the relatively small number of transfers recorded,
we calculated migration, emigration and rate of immigration for
the largest plot separately, and for the three smaller patches com-
bined; by merging the data we minimized the statistical error due
to the small number of captures recorded in these three patches
(Hill et al., 1996). Migration was estimated as the difference be-
tween immigration and emigration in a given patch divided by
all the recaptures in a given patch. Emigration was the number
of butterflies recorded for the first time at one, but later recap-
tured at another patch, divided by the total number of recaptures
of animals from this patch anywhere in the system. Finally, im-
migration was calculated as the number of butterflies recorded for
the first time in any patch, but later recaptured at a given patch,
divided by the total number of recaptures of the animals from
any other patch recaptured in the given patch. We analyzed both
sexes together and expressed the results in terms of percentages
of migrating, immigrating and emigrating animals.

We calculated the distances between the successive captures
(i.e. 18=2" capture, 2" -3 capture etc.) of all the animals that
were recaptured at least once, and compared the ability of males
and females in classes of 50 m distances from the marking point.
Average distances and standard deviations were calculated, and
possible significant statistical difference between the sexes was
tested using a one-way T-test (p < 0.05).

We calculated the cumulative proportions of individuals mov-
ing certain multiples of 50 m and these proportions were then
fitted to a negative exponential function, where probability of an
individual (P) moving distance D (in km) is P = e¢*P (k represents
a dispersal constant describing the shape of the exponential func-
tion). We also calculated the expected distance (D’) between two
consecutive captures expressed by D’ = 1/k (Hill et al., 1996).
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Table 2. Summary of the data on the numbers of males and females of E. aurinia caught in SW Slovenia.

No. of marked No. of recaptured

% of recaptured

No. of captures  No. of recaptures % of recaptures

individuals individuals individuals
Males 200 73 36.5 318 118 37.1
Females 179 63 35.2 285 95 33.3
Total 379 136 35.9 603 213

The same data were also fitted by an inverse-power function
(IPF), where probability of moving a certain distance is given by
P = CD™, with C and n representing two scaling constants (Hill
et al., 1996). Both approaches are used to estimate the dispersal
ability of a species within a landscape and give important infor-
mation for the species conservation (Pennekamp et al., 2014). We
then assessed the slopes and standard errors of the resulting fitted
distributions by means of linear regression. The calculations were
InP = kD in NEF and InP = InC —n*InD in IPF, respectively. T-
tests of the regressions were used to compare the slopes between
males and females (Soper, 2016). The population size derived
from the MRR analysis was used to calculate the number of indi-
viduals capable of moving certain distances.

Statistical analyses were performed using MS Excel 2010 and
SPSS statistical package ver. 20.0 (IBM SPSS Inc., 1989, 2011).

RESULTS

Demographic parameters

During this study, we marked 379 butterflies (200 males
and 179 females; Table 2) of which 136 (73 males and 63
females) were recaptured (35.9%).

The median c-hat approach indicated a slight overdisper-
sion in the data (c-hat = 1.3). This was corrected for in both
modelling steps: CJS and POPAN. Six of all the models
tested had a AQAIC_ < 2 and were used for model averag-
ing (Table 3). Survival was predicted to be constant but sex
dependent by all six models, whereas probability of cap-
ture was only time dependent or time dependent with an
additive interaction with sex. Recruitment rate was always
linked to some type of linear change in time and differed
for the two groups, but with additive or interactive combi-
nations between them.

Average daily survival was 0.853 (95% confidence in-
terval 0.815-0.884) for males and 0.890 (95% confidence
interval 0.852-0.919) for females throughout the flying
season. Average lifetime expectancy was estimated to be
8.6 days and 6.3 days for females and males, respectively.
Maximum lifespan recorded for females surpassed that of
males by three days (longest living male recorded: 11%-29®
May) and lasted 21 days (longest living female recorded:

13" May—3™ June). None of the capture or recapture ratios
were biased towards one of the sexes (males : females =
1.12:1; y>-test, p>0.05, estimate based on captured ani-
mals). Probability of capture was similar for males and
females, and decreased over time (Fig. 1a). An unusual
and substantial decline in catchability occurred on the 16%
May, following two days of rainfall. Peak of male popula-
tion (13" of May) was a week earlier than that of females
(20" of May; Fig. 1c). Daily population sizes of males
and females were approximately the same on 18" of May.
Emergence of adults into the population or recruitment (B))
was highest between the first two sampling occasions and
declined towards the end of the season (Fig. 1b).

In the area studied, the total population size of males
was estimated at 347 (standard error = 43; 95% confidence
interval: 262—432), and for females it was 326 (standard
error = 39; 95% confidence interval: 250—402). The esti-
mated population densities when they were most abundant
were 44 males/ha and 39 females/ha. Total population den-
sity was 120 males/ha and 112 females/ha. The number of
captures was 110 males/ha and 98 females/ha. However,
most of the animals were recorded in the largest of the four
patches (see patch A, Table 4), where the numbers captured
were 132 males and 116 females per hectare. The densities
in patch A were at least two times higher than in the smaller
patches (Table 4).

Behaviour and nectar plants

Of the five recorded types of behaviour, flying was re-
corded in almost two thirds (62%) of all cases (Fig. 2). Ina
quarter of cases resting (25%), followed by feeding (11%),
copula and courtship (~1% each) were recorded. Oviposi-
tion was not observed. There was a significant difference
in behaviour between males and females (LR = 17.502, df
=4, p=0.002). While the observed frequencies for copula,
courtship and feeding did not deviate significantly from the
expected frequencies (stand. res. <|0.6]), males rested less
(stand. res. = —2.2) and flew more (stand. res. = 1.7, close
to significance) than expected. Behaviour of females was

Table 3. The best supported POPAN models according to the Akaike information criterion (with AAIC, < 2), number of parameters (Np) and
estimates of population sizes (N) of males (J) and females (?), with standard errors (SE) and 95% confidence intervals (Cl).

Model AQAIC, Np N 3 (95% CI) N @ (95% ClI)

@) Py gy Nig) 0 21 345 (260-429) 312 (257-366)
P Py Pigrtinstingy Nig) 0.4771 22 340 (281-399) 338 (253-422)
@) Py Pgriiny Nigy 0.8186 20 387 (303-471) 316 (260-372)
@) Pigrty Oiginstinzy Nig) 1.0158 23 328 (270-385) 354 (259-449)
@) Pigrty Pgrtim Nig) 1.6372 22 314 (267-360) 314 (260-368)
@) Pigry Pigeimy Nig) 1.8323 21 366 (277-455) 326 (263-389)
Model averaging - - 347 (262-432) 326 (250-402)
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Fig. 1. Estimates and 95% confidence intervals of (a) probability
of capture, (b) daily recruitment and (c) daily population sizes of
E. aurinia in a karst meadow system in SW Slovenia. Data were
obtained by averaging the predictions of the first six models with a
AQAIC, < 2. Estimates in (a) and (c) are for the different sampling
occasions, and (b) for the intervals between occasions. Data on
daily rainfall from the nearest meteorological station at Rakitovec
is shown below (c).

the opposite; they flew less (stand. res. =—1.8, close to sig-
nificance) and rested more frequently (stand. res. = 2.3)
than expected.

Butterflies changed their behaviour during the course of
a day (LR = 45.619, df = 20, p < 0.001). However, there
were no deviations from expected frequencies for any of
the behaviours in the morning (until 11 a.m.) or afternoon
(after 1 p.m.) (stand. res. <|2.0]), and the significant devia-
tions only occurred around noon (i.e. elevated frequencies
of feeding between 11 a.m. and noon (stand. res. = 2.4),
and for courtship (stand. res. = 2.0) and copulation (stand.
res. = 2.9) between noon and 1 p.m.
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Table 4. Summary of the data on nectar and densities of host
(Knautia) plants, number of species of nectar plants and densities
of captures of males and females in each patch (A, B, C, D; T =
total study area).

Patch

No. of quadrats (1 m?)

Average no. of nectar plants

Average no. of Knautia plants

Average no. of species of nectar plants
Density of captures

A B C D T

10 8 8 8
14176 97 7.8
59 14 20 34
42 24 28 3.3
4 132 29 56 48 110
@ 116 43 56 42 98

The behaviour of butterflies differed as the season pro-
gressed (LR = 126.935, df = 44, p < 0.001). That is, there
were significant deviations from the expected frequencies
of the following behaviours in the first half of the season:
courtship (stand. res. = 3.4) on 13" May, copulation (stand.
res. = 2.4) on 13" and 18" May (stand. res. = 2.4 and 2.1,
respectively) and resting on 18" May (stand. res. = —2.6).
In the second half of the season, significant deviations from
expected frequencies were recorded for the following be-
haviours: resting (stand. res. = 2.4), feeding (stand. res. =
2.8) and flying (stand. res. =—2.6) on 25" May, and feeding
on 27" May (stand. res. = 5.9) and 3™ June (stand. res. =
2.7).

Patches differed in host and nectar plant densities, with
patch A having the highest numbers of plants per m? (Table
4). In total this butterfly was recorded feeding on ten differ-
ent plant taxa (Fig. 2). They fed most frequently on 7rifo-
lium sp. (27%) and Leucanthemum sp. (25%), while other
common nectar sources were recorded in the following
order: Thymus spp. (11%), Knautia illyrica, Scorzonera
villosa and Lotus corniculatus, each with 8.5%, and Vicia
cracca with 5.6%. Feeding on Polygala nicaensis, Poten-
tilla sp. and Orchidaceae was recorded only occasionally
(<3% of all feeding occasions). The choice of nectar plants
by the sexes was similar (LR = 11.546, df = 9; p = 0.240).

Movements

Butterflies occupied most of the available space in each
of the four patches, which were separated from each other
mainly by shrub land and open forest (Fig. 3). Twenty-one
individuals (10 males, 11 females, 5.5%) moved between
patches, with two males and two females moving twice and

(a) Behaviour:

O Courtship
OCopula
®Flying
mFeeding
mResting

(b) Nectar plants:

Orchidaceae
2%

Polygala
Ta%

\Porenn//a
4%

Fig. 2. (a) Behaviour of E. aurinia in a system of karst meadows in
SW Slovenia (males inner circle, females outer circle), and (b) cho-
sen nectar plants (different shades of grey from the lightest to the
darkest represent rarely (< 3%), commonly (3—25%) and frequently
(>25%) selected nectar plants, respectively).
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Slovenia {
S H

No. of

individuals:
— 1 Sex:
— 2
-_ 3
- 4

— male
— female

Fig. 3. Geographic position and recorded points of captures and
movements of E. aurinia between the four patches (A, B, C, D)
studied in a system of dry karst meadows in SW Slovenia.

one female moving three times between patches (Fig. 3).
Altogether we recorded 27 movements between patches
(12 by males and 15 by females). One male moved from
patch A to B and back, and another from A to D and back.
One female moved from A to B and back, another from A
to D and back and a third moved three times between the
patches from A through B to C and then to B. Other males
(8) and females (8) moved between patches only once. All
the other butterflies were not recorded outside the patch
where they were marked (190 males and 168 females, that
is, 95.0% and 93.9% of males and females, respectively).
The largest patch seemed to be a source of butterflies
for the other patches, since seven males and nine females
(76.2% of the animals that moved) that were recaptured in
one of the small patches were first observed and marked
in patch A. Only three males (from D to A) and two fe-
males (from B and D to A) moved in the opposite direc-
tion. Nevertheless, patch A had the lowest emigration and
immigration rates since the total numbers (325: 174 males
and 151 females) and proportions (85.8%: 87.0% in males
and 84.4% in females) of residential animals there were
the highest. In patch C, 12 (7 males, 5 females) out of 15
animals did not move (80.0%: 87.5 in males and 71.4%
in females), followed by patch B with 11 (5 males and 6
females) out of 15 (61.1%: 71.4 in males, 54.5 in females)
and patch D, with only 10 (5 males, 5 females) out of 22
(45.5%: 41.7 males and 50.0% females). Absolute values

30
20
15
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5
o L s . s _

0-50 50-100  100-150 150-200 200-250 250-300 300-350 350-400 400-450

W Males ® Females

Frequency
&

Distance [m]

Fig. 4. Distances between two successive captures of recaptured
males and females in terms of 50-m distance classes.
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Fig. 5. Probabilities of moving a certain distance for males and fe-
males of E. aurinia derived from NEF and IPF based on distances
between consecutive captures (in the formula, P represents the
probability of moving a certain distance, D).

of rates of migration, emigration and immigration were all
smaller for the largest patch (migration/emigration/immi-
gration: —0.9%/-3.0%/2.1%) than for all of the three small
patches (10.7%/37.5%/25.0%).

Altogether, 73 males and 63 females were recaptured
from one to five times. Regarding the distances between
two successive captures, the proportion of animals recap-
tured generally decreased with distance (Fig. 4). No statis-
tical difference (T-test, p = 0.08) was found between the
average distance moved by males (AVG + SD: 108 m +
80.5 m) and females (93 m + 68.3 m). Nevertheless, the
greatest distance recorded was for a male, which exceeded
that recorded for females (419 m for males and 348 m for
females).

Both functions predicting probability of long distance
movements (NEF and IPF) were a good fit to the data for
males and females (p < 0.001). The NEF equations are P
= ¢ 11150 for males and P = e 12 for females, respectively
(Fig. 5). The predicted distance (D”) between consecutive
captures are 90 m for males and 79 m for females. The IPF
prediction equals the formulae P = 0.0071D'4? for males
and P = 0.0059D“® for females, respectively. The regres-
sion slopes for males and females in both NEF (t = 0.65, df
=162,p=0.515) and IPF (t=0.15, df =162, p=10.878) did
not differ. The predictions for moving certain distances are
summarised in Appendix 1. In general, higher probabili-
ties of movements over distances shorter than 300 m were
estimated by NEF, and higher probabilities for longer dis-
tances by IPF. Nevertheless, all equations predict that ap-
proximately 10% or less will move distances greater than
200 m. Moreover, the IPF predicts that less than 2% of the
individuals will reach or move beyond 500 m, and only 1%
will reach 750 m. For males, NEF and IPF predict a higher
probability of movements of distances over 100 m and 500
m than for females.

DISCUSSION

Demographic parameters

The most striking difference between our results and
those of many other studies on Euphydryas aurinia is
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that the population size estimate for males and females
are nearly the same. Comparable numbers of butterflies
of each sex were caught and their probability of capture
was similar. In other populations of E. aurinia, many more
males than females are reported, and the probability of
capturing females is always lower (Wahlberg et al., 2002b;
Fric et al., 2010; Zimmermann et al., 2011a, b; Casacci et
al., 2015). A sex ratio close to 1: 1 is uncommon for many
butterflies and other insects. The more commonly reported
male-sex bias (Ehrlich et al., 1975; Stoks, 2001a,b; No-
wicki et al., 2005; Hovestadt & Nowicki, 2008) is usually
interpreted as due to (Ehrlich, 1984) — (i) increased mortal-
ity of immature females associated with their prolonged
development, (ii) increased mortality of adult females and
(ii1) higher emigration rate of females. While the first two
causes of (un)biased sex ratios remain inconclusive in our
case and would need further study, the emigration rate of
females (indicated by movements from the largest to the
smaller patches) was small (5.02%) and congruent with an
unbiased sex ratio.

Similar to other studies, the probability of capture was
time-dependent (Schtickzelle et al., 2002; Vlasanek et al.,
2009; Zimmermann et al., 2011a) and most likely affected
by weather; e.g. the most marked change in catchability
(during the 5" sampling) occurred after heavy rainfall.
We can exclude sampling-effort as a cause of differential
catchability (cf. Vlasanek et al., 2009), as this remained the
same throughout the study.

Difference in the survival rates of males and females of
E. aurinia in SW Slovenia is different from that record-
ed in similar studies, in which survival of males always
surpassed that of females (Fric et al., 2010; Zimmermann
et al., 2011a); our results indicate the opposite (0.853 in
males and 0.890 in females). Nevertheless, the estimated
constant survival indicates that the rate of loss of butterflies
after the emergence from pupae remains constant, with ap-
parently no effect of weather, age at marking or other fac-
tors on survival (Fric et al., 2010). We conclude, similar to
Zimmerman et al. (2011a), that differently aged animals
are equally affected by different causes of mortality.

Higher survival in females is reflected also in their high-
er average longevity that surpasses the lifespan of males by
more than two days. These results contradict other studies
(Wahlberg et al., 2002b; Zimmermann et al., 2011a), where
the estimated longevity of males is always greater. In our
case, males were more active and spent more time flying
than females, which could lead to higher energy consump-
tion and a shorter average lifespan in males. Moreover, our
estimates of 6.3 and 8.6 days for the average lifespans of
males and females, respectively, are lower than reported
by Wahlberg et al. (2002a); 10.7 days for males and 8.9
days for females. However, high variability in survival
between years and populations within a given year in E.
aurinia is reported (Zimmermann et al., 2011a,b) and is
possibly due to differing temperature conditions, which af-
fect this insects’ metabolism and lifespan (Wahlberg et al.,
2002b). Wahlberg (2001) suggests that the high lifetime
expectancy of E. aurinia is a result of the defensive chemi-
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cal substances (iridoids) consumed by larvae, which have
a positive effect on the survival of adults. Our estimates are
comparable or even lower than estimates for some other
species of univoltine Melitaeini (e.g. Melitaea athalia, M.
cinxia, M. diamina, Euphydryas maturna; see Wahlberg et
al., 2002b; Konvicka et al., 2005). Casacci et al. (2015) re-
port lower average lifespans for two populations of E. au-
rinia in North-Western Italy than Wahlberg et al. (2002b);
Casacci’s results are closer to our estimates, especially
for males in the Alpine population they studied (males/fe-
males: 6.2 days/5.7 days), and similar for females in the
Mediterranean population (males/females: 12.2 days/7.7
days). Their result of a shorter lifespan at higher altitudes
indicate the possible negative effect of harsh conditions in
the Alps upon the longevity of animals.

As in the other populations of E. aurinia studied (Zim-
mermann et al., 2011a) and many other univoltine species
of butterflies (Fric et al., 2010; Pennekamp et al., 2014),
recruitment of adults into the population differed between
sexes. Recruitment in our populations was time dependent,
being higher for males at the beginning and lower at the
end of the season. As a result, parabola shaped daily popu-
lation sizes are apparent. On two occasions (16" May and
24" May) following long periods (>2 days) of rainfall the
N. deviated from expected (see Fig. 1). It is likely that the
whole flying season of 2015 was included in our analysis,
since no E. aurinia were recorded before or after the inter-
val analyzed.

Behaviour, nectar plants and movements

Feeding is not the most frequent behaviour, although it
is important for obtaining energy that can be invested in
other activities. This is in line with our observations, since
feeding was observed more frequently than expected by
chance in late morning and was followed by an increase in
the frequency of courtship and copulation. Nevertheless,
feeding during the first half of the season, when freshly
emerged animals prevailed in the population, was not as
frequently recorded as activities associated with reproduc-
tion, such as courtship, copulation and mate-locating flight,
while resting was less pronounced. It was the opposite in
the second half of the season, when butterflies often flew
less and rested and fed more.

The detection of as many as ten different nectar sources
during our study confirms the assumption that E. aurinia
is an opportunistic feeder (Celik, 2015). It is also report-
ed that an abundance of nectar sources can diminish the
emigration rate (Casacci et al., 2015) and is possibly also
positively correlated with the density of the animals. The
latter was also recorded in our study, in which the number
of captures in the largest patch was much higher than in
any of the other patches that were also poorer in nectar
sources. The estimated density of animals from the MRR
study (232 individuals/ha), was substantially higher than
reported for most Central European (Czech Republic) and
Southern European (Italy) populations (Fric et al., 2010;
Casacci et al., 2014; Zimmermann et al., 2011a: 20-379
individuals/ha, always lower than 200 individuals/ha, with
one exception).

499



Jugovic et al., Eur. J. Entomol. 115: 493-503, 2018

The most marked difference in the behaviour of the sexes
is that females spend more time resting than males. This
is probably due to the mate-locating behaviour of males
(van Helsdingen et al., 1996), which involves more flying
by males than females. Consequently, the largest distance
between two successive captures of males exceeded the
largest distance for females. Nevertheless, there was no
difference in the average abilities of the sexes to move,
as is recorded in other studies (e.g. Casacci et al., 2015).
While individuals in some populations do not move very
far (Wahlberg et al., 2002a; Anthes et al., 2003; Casacci
et al., 2015), the extensive study of Zimmermann et al.
(2011a) indicates that E. aurinia is capable of long distance
movements. Significant differences among habitats (Casa-
cci et al., 2015), with higher movement reported in Medi-
terranean compared to Alpine populations, should however
be noted. Moreover, in our case long distance movements
were predicted for both sexes. This was true even when the
better fitting (R . > R? ., see Results) but underestimat-
ing NEF procedure (Baguette, 2003; Zimmermann et al.,
2011a) was used. Our study at Kraski rob is in a fragment-
ed landscape, which is well-documented (Jugovic et al.,
2013) and in such environments the ability to move long
distances is crucial for long-term survival (Euphydryas
beckeri: Junker & Schmitt, 2010). Nevertheless, reports of
distances moved can be affected by the scale of the respec-
tive study areas [28 ha (Zimmermann et al., 2011b), and
our study 2.84 ha], habitat quality and differences (Schnei-
der, 2003; Casacci et al., 2015), which are very hard to es-
timate. Even applying the conservative estimate of at least
3% of animals moving a certain distance (Zimmermann et
al., 2011a), however, allows us to conclude that currently
the metapopulation in the study area (SW Slovenia, see
Verovnik et al., 2012 for current data on distribution of E.
aurinia) is quite large. Verovnik et al. (2012) indicate an
area containing loosely connected potential habitats that
spans at least 100—140 km?, based on occurrence data.

The dispersal of butterflies between patches is always
hazardous, because of the low permeability of vegetation
and the increased risk of mortality when moving over long
distances. Cassacci et al. (2015) report a high risk of mor-
tality during migration in a metapopulation in a fragmented
system of Mediterranean meadows. Unlike the system they
studied, where the matrix consisted mainly of woodland,
our study site consisted of an open (calcareous meadows)
to semi-open (shrub land, open forest) landscape, and the
distances between neighbouring patches were much less.
Residence rates differed greatly between the largest patch
(A) and the other three much smaller patches (B, C, and
D). Despite most immigrants and emigrants being captured
in patch A, this patch had the lowest migration, emigration
and immigration rates. This is in line with the highest total
number and density of captured specimens but also with
the highest abundance of nectar and host plants in the larg-
est patch, and corroborates the idea of Cassaci et al. (2015),
who suggest that the lack of nectar plants can stimulate
emigration. In addition, it is also more likely that animals
encounter the patch boundary when the patch is small,
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hence also the higher emigration rate. Since it is impos-
sible to assess the number of butterflies leaving the area,
the predicted emigration rate (4.6% of animals were recap-
tured outside the patch where they were marked) is prob-
ably an underestimate (see also Hill et al., 1996). This is
further supported by the high likelyhood of occasional long
distance movements indicated by NEF and IPF. Moreover,
Zimmermann et al. (2011a) show that E. aurinia is capable
of flying much greater distances (over 15 km).

Implications for conservation

Since E. aurinia lives in metapopulations (Wahlberg et
al., 2002a; Anthes et al., 2003; Bulman et al., 2007), it is
crucial to estimate the potential it has for moving between
patches and how close they need to be. In a sub-Med-
iterranean part of Slovenia, this species is currently still
widespread and patches are apparently close enough for
maintaining connections between (sub)populations. Nev-
ertheless, there are some threats to the long-term survival
of this species in this area: (i) succession that results in the
loss of open habitats rich in nectar sources (Jugovic et al.,
2013), (ii) early and multiple mowing of all patches of habi-
tat and baling of hay, and (iii) where still present, overgraz-
ing (van Swaay et al., 2012). While grazing can be benefi-
cial for maintaining open habitats, grazing animals change
the structure of vegetation, reduce the abundance and di-
versity of flowering plants and their faeces are a source of
nitrogen. In addition, they can directly harm the population
by consuming eggs on host plants (Celik, 2015). Nonethe-
less, grazing at Kraski rob is not widespread, but where
it does occur the main problem is its intensity (Jugovic et
al., 2013). Mowing in late spring can directly harm larvae,
pupae and adult butterflies and destroy feeding and nectar
plants. Immediate baling of the hay poses a further threat
as developing stages of butterflies are directly taken from
the area by this activity. Thus, intensification of agriculture
can adversely alter the habitats of this species, while mod-
erate traditional practices with a balance of activities can
sustain this species’ populations.

Given the great diversity of nectar plants used by adults,
we argue that meadows with a high plant richness are pre-
ferred and an optimal balance between abandonment and
intervening actions in these grasslands (occasional mosaic
mowing) should be maintained. As the area studied is part
of the Natura 2000 network some general guidelines for
habitats are established (Bandelj et al., 2014; Celik, 2015).
However, no systematic monitoring and management is
currently in place.

The long-term persistence of this species requires rela-
tively large areas (at least 70 ha) of suitable and continuous
habitat (Bulman et al., 2007), yet even larger patches are
preferred (100—600 ha; Tjernlev et al., 2015). The relative-
ly high dispersal ability and density of E. aurinia recorded
in this study may indicate a persistent population and a
stronghold for this species at the regional scale. Thus, we
argue that the minimum viable population criterion for this
species (at least 1800 individuals, as proposed by Schtick-
zelle et al., 2005), would be reached if a wider area of the
region had been studied.
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Appendix 1. Estimated proportion and number of E. aurinia individuals (NEF and IPF models), moving certain distances. Basis for indi-
vidual measurements were estimates of the population sizes of males (N = 347) and females (N = 326), with their 95% confidence intervals
(males: N— N* = 262—-432; females: N—N* = 250-402).

Distance Males Females
(km) % individuals N individuals N- N* % individuals N individuals N- N*
NEF  0.05 57.26 198.71 150.03 247.38 53.26 173.62 133.15 214.10
0.1 32.79 113.79 85.91 141.66 28.37 92.47 70.91 114.03
0.15 18.78 65.16 49.20 81.12 15.11 49.25 37.77 60.73
0.2 10.75 37.31 28.17 46.45 8.05 26.23 20.11 32.34
0.3 3.53 12.24 9.24 15.23 2.28 7.44 5.71 9.17
0.4 1.16 4.01 3.03 4.99 0.65 2.1 1.62 2.60
0.5 0.38 1.32 0.99 1.64 0.18 0.60 0.46 0.74
1 1.44 10 4.99 10°° 3.77 10 6.21 102 3.37 10+ 1.10 10 8.43 10+ 1.36 107
2 2.07 10°® 7.17 108 5.41 10 8.93 10 1.14 10°° 3.7110° 2.84 10°° 4.57 10°°
3 2.97 10" 1.03 102 7.78 10" 1.28 102 3.83 10" 1.25 10" 9.59 10-"® 1.54 10
4 4.27 108 1.48 1077 1.1210°"7 1.84 107 1.29 10 421102 3.23102 5.20 102°
5 6.14 102 2.13 102 1.61 102 2.65 102 4.36 10 14210 1.09 10% 1.7510%
10 3.77 10+ 1.31 104 9.87 1047 1.63 10 1.90 10-%8 6.2 10°% 4.7510°% 7.64 1058
IPF 0.05 62.00 215.14 162.44 267.84 49.70 162.03 124.26 199.80
0.1 22.04 76.49 57.75 95.22 17.82 58.09 44.54 71.63
0.15 12.04 41.77 31.54 52.00 9.78 31.88 24.44 39.31
0.2 7.84 27.19 20.53 33.85 6.39 20.82 15.97 25.68
0.3 4.28 14.85 11.21 18.49 3.51 11.43 8.76 14.09
0.4 2.79 9.67 7.30 12.04 2.29 7.46 5.72 9.21
0.5 2.00 6.93 5.23 8.63 1.65 5.37 4.1 6.62
1 0.71 2.46 1.86 3.07 0.59 1.92 1.48 2.37
2 0.25 0.88 0.66 1.09 0.21 0.69 0.53 0.85
3 0.14 0.48 0.36 0.60 0.12 0.38 0.29 0.47
4 8.97 102 0.31 0.24 0.39 7.58 102 0.25 0.19 0.30
5 6.43 102 0.22 0.17 0.28 5.45 107 0.18 0.14 0.22
10 2.29 102 0.08 0.06 0.10 1.95 102 0.06 0.05 0.08
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