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INTRODUCTION

The present dissertation comprises a collection of selected papers and manuscripts which
have been prepared jointly with my co-authors on the population ecology of large blue
butterflies (Maculinea spp.) and involves a preceding overview of the research topic. In this
overview, instead of repeating the methods and results of the selected papers in details, I
intend to clarify our aims by giving an overview of the biology of Maculinea butterflies,
provide a brief review of the methods applied, results obtained, enlighten their significance
in population ecology and discuss the implications for conservation of large blue butterflies.
The worldwide loss of biodiversity is likely to be the greatest crisis that humanity has
ever faced. Butterflies are part of the natural systems that support our life and are
increasingly destroyed by human activities. However, they also may help us to ameliorate
this critical situation as they have become essential model and testing systems in many fields
of biology, such as ecology, evolutionary biology, systematics, animal behaviour and
conservation biology (e.g. Boggs et al. 2003). If we want to preserve a habitable planet we
have to know how it works and butterflies can provide a good model system on which much
research effort can be concentrated to acquire the needed information. The main reason they
can play this important role is that they have attracted much attention of naturalists and
dedicated amateurs for a long time producing many books and papers on their taxonomy,
distribution and life history. This knowledge provides the foundation needed before a group
can serve such crucial functions (Ehrlich 2003). The present work aims to contribute to the
understanding of the ecology of butterflies by providing information about their population

structure, habitat use and conservation biology.

Spatial structure of butterfly populations

Nowadays, space is introduced in various ways into all fields of ecology and population
biology generally, and spatial structure is widely seen as a vital ingredient of better and more
powerful theories (Hanski & Simberloff 1997; Tilman & Kareiva 1997). Metapopulation
approach has emerged in the field of spatial ecology and become a subtle and finely
elaborated theory that has by now been firmly established in population biology and beyond.
The two key premises in the metapopulation approach are that populations are spatially
structured into assemblages of local breeding populations and that dispersal among the local
populations has some effect on local dynamics, including the possibility of recolonization of

empty habitats after extinction (Hanski & Simberloff 1997).



Butterflies have played a disproportionate role in the study of metapopulations due to
several reasons (Thomas & Hanski 1997). First, butterfly populations are often structured in
space in a manner that is broadly consistent with the metapopulation concept. Second, the
ecology of butterflies is well known, especially in Europe. Third, exceptionally large
proportion of butterflies has already declined, become endangered or gone extinct (e.g.
Warren 1993; Maes & Van Dyck 2001; Wenzel et al. 2006). Extensive studies of the spatio-
temporal dynamics and structure of butterfly populations identified many categories of
population type, but empirical population systems are difficult to assign to single categories
(Thomas & Kunin 1999). The classical metapopulation approach can be applied to many
populations of butterflies (e.g. Harrison et al. 1998; Hanski et al. 1994; Schtickzelle et al.
2002; Wahlberg et al. 2002) and may provide a conservation framework for species
confronted with habitat loss and fragmentation (e.g. Wahlberg et al. 1996; Mousson et al.
1999; Schtickzelle & Baguette 2003a). However, several spatially structured butterfly
populations do not correspond to the classical metapopulation theory, due to the low rate of
colonization and extinction of local populations or the high patch occupancy, while the
dynamics of the metapopulation may be far from equilibrium (for a review see Baguette
2004). Moreover, several authors have stressed that gathering information on the local
population dynamics and within-habitat movement are very important to ensure the validity
of population viability analyses (Baguette & Schtickzelle 2003; Lindenmayer et al. 2003).
Finally, the movement processes between habitat patches (and subpopulations) have been
thoroughly studied empirically (e.g. Baguette et al. 2000; Petit et al. 2001; Kuras et al. 2003)
and a number of approaches have been developed to extract movement parameters from data
collected in heterogeneous landscapes (e.g. Hanski et al. 2000; Wilson & Thomas 2002;
Morales et al. 2004). Some of them can even estimate the parameters of movement
behaviour itself (Ovaskainen 2004), but assume that individuals perform a correlated random
walk, eventually with different rules in different habitats. Recently a few authors
demonstrated that movement pattern within habitat patches may depart from the random
walk (Kordsi et al. 2008; Hovestadt & Nowicki 2008). Despite of this controversial
relationship between observed movement patterns and model assumptions, and knowledge

gaps in local population processes this field of research has attracted little attention.

Biology of large blue butterflies
Research on the biology of Maculinea species began in the late 70°s when strong decline of

the large blue butterfly (M. arion) in Britain, which had been observed for decades,



forecasted its extinction (Thomas 1980). The first investigations concentrated on the
butterflies’ special life cycle and their interactions with the food plant and host ant species.
These studies revealed, that uniquely among European butterflies, Maculinea species are
obligate social parasites of Myrmica ant colonies (e.g. Elmes & Thomas 1987), which makes
them an exceptional good model system for evolutionary and community ecological studies.

Females of Maculinea butterflies lay their eggs on specific food plants where caterpillars
hatch after two weeks and feed on the seeds until they reach their fourth instar. Thereafter,
they descend to the ground and await being discovered and adopted by foraging workers of
specific Myrmica species. Ant workers carry them into their nests, where Maculinea
caterpillars either predate on ant larvae (M. arion, M. teleius and M. nausithous; see
Chapman 1916; Frohawk 1916; Thomas 1992) or mimic ant grubs and are fed by workers
through trophallaxis (‘cuckoo-feeders’, M. alcon; Elmes et al. 1991a), which is considered as
a more productive (Thomas & Elmes 1998) and evolutionarily advanced form of
myrmecophily (Thomas et al. 1991; Fiedler 1998; Als et al. 2004).

The two feeding strategies have different consequences for the ecology of butterflies.
Predatory Maculinea caterpillars suffer from intraspecific scramble competition in the ant
nests, because consuming all ant larvae cause the death of caterpillars from starvation. Thus
their survival rate dramatically decreases with the increasing number of caterpillars per nest
(Thomas & Wardlaw 1992). On the other hand, there is a contest competition among
cuckoo-feeder caterpillars, which means that at least a few of them can certainly complete
their development even at very high density (Thomas & Elmes 1993). Moreover, as cuckoo-
feeder caterpillars are directly fed by the workers, one trophic level (that of the ant larvae) is
absent from their food chain compared to the predatory species, which results in a higher
carrying capacity of the host ant colonies of cuckoo-feeder butterflies. For example, 1 or at
most 2 caterpillars can be reared by a nest of Myrmica sabuleti, host of the predatory M.
arion, while on average 5—6 adult butterfies can emerge from a host ant nest in M. alcon (and
‘M. rebeli’) (Thomas & Elmes 1998). Therefore, predatory species must spread their eggs
among more host ant nests than cuckoo-feeders to reduce the competition between
offsprings. As a consequence, the coincidence of food plant and host ants must be as high as
>50% for predatory species (Thomas & Elmes 1998; Thomas et al. 1998a), whereas this
overlap is thought to be usually between 15 and 30% for cuckoo-feeders (Elmes et al. 1996).

Depending on the feeding strategy of Maculinea caterpillars, their ichneumonid
parasitoids use different ways to find them. Cuckoo-feeding caterpillars (M. alcon) are

attacked by Ichneumon eumerus, which enters into the Myrmica nests infected by Maculinea



and lays eggs in all caterpillars (Thomas & Elmes 1993). The parasitoid wasp Neotypus
melanocephalus attacks Maculinea nausithous and M. teleius by searching for caterpillars on
the flowerheads of the butterflies’ food plant Sanguisorba officinalis (Tartally 2005; Anton
et al. 2007).

Additionally to their specific life-cycle, Maculinea butterflies provide exceptions to
normal insect growth rules (Elmes et al. 2001). In the phase of rapid development on the
food plant, caterpillars reach their final instar within two or three weeks, but gain only 1% of
their final body mass (Elmes et al. 1991b; Thomas & Wardlaw 1992). During the final
carnivorous instar their growth rate is >10 times higher than predicted by extrapolating the
early growth rate, which is very similar to the growth pattern of Myrmica ants. This growth
pattern of caterpillars is another adaptation that enables them to penetrate and exploit host
ant colonies, since last instar caterpillars must be small enough to be integrated as brood
mimics into ant social systems and they must survive long periods of starvation and grow
rapidly when food is abundant (Elmes et al. 2001). Moreover, ~25% of caterpillars take 10
months to complete their final instar, while the remaining proportion requires 22 months to
mature and these two forms are morphologically identical at the prepupation stage (Thomas
et al. 1998a; Witek et al. 2006). This polymorphic growth rate is otherwise very rare in the
animal kingdom, but seems to be common in social parasites of ants and appears to be
genetically controlled (Schonrogge et al. 2000). This polymorphism is a further adaptation to
efficiently exploit the limited, yet steady, daily supply of food available for social parasites
of host ant colonies. It also reduces the kin competition between offsprings, because biennial
caterpillars gain most of their body mass when one-year developers are already out of the ant
nests (Hovestadt et al. 2007).

The ability of Maculinea butterflies to penetrate host ant nests is ensured by their
chemical mimicry and camouflage among others. The caterpillars produce surface chemicals,
mimetic compounds and other secretions that closely mimic the profile of their main host
and allow that Myrmica ants recognize them as conspecific broods (Akino et al. 1999). These
findings explained well the high host-specificity of Maculinea butterflies which was found in
the earlier studies (Thomas et al. 1989). However, large-scale investigations of host-
specificity revealed that host-specificity of some Maculinea species can show high
geographical variation (Elmes et al. 1994) and even local adaptations, while others utilise
mainly a single host species (for more details see Pech et al. 2007; Sielezniew & Stankiewicz

2008; Tartally & Varga 2008; Tartally et al. 2008; Witek et al. 2008).



Early studies on population biology of Maculinea butterflies attempted to quantify the
functional relationships of butterflies with food plants and host ants, and tried to model the
consequences of these interactions on population dynamics. By estimating the mortality of
all life stages these models clearly indicated that the survival of the butterfly in the ant nest
was disproportionately more important to its population than was competition on the food
plant (Hochberg et al. 1992). Changes in the population of the plant had virtually no impact
on the butterfly population. Spatially explicit models predicted that the largest populations of
butterflies should occur in habitats with intermediate host plant density (Hochberg et al.
1994). As food plants transmit Maculinea caterpillars to the ant nests, very high food plant
density could cause the overexploitation of host ants and thus the decline (or extinction) of
butterflies. The predictions of this apparent competition hypothesis were empirically tested
later (Thomas et al. 1997). Moreover, Maculinea populations were found to be very stable
with exceptionally small annual fluctuations in their size (Elmes et al. 1996). In further
models spatial ruggedness of habitat quality within sites was found to have a substantial
effect on the butterfly, which often failed to persist on very rugged sites (Clarke et al. 1997).
Despite being free-ranging over the whole site, the butterfly’s dynamics may depend on the
arrangement of habitat quality at a finer spatial scale, due to its interactions with ant species
possessing narrower habitat niches and more localized dispersal (Clarke et al. 1998).

All these thorough examinations focussed on the xerophilous ecotype of M. alcon (‘M.
rebeli’), a cuckoo-feeding species. However, very few attempts have been made to
empirically study the population structure and dynamics of predacious Maculinea butterflies
until the recent past (for some exceptions see Thomas 1984b, 1995; Thomas et al. 1998b).
Studying sympatric populations of M. nausithous and M. teleius in Poland Nowicki et al.
(2005) found a female-biased sex ratio and little year-to-year variation in population sizes for
both species. In addition, inter-patch mobility of butterflies was low in spite of relatively
short distances between patches. In a metapopulation-scale study an almost complete
occupancy of food plant patches was found for all three Maculinea species inhabiting
marshland meadows (Nowicki et al. 2007). Food plant availability was the main factor
limiting population densities for M. alcon, but not for the predacious M. nausithous and M.
teleius, for which patch size and shape mattered the most. Small and highly internally
fragmented patches supported higher densities of these two species. The negative density—
area relationship seems to be typical for butterfly populations (Hambéck & Englund 2005),
while internal fragmentation of patches can increase the proportion of host plant free edges,

which may serve as refugia for the host ants (Nowicki et al. 2007). These studies proved that
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local population densities and dynamics can be important for metapopulation functioning and
long-term persistence of Maculinea butterflies. More recently Anton et al. (2008) revealed
that the density of M. nausithous was limited by the density of its host ant (Myrmica rubra)
and host plant density had no effect on the density of any stage (egg, larval, adult) of the
butterfly.

The role of Maculinea butterflies in nature conservation
The conservation of butterflies has been of a great concern for many years in Western
Europe, especially in Britain (see Thomas 1984a, New et al. 1995; Pullin 1995). Aesthetic
values of butterflies have attracted the attention of many devoted naturalists for centuries,
thus a huge amount of data have been collected on their abundance and distribution. The
severe decline of several species detected in the 60’s urged the conservationists to take
actions for their preservation. A Butterfly Monitorig Scheme (BBMS) was developed
(Pollard & Yates 1993) and monitoring activities as well as ecological researches were
started (see for example Dennis 1992, Pullin 1995). Nowadays, as they are surprisingly
representative of changes in abundance and distribution of many other invertebrate taxa,
butterflies are widely used as an indicator group (Thomas & Clarke 2004, Thomas 2005). In
addition, it has recently been shown that butterflies have experienced greater declines than
plants and birds in the UK (Thomas et al. 2004). Among the different species of UK
butterflies experiencing changes, Warren et al. (2001) demonstrated that specialist species
had declined to a significantly greater extent than generalists during the past quarter century.
Despite many conservation attempts, Maculinea arion became extinct in Britain in 1979,
shortly after the research had uncovered the key to its decline. The proximal cause of final
extinction of the last population was an unusual coincidence of two severe summer droughts
in successive breeding seasons (Thomas 1980), illustrating the inherent vulnerability of any
population once it is reduced to low numbers. Based on the knowledge of its ecological
requirements, M. arion was successfully re-established in Britain later (Thomas 1987),
providing an early example for conservation practitioners for future re-establishments of
threatened insects with specific life history. The complexity of their conservation lies in that
Maculinea butterflies can persist on sites with sufficient food plants and host ant colonies. As
the key factor regulating Maculinea populations is the variation in the survival of caterpillars
in ant nests (Thomas 1977), as big proportion of caterpillars should be adopted as possible.
Thus the coincidence between food plants and host ants must be high (e.g. >50% for M.
arion; Thomas & Elmes 1998), but food plants should be dispersed, because if they are too
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aggregated a few ant nests collect all the Maculinea larvae. Moreover, in the case of
predatory species, host ant colonies must be sufficiently large to produce ant grubs that
caterpillars need to eat (Thomas & Wardlaw 1992). Host ants are closely adapted to
microclimatic conditions, therefore they have much narrower niches than food plants and are
more sensitive to changes in vegetation structure and habitat management (Elmes & Thomas
1992; Elmes et al. 1998). Thus the conservation of Maculinea butterflies involves the
maintenance or restoration of seral stages that have become rare in modern landscapes. This
kind of ‘niche-conservation’ can have benefits for many other species depending on similar
types of habitat and makes Maculinea butterflies useful ‘umbrella’ species.

However, due to their complex life history the dynamics of Maculinea populations is
intrinsically cyclical or chaotic (Mouquet et al. 2005a), while tripartite interactions among
the butterfly, its food plant and host ant cause that the result of different conservation
strategies depends on the actual successional stage of a given site (Mouquet et al. 2005b).
Moreover, latitude, altitude and climate have major influence on the effects of habitat
management on Maculinea sites (Thomas et al. 1998c). Therefore, it is impossible to develop
general strategies for the conservation of Maculinea butterflies in Europe, and management
should be conducted on a case-by-case basis. Furthermore, large blue butterflies are
exceptionally sensitive to environmental change, giving them an important role as indicators
of habitat deterioration (Thomas et al. 2005). All the facts and phenomena mentioned above
contributed to that Maculinea butterflies have become flagship species for European nature
conservation (Thomas 1995; Thomas & Settele 2004). All species are listed by the Annex II
or Annex IV of the Habitat Directives, since they have suffered several extinctions at local
and national scales (Munguira & Martin 1999) and are among the most endangered
butterflies in Europe (vanSwaay & Warren 1999) still showing declining population trends

(Wynhoff 1998a).

AIMS AND QUESTIONS

Although both demographic and movement processes of local populations are suspected to
have major influence on functioning and persistence of butterflies, little attention has been
devoted to studies on local dynamics and patterns. Even Maculinea butterflies are
understudied from this aspect in spite of the fact that they are recognized as low-mobility
species and they have low population turnover arising from their high occupancy of food

plant patches and stability of their population sizes. Moreover, they have been of a great
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conservation concern for many decades, therefore a sound knowledge on the most important
factors affecting their density, movement, reproduction rate and habitat use would be

essential. This necessity outlined our main aims and objectives which I overview below.

Study I. Species-specific distribution of two sympatric Maculinea butterflies across

different meadow edges

The scarce large blue (M. teleius) and the dusky large blue (M. nausithous) butterflies use the
same food plant (Sanguisorba officinalis) and co-occur on marshland meadows in Hungary.
These habitats are very often endangered by different human activities that result in their
fragmentation. An important consequence of habitat fragmentation is the increase of edge
habitats. Populations at the edges are exposed to changed biotic and environmental
conditions partly influenced by the neighbouring habitat or association (Tscharntke et al.
2002). This phenomenon is termed edge effect which may have impact on animals on
different levels (individual, population, community) (Saunders et al. 1991). We aimed to
study how edges affect the distribution of sympatric populations of two Maculinea species
within meadow fragments. We investigated the effects of distance from edge and edge type
on the density of butterflies. At the same time we measured the food plant density and some
microclimatic parameters to explain the observed patterns in the distribution of the two

species.

Study II. Different population structure and habitat use of two sympatric Maculinea

butterflies at small spatial scale

We were interested in whether niche segregation of the dusky large blue (M. nausithous) and
the scarce large blue (M. feleius) could be detected on the scale of local populations or
habitat patches embedded in a heterogeneous landscape. Therefore, we examined the
microdistribution and movement pattern of sympatric populations of these butterflies within
one small habitat fragment. An intensive mark—release-recapture sampling was carried out
on an abandoned marshy meadow in the Orség National Park. The relationships between the
distribution of butterflies and environmental variables were assessed to find species-specific
patterns. As we had previously found that M. nausithous preferred the proximity of forests,
in this study we aimed to reveal how the proportion of afforested edges influence the

microdistribution of the two studied butterflies. Furthermore, we related the emigration rate
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of butterflies to some environmental variables (such as area, forest proportion) and the
density of butterflies, and we performed an explorative analysis of movement distances to

find species-specific patterns in their habitat use.

Study III. Restricted within-habitat movement and time-constrained egg laying of

female Maculinea rebeli butterflies

The movement of butterflies within habitat patches is usually assumed to be random,
although few studies have shown this unambiguously (Kareiva & Shigesada 1983; Root &
Kareiva 1984; Schtickzelle et al. 2007). Two contradictory hypotheses exist to explain the
movement and distribution of adult Maculinea butterflies within habitat patches: (1) due to
the high spatial variance of survival rates of caterpillars, the ‘risk-spreading’ or ‘bet-hedging’
hypothesis predicts that females will tend to make linear flight paths to maximize their net
displacement and scatter the eggs as widely as possible (Root & Kareiva 1984); and (2)
recent mark-release—recapture analyses suggest that within-patch displacement of some
Maculinea species is constrained and that adults may establish home ranges (Hovestadt &
Nowicki 2008). Moreover, there has been a strong debate on what factors influence the food
plant selection for oviposition by female Maculinea butterflies. In particular, the presence of
host ants beneath the food plant has major effect on the survival of caterpillars, but how this
factor affects the food plant selection of butterflies has been evaluated inconsistently (Van
Dyck et al. 2000; Thomas & Elmes 2001; Musche et al. 2006). Here we tried to test both
hypotheses on the movement behaviour of females of Maculinea alcon by analysing the
individual movement patterns and study their oviposition preferences by direct observations
of egg-laying. We also investigated whether egg-laying is time constrained, which would
enhance the trade-off between flying and egg-laying. As most of our works concentrated on
the population structure of M. teleius and M. nausithous, the present study would have been
better to deal with some of these species in order to relate individual movement and
behavioural patterns to the distribution on the population level. Unfortunately, our such
efforts failed to collect sufficient datasets. Moreover, the direct observation of egg-laying is
much more difficult in the case of M. teleius and M. nausithous than for M. alcon, since the
former species hide their eggs within the inflorescences of their food plant, invisibly for

human observers.
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Study IV. Effects of mowing on the population of the scarce large blue, its food plant
and host ants in SW Hungary

Most species occurring in European landscapes are adapted to more or less intensive human
land use. In Hungary, the long-term persistence of Maculinea butterflies inhabiting marshy
meadows can be ensured by regular grazing or mowing, otherwise the habitats become
overgrown by shrubs and invasive weeds, and finally afforested. However, very few studies
have investigated the effects of grassland management on the persistence and abundance of
Maculinea butterflies and their main resources (Grill et al. 2008). The very poor scientific
evidence does not provide the nature conservation with a good guidance for the management
of grasslands inhabited by Maculinea butterflies. There are still several large
(meta)populations of M. alcon, M. nausithous and M. teleius in the Orség National Park in W
Hungary, where traditional animal husbandry and small-scale farming practice have almost
disappeared in the last few decades. As a consequence, most meadows in this region are
erratically mown or abandoned, which seriously endangers the populations of large blue
butterflies. Abandonment may cause habitat loss, while inappropriate timing of mowing can
seriously damage the populations by highly increasing larval mortality (Johst et al. 2006). In
2007, we started a long-term management experiment on marshy meadows in the Orség NP
to find the most appropriate timing and frequency of mowing for the persistence (and
possibly the growth) of Maculinea populations. We tested the effects of four different
mowing regimes — which are supposed to be economically feasible — on the density of
butterflies, their food plants and the frequency of their host ants. By involving more than one
meadows we could account for the between-site variation as well. Our results are
preliminary, as the analyses were based on a sampling in 2008 summer, which is a very short

period for a management study.

MATERIALS AND METHODS

Study species

Previously five species of the genus Maculinea had been recorded in Europe (e.g. Thomas
1995), but recent phylogenetical studies based on either genetic (Als et al. 2004) or
morphometric data (Pech et al. 2004) proved that only four species of large blue butterfly
exist on the continent. Detailed analyses on populations of Maculinea alcon (Denis et

Schiffermiiller, 1775) and Maculinea rebeli (Hirschke 1904), which had been earlier
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considered as a distinct species, showed no genetic divergence between them and therefore
they should be regarded as different ecotypes of the same species (M. alcon) (Bereczki et al.
2005, 2006; Pecsenye et al. 2007). The most recent total evidence analysis, based on a
combination of morphological and ecological characters with genetic sequences, revealed
that the genera Maculinea and Phengaris are not monophyletic with regard to each other,
thus Maculinea Van Eecke, 1915 syn. n. is considered a junior synonym of Phengaris
Doherty, 1891 (Fric et al. 2007). However, in the ecological and conservation biological
publications the generic name Maculinea Van Eecke, 1915 is widely accepted and used.
Therefore, 1 follow here for simplicity this most frequently used and established generic
name.

We studied three species of Maculinea butterfly. The xerophilous ecotype of M. alcon
(denoted as M. rebeli in Study III and in references cited therein) occurs on dry calcareous
grasslands in Hungary. It is on wings from mid-June to mid-July and uses the cross-leaved
gentian Gentiana cruciata (L.) as the main larval food plant. Caterpillars are hosted mainly
by Myrmica sabuleti, M. scabrinodis and M. schencki, but occasionally by other Myrmica
species as well (Tartally et al. 2008). Females lay single eggs on leaves and buds of the
gentians. Caterpillars in the ant nest are fed by workers through trophallaxis (‘cuckoo-
feeding’) (Elmes et al. 1991a).

Maculinea nausithous (Bergstrasser, 1779) and M. teleius (Bergstrdsser, 1779) both
occupy marshy meadows, where their food plant, the great burnet (Sanguisorba officinalis) is
abundant. However, M. nausithous has a restricted distribution in Hungary occurring in the
Transdanubia only. Adult butterflies oviposit in the flowerheads of the food plant where
caterpillars feed on the seeds for 2-3 weeks (Thomas 1984b). Some authors found that
different developmental stage and size of flowerheads are preferred by ovipositing females
of the two species (Figurny & Woyciechowski 1998; Thomas & Elmes 2001). After a few
weeks of feeding on the seeds, caterpillars descend to the ground and await adoption by host
ant workers, which carry them into their nest where caterpillars predate on the ant brood. In
Hungary, Myrmica rubra is the only known host ant of M. nausithous, while the primary
host ant of M. teleius is Myrmica scabrinodis, although four additional ant species are also
recorded as its host (M. gallienii, M. rubra, M. salina, M. specioides) (Tartally & Varga
2008). In our study area, the flight period of the two butterflies overlaps (from early July to
late August).
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Study sites
Our field studies were carried out in two regions in Hungary. Study area of study III was
located at Vérteskozma in the Vértes Mountains in Central Hungary (Duna-Ipoly National
Park, 47°26° N; 18°25° E; 365 m a.s.l.) Sampling was conducted on a section of grassland
meadow (~0.8 ha) on the fringe of an oak-hornbeam forest. The meadow was surrounded by
pine plantation on three sides and a native oak forest on the fourth. The site had been
abandoned for a long time and become overgrown by some saplings and scrubs.

Study I, II and IV were carried out in the Orség National Park in Western Hungary. Site
of study II was at Kercaszomor in the Kerca stream valley (46°46° N; 16°18” E; 240 m
a.s.l.). It was a piece of a marshy meadow in a mosaic landscape. Approximately half of the
study site had been abandoned since 1995, while the other half had been mown erratically
and seemed unsuitable for the butterflies in the sampling period and therefore was not
sampled (Fig. 1). In the abandoned part of the meadow, apart from a few patches of sedges
(Carex spp.), willow shrubs (Salix spp.) and invasive weeds (Solidago spp.), the common
food plant (Sanguisorba officinalis) of the two study species was growing in high-density
patches providing suitable habitat for both butterflies.
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Figure 1. Aerial photo of the sampling area of Study II provided by the Orség NP Directorate. Thick black lines
delineate the 22 sampling units on the abandoned half of the meadow. Unsampled eastern and northern parts of the
meadow were erratically mown, while the southern part was abandoned and covered by sedges. Grid cell width

represents 100 m.
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Study I and IV were conducted in the Szentgyorgyvolgyi stream valley at Velemér
(46°44° N; 16°21° E; 204 m a.s.l.) and Magyarszombatfa (46°45° N; 16°19° E; 210 m a.s.L.)
The area of the valley along the stream was characterized by meadows and croplands
disrupted by small roads. Directly next to the stream there was a dense alder tree strip.
According to the traditional farmland practice the first mowing of the year was in May and
the second in late August or early September and it took place at a small spatial scale.
Nowadays most meadows are mown once a year or every second or third year and there is no

control on the timing of management during the season.

Sampling methods

We applied three main methods for sampling Maculinea populations: (i) Mark-release-
recapture (MRR), (ii) transect counts and (iii) tracking of individual butterflies. MRR
sampling was carried out in several studies (II, IIT and IV) to estimate survival rate, average
lifespan, population size or sex ratio and to characterize population dynamics within the
flight season. Moreover, by locating the position of each capture event we were able to
analyze the spatial distribution and within-habitat movement pattern of butterflies (Study II).
Butterflies were captured by net and, after the determination of sex and species, they were
marked on the underside of hindwings with an unique identity code using fine-tipped
waterproof pen. Specimens were released immediately thereafter. Date, time and location of
captures were registered. This marking method is widely used and known to have no effect
on the behaviour and survival of butterflies. Sampling was performed as weather permitted
(under warm, sunny and calm conditions). We paid attention to keeping the number of field
workers constant in order to standardise the sampling effort. In Study IV, the sampling sites
on each meadow were divided into four strips of equal area according to the management
regimes tested. The four regimes involved mowing in May, mowing in September, mowing
in May and in September, and there was an unmown type for control. Each strip was divided
into 20x20 m squares within which 10x10 m squares were laid down. Butterfly denstiy was
sampled in the 20x20 m squares, while food plant quantity and host ant frequency were
sampled in the smaller quadrats. Butterflies were sampled by MRR method: 5 minutes were
spent in each square by one person engaged with capturing and marking butterflies. The
number of food plant flowerheads was counted, while host ants were sampled on four baits

within the 10x10 m squares.
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Transect counts are not appropriate to yield estimations on absolute population sizes but
enable us to establish the relative abundance of animals. This method was used in Study I,
where we designated four (two pairs) 50 m long and 5 m wide transects on each of 10
meadows. One transect pair was situated at the so-called tree edge: one transect directly next
to the trees and the other one 15 m further inside parallel to the edge transect. Another
transect pair was laid down in the same way at the so-called road edge next to a narrow
paved or unpaved road with no trees or bushes and very low traffic. The number of
butterflies was detected by walking along the transects once everyday during the peak of
flight period (August 2006). Field workers walked along the transects with a standard
velocity (2 min per transect) and counted the number of butterflies while taking care not to
count any individual more than once. Sampling was carried out on sunny days without strong
winds, from 9:00 a.m. until 4:00 p.m. At each transect count we also measured air
temperature, air humidity and wind speed. Blooming shoots of the food plant were counted
once on each transect in a 1 m wide strip.

If movement pattern and behaviour of butterflies are aimed to study at the same time,
then tracking individuals may be an appropriate sampling method. However, it requires a
strict protocol and demands huge labour efforts. It is inevitably necessary to avoid
influencing the behaviour of butterflies during their observation by keeping a minimum
distance from them. In Study III, we tracked randomly chosen females. Each landing point
of the butterflies was marked and their behaviour was recorded in detail. At the end of the
observations butterflies were captured, marked and released to avoid their repeated sampling
and the distance and direction between consecutive landing points were measured. The
number of eggs laid by the females during the observation was also recorded. At the same
time a MRR sampling was carried out to estimate female survival rate.

Detailed description of applied sampling methods are provided in our publications and

references cited therein.

Data analysis

MRR datasets were often used to estimate parameters of population dynamics, however it
formed only a minor part of our work presented here. The steps of the analysis were in the
following order: first we checked whether the dataset fitted the Cormack—Jolly—Seber (CJS)
model using a bootstrap GOF test. The CJS model includes two parameters: (apparent)

survival rate (p) and capture probability (p) both of which may be time-dependent and
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different between sexes. The best parameter options were found by a model selection
procedure based on AIC’c values and the estimations of this model were accepted.

In some studies, spatial distribution of butterflies and environmental variables was
characterized by Moran’s I index of spatial autocorrelation (Moran 1948). This statistics was
also used to detect any spatial autocorrelation in the residuals of generalized linear models.

Generalized linear mixed models provide a flexible approach for analyzing nonnormal
data that involve random effects, which are frequently obtained in ecological studies.
Nonnormal data often come from count data (such as transect counts) that should be handled
by using link functions and exponential family (e.g. normal, Poisson or binomial)
distributions (Bolker et al. 2009). If we have a hierarchical sampling design, random effects
may encompass the variation within and among the different levels. We applied this method
in all studies.

Movement data were obtained by different sampling methods and had different
structure. In Study II, each recapture was considered as a move which could be
characterized by a length and duration. Moves were classified into two groups by that the
marking and recapture had happened in the same sampling unit (residents) or in different
ones (emigrants). Distribution of the time length between the two captures in these two
groups were compared by Wilcoxon rank-sum test. The distribution of move lengths of
emigrants were compared between sexes and species using the same statistics. On the other
hand, in tracking studies (Study III) high number of moves (15-30) were recorded for each
butterfly, albeit fewer individuals were sampled. Flight paths can be approximated by a
series of connected straight line moves between the consecutive landing points. Analysis was
based on the random walk approach, which assumes that consecutive move lengths and
turning angles are not correlated. The test of the random walk model involved special
simulation techniques and was done on a case-by-case basis (e.g. Turchin 1998; Schtickzelle
& Baguette 2003b).

More details on the methods of data analysis can be found in our selected papers and

references cited therein.
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RESULTS

The most important results of each publication are summarized here. For further details,
figures and tables please see the papers in the Appendix.

Edge type effect was significant for both M. teleius and M. nausithous in Study I,
however, the effects were contrasting. Density of M. teleius was higher in road transects than
in tree transects, while M. nausithous was more prevalent in tree transects. Edge effect was
significant for M. nausithous only, which was found in higher densities at edge transects than
at interior ones (Figure 2). Regarding the microenvironmental parameters, air temperature
was practically equal at all transect types, but we found a significant edge type X distance
from edge interaction for air humidity, which means that the edges were more humid than
the interiors at tree edges. Wind speed was significantly lower at tree edges than road edges
and edge transects were less windy than interiors at tree edges. Both the edge type and the
distance from edge affected the food plant density which was highest at road interiors and
lowest at tree edges. We found significant negative correlation between M. feleius density
and air humidity and a positive correlation with food plant density. In the case of M.
nausithous, butterfly density was significantly negatively correlated with wind speed and

food plant density.
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Figure 2. Bars indicate means with SE of number of M. teleius and M. nausithous per transect count on two types of

edges and interiors of meadows.

A total of 171 and 1085 individuals of M. nausithous and M. teleius, respectively, were
marked in Study II. Mean abundance of M. nausithous in sampling units was 13.7 (range: 1—

50, median=10), while that of M. teleius was 78.5 (range: 16—171, median=65.5). Global
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Moran-tests showed a significant positive spatial autocorrelation for area and forest
proportion of spatial units as well as for abundance and density of M. nausithous. Although
the global tests could not identify the exact location of positive spatial autocorrelation, the
patterns could be illustrated by maps of the sampling area on which shading indicates the
value of each variable (Fig. 3). These maps show that spatial aggregation of M. nausithous

coincides with high values of forest proportion and small values of area.

Figure 3. Maps illustrating the distribution and spatial autocorrelation of (a) area, (b) forest proportion, (c)
abundance of M. teleius and (d) M. nausithous. Values are classified in equal intervals. Darker shading indicates

higher values.

The area of afforested edge zone (forest edge) had not any significant effect on
butterflies’ density or abundance in any one model. In the case of M. feleius, area had a
significant positive, while forest proportion had a significant negative effect on the
abundance (Table 3 in Study II). None of the predictors had any significant effect on the
density of M. teleius. Contrarily, both the abundance and density of M. nausithous were
positively affected by forest proportion, but models for density had much higher predictive
values (Table 3 in Study II). Area had a marginally significant effect on abundance and
diagnostic plots suggested a weak model fit. However, log(area) had significant negative
effect on density. There were no remarkable differences between sexes in any models.

The emigration rate of M. teleius was significantly influenced by all predictors with the
exception of forest proportion (Table 4 in Study II). Area and forest edge had significant
negative effects. Density of males also had a negative effect on both males’ and females’

emigration rate, while male proportion affected the emigration rates positively. For the
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pooled data, we also found a negative relationship between density and emigration rate. For
M. nausithous, due to the low number of captures per sampling units the emigration rate
could not be modelled.

We recorded 77 moves of M. nausithous (males: 51, females: 26) and 483 of M. teleius
(males: 157, females: 326). The proportion of residents was not different in the two species
(/*-test: ¥’=0.27, p=0.61) nor between sexes for each species (y’-test: M. nausithous y*=0.02,
p=0.89; M. teleius »*=0, p=0.99). We found no significant differences in the time length
between two captures of residents and emigrants, indicating that move length was not time-
dependent. Move lengths of females were significantly higher for M. teleius, and marginally
significantly higher for M. nausithous. We found no differences between species. Only two
individuals of M. teleius took a longer move than 200 m, while the longest move taken by M.
nausithous was 190 m.

In Study III, we could collect movement and behaviour data of 30 females of M. alcon.
We found that the assumptions of the uncorrelated random walk model were fulfilled as
there was no autocorrelation either between consecutive turning angles or move lengths and
turning angles were uniformly distributed. Plotting the observed and expected values of net
squared displacement against the number of moves provides a test of the fit of the random
walk model. We found net squared displacement averaged over all observed paths increased
linearly with the number of moves (#) until n=15, where it peaked and thereafter it declined.
In this declining phase it was much lower than the expected values. It means that on average,
the net displacement from the starting point of individual butterflies continuously increased
up to the 15th move, but afterwards they tended to return to the vicinity of the starting point.

We simulated 95% confidence intervals of net squared displacement for each number of
moves for each path, and the observed values fell below the simulated confidence limit in 13
out of 30 paths, indicating that the random walk model overestimated the net squared
displacement. We calculated the ratio of net displacement and cumulative number of moves
for each n of each path (as an indicator of movement directionality) and its relationship to the
number of moves was significantly negative. It also suggests, that butterflies’ movement was
restricted.

A total of 72 egg-laying events of 22 females were observed. The median of number of
eggs laid at one attempt was 2. We found a significant positive relationship between the
duration of observation and the number of eggs laid. The estimated survival rate of females
was 0.763 from which the average residence time was calculated at 2.58 days. Combining

this with the estimated number of eggs laid per hour we estimated that an average female
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lays ~100 eggs. The number of ova counted in some virgin females dissected (mean=375.6)
greatly exceeded the number of eggs laid per butterfly.

We also attempted to reveal the oviposition preferences of females by analysing the
presence or absence of egg-laying in relation with some characteristics of the plants alighted
and their close environment. These results were published in a paper which is not included in
the Appendix (Korosi et al. 2007). We found no significant predictors for the
presence/absence of egg-laying, while the number of eggs laid was negatively influenced by
the number of bushes within 3 m and the number of gentian shoots within 3 m. The presence
of host ants beneath the food plants had no effect on the number of eggs laid by females.
However, these latter results were obtained from regression tree analyses which do not
provide significance levels and effect sizes. Briefly, we can conclude that no clear
oviposition preferences could be found.

Although three Maculinea species occured in the sampling sites in Study IV, we could
collect sufficient data for statistical analyses for M. teleius only. We found a significant
effect of mowing on the abundance of butterflies, which was significantly greater in the
quadrats mown in May and mown in May and in September. Similar results were obtained
for the number of food plant flowerheads. However, the abundance of Myrmica host ants
was significantly higher in the unmown control quadrats than in managed ones. In all these
models, the random factor explained more than 50% of the variance due to that response
variables were significantly different between meadows. In other words, the between-site
variance was higher, than between-management variance within sites. When we performed
Kruskal-Wallis tests on each meadow separately, we found significant effect of mowing on
food plant quantity in two meadows, on butterfly abundance and host ant frequency in one-
one meadow. Finally, food plant quantity had no effect on butterfly abundance, while host

ant frequency had a marginally significant negative effect.

DISCUSSION

We revealed a number of fundamental characteristics of population structure and habitat
use of large blue butterflies in our case studies. Firstly, we found that microdistribution and
habitat use are different for two sympatric species of Maculinea butterfly both at fine spatial
scale and at landscape scale. M. nausithous occured in highest density along the afforested
edges of meadows. As a consequence, its distribution was strongly aggregated and forest

strips did not seem to hinder its movement. On the other hand, M. feleius primarily occupied
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the meadow interiors, it showed a quite even distribution and its movement was limited by
forests. Moreover, the overall density of M. teleius was higher than that of M. nausithous on
all meadows where they co-occured (Study I, I1, IV). The co-occurence of these species is
very common throughout Europe (e.g. Thomas 1984b; Wynhoff 1998a; Nowicki et al. 2007;
Dierks & Fischer 2009) indicating that their co-existence is stable. Some authors emphasized
that this co-existence is facilitated by the different flowerhead selection for oviposition by
the two species (Figurny & Woyciechowski 1998; Thomas & Elmes 2001). However, the
most important factor regulating the size of Maculinea populations is the availability of a
high number of sufficiently large host ant nests near to the food plants (e.g. Hochberg et al.
1992). Host ant specificity of M. nausithous and M. teleius is different, as M. nausithous
almost exclusively uses Myrmica rubra as a host, while M. teleius caterpillars can be
successfully reared by several other Myrmica species (Sielezniew & Stankiewicz 2008;
Tartally & Varga 2008; Tartally et al. 2008; Witek et al. 2008). Therefore, there must be only
a minor resource competition (with high variance between populations) between these two
butterfly species. Microclimatic requirements of Myrmica ants are various, M. rubra prefers
the most humid and coolest soil conditions and it is the predominant ant species on meadow
edges near to forests and may have supercolonies (Elmes et al. 1998; Dauber & Wolters
2004). Therefore, preference toward afforested meadow edges by M. nausithous butterflies
seems to be adaptive since here the coincidence of host ants and food plants is expected to be
higher than elsewhere. M. teleius prefers meadow interiors, where ant communities consist of
more species, but this butterfly may be reared by several Myrmica species (Tartally & Varga
2008, Witek et al. 2008). This low host-specificity assures sufficient food plant-host ant
coincidence. Thus the different habitat use and microdistribution of these two Maculinea
species may be a consequence of their different host ant use, which allows their stable co-
existence. Presumably the two species diverged so that in M. nausithous there could have
been a shift in host ant specificity toward M. rubra, which resulted in a preference of adult
butterflies to wetter and cooler microclimate (Als et al. 2004).

We stress that the difference in the microdistribution and habitat use of M. feleius and
M. nausithous that we found is such a novelty which has not been published before. Several
authors have already investigated the structure and dynamics of sympatric populations of M.
teleius and M. nausithous in Europe, but none of them reported significant quantitative
differences in their habitat use (in France: Thomas 1984b; in the Netherlands: Wynhoff
1998b; in Poland: Nowicki et al. 2005, 2007; in Germany: Dierks and Fischer 2009). Some

authors found differences in the flowerhead selection for oviposition of the two species, but
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no discrepancy in the spatial distribution of adult butterflies was detected (Thomas 1984b;
Figurny and Woyciechowski 1998; Thomas and Elmes 2001). Moreover, M. nausithous is
known to be a more abundant species in Western and Central Europe (Wynhoff 1998a;
Dierks & Fischer 2009 and references therein). However, we found that M. nausithous had a
much narrower niche and therefore much smaller abundance in the study region than M.
teleius. The latter is a more common and widespread species in whole Hungary as well. This
discrepancy between the habitat use of Hungarian and other European populations of the two
butterflies can be explained by climatic reasons. Among all localities where sympatric
populations of M. teleius and M. nausithous were studied the annual mean temperature is
highest, while annual precipitation is the lowest on the Hungarian sites. The only host ant of
M. nausithous (Myrmica rubra) prefers relatively humid and cool microclimatic conditions,
which are likely to be found at the afforested edges of meadows only, therefore we suppose
that M. nausithous is constrained to stay and oviposit at edges to provide sufficient
probability of adoption for the offsprings.

The effect of food plant density on butterfly density was ambiguous in our studies. In
Study IV we found no correlations between the density of M. feleius and its food plant,
which is in agreement with the findings of some other studies. The generally accepted view
is that food plant quantity is not a limiting factor for this butterfly (Nowicki et al. 2007).
However, in Study I there was a significant negative correlation between M. nausithous and
food plant density, while density of M. teleius was positively correlated with it, which
contradicts to other studies (Study IV; Nowicki et al. 2007; Anton et al. 2008), which did not
find any relationship between food plant and butterfly density. We suppose that this pattern
in Study I is simply the result of different within-site distribution of the two butterfly
species. M. teleius preferred meadow interiors, while M. nausithous was more abundant at
forest edges and their common food plant (Sanguisorba officinalis) was more abundant in
meadow interiors, so its distribution overlapped better with the distribution of M. teleius. In a
different study on M. teleius in the Kiskunsag National Park Batary et al. (2007) found a
positive correlation between food plant density and butterfly density. Dierks and Fisher
(2009) also found some positive relationships between food plant density and density of M.
teleius and M. nausithous in a landscape-scale study in Germany. We highlight that food
plant density varied in a wide range in all of the above mentioned studies. When its density is
low (~5 flowerheads m™ e.g. Batary et al. 2007; Dierks & Fischer 2009) food plant can be a
limiting factor for the butterflies and therefore a positive correlation between food plant and

butterfly density can be detected. Above a certain threshold, food plant becomes a non-
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limiting factor and other ecological factors may take more important roles. In such cases no
relationship between food plant and butterfly density is expected (Nowicki et al. 2007; Anton
et al. 2008; Study IV). However, in the study of Batary et al. (2007) the overlap between
microhabitat requirements of the food plant and M. teleius was high (both were found in
largest quantity in the same microhabitat types) providing an alternative explanation for the
positive correlation between their densities.

We found a clear negative density—area relationship in M. nausithous in Study II. This
relationship was showed to be a characteristic of butterfly metapopulations by Hamback &
Englund (2005) in a meta-analysis. More specifically, Hanski et al. (1994) revealed this
relationship in Melitaea cinxia and more recently Nowicki et al. (2007) found a similar
pattern in Maculinea teleius and M. nausithous. The explanations for this pattern are various.
Hanski et al. (1994) concluded that negative density—area relationship stems from the fact
that larger patches are typically of lower average quality, but they did not elucidate this point
further. Bukovinszky et al. (2005) argued, that butterflies use distant visual cues to find
suitable food plant patches and so the scaling of immigration rates will become more
diameter- than perimeter-dependent. Hambick & Englund (2005) emphasized, that
asymmetric migration (diameter-dependent immigration and perimeter-dependent
emigration) may cause a negative density—area relationship. On the other hand, Nowicki et
al. (2007) found no spatial autocorrelation in densities of local populations of Maculinea
butterflies, dispersal was fairly symmetric and did not affect local densities significantly.
They hypothesized, that host ants are under strong parasitic pressure in meadow interiors
where food plant density is usually high. Therefore, small and internally fragmented patches
may have higher densities of host Myrmica ants, because patch surroundings could constitute
refuge space for them. Contrarily to these studies, we sampled one single population of M.
nausithous in a heterogeneous habitat patch (Study II). In this case, the negative density—
area relationship was caused by the aggregation of butterflies in certain small spatial units,
which was detected as a significant positive spatial autocorrelation in their density. We
suggest, that small units may have higher proportion of afforested edge and thus they were of
higher quality for M. nausithous.

We demonstrated in Study II, that movement of adult butterflies within habitat patches
was sex-biased. For M. teleius, the emigration rate of both genders was positively influenced
by the proportion of males. High proportion of males can decrease their chance to find
suitable mating partners and increases male harassment that females suffer from (Baguette et

al. 1996, 1998). To our best knowledge, sex-biased density-dependent movement of
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butterflies or male avoidance as a cause of female emigration has been found in a few studies
only, and the spatial scale of such studies was much larger than in our present one (Shapiro
1970; Odendaal et al. 1989; Baguette et al. 1996, 1998). Furthermore, we found that the
mean distance moved by individuals was higher in females indicating their higher mobility
for both M. teleius and M. nausithous, which is a widely recognized phenomenon in
butterflies (e.g. Kuussaari et al. 1996; Petit et al. 2001; Zimmermann et al. 2005).
Nevertheless, our results are particularly interesting, because all of the studies cited above
were carried out at metapopulation scale, while our study was performed within one single
population at a much finer spatial scale.

In some studies we could quantitatively analyze the movement pattern of Maculinea
butterflies and we revealed that they performed a restricted movement within habitat patches
and may have had home ranges. This phenomenon has been rarely investigated and only
some long-life tropical butterflies were known to establish home ranges (e.g. Mallet 1986),
which is different from the territorial behaviour of males detected in many species (e.g.
Baker 1972; Bitzer & Shaw 1995; Fischer & Fiedler 2001; Kemp 2002). In Study II, mean
move length of both studied species was unexpectedly small indicating that the majority of
butterflies stayed within smaller parts of the sampling site, which was a small habitat
fragment. Moreover, an extremely tiny proportion of individuals took any moves in the range
of the largest distances that could have been detected (~240 m). Movements were detected
most frequently between neighbouring spatial units. We provide different explanations for
this limited within-habitat movement of the two studied species, which has already been
demonstrated by Hovestadt and Nowicki (2008). In the case of M. nausithous, the lack of
relatively long movements may have been due to that the distribution of this species was
highly aggregated in some particular spatial units near to forest edges and butterflies were
rarely observed in a number of units. On the other hand, M. teleius was more evenly
distributed throughout the study site, but its movement seemed to be hindered by forest
strips. Additionally, the lack of time-dependence in butterflies” move lengths suggests that
they did not follow the rules of a pure random walk, which is a widely used null-model for
animal movement (e.g. Blackwell 1997). However, this analysis was not a thorough test of
the appropriateness of the random walk model (see Hovestadt & Nowicki 2008).

In Study ITI, we clearly demonstrated that the random walk model was not appropriate
for characterizing the within-habitat movement of M. rebeli females, since it overestimated
the net displacement. All approaches applied in our analyses suggested that the movement of

butterflies was restricted and that they established home ranges. In most studies, within-
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habitat movement is assumed to be random (e.g. Odendaal et al. 1989; Schultz & Crone
2001; Ovaskainen 2004), and non-random movement of butterflies has been demonstrated in
the matrix and at habitat boundaries only (Conradt et al. 2000; Conradt & Roper 2006).
Recently, Hovestadt & Nowicki (2008) found that M. teleius may also establish home ranges
within habitat patches. The coincidence of their conclusion with ours is notable, because
Hovestadt & Nowicki (2008) performed a thorough analysis of a mark-release-recapture
dataset, so their results derive from an analysis of patterns (the spatial distribution of
individuals), while tracking individuals provided us a deeper insight into the process
(movement of individuals) that generates the pattern. Moreover, we were able to combine
this process with the spatial distribution of resources. The observed movement pattern
departed from that predicted by the risk-spreading hypothesis, but the results do not disprove
its other two predictions (Root & Kareiva 1984), because M. rebeli females laid eggs singly
and very few eggs were laid per plant by a single female.

Our first reason for the restricted movement of females is that even a home range of
observed mean size (325 m?) can be enough for a female to avoid sibling competition, if it
contains high density of food plants. We can calculate that a M. rebeli female’s mean home
range contains 9.75 exploitable host ant colonies capable of rearing a total of 52 M. rebeli
larvae to adulthood each year. Combining our values of lifetime natality (101 eggs per
female) with some published values on larval survival (Hochberg et al. 1992), we obtain a
figure of 42-54 pre-adoption larvae per female each year (see calculations in Korosi et al.
2008). Moreover, competition between siblings is further reduced due to polymorphic
growth of caterpillars: 75% of the cohort take 2 years to develop per host ant nest and 25%
take 1 year (Thomas et al. 1998a). As described above, females spread their eggs fairly
evenly within their home ranges, thus even as small an area as 325 m? is sufficient to lay the
maximum number of eggs in their lifetimes whilst avoiding sibling competition. However,
the period of time during which our observations were made was short and we can be sure
that females do not spend all of their lives within such small home ranges and they are
unlikely to show territorial behaviour, so females’ home ranges certainly overlap. Finally,
compared to the length of the flight period the lifetime of individual females is short, which
ensures that no food plant patch can be monopolized by a single female.

Direct observation of egg-laying allowed us to find another reason for the restricted
movement. Even if our estimates of the daily survival rate and the egg-laying rate contain
uncertainties, the difference between the egg load and the estimated number of eggs actually

laid by a female over its lifetime suggests that egg-laying of M. rebeli is time constrained,
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which is otherwise a widespread phenomenon among butterflies (Kingsolver 1983; Doak et
al. 2006). We argue that time-constrained nature of egg-laying may be another cause of
restricted movement. Time limitation increases the costs of flying, since it consumes energy
and time also. The benefits for females of greater movement are poor due to the
unpredictability of larval survival and the ease with which sibling competition can be
reduced. Therefore, restricted movement may result in a higher reproductive output per
female. Furthermore, time limitation may explain why we did not find clear oviposition
preferences: choosy oviposition would demand much time for the selection of suitable plants,
which is costly for a time-constrained butterfly. The lack of effect of the presence of host
ants beneath the food plants selected for oviposition indicates that Maculinea butterflies are
not able to detect host ants, which was previously suggested by Thomas & Elmes (2001).

We stress that in both studies where the movement of Maculinea butterflies were found
to be restricted the sampling sites were abandoned grasslands. In such habitats, the advance
of scrubs and weeds overgrowing the area inevitably causes the internal fragmentation of the
habitats, which may be another possible reason for the restricted movement of butterflies as
they tend to stay within suitable micro-patches with high density of food plants. Furthermore,
the movement pattern of individuals is likely to be affected by population density, but this
effect could not be tested in any of our studies.

Despite of the short period of experimental management and small sample size in Study
IV, we found a significant effect of mowing on the density of M. teleius, its food plant and
host ants. However, the frequency of Myrmica ants was affected negatively by mowing,
while butterfly and host plant density were enhanced by increasing mowing frequency. A
possible explanation for this pattern can be that mowing in May favours the growth of the
host plant which can reach a larger coverage by the time of the butterfly’s flight period
(July—August). Higher density of host plants may be attractive for female butterflies and it is
likely that the density of eggs laid is higher. This means a higher parasitic pressure for host
ant colonies, which can be seriously damaged or weakened by Maculinea caterpillars. The
infected host ant colonies become less competitive and can be superseded by other ant
species (Elmes et al. 1998). In other words, there is an apparent competition between the
food plant and host ants of Maculinea butterflies, as food plants transmit the parasitic
caterpillars to the ant colonies (Thomas et al. 1997). Food plant coverage is lower on less
intensively mown areas which may be serve as refugia for Myrmica ants. Alternatively,
microclimatic conditions can be less favourable for Myrmica ants in more intensively

managed parts of the habitat. Should any one of these explanations be correct, our results call
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the attention to the fact that mowing has a contrasting effect on the two main resources of
Maculinea butterflies. Therefore, future management schemes of Maculinea habitats should
involve the maintainance of a mosaic-like landscape, where high density food plant patches
and refuge areas for host ants form a fine-grained habitat complex.

In spite of the evident differences among sampling meadows regarding their
management history and vegetation structure, the effect of mowing was not ambiguous on
them. The random factor reached a high value in all mixed models which indicates that there
may have been larger differences in the response variables between the meadows than
between different managements within the meadows. This fact clearly supports the general
idea derived from modelling studies that conservation acts for Maculinea habitats must be
designed and realized on a case-by-case basis (Mouquet et al. 2005b). As habitat
management is a key factor in the long-term preservation of Maculinea butterflies (e.g. Johst
et al. 2006), we intend to continue the monitoring of the effects of different management
types.

Although most of our studies were carried out at the spatial scale of local populations,
the results support the view that Maculinea butterflies usually do not form classical
metapopulations (see Nowicki et al. 2007). Instead, the restricted within-habitat movement
and the non-homogeneous distribution of butterflies suggest that Maculinea species exist in
patchy populations. In these populations we managed to reveal several patterns which had
been previously found only in butterfly metapopulations at the landscape scale. The
mechanisms underlying these patterns can be various, such as establishment of home ranges
or very specific habitat preferences (e.g. M. nausithous). The latter draws attention to that
habitat patches which seem to be homogeneous for human observers (such as large food
plant patches) may be perceived as non-homogeneous by butterflies and their presence and
movement can be constrained to certain sub-regions of the habitat. The reason is that food
plant is not the only resource butterflies require and therefore biotopes or vegetation stands
are not equal to habitats. The overlap of several resources is needed to define a bounded
space as a habitat. Instead of the prevailing patch vs. matrix view, we support the idea that a
resource-based concept of butterfly habitats would be straightforward to understand their
ecology and more effective in practical conservation (Dennis et al. 2003, 2006). The
simplistic view of patch vs. matrix can be dangerous, because it takes into consideration the
size and isolation of habitat patches only, but neglects the quality of habitats, which is
otherwise recognised as a very important factor in the persistence of butterfly populations

(e.g. Dennis & Eales 1999; Fleishman et al. 2001; Thomas et al. 2001).
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To summarize the implications of our results for the conservation of large blue
butterflies we stress that, despite the apparent similarity of their ecological requirements, we
succeeded to reveal a contrasting habitat use between two closely related Maculinea species
inhabiting the same habitats and using the same food plant. This result has serious
consequences for the definition and management of the habitats of the two species in the
future. Additionally, we found that movement of Maculinea butterflies within habitat patches
can be restricted, which may lead to an internal fragmentation of local populations. Finally,
we tested the effects of different mowing types on the density of M. feleius and its resources,
which is otherwise unprecedented, and based on our preliminary results we envisaged some
fundamentals of a management scheme for the habitats of large blue butterflies in the Orség

National Park.

SUMMARY

Butterflies have become frequently used model organisms in biology, especially in
population ecology. They have played a disproportionate role in the advance of
metapopulation theory, which is one of the most successful attempts in ecology to
incorporate the effects of space into population processes explicitly. Uniquely among
European butterflies, Maculinea species are obligate social parasites of Myrmica ants. This
special life cycle has attracted the attention of many researchers, while the extinctions or
rapid decline of their populations throughout W Europe made a lion of them and nowadays
they are ‘flagship’ species for European nature conservation.

A huge amount of data has been collected and a sound knowledge base built up about
the biological interactions between Maculinea butterflies, their food plants, host ants and
parasitoids in the past decades, but quite a few studies investigated the demographic
processes in populations and the habitat use of adult butterflies. According to these studies,
Maculinea butterflies do not form classical metapopulations, because they occupy almost all
available food plant patches, local population sizes are stable and interpatch movements are
quite rare. Thus no colonization-extinction dynamics occur in Maculinea populations and
local population processes are supposed to have a major influence on long-term persistence
of these species.

At the same time, several authors suggested that the biology of species and behaviour of
individuals may have influence on metapopulation dynamics and thus should not be ignored.

Metapopulation theory is thought to be simplistic having some assumptions that are
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biologically unrealistic in many cases. For example, the patch vs. matrix view of the habitat
considers habitat quality as a binary variable (0 or 1), although habitat quality is known to be
a highly influential factor in the persistence of many butterfly species. Furthermore, the
spatial delineation of habitat patches can not be unambiguous for many butterflies, as their
resources are not patchily distributed. In addition, metapopulation models and a number of
earlier studies assumed (but rarely tested) that butterflies’ movement follows a correlated
random walk (both within and outside habitat). However, some recent studies suggested that
within-habitat movement of Maculinea species can be limited and butterflies may establish
home ranges.

Therefore, we studied the microdistribution, habitat use and movement pattern of
Maculinea butterflies at the level of single populations. Firstly, we investigated how the
density of Maculinea nausithous and M. teleius was influenced by edge types and distance
from edges on meadows where they co-occur. These species use a common larval food plant,
the great burnet (Sanguisorba officinalis), and their flight period entirely overlaps in the
Orség region, where our study was carried out. We designated two pairs of transects on each
of ten meadows along the Szentgydrgyvdlgyi stream. One pair was laid at an afforested edge
of the meadows (tree edge): one transect directly next to the trees and the other one 15 m
further inside parallel to the edge transect. Another transect pair was laid down in the same
way at the so-called road edge next to a narrow paved or unpaved road with no trees or
bushes and very low traffic. The number of butterflies was detected by walking along the
transects once everyday during the peak of flight period. We found a contrasting effect of
edge type on the two species. Density of M. teleius was higher in road transects than in tree
transects, while M. nausithous was more prevalent in tree transects. Edge effect was
significant for M. nausithous only, which was found in higher densities at edge transects than
at interior ones. The microenvironmental parameters, especially air humidity and wind speed
were different on different edges. Both the edge type and the distance from edge affected the
food plant density which was highest at road interiors and lowest at tree edges. We found
significant negative correlation between M. feleius density and air humidity and a positive
correlation with food plant density. In the case of M. nausithous, butterfly density was
significantly negatively correlated with wind speed.

We attempted to reveal some differences in the habitat use and microdistribution of
Maculinea nausithous and M. teleius within one single habitat fragment where they co-
occured. We carried out a detailed mark-release—recapture study on the sampling site

divided into 22 spatial units. We found the density of M. nausithous significantly positively
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autocorrelated, while M. feleius was more evenly distributed. The proportion of afforested
unit edge had a positive effect on M. nausithous density, but it had no influence on M.
teleius. There was a significant negative density—area relationship for M. nausithous.
Coverage of afforested unit edge had a negative effect on the emigration rate of M. feleius.
Movement was sex-biased for M .teleius, as both males and females tended to emigrate from
units with high proportion of males. The mean length of observed movements was
surprisingly small for both species and we rarely detected any moves between the farthest
parts of the sampling site, indicating that movement of butterflies was restricted to smaller
sub-regions of the site. Female mobility was higher than that of males for both species but
we found no differences between the mean move length of the two species.

These results clearly proved that microdistribution and habitat use were different for the
two species both at single patch and at landscape scale. This may be a consequence of that
the primary resource (the host ant) of the two species is different, which otherwise allows
their stable co-existence. The only host ant of M. nausithous (Myrmica rubra) prefers the
coolest and most humid microclimate and it is the predominant ant species on afforested
edges of meadows. Thus the preference of M. nausithous for these edges is adaptive, since
there the host ant—food plant coincidence is higher than elsewhere. On the other hand, M.
teleius uses several Myrmica species as hosts and this butterfly primarily occupied the
meadow interiors, where ant communities consist of more species. In addition, we
demonstrated several phenomena in these populations (negative density—area relationship,
sex-biased movement, aggregated distribution and restricted movement) which had been
known previously from studies on butterfly metapopulations at landscape scale. Moreover,
we provided some arguments to change the prevailing patch vs. matrix view of habitat and
supported the use of a resource-based concept for habitat definition.

We aimed to clarify whether within-habitat movement of Maculinea species can be
described as a random walk and their egg-laying is time- or egg-constrained. We
hypothesized, that M. alcon females are not able to predict the survival of their offsprings at
the moment of oviposition, since the most important mortality factor of caterpillars stems
from the lack of adoption by host ants and adult butterflies are assumed to be unable to detect
the presence of host ants beneath the food plants. Therefore, we expected that female
butterflies would apply a bet-hedging strategy and would follow linear flight paths to
maximize the net displacement and spread their eggs as widely as possible. We followed 30
randomly selected females of M. alcon within a small habitat fragment and recorded their

movement pattern and oviposition behaviour. In addition, a mark-release-recapture study
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was carried out to estimate the survival rate of females and four non-mated virgin females
were dissected to count the load of potential eggs. We found that butterflies’ movement was
restricted as the maximum net displacement from the starting point was (on average) <20 m.
The random walk model was inappropriate for characterizing the movement pattern as it
overestimated the net displacement. All approaches applied in our analyses suggested that
female M. alcon butterflies may have established home ranges (on average 325 m?).
However, it did not disprove the risk-spreading hypothesis, because we revealed that such
small home ranges can be sufficient for the females to spread all of their eggs and reduce the
competition between their siblings. We estimated the egg-laying rate (~5 eggs/hour) and the
average lifespan (~2.5 day) of females and calculated that an average female can lay
approximately 100 eggs during her lifespan, which was much lower than the mean egg load
found in dissected females (~375 eggs). Thus, the egg-laying of M. rebeli is time-
constrained, which may be another reason for the restricted movement: flying is costly as it
needs energy and time effort but the benefits are uncertain, because the females can not
predict the survival of the offsprings. This may be the explanation for that we did not find
any clear oviposition preferences of females, since choosy oviposition would be (time) costly
and the benefits are questionable.

We started a long-term management experiment to find the most favourable mowing
type for the maintenance of the habitats of Maculinea teleius. Four mowing types were
applied on each of four meadows. We found that higher mowing intensity increased the
density of butterflies and food plants, but it had a negative effect on the frequency of host
ants. We suppose that there is an apparent competition between food plant and host ants as
food plants transmit the parasitic caterpillars to the ant nests, which are seriously damaged by
the parasitism. Its consequence is that those areas, which are less favourable for the food
plant and for egg-laying females may serve as refugia for the host ants. Alternatively,
intensive mowing may change the microclimatic conditions in a manner which is
unfavourable for Myrmica ants. These results suggest that future management schemes
should take into consideration that long-term persistence of Maculinea butterflies is most
likely in a mosaic-like habitat complex. However, we found remarkable differences between
the meadows regarding the food plant and host ant density, which highlights that

conservation planning of Maculinea butterflies should be performed on a case-by-case basis.
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OSSZEFOGLALAS

A nappali lepkék kitilintetett szerepet jatszanak a kiilonféle biologiai kutatasokban és mara
modell fajokka valtak szamos tudomanyteriileten, mint példaul az evolucidés 6kologiaban, a
filogenetikdban, a populdciddkoldgidban és a természetvédelmi biologidban. Ennek oka,
hogy esztétikus megjelenésiik és viszonylag konnyli megfigyelhetoségiik évszazadok ota
vonzza a természetbuvarok figyelmét, s ennek koszonhetéen napjainkra tekintélyes
tudasanyag all rendelkezésre a lepkék taxonomidjat, elterjedését, okologiai igényeit, sét az
utobbi évtizedekben tapasztalhatdo allomanyvaltozasait tekintve is. Nem véletlen, hogy a
térbeli okologia teriiletén kiemelkedé metapopulacios elmélet kidolgozasaban is kdzponti
szerepet jatszottak a nappali lepkék. A térbeliség szerepe az 0kologiai mintazatokban és
folyamatokban nagy hangsulyt kapott az utobbi évtizedekben, és ebben a témaban az egyik
legdinamikusabban fejlodé elmélet a metapopulaciok miikddésével foglalkozik.

A klasszikus metapopulacidos megkozelitésben egy adott faj szamara alkalmas
¢léhelyfoltok egy a megtelepedésre alkalmatlan matrixba agyazodnak be. Az élohelyfoltokon
¢l6 populaciok belsé dinamikaja egymastol nagyrészt fliggetlen, koztiikk a kapcsolatot a
diszperzid tartja fenn, melynek révén az él6lény képes megtelepedni a korabban nem
elfoglalt teriileteken is ((re)kolonizacio). A helyi populaciés folyamatok eredményezhetnek
veletlen kihalasokat, melyeket a rekolonizacié tud ellenstlyozni. Ebben az elméletben az
extinkcio-rekolonizaci6 dinamikdja hatdrozza meg a metapopulacié hosszi tavu
fennmaradasat, s ebben a legnagyobb szerepet a foltok mérete illetve egymastol vald
izolaltsaguk jatsza. Szamos kiemelked$ eredmény sziiletett a metapopulacios elmélettel
kapcsolatban, melyeknek konkrét természetvédelmi hasznositasara is sor keriilt. Ugyanakkor
tobb szerz6 is felhivta a figyelmet arra, hogy az elmélet olyan el6feltevéseken alapul, amely
a legtobb valds populacié esetében nem teljesiil, valamint olyan egyszersitéseket tartalmaz,
amelyek komolyan befolyasolhatjadk a modell joslatainak érvényességét. Sok faj esetében
példaul nem figyelhetd meg az extinkcios-rekolonizacios dinamika, mivel ezek a fajok
viszonylag stabil populaciokat alkotnak és minden potencialis ¢l6helyfoltot benépesitenek.
Tovabba a modell figyelmen kiviil hagyja az él6helyfoltok mindségét, ami pedig a nappali
lepkék esetében dontd hatassal lehet az ott €16 populaciok méretére €s fennmaradasara. Sok
faj esetében egyszerlien lehetetlen térbelileg lehatarolni az él6helyfoltokat, mert az adott faj
altal hasznalt forrasok eloszlasa nem foltszer(i, vagy mert a kiilonb6z6 forrasok atfedéseinél
valtozd6 mindségli élohelyfoltok jonnek 1étre, melyek mindegyike sziikséges a faj

szaporodasahoz. Egyes szerzok hangsulyozzak, hogy a matrix szerepe is dontd lehet a
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metapopulacios  dinamikdban. Végezetiill tUjabban felmeriilt, hogy az egyedek
mozgasmintazata, ami a metapopulaciés modellekben véletlenszeriinek van feltételezve,
jelentdsen eltérhet a véletlen mintazattol (diffazid), akar szabalyos keresé mozgasok, akar
korlatozott mozgaskorzet formajaban.

A hangyaboglarkak (Maculinea spp.) (Lepidoptera: Lycaenidae) az Eurépaban honos
lepkék kozott egyediilalld modon obligat szocidlis parazitai bizonyos Myrmica hangya
fajoknak. A ndstények a tdpnovényre helyezik tojasaikat s a kikeld hernyok néhany hétig a
magkezdeményekkel taplalkoznak. Ezt kdvetden a talajra ereszkednek és megvarjak, mig
bizonyos Myrmica fajok dolgozéi megtalaljak és adoptaljak Oket. Az adopticid utan a
hangyak a fészkiikbe cipelik a hernyokat. A hangyafészken beliil a Maculinea hernyok vagy
a hangyalarvakat fogyasztjak, vagy a hangyalarvakat utanozva elérik, hogy a dolgozok
inkabb ket etessék. A hernyok kutikulajan talalhato vegyiiletek (foképp szénhidratok)
nagyfoku hasonlésagot mutatnak a hangyak kémiai kommunikacidjaban hasznaltakéval,
ezért a hangyak a fészekhez tartozonak ismerik fel a lepke hernyokat. A Maculinea fajok
gazdaspecificitasa fajonként eltérd, egyes fajok (pl. M. nausithous) kizarélag egy Myrmica
faj fészkében él6skddnek, mig mas fajok tobb gazda fajt is hasznalhatnak. A Maculinea
hernyok testtomeggyarapodasuknak 99%-at a hangyafészekben érik el, itt telelnek, itt
babozodnak és az imagok innen kelnek ki. A lepkék szamara a hangyakkal valo kapcsolat
obligat, vagyis adoptacié hianyaban a hernyok életképtelenek. A hangyakolonidk szdmara a
lepke parazitikus viselkedése komoly reprodukcios hatranyt okozhat.

Egyediilallo ¢életmenetiikdn kiviil az irdnyitotta a figyelmet a hangyaboglarkékra, hogy
allomanyaik Nyugat-Eurdépaban az utébbi évtizedekben latvanyosan megfogyatkoztak,
szamos orszagban kipusztultak a védelmi intézkedések ellenére (pl. Anglia, Hollandia).
Eppen ezért a legtobb eurdpai orszagban védettek, a Natura2000 ElShely Irdnyelvek
fiiggelékeiben is szerepelnek. A kutatasok bebizonyitottak, hogy a hangyaboglarkak
rendkiviil jo indikator fajok, mivel igen érzékenyen reagalnak az él6helyiiket ért kedvezotlen
valtozasokra. Emellett erny6-fajokként is szolgalhatnak, hiszen él6helyiik megovasaval
szamos mas ¢élolény szamara teremthetiink lehetdséget a fennmaradasra és olyan
¢lohelytipusok maradhatnak fenn, melyek az eurdpai tdjakban egyre kisebb aranyban
talalhatoak meg. Mindezek miatt a Maculinea fajok napjainkra az eurdpai természetvédelem
szdmara ,,zaszl6shajo” fajokka valtak.

A metapopulacios vizsgalatok fent emlitett hianyossagait figyelembe véve doktori
munkamban arra kerestem a valaszt, hogy milyen mintazatok mutathatok ki a

hangyaboglarkak lokalis populacidin belill a lepkék térbeli eloszlasaban illetve
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¢l6helyhasznalataban, tovabba a megfigyelt mintazatokat milyen egyedi szintl
mechanizmusok idézik el6. Emellett a hangyaboglarkak hossza tavu fennmaradasat elésegitd
¢léhelykezelési modszerek kivalasztasa is szerepelt a vizsgalatok céljai kozott.

Az Orségi Nemzeti Park teriiletén két olyan vizsgalatot végeztink, melyekben a
sotétalju hangyaboglarka (M. nausithous) és a vérfii hangyaboglarka (M. fteleius)
¢lohelyhasznalatat €és térbeli eloszlasat tanulmanyoztuk egyrészt tajléptéken, masrészt egy
helyi populacio szintjén. A két vizsgalt faj hazdnkban olyan nedves kaszaloréteken ill.
kékperjés lapréteken fordul eld, ahol larvalis tapnovényiik, az 6szi vérfi (Sanguisorba
officinalis) nagy mennyiségben megtalalhato. Mindkét faj a vérfi viragzataba helyezi
tojasait, repiilési idejilk pedig teljesen atfed. Emellett sok teriileten szemmel lathatdéan
stabilan egyiittélé populaciokat alkotnak. Az elsé vizsgalatban a Szentgyorgyvolgyi patak
mentén 10 réten jeloltiink ki rétenként két transzekt part. A transzektek 50 m hossztiak és 5
m szélesek voltak. Az egyik transzekt part a rét erdovel hataros szegélyében helyeztiik el oly
moddon, hogy az egyik transzekt éppen a szegélyre esett, mig a masik 15 méterrel beljebb a
rét belseje felé. A masik transzekt part ugyanilyen modon a rétnek egy olyan szegélyén
jeloltik ki, ahol valamilyen kisforgalmii ut hatarolta a rétet. A legtobb esetben az ut
tuloldalan szintén a vizsgalt fajok szamara alkalmas él6hely volt talalhato. A rajzasi idészak
csucsan naponta egyszer végigjartuk az 6sszes transzektet és mindkét faj egyedeinek szamat
feljegyeztiik, elvégeztiik bizonyos iddjarasi paraméterek mérését, valamint Osszesen egy
alkalommal a tapndvény hajtasokat is megszamlaltuk. Eredményeink azt mutattak, hogy a M.
nausithous denzitdsara szignifikdns hatdssal volt a szegély tipusa (az erdds szegélyeken
nagyobb denzitas), illetve a transzekt helyzete is (a szegély transzekten nagyobb denzitds,
mint a belsd transzekten). A M. teleius esetében csak a szegély tipusa volt szignifikans
hatéssal, a lepkék denzitdsa az ut melletti transzekt paron volt magasabb. A tapnovény
denzitasara mind a transzekt tipusa, mind pedig a transzekt helyzete szignifikans hatassal
volt. A legkevesebb tapnovényt az erdds szegélyeken, a legtobbet az ut melletti belsd
transzekten talaltuk. Az id6jarasi paraméterek koziil a szélerdsség és a paratartalom mutatott
szignifikans kiilonbségeket. A relativ paratartalom az erdds szegély transzekteken magasabb
volt, mint az ut mellett, tovabba az erddk mellett a szegélyeken magasabb volt, mint a belsd
transzekten. Végiil a szélerdsség az erdds szegély transzekten volt a legalacsonyabb.
Osszességében tehdt a két Maculinea faj eloszlasa a réteken kiilénbozo volt. A M. nausithous
leginkabb a parasabb, kevésbé szeles erdds szegélyeken fordult eld, mig a M. teleius az utak

melletti bels6 transzekteken, ahol a tapnovény denzitasa a legmagasabb volt.
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Masodik vizsgalatunkban egy populacion belill vizsgaltuk a két faj eloszlasat és
¢léhelyhasznalatat intenziv jelolés-visszafogasos modszerrel. F6 kérdésiink az volt, hogy
miképpen befolyasolja az erdds szegélyek kozelsége ill. aranya a két faj eloszlasat és
mozgasmintazatat. A mintavételi teriilet egy kéthektaros, felhagyott nedves kaszalorét volt
Kercaszomor mellett, az Orségi Nemzeti Park teriiletén. A kaszalas hianyaban bekovetkezd
cserjésedés és beerddsiilés nyoman a rét négy kisebb foltra tagolodott, ezeket dsszesen 22
kisebb (300-2200 m?), szabalytalan alaka térbeli mintavételi egységre osztottuk. A jelolés-
visszafogast tgy végeztilk, hogy minden térbeli egységben annak teriiletével aranyos id6t
toltottiink, ily modon standardizalva a mintavételi raforditast. A naponta fogott lepkék
szamanak Osszegét eclosztva a mintavételi egységek teriiletével jellemeztiik minden
egységben a két faj denzitasat. Osszesen 171 egyedet jeldltiink meg a M. nausithous és 1085
egyedet a M. teleius esetében. A M. teleius egyedszamat a mintavételi egységek mérete
pozitivan, az erdds szegély aranya pedig negativan befolyasolta, am e két magyarazo valtozo
kozott szignifikans negativ korrelacio volt. A M. nausithous-nal mind az egyedszamra, mind
a denzitasra szignifikans pozitiv hatassal volt az erdds szegélyek aranya, mig a mintavételi
egységek teriilete szignifikansan negativan hatott. A M. nausithous denzitasa szignifikans
pozitiv autokorrelaciét mutatott, mig a M. teleius denzitdsdban nem volt kimutathato
autokorrelacio.

Minden egyes visszafogasi esemény egyuttal egy elmozdulasként is értelmezhetd volt,
ezaltal lehetové valt a kivandorlasi rata kiszamitasa az egyes mintavételi egységekre, tovabba
az elmozduldsok hosszanak megallapitasa. A M. teleius esetében a kivandorldsi ratat
negativan befolyésolta a mintavételi egységek teriilete, az erdds szegélyek mérete, valamint a
lepkék denzitasa. A himek aranya viszont pozitiv hatassal volt mind a himek, mind pedig a
ndstények kivandorlasi ratajara. A M. nausithous esetében az alacsony fogasszam miatt nem
tudtuk a kivandorlasi ratat modellezni. Az elmozdulasok atlagos hossza mindkét faj esetében
meglepden alacsony volt (~60—70 m) és csak elvétve figyeltiink meg atmozgast a mintavételi
teriilet legtavolabbi pontjai kozott (~240 m). A két faj kdzott nem talaltunk szignifikans
eltérést, viszont mindkét faj esetében a néstények elmozduldsai szignifikansan hosszabbak
voltak.

A két vizsgalat eredményei alapjan megallapithatd, hogy a M. nausithous és M. teleius
¢l6helyhasznalata mind tajléptéken, mind pedig egy adott él6hely-fragmentum esetében
kiilonb6z6. A M. nausithous nagyobb denzitasban fordult el6 az erdds szegélyekhez kozel,
eloszlasa ennek kovetkeztében aggregalt volt, mig a M. teleius inkabb a rétek belsé részein

fordult el6 és eloszlasa egyenletesebb volt. Feltételezésiink szerint az eltéré él6helyhasznalat
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magyarazata abban rejlik, hogy a két faj legfontosabb forrasa, a gazda hangya faj térbeli
eléfordulasa eltérd. (Valosziniileg ez teszi lehetvé stabil egyiittélésiiket.) A M. nausithous
kizardlag a Myrmica rubra fészkeit parazitalja, amely leginkabb a nedves, hiivosebb
mikroklimatikus kdriilményeket kedveli, ezért a rétek erdds szegélye mentén dominans faj
lehet (rhadasul gyakran képez igynevezett szuperkolonidkat). igy a M. nausithous ndstények
szamara adaptiv stratégia lehet az erdds szegélyek mentén keresni tojasraké helyeket, hiszen
a tapndvény—gazda hangya atfedés mértéke valdszintileg itt a legmagasabb. A M. teleius nem
ennyire gazdaspecifikus, hernyoi legtobbszor a Myrmica scabrinodis fészkeiben fejlodnek,
de szamos mas Myrmica faj is szolgalhat szamara gazdaként (pl. M. gallienii, M. rubra, M.
salina). Ezaltal a rétek belsejében, ahol a Myrmica kozosség fajszama magasabb, mint a
szegélyekben, a M. teleius szdmara megnd az esély arra, hogy a tapnovényt elhagyo
hernyokat gazda hangyak adoptaljak. Az erdds szegélyek magas ardnya a M. teleius
mozgasat akadalyozta, mig a M. nausithous mozgasara nem volt kimutathato hatassal, ami
kiemeli az erdds szegélyek szerepét a két faj térbeli elkiiloniilésében.

Emellett a masodik vizsgalatban szamos olyan mintazatot talaltunk a lepkék
eloszlasaban €és mozgasmintazataban, amelyeket korabban csak metapopulacios 1éptéki
vizsgalatokban mutattak ki. Ilyen példaul a negativ denzitas—teriilet 6sszefiiggés, amelyet a
M. nausithous esetében talaltunk, s amely sok mas tanulmany szerint jellemzé a nappali
lepkék metapopulacioira, tobbek kozott az altalunk vizsgalt fajokéra is. Szintén
metapopulacids vizsgalatokbol ismert tény, hogy a ndstények elkeriilik azokat az
¢lohelyfoltokat, ahol a himek denzitasa magas, ugyanakkor a himek keresik azokat a
foltokat, ahol a néstények nagy egyedstirliségben fordulnak eld. Ez a mi vizsgalatunkban
abban nyilvanult meg, hogy azokbol a mintavételi egységekbdl, ahol a himek aranya magas
volt, onnan mindkét ivar egyedei nagyobb valosziniséggel vandoroltak el. Ez feltehet6en
annak kovetkezménye, hogy a himek magas ardnya a ndstények szamara kedvezdtlen
gyakori zaklatassal jar, mely el6l a ndstények megprobalnak kitérni. Ugyanakkor a himek
kozotti kompeticio a fogékony néstényekért szintén nagyfoku, ezért a himek is a kivandorlast
valaszthatjak. Emellett mindkét faj esetében azt talaltuk, hogy a 200 méternél hosszabb
elmozdulasok gyakorisaga rendkiviil alacsony volt, tovabba semmilyen 0sszefiiggés nem
volt az elmozdulasok hossza és id6tartama kozott. Mindezek alapjan arra kovetkeztetiink,
hogy a M. teleius és a M. nausithous mozgasa az él6helyfolton beliil erésen korlatozott,
aminek fontos elméleti és természetvédelmi kdvetkezményei lehetnek.

Harmadik vizsgalatunkban a Maculinea rebeli (a M. alcon szarazréti Okotipusa)

néstényeinek  nyomonkdvetésével, mozgasmintazatuk és  tojasrakasuk  kozvetlen
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megfigyelésével probaltunk meg két hipotézist tesztelni. A ,kockazatmegosztd” hipotézis
esetén abbdl a feltevésbdl indultunk ki, hogy a néstények nem képesek utddaik talélését
megjoésolni, mivel annak térbeli varianciaja magas. Az utdodok tilélését ugyanis leginkabb az
hatdrozza meg, hogy a tapnovényt elhagyd hernyot adoptaljak-e a gazda hangydk, a
néstények viszont nem képesek megallapitani, hogy egy adott tapndvény beleesik-e valamely
gazda hangyafészek mozgéskorzetébe. A hipotézis ilyen esetekben azt josolja, hogy a
tojasrako ndstények linearis utvonalat fognak kovetni, hogy maximalizaljak a bejart teriiletet
€s igy tojasaikat minél nagyobb teriileten szorjak szét (kockazatmegosztas), ezért
mozgasmintazatuk el fog térni a véletlen bolyongas modell altal josoltaktol. Emellett egy
tapnovényre varhatdan csak kevés tojast fognak rakni és sok alkalmasnak tiind tapnovényt
figyelmen kiviil hagynak. Korabbi vizsgalatok a hangyaboglarkak éldhelyfolton beliili
mozgasat korlatozottnak talaltak, ezért alternativ hipotézisiink az volt, hogy a néstények sajat
home range-et (mozgaskdrzetet) tartanak.

Osszesen 30 random moédon kivalasztott néstényt figyeltiink meg Vérteskozma mellett
egy ~0,8 hektaros réten, melyet minden oldalrdl erdd vett koriil. A lepkék leszallasi pontjait
megjeloltik, a leszallasi ponton mutatott viselkedést €s annak idGtartamat rogzitettiik, a
lerakott tojasokat megszamlaltuk. A nyomon kdvetés végeztével a lepkéket megjeldltiik,
elkeriilendd az ismételt megfigyelést, a leszallasi pontok kozotti tavolsagot és iranyt
lemértiik. A nyomon kovetések atlagos iddtartama 50 perc volt. Emellett végeztiink a
populacion egy jelolés-visszafogas vizsgalatot, hogy a ndstények talélési ratajat
megbecsiiljiik. Végiil négy frissen kikelt, sziiz ndstényt felboncoltunk és megszamlaltuk a
benniik talalhato6 tojasokat.

A lepkék mozgasmintazata kiilonbozott a véletlen bolyongas (random walk) modelljétol,
mivel a nettd elmozdulas négyzetének modell altal becsiilt értékei a megfigyelt értékeknél
szignifikdnsan nagyobbak voltak. Ez abbol addédott, hogy a lepkék altal megtett nettod
tavolsag koriilbelil a 15. elmozdulasig ndvekedett, utana viszont csokkent. Ez azt jelenti,
hogy atlagosan a 15. elmozdulasnal a lepkék elérték a kiindulasi ponttél mért legnagyobb
tavolsagot, majd ezt kovetden kozeledtek a kiinduldsi ponthoz. Ezek az eredmények tehat
egyértelmiien a mozgaskdrzet hipotézist tamasztjak ala. A lepkék atlagos mozgaskorzete 325
m’ volt, ami feltiinden alacsony, még egy ilyen viszonylag kis teriileti él6helyfolton is. A
néstények altal lerakott tojasok szama egyenes aranyban allt a megifgyelés idétartamaval, és
igy megbecsiilhettiik a ndstények tojasrakasi ratajat (~5 tojas/ora). A jelolés-visszafogas
adatok alapjan pedig a néstények atlagos élettartamat tudtuk megbecsiilni (~2,5 nap), s a két

becslést kombinalva megkaptuk egy atlagos egyed élete soran lerakhaté tojasok szamat (101
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tojas). Ehhez képest a kiboncolt ndstényekben atlagosan ~375 megtermékenyitetlen
petesejtet talaltunk s ebbdl azt a kovetkeztetést vontuk le, hogy a lepkék tojasrakasa ido-
limitalt.

A kockazat-megosztd hipotézisnek a mozgasmintazatra vonatkozé predikcidja nem
igazolodott be, mert a lepkék mozgasa korlatozott volt, ugyanakkor a masik két predikciot a
megfigyeléseink igazoltdk, hiszen a ndstények egy tapndvényre csak atlagosan 2 tojast
raktak. Tovabba a gazda hangyak el6fordulasi gyakorisagar6l és a Maculinea hernyok
mortalitasarol korabban publikalt adatok alapjan kiszamitottuk, hogy egy 325 m’-es
mozgaskorzet is elegendd egy ndstény szamara, hogy Osszes tojasat lerakja és utodai kozott a
kompeticiot minimalisra csokkentse, ha a tapndvény elegendd mennyiségben van jelen, ami
magyarazatot adhat a korlatozott mozgasra. Természetesen nem allitjuk, hogy a ndstények
egész életiiket egy ilyen kicsi teriileten tdltik, tovabba a lepkéknek a rajzas id6tartamahoz
képest rovid életideje €s a territorialitds hianya miatt a mozgéaskorzetek nagy mértékben
atfedhetnek. A ndstények ido-limitaltsagabol kovetkezden a repiilésnek sulyos koltségei
vannak (mind az id6-, mind az energiaraforditast tekintve), ugyanakkor a nyereségek
megkérddjelezhetek, hiszen a ndstények nem tudjak megjosolni utodaik talélését, a
sziikséges forrasok kis teriileten beliil is megtalalhatoak és elegendd varianciat mutatnak a
kockazat minél egyenletesebb elosztasahoz.

A hangyaboglarkak tobbségében olyan gyepteriileteken fordulnak el6, amelyeket az
ember hosszu ideje miivel valamilyen extenziv formaban. Az rségi nedves kaszaloréteken a
hagyomanyos mozaikos, kisparcellas kaszalas (és kisebb részben a legeltetés) volt az, ami az
¢lohelyek fennmaradasat biztositotta. Napjainkra azonban az allattartds megsziinésével
drasztikusan lecsokkent a széna iranti kereslet, tovabba a nagy tablakban torténd gépi
kaszalas az élohelyek homogenizalddasahoz vezetett. Emellett a kaszalas idozitése is teljesen
esetlegessé valt, hiszen a gazdalkodok jobbara a kezelési kényszer miatt végzik csak el a
rétek kaszalasat. Negyedik vizsgalatunkban az Orségi Nemzeti Parkkal kozosen azt a célt
tlztik ki, hogy egy hosszii tavll kezelési kisérletben megallapitsuk, hogy a vérfa
hangyaboglarka (M. teleius) populacioi szamara milyen kaszalasi mod a legkedvezdbb.

A Szentgydrgyvolgyi patak mentén négy réten jeloltink ki 4-4 kezelési savot.
Igyekeztiink gazdasdgilag realis kezelési tipusokat valasztani, melyek a kovetkezok: (1)
kaszalas majusban, (2) kaszalas szeptemberben, (3) kaszalas majusban és szeptemberben,
valamint (4) kaszalas nélkiili kontroll. A kaszalas minden esetben géppel torténik, a kisérletet
2007 majusaban kezdtiik. Minden kaszalasi savot felosztottunk 20%20 méteres kvadratokra,

ezeknek a kdzepén pedig 10x10 méteres kvadratokat jeloltiink ki. Minden évben a M. teleius
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repiilési id6szakaban végeztiikk a mintavételt. A lepkék mintavételezését jel6lés-visszafogasos
mddszerrel végeztiik oly mdodon, hogy egy ember 5 percet toltott mintavétellel egy 20x20
méteres kvadraton beliil és az dsszes kvadrat bejarasra keriilt minden mintavételi napon. A
mintavételre a rajzési iddszak cstGcsan két héten at keriilt sor. Az elemzésekben a
kvadratokban megfogott egyedek szamat tekintettiik fiiggd valtozonak. A lepke larvalis
tapnovényeként szolgald 6szi vérfit mennyiségének felmérését a 10x10 méteres kvadratokon
beliil végeztiik. A rajzas soran egy alkalommal a virdgfejeket megszamlaltuk, vagy ahol a
vérfii nagy denzitasa ezt nem tette lehetove, ott a hajtasokat szamlaltuk meg és ezt szoroztuk
meg 10 random kivalasztott hajtdson talalt virdgfejek atlagaval. A Myrmica hangyak
mintavételezése szintén a 10x10 méteres kvadratokon beliil zajlott. Minden kvadratban négy
darab, csalival ellatott miianyag lapot helyeztiink ki a kora reggeli 6rakban, és a kihelyezést
kovetd fél oraban az ott talalt Myrmica hangyakbol késébbi meghatarozas céljara néhany
példanyt alkoholba tettiink.

Eredményeink a 2008 juliusdban végzett felmérésre vonatkoznak. A kisérlet
megkezdése ota eddig az idopontig a négy kezelési savban eltérd szamu kaszalast végeztek
(kontroll: 0, szeptemberi: 1, majusi: 2, majusi és szeptemberi: 3). Az eredmények alapjan a
kaszalas intenzitasa pozitivan hatott mind a lepkék, mind pedig a vérfli denzitasara. A
majusban ill. a majusban és szeptemberben kaszalt kvadratokban a lepkék és a vérfi
denzitasa szignifikdnsan nagyobb volt, mint a kontroll teriileteken. Ugyanakkor a gazda
Myrmica fajok gyakorisdgara a kaszalas negativ hatassal volt, a kontroll kvadratokban
szignifikdnsan nagyobb volt a gyakorisaguk, mint a kezelt teriileteken. Kiemelendd, hogy a
modellekbe random faktorként bevett rét-hatas igen nagy volt, vagyis az dsszvariancianak
tobb mint 50%-at a rétek kozotti variancia magyarazta, és csak kisebb részét a réteken beliili,
kezelések kozti kiilonbségek. Emellett nem talaltunk szignifikdns Osszefiiggést a lepkék
denzitasa és a vérfli mennyisége kozott, viszont marginalisan szignifikans negativ kapcsolat
volt a Myrmica hangyak gyakorisaga és a lepkék denzitasa kozott.

Osszességében elmondhatd, hogy a kis mintaclemszam és a rovid kezelési iddszak
ellenére sikeriilt a kezelés hatasat kimutatnunk. A kaszalas ellentétes hatassal volt a vérfi
hangyaboglarka két legfontosabb forrasanak, a tdpnovénynek és a gazda hangyaknak a
mennyiségére. Ennek oka lehet az, hogy a majusi kaszalas kedvez a vérfii novekedésének,
ami a lepkék repiilési idszakara felnd és dominanssd valik a gyepben. A vérfiiben
gazdagabb teriileteket gyakrabban latogatjak a lepkék és feltehetGen tobb tojast raknak ott,
igy a gazda hangyak fészkeire nagyobb parazita nyomas nehezedik. A tapndovény és a gazda

hangya kozott fennalld latszolagos kompeticio (a parazita hernyokat a tapnovény kozvetiti a
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hangyafészkek felé) tehat azt eredményezi, hogy a tdpndvényben szegényebb teriiletek a
hangyak szamara refigiumként szolgalnak. Ezeknek a menedékteriileteknek a megléte
kulcsfontossag a Maculinea lepkék hosszi tavi fennmaradasa szempontjabdl, ezért a
leend6 kezelési terveknek egy mozaikos kaszalasi rendszer kialakitasat kell tartalmazniuk.
Alternativ magyarazat lehet az, hogy a kaszalds megvaltoztatja a gyepek szerkezetét és
ezaltal hatassal van a mikroklimara, ami szintén alapvetd fontossagu tényezd a Myrmica
fajok o0koldgiai igényeit tekintve. Mindemellett a rétek kozott talalt nagyfokt variancia azt
tamasztja ala, hogy az éléhelyek kezelési eldtorténete és vegetacio-szerkezete szintén
befolyasolhatja a kezelések kimenetelét, ezért az optimalis kezelés megvalasztasanak eseti
elbiralas ala kell esnie.

Osszegezve tehat a kovetkezd 0j tudoméanyos eredményeket értiik el. Két kozel rokon,
egylittesen eldforduld hangyaboglarka esetében (M. nausithous és M. teleius) szamos
kiilonbséget mutattunk ki az imagok élohelyhasznalataban és térbeli eloszlasaban mind
tajléptéken, mind pedig egy helyi populéacio szintjén s ezeket a kiilonbségeket dsszefiiggésbe
hoztuk a két faj stabil egyiittélését biztositd forras-felosztasukkal. Olyan mintazatokat
mutattunk ki egyetlen populacié vizsgalatakor, amelyek eddig csak metapopuléacios 1éptékii
tanulmanyokbdl voltak ismertek. Ilyenek példaul a negativ denzitas—teriilet Gsszefiiggés,
vagy a himek ¢és ndstények eltér6 mozgasmintazata. Bebizonyitottuk, hogy a
hangyaboglarkak esetenként mozgaskorzetet tartanak és tojasrakasuk idd-limitalt, ami
megvilagitja a korlatozott mozgas adaptiv értékét. Eredményeink alatdmasztjak azt a korabbi
allaspontot, mely szerint a Maculinea lepkék nem alkotnak klasszikus értelemben vett
metapopuldciokat, hanem inkébb ugynevezett foltos populaciokban fordulnak eld. Ez
megkérddjelezi a taj korabban uralkodo ,,él6hely—matrix” felosztasat és az élohelyeknek egy
forrasalapi meghatarozasat tamogatja, tovabba felhivja a figyelmet a Maculinea populaciok
Emellett a lepkék él6helyfolton beliili mozgasmintazatanak feltarasa hozzajarulhat bizonyos
térbeli populacios modellek tovabbfejlesztéséhez. Végezetiil él6helykezelési kisérletiink
soran megallapitottuk, hogy a kaszalas eltér6 hatassal lehet a hangyaboglarkak két
legfontosabb forrasanak, a tapndvénynek és a gazda hangyaknak a mennyiségére, ezért
mindenképpen a mozaikos élohelykezelést tartjuk elonydsnek. Tovabba megallapitottuk,
hogy a hangyaboglarka éléhelyek optimalis kezelésének megvalasztasa nagy mértékben

esetfliggd.

45



KOSZONETNYILVANITAS

Mindenek el6tt koszonetet szeretnék mondani feleségemnek, Agnesnek és kislanyomnak,
Lucanak, hogy a terepmunkakkal és a konferenciakkal jard gyakori tavollétemet tiirelemmel
viselték ¢és tudomanyos tevékenységemet megértd szeretettel kezelik. Koszonet illeti
témavezetomet, Prof. Dr. Varga Zoltant, akinek elGadasai és jotanacsai jelentds hatassal
voltak tudomanyos szemléletemre és emelték munkam szinvonalat. Nagy halaval tartozom
Peregovits Laszlonak, aki tudomanyos palyam elinditisdban rendkiviil sokat segitett. Altala
ismertem meg a hangyaboglarkakat és az ¢ hatasara kezdtem el tanulmanyozni a nappali
lepkék  Okologiajat. Kezdeti kutatasaimhoz  biztos anyagi hatteret, nyugodt
munkakdriilményeket biztositott, Otleteib6l sok inspiraciot merithettem, tanacsai pedig
szamos tevékenységemben segitettek. Koszonetet mondok szerzétarsaimnak, név szerint
Orvossy Noéminek, Dr. Batary Péternek és Dr. Kovér Szilvianak az egyiittmiikodésiikért és
segitségiikért. A terepi munkakban rengeteg ember kézremiikddésére volt sziikség, 6ket név
szerint emlitjiik az egyes publikaciok koszonetnyilvanitdsaban. Az Orségi Nemzeti Park
Igazgatosag rendkiviil segitdkész volt munkankkal kapcsolatban, kivaltképp Dr. Szentirmai
Istvannak szeretnék koszOnetet mondani, aki szerzétarsként is Kkivette a részét a
kutatomunkabol. Végiil koszondm Dr. Papp Laszlonak, hogy jelenlegi munkdmhoz biztos és
nyugodt hatteret biztosit.

46



REFERENCES

Akino, T., Knapp, J.J., Thomas, J.A., Elmes, G.W. (1999) Chemical mimicry and host
specificity in the butterfly Maculinea rebeli, a social parasite of Myrmica ant colonies.
Proceedings of the Royal Society of London B 266: 1419—1426.

Als, T.D., Vila, R., Kandul, N.P., Nash, D.R., Yen, S.H., Hsu, Y.F., Mignault, A.A.,
Boomsma, J.J., Pierce, N.E. (2004) The evolution of alternative parasitic life histories
in large blue butterflies. Nature 432: 386-390.

Anton, C., Musche, M., Settele, J. (2007) Spatial patterns of host exploitation in a larval
parasitoid of the predatory dusky large blue Maculinea nausithous. Basic and Applied
Ecology 8: 66-74.

Anton, C., Musche, M., Hula, V., Settele, J. (2008) Myrmica host-ants limit the density of
the ant-predatory large blue Maculinea nausithous. Journal of Insect Conservation 12
511-517.

Baguette, M. (2004) The classical metapopulation theory and the real, natural world: a
critical appraisal. Basic and Applied Ecology 5: 213-224.

Baguette, M., Convié, 1., Neéve, G. (1996) Male density affects spatial behaviour in the
butterfly Proclossiana eunomia. Acta Oecologica 17: 225-232.

Baguette, M., Petit, S., Quéva, F. (2000) Population spatial structure and migration of three
butterfly species in the same habitat network. Journal of Applied Ecology 37: 100—
108.

Baguette, M., Schtickzelle, N. (2003) Local population dynamics are important to the
conservation of metapopulations in highly fragmented landscapes. Journal of Applied
Ecology 40: 404—412.

Baguette, M., Vansteenwegen, C., Convié, 1., Néve, G. (1998) Sex-biased density-dependent
migration in a metapopulation of the butterfly Proclossiana eunomia. Acta
Oecologica 19: 17-24.

Baker, R.R. (1972) Territorial behaviour of the nymphalid butterflies, Aglais urticae (L.) and
Inachis io (L.). Journal of Animal Ecology 41: 453—469.

Batary, P., Orvéssy, N., Kérosi, A., Vialyi-Nagy, M., Peregovits, L. (2007) Microhabitat
preferences of Maculinea teleius (Lepidoptera: Lycaenidae) in a mosaic landscape.
European Journal of Entomology 104: 731-736.

Bereczki, J., Pecsenye, K., Peregovits, L., Varga, Z. (2005) Pattern of genetic differentiation
in the Maculinea alcon group (Lepidoptera, Lycaenidae) in Central Europe. Journal of
Zoological Systematics and Evolutionary Research 43: 157—165.

Bereczki, J., Pecsenye, K., Varga, Z. (2006) Geographical versus food plant differentiation in
populations of Maculinea alcon (Lepidoptera: Lycaenidae) in Northern Hungary.
European Journal of Entomology 103: 725-732.

Bitzer, R.J., Shaw, K.C. (1995) Territorial behaviour of the red admiral, Vanessa atalanta
(Lepidoptera: Nymphalidae). 1. The role of climatic factors and early interaction
frequency on territorial start time. Journal of Insect Behavior 8: 47-66.

Blackwell, P.G. (1997) Random diffusion models for animal movement. Ecological
Modelling 100: 8§7—-102.

47



Boggs, C.L., Watt, W.B., Ehrlich, P.R. (2003) Butterflies — ecology and evolution taking
flight. University of Chicago Press, Chicago.

Bolker, B.M., Brooks, M.E., Clark, C.J., Geange, S.W., Poulsen, J.R., Stevens, M.H.H.,
White, J-S.S. (2009) Generalized linear mixed models: a practical guide for ecology
and evolution. Trends in Ecology and Evolution 24: 127-135.

Bukovinszky, T., Potting, R.P.J., Clough, Y., van Lenteren, J.C., Vet, L.E.M. (2005) The
role of pre- and post-alighting detection mechanisms in the responses to patch size by
specialist herbivores. Oikos 109: 435-446.

Chapman, T.A. (1916) What the larva of Lycaena arion does during its last instar.
Transactions of the Entomological Society London 1915: 291-297.

Clarke, R.T., Thomas, J.A., Elmes, G.W., Hochberg, M.E. (1997) The effects of spatial
patterns in habitat quality on community dynamics within a site. Proceedings of the
Royal Society London B 264: 347-354.

Clarke, R.T., Thomas, J.A., Elmes, G.W., Wardlaw, J.C., Munguira, M.L., Hochberg, M.E.
(1998) Population modelling of the spatial interactions between Maculinea rebeli,
their initial foodplant Gentiana cruciata and Myrmica ants within a site. Journal of
Insect Conservation 2: 29-37.

Conradt, L., Roper, T.J. (2006) Nonrandom movement behavior at habitat boundaries in two
butterfly species: implications for dispersal. Ecology 87: 125-132.

Conradt, L., Bodsworth, E.J., Roper, T.J., Thomas, C.D. (2000) Non-random dispersal in the
butterfly Maniola jurtina: implications for metapopulation models. Proceedings of the
Royal Society London Series B 267: 1505-1510.

Dauber, J., Wolters, V. (2004) Edge effects on ant community structure and species richness
in an agricultural landscape. Biodiversity and Conservation 13: 901-915.

Dennis, R.L.H. (1992) The ecology of butterflies in Britain. Oxford University Press, Oxford,
UK.

Dennis, R.L.H., Eales, H.T. (1999) Probability of site occupancy in the large heath butterfly
Coenonympha tullia determined from geographical and ecological data. Biological
Conservation 87: 295-301.

Dennis, R.L.H., Shreeve, T.G., Van Dyck, H. (2003) Towards a functional resource-based
concept for habitat: a butterfly biology viewpoint. Oikos 102: 417-426.

Dennis, R.L.H., Shreeve, T.G., Van Dyck, H. (2006) Habitats and resources: the need for a
resource-based definition to conserve butterflies. Biodiversity and Conservation 185:
1943-1966.

Dierks, A., Fischer, K. (2009) Habitat requirements and niche selection of Maculinea
nausithous and M. teleius (Lepidoptera: Lycaenidae) within a large sympatric
metapopulation. Biodiversity and Conservation doi 10.1007/s10531-009-9670—y

Doak, P., Kareiva, P., Kingsolver, J. (2006) Fitness consequences of choosy oviposition for a
time-limited butterfly. Ecology 87: 395-408.

Ehrlich, P.R. (2003) Butterflies, test systems, and biodiversity. In: Boggs, C.L., Watt, W.B.,
Ehrlich, P.R. (eds) Butterflies — ecology and evolution taking flight. University of
Chicago Press, Chicago, pp. 1-6.

48



Elmes, G.W., Thomas, J.A. (1987) Die Gattung Maculinea. In: Geiger, W. (ed.) Tagfalter
und ihre Lebensraume: Arten, Gefahrdung, Schutz. Schweizerischer Bund fiir
Naturschutz, Basle, pp. 354-368.

Elmes, G.W., Thomas, J.A. (1992) The complexity of species conservation in managed
habitats: interaction between Maculinea butterflies and their ant hosts. Biodiversity
and Conservation 1: 155-1609.

Elmes, G.W., Thomas, J.A., Wardlaw, J.C. (1991a) Larvae of Maculinea rebeli, a large blue
butterfly, and their Myrmica host ants: wild adoption and behaviour in ant nests.
Journal of Zoology London 223: 447-460.

Elmes, G.W., Wardlaw, J.C., Thomas, J.A.(1991b) Larvae of Maculinea rebeli, a large blue
butterfly, and their Myrmica host ants: patterns of caterpillar growth and survival.
Journal of Zoology London 224: 79-92.

Elmes, G.W., Clarke, R.T., Thomas, J.A., Hochberg, M.E. (1996) Empirical tests of specific
predictions made from a spatial model of the population dynamics of Maculinea
rebeli, a parasitic butterfly of red ant colonies. Acta Oecologica 17: 61-80.

Elmes, G.W., Thomas, J.A., Hammarstedt, O., Munguira, M.C., Martin, J., Made, J.G. van
der (1994) Differences in host-ant specificity between Spanish, Dutch and Swedish
populations of the endangered butterfly Maculinea alcon (Schiff.) (Lepidoptera).
Memorabilia Zoologica 48: 55—68.

Elmes, G.W., Thomas, J.A., Wardlaw, J.C., Hochberg, M.E., Clarke, R.T., Simcox, D.J.
(1998) The ecology of Myrmica ants in relation to the conservation of Maculinea
butterflies. Journal of Insect Conservation 2: 67-78.

Elmes, G.W., Thomas, J.A., Munguira, M.L., Fiedler, K. (2001) Larvae of lycaenid
butterflies that parasitize ant colonies provide exceptions to normal insect growth
rules. Biological Journal of the Linnean Society 73: 259-278.

Fiedler, K. (1998) Lycaenid—ant interactions of the Maculinea type: tracing their historical
roots in a comparative framework. Journal of Insect Conservation 2: 3—14.

Figurny, E., Woyciechowski, M. (1998) Flowerhead selection for oviposition by females of
the sympatric butterfly species Maculinea teleius and M. nausithous (Lepidoptera:
Lycaenidae). Entomologia Generalis 23: 215-222.

Fischer, K., Fiedler, K. (2001) Resource-based territoriality in the butterfly Lycaena
hippothoe and environmentally induced behavioural shifts. Animal Behaviour 61:
723-732.

Fleishman, E., Ray, C., Sjogren-Gulve, P., Boggs, C.L., Murphy, D.D. (2002) Assessing the
roles of patch quality, area, and isolation in predicting metapopulation dynamics.
Conservation Biology 16: 706—716.

Fric, Z., Wahlberg, N., Pech, P., Zrzavy, J. (2007) Phylogeny and classification of the
Phengaris—Maculinea clade (Lepidoptera: Lycaenidae): total evidence and
phylogenetic species concept. Systematic Entomology 32: 558-567.

Frohawk, F.W. (1916) Further observations on the last stage of the larva Lycaena arion.
Transactions of the Entomological Society London 1915: 313-316.

49



Grill, A., Cleary, D.F.R., Stettmer, C., Briu, M., Settele, J. (2008) A mowing experiment to
evaluate the influence of management on the activity of host ants of Maculinea
butterflies. Journal of Insect Conservation 12: 617-627.

Hamback, P.A., & Englund, G. (2005). Patch area, population density and the scaling of
migration rates: the resource concentration hypothesis revisited. Ecology Letters 8:
1057-1065.

Hanski, I., Simberloff, D. (1997) The metapopulation approach, its history, conceptual
domain, and application to conservation. In: Hanski, 1., Gilpin, M.E. (eds)
Metapopulation biology. Academic Press, San Diego, pp. 5-26.

Hanski, 1., Alho, J., & Moilanen, A. (2000) Estimating the parameters of survival and
migration of individuals in metapopulations. Ecology 81: 239-251.

Hanski, 1., Kuussaari, M., Nieminen, M. (1994) Metapopulation structure and migration in
the butterfly Melitaea cinxia. Ecology 75: 747-762.

Harrison, S., Murphy, D.D., Ehrlich, P.R. (1988) Distribution of the bay checkerspot
butterfly, Euphydryas editha bayensis. Evidence for a metapopulation model.
American Naturalist 132: 360-382.

Hochberg, M.E., Thomas, J.A., Elmes, G.W. (1992) A modelling study of the population
dynamics of a large blue butterfly, Maculinea rebeli, a parasite of red ant nests.
Journal of Animal Ecology 61: 397-409.

Hochberg, M.E. , Clarke, R.T., Elmes, G.W., Thomas, J.A. (1994) Population dynamic
consequences of direct and indirect interactions involving a large blue butterfly and its
plant and red ant hosts. Journal of Animal Ecology 63: 375-391.

Hovestadt, T., Nowicki, P. (2008) Investigating movement within irregularly shaped patches:
analysis of mark-release-recapture data using randomization procedures. Israel
Journal of Ecology and Evolution 54: 137-154.

Hovestadt, T., Mitesser, O., Elmes, G.W., Thomas, J.A., Hochberg, M.E. (2007) An
evolutionarily stable strategy model for the evolution of dimorphic development in the
butterfly Maculinea rebeli, a social parasite of Myrmica ant colonies. American
Naturalist 169: 466—480.

Johst, K., Drechsler, M., Thomas, J.A., Settele, J. (2006) Influence of mowing on the
persistence of two large blue butterfly species. Journal of Applied Ecology 43: 333—
342.

Kareiva, P.M., Shigesada, N.(1983) Analyzing insect movement as a correlated random
walk. Oecologia 56: 234-238.

Kemp, D.J. (2002) Visual mate-searching behaviour in the evening brown butterfly,
Melanitis leda (L.) (Lepidoptera: Nymphalidae). Australian Journal of Entomology
41: 300-305.

Kingsolver, J.G. (1983) Ecological significance of flight activity in Colias butterflies:
implications for reproductive strategy and population structure. Ecology 64: 546-551.

Kérosi, A., Orvossy, N., Batary, P., Kovér, S., Peregovits, L. (2008) Restricted within-
habitat movement and time-constrained egg laying of female Maculinea rebeli
butterflies. Oecologia 156: 455—-464.

50



Kérési, A., Peregovits, L., Kis, J., Szabo, A., Orvéssy, N., Batary, P., Kovér, S. (2007)
Viselkedésokologiai vizsgalatok nappali lepkéken. In: Forro, L. (ed.) A Karpat-
medence allatvilaganak kialakuldsa. Magyar Természettudomanyi Muzeum,
Budapest. pp. 221-230.

Kuras, T., Benes, J., Fric, Z., Konvi¢ka, M. (2003) Dispersal patterns of endemic alpine
butterflies with contrasting population structures: Erebia epiphron and E. sudetica.
Population Ecology 45: 115-123.

Kuussaari, M., Nieminen, M., Hanski, I. (1996) An experimental study of migration in the
Glanville fritillary butterfly Melitaea cinxia. Journal of Animal Ecology 65: 791-801.

Lindenmayer, D.B., Possingham, H.P., Lacy, R.C., McCarthy, M.A., Pope, M.L. (2003)
How accurate are population models? Lessons from landscape-scale tests in a
fragmented system. Ecology Letters 6: 41-47.

Maes, D., Van Dyck, H. (2001) Butterfly diversity loss in Flanders (north Belgium):
Europe’s worst case scenario? Biological Conservation 99: 263-276.

Mallet, J. (1986) Dispersal and gene flow in a butterfly with home range behaviour
(Heliconius erato). Oecologia 68: 210-217.

Morales, J.M., Haydon, D.T., Frair, J., Holsinger, K.E., Fryxell, J.M. (2004) Extracting more
out of relocation data: building movement models as mixtures of random walks.
Ecology 85: 2436-2445.

Moran, P.A.P. (1948) The interpretation of statistical maps. Journal of the Royal Statistical
Society B, 10, 243-251.

Mouquet, N., Thomas, J.A., Elmes, G.W., Clarke, R.T., Hochberg, M.E. (2005a) Population
dynamics and conservation of a specialized predator: a case study of Maculinea arion.
Ecological Monographs 75: 525-542.

Mougquet, N., Belrose, V., Thomas, J.A., Elmes, G.W., Clarke, R.T., Hochberg, M.E. (2005b)
Conserving community modules: a case study of the endangered lycaenid butterfly
Maculinea alcon. Ecology 86: 3160-3173.

Mousson, L., Neve, G., Baguette, M. (1999) Metapopulation structure and conservation of
the cranberry fritillary Boloria aquilonaris (Lepidoptera, Nymphalidae) in Belgium.
Biological Conservation 87: 285-293.

Munguira, M.L., Martin, J. (1999) Action plan for Maculinea butterflies in Europe. Council
of Europe, Strasbourg, Germany.

Musche, M., Anton, C., Worgan, A., Settele, J. (2006) No experimental evidence for host ant
related oviposition in a parasitic butterfly. Journal of Insect Behavior 19: 631-643.

New, T.R., Pyle, RM., Thomas, J.A., Thomas, C.D., Hammond, P.C. (1995) Butterfly
conservation management. Annual Review of Entomology 40: 57-83.

Nowicki, P., Pepkowska, A., Kudlek, J., Skorka, P., Witek, M., Settele, J., Woyciechowski,
M. (2007) From metapopulation theory to conservation recommendations: lessons
from spatial occurence and abundance patterns of Maculinea butterflies. Biological
Conservation 140: 119-129.

Nowicki, P., Witek., M., Skorka, P., Settele, J., Woyciechowski, M. (2005) Population
ecology of the endangered butterflies Maculinea teleius and M. nausithous and the
implications for conservation. Population Ecology 47: 193-202.

51



Odendaal, F.J., Turchin, P., Stermitz, F.R. (1989) Influence of host-plant density and male
harassment on the distribution of female Fuphydryas anicia (Nymphalidae).
Oecologia 78: 283-288.

Ovaskainen, O. (2004) Habitat-specific movement parameters estimated using mark-
recapture data and a diffusion model. Ecology 85: 242-257.

Pech, P., Fric, Z., Konvicka, M. (2007) Species-specificity of the Phengaris (Maculinea)—
Mpyrmica host system: Fact or myth? (Lepidoptera: Lycaenidae; Hymenoptera:
Formicidae) Sociobiology 50: 983—1003.

Pech, P., Fric, Z., Konvicka, M., Zrzavy, J. (2004) Phylogeny of Maculinea blues
(Lepidoptera: Lycaenidae) based on morphological and ecological characters:
evolution of parasitic myrmecophily. Cladistics 20: 362-375.

Pecsenye, K., Bereczki, J., Tihanyi, B., Toth, A., Peregovits, L., Varga, Z. (2007) Genetic
differentiation among the Maculinea species (Lepidoptera: Lycaenidae) in eastern
Central Europe. Biological Journal of the Linnean Society 91: 11-21.

Petit, S., Moilanen, A., Hanski, 1., Baguette, M. (2001) Metapopulation dynamics of the bog
fritillary butterfly: movements between habitat patches. Oikos 92: 491-500.

Pollard, E. & Yates, T.J. (1993) Monitoring butterflies for ecology and conservation.
Chapman & Hall, London.

Pullin, A.S. (1995) Ecology and conservation of butterflies. Chapman & Hall, London.

Root, R.B., Kareiva, P.M. (1984) The search for resources by cabbage butterflies (Pieris
rapae): ecological consequences and adaptive significance of Markovian movements
in a patchy environment. Ecology 65: 147-165.

Saunders, D.A., Hobbs, R.J., Margules, C.R. (1991) Biological consequences of ecosystem
fragmentation: a review. Conservation Biology S: 18-32.

Schonrogge, K., Wardlaw, J.C., Thomas, J.A., Elmes, G.W. (2000) Polymorphic growth
rates in myrmecophilous insects. Proceedings of the Royal Society London Series B
267: 771-777.

Schtickzelle, N., Baguette, M. (2003a) Metapopulation viability analysis of the bog fritillary
butterfly with RAMAS/GIS. Oikos 104: 277-290.

Schtickzelle, N., Baguette, M. (2003b) Behavioural responses to habitat patch boundaries
restrict dispersal and generate emigration—patch area relationships in fragmented
landscapes. Journal of Animal Ecology 72: 533-545.

Schtickzelle, N., Le Boulenge, E., Baguette, M. (2002) Metapopulation dynamics of the bog
fritillary butterfly: demographic processes in a patchy population. Oikos 97: 349-360.

Schtickzelle, N., Joiris, A., Van Dyck, H., Baguette, M. (2007) Quantitative analysis of
changes in movement behaviour within and outside habitat in a specialist butterfly.
BMC Evolutionary Biology 7. doi: 10.1186/1471-2148-7-4

Schultz, C.B., Crone, E.E. (2001) Edge-mediated dispersal behavior in a prairie butterfly.
Ecology 82: 1879-1892.

Shapiro, A.M. (1970) The role of sexual behaviour in density-related dispersal of pierid
butterflies. American Naturalist 104: 367-372.

52



Sielezniew, M., Stankiewicz, A. (2008) Myrmica sabuleti (Hymenoptera: Formicidae) not
necessary for the survival of the population of Phengaris (Maculinea) arion
(Lepidoptera: Lycaenidae) in eastern Poland: Lower host-ant specificity or evidence
for geographical variation of an endangered social parasite? Furopean Journal of
Entomology 105: 637-641.

Tartally, A. (2005) Neotypus melanocephalus (Hymenoptera: Ichneumonidae): First record
of a parasitoid wasp attacking Maculinea teleius (Lycaenidae) Nota Lepidopterologica
28:21-23.

Tartally, A, Varga, Z. (2008) Host ant use of Maculinea teleius in the Carpathian Basin
(Lepidoptera: Lycaenidae). Acta Zoologica Academiae Scientiarium Hungaricae 54:
257-268.

Tartally, A., Nash, D.R., Lengyel, S., Varga, Z. (2008) Patterns of host ant use by sympatric
populations of Maculinea alcon and ‘M. rebeli’ in the Carpathian Basin. [nsectes
Sociaux 55: 370-381.

Thomas, C.D., Hanski, 1. (1997) Butterfly metapopulations. In: Hanski, 1., Gilpin, M.E. (eds)
Metapopulation biology. Academic Press, San Diego, pp. 359-386.

Thomas, C.D., Kunin, W.E. (1999) The spatial structure of populations. Journal of Animal
Ecology 68: 647-657.

Thomas, J.A. (1977) Ecology and conservation of the Large Blue butterfly — second report.
ITE, Monks wood, Abbots Ripton, UK.

Thomas, J.A. (1980) Why did the large blue become extinct in Britain? Oryx 15: 243-247.

Thomas, J.A. (1984a) The conservation of butterflies in temperate countries: past efforts and
lessons for the future. In: Vane-Wright, R.I. & Ackery, P. (eds) Biology of butterflies.
Symposia of the Royal Entomological Society 11: 333-353, Academic Press, London.

Thomas, J.A. (1984b) The behaviour and habitat requirements of Maculinea nausithous (the
dusky large blue butterfly) and M. teleius (the scarce large blue) in France. Biological
Conservation 28: 325-347.

Thomas, J.A. (1987) The return of the Large Blue butterfly. News of the British Butterfly
Conservation Society 1: 2—13.

Thomas, J.A. (1992) Relationships with ants. In: Dennis, R.L.H. (ed.) The ecology of
butterflies in Britain. Oxford University Press, New York, pp. 149—-154.

Thomas, J.A. (1995) The ecology and conservation of Maculinea arion and other European
species of large blue. In: Pullin, A. (ed.) Ecology and conservation of butterflies.
Chapman & Hall, London, UK, pp. 180-196.

Thomas, J.A. (2005) Monitoring change in the abundance and distribution of insects using
butterflies and other indicator groups. Philosophical Transactions of the Royal Society
Series B 360: 339-357.

Thomas, J.A., Clarke, R.T. (2004) Extinction rates and butterflies. Science 305: 1563—1564.

Thomas, J.A., Elmes, G.W. (1993) Contest competition among Maculinea rebeli butterfly
larvae in ant nests. Ecological Entomology 18: 73-76.

53



Thomas, J.A., Elmes, G.W. (1998) Higher productivity at the cost of increased host-
specificity when Maculinea butterfly larvae exploit ant colonies through trophallaxis
rather than by predation. Ecological Entomology 23: 457—464.

Thomas, J.A., Elmes, G.W. (2001) Food-plant niche selection rather than the presence of ant
nests explain oviposition patterns in the myrmecophilous butterfly genus Maculinea.
Proceedings of the Royal Society London Series B 268: 471-477.

Thomas, J.A., Settele, J. (2004) Evolutionary biology: butterfly mimics of ants. Nature 432:
283-284.

Thomas, J.A., Wardlaw, J.C. (1992) The capacity of a Myrmica ant nest to support a
predacious species of Maculinea butterfly. Oecologia 91: 101-109.

Thomas, J.A., Elmes, G.W., Wardlaw, J.C. (1998a) Polymorphic growth rate in larvae of the
butterfly Maculinea rebeli, a social parasite of Myrmica ant colonies. Proceedings of
the Royal Society London Series B 265: 1895-1901.

Thomas, J.A., Bourn, N.A.D., Clarke, R.T., Stewart, K.E., Simcox, D.J., Pearman, G.S.,
Curtis, R., Goodger, B. (2001) The quality and isolation of habitat patches both
determine where butterflies persist in fragmented landscapes. Proceedings of the
Royal Society London Series B 268: 1791-1796.

Thomas, J.A., Clarke, R.T., Elmes, G.W., Hochberg, M.E. (1998b) Population dynamics in
the genus Maculinea (Lepidoptera: Lycaenidae). In: Dempster, J.P., McLean, [.F.G.
(eds) Insect population dynamics: in theory and practice. Symposia of the Royal
Entomological Society 19: 261-290. Chapman & Hall, London.

Thomas, J.A., Clarke, R.T., Randle, Z., Simcox, D.J., Schonrogge, K., Elmes, G.W.,
Wardlaw, J.C., Settele, J. (2005) Maculinea and myrmecophiles as sensitive indicators
of grassland butterflies (umbrella species), ants (keystone species) and other
invertebrates. In: Settele, J., Kithn, E., Thomas, J.A. (eds) Studies on the ecology and
conservation of butterflies in Europe. Vol. 2. Species ecology along a European
gradient: Maculinea butterflies as a model. Pensoft, Sofia, pp. 28-31.

Thomas, J.A., Elmes, G.W., Clarke, R.T., Kim, K.G., Munguira, M.L., Hochberg, M.E.
(1997) Field evidence and model predictions of butterfly-mediated apparent
competition between Gentian plants and red ants. Acta Oecologica 18: 671-684.

Thomas, J.A., Elmes, G.W., Wardlaw, J.C., Woyciechowski, M. (1989) Host specificity
among Maculinea butterflies in Myrmica ant nests. Oecologia 79: 452-457.

Thomas, J.A., Munguira, M., Martinez, L., Elmes, G.W. (1991) Basal hatching by Maculinea
eggs: a consequence of advanced myrmecophily. Biological Journal of the Linnean
Society 44: 175-184.

Thomas, J.A., Simcox, D.J., Wardlaw, J.C., Elmes, G.W., Hochberg, M.E., Clarke, R.T.
(1998c) Effects of latitude, altitude and climate on the habitat and conservation of the
endangered butterfly Maculinea arion and its Myrmica ant hosts. Journal of Insect
Conservation 2: 39-46.

Thomas, J.A., Telfer, M.G., Roy, D.B., Preston, C.D., Greenwood, J.J.D., Asher, J., Fox, R.,
Clarke, R.T., Lawton, J.H. (2004) Comparative losses of British butterflies, birds and
plants and the global extinction crisis. Science 303: 1879-1881.

Tilman, D., Kareiva, P. (1997) Spatial ecology. Princeton University Press, USA.

54



Tscharntke, T., Steffan-Dewenter, 1., Kruess, A., Thies, C. (2002) Characteristics of insect
populations on habitat fragments: a mini review. Ecological Research 17: 229-239.

Turchin, P. (1998) Quantitative analysis of movement. Sinauer Associates, Sunderland, USA.

Van Dyck, H., Oostermeijer, J.G.B., Talloen, W., Feenstra, V., Van der Hidde, A., Wynhoff,
I. (2000) Does the presence of host ant nests matter for oviposition to a specialized
myrmecophilous Maculinea butterfly? Proceedings of the Royal Society London
Series B 267: 861-866.

Van Swaay, C.A.M., & Warren, M.S. (1999). Red data book of European butterflies
(Rhopalocera). Nature and Environment series no. 99. Strasbourg: Council of Europe.

Wahlberg, N., Moilanen, A., Hanski, I. (1996) Predicting the occurence of endangered
species in fragmented landscapes. Science 273: 1536—1538.

Wahlberg, N., Klemetti, T., Selonen, V., Hanski, I. (2002) Metapopulation structure and
movements in five species of checkerspot butterflies. Oecologia 130: 33-43.

Warren, M.S. (1993) A review of butterfly conservation in central southern Britain: I.
Protection, evaluation and extinction on prime sites. Biological Conservation 64: 25—
35.

Warren, M.S., Hill, J.K., Thomas, J.A., Asher, J., Fox, R., Huntley, B., Roy, D.B., Telfer,
M.G., Jeffcoate, S., Harding, P., Jeffcoate, G., Willis, S.G., Greatorex-Davies, J.N.,
Moss, D., Thomas, C.D. (2001) Rapid responses of British butterflies to opposing
forces of climate and habitat change. Nature 414: 65—69.

Wenzel, M., Schmitt, T., Weitzel, M., Seitz, A. (2006) The severe decline of butterflies on
western German calcareous grasslands during the last 30 years: a conservation
problem. Biological Conservation 128: 542-552.

Wilson, R.J., Thomas, C.D. (2002) Dispersal and the spatial dynamics of butterfly
populations. In: Bullock, J.M., Kenward, R.E., Hails, R.S. (eds) Dispersal ecology.
Blackwell Publishing, Oxford, UK, pp. 257-278.

Witek, M., Sliwinska, E.B., Skorka, P., Nowicki, P., Settele, J., Woyciechowski, M. (2006)
Polymorphic growth in larvae of Maculinea butterflies as an example of biennialism
in myrmecophilous insects. Oecologia 148: 729-733.

Witek, M., Sliwinska, E.B., Skorka, P., Nowicki, P., Wantuch, M., Vrabec, V., Settele, J.,
Woyciechowski, M. (2008) Host ant specificity of large blue butterflies Phengaris
(Maculinea) (Lepidoptera: Lycaenidae) inhabiting humid grasslands in East-central
Europe. European Journal of Entomology 105: 871-877.

Wynhoff, 1. (1998a) The recent distribution of the European Maculinea species. Journal of
Insect Conservation 2: 15-27.

Wynhoff, 1. (1998b) Lessons from the reintroduction of Maculinea teleius and M. nausithous
in the Netherlands. Journal of Insect Conservation 2: 47-57.

Zimmermann, K., Fric, Z., Filipova, L., Konvi¢ka, M. (2005) Adult demography, dispersal
and behaviour of Brenthis ino (Lepidoptera: Nymphalidae): how to be a successful
wetland butterfly. European Journal of Entomology 102: 699—706.

55



LIST OF PUBLICATIONS

Publications and manuscripts included in the thesis

Batary, P., Kérosi, A., Orvossy, N., Kovér, S., Peregovits, L. (2009) Species-specific
distribution of two sympatric Maculinea butterflies across different meadow edges.
Journal of Insect Conservation 13: 223-230. IF: 1,838.

Korosi, A., Orvéssy, N., Batary, P., Harnos, A., Peregovits, L. (in review) Different
population structure and habitat use of two sympatric Maculinea butterflies at small
spatial scale. Submitted in Journal of Insect Conservation.

Korosi, A., Orvéssy, N., Batary, P., Kovér, S., Peregovits, L. (2008) Restricted within-
habitat movement and time-constrained egg laying of female Maculinea rebeli
butterflies. Oecologia 156: 455—-464. 1F: 3,008.

Kérosi, A., Szentirmai, 1., Orvossy, N., Kovér, S., Batary, P., Peregovits, L. (in press).
Effects of mowing on populations of the scarce large blue butterfly (Maculinea
teleius) in SW Hungary. Természetvédelmi Kozlemények [in Hungarian].

Related publications

Batéry, P., Orvéssy, N., Kérosi, A., Valyi-Nagy, M., Peregovits, L. (2007) Microhabitat
preferences of Maculinea teleius (Lepidoptera: Lycaenidae) in a mosaic landscape.
European Journal of Entomology 104: 731-736. IF: 0.734.

Kérosi, A., Kassai, F., Peregovits, L. (2004) Egy védett hangyaboglarka, a Maculinea teleius
populaciédinamikai vizsgalata a Szigetkdzben. Természetvedelmi Kézlemények 11:
337-348.

Kérosi, A., Peregovits, L., Kis, J., Szabo, A., Orvossy, N., Batary, P., Kovér, S. (2007)
Viselkedésokologiai vizsgalatok nappali lepkéken. In: Forro, L. (ed.) 4 Karpat-
medence allatvilaganak kialakulasa. Magyar Természettudomanyi Muzeum,
Budapest. pp. 221-230.

Orvéssy, N., Korosi, A., Batary, P., Vozar, A., Kovér, S., Peregovits, L. (2007) Védett
lepkefajok élohelyhasznalata. In: Forro, L. (ed.) 4 Kdrpat-medence allatvilaganak
kialakulasa. Magyar Természettudomanyi Mazeum, Budapest. pp. 231-240.

Talks and posters

Batary, P., Kérosi, A., Orvossy, N., Kovér, S., Peregovits, L. (2007) Study of edge effect on
two sympatric Maculinea butterflies. (poster) Monitoring the Effectiveness of Nature
Conservation, Birmensdorf, Switzerland, 3—7 September 2007.

Batary, P., Kérosi, A., Orvéssy, N., Kovér, S., Peregovits, L. (2007) Szélihatas két
szimpatrikus, lapréti hangyaboglarka fajon. (poster) 3. Sziinzooldgiai Szimpdzium,
Budapest, Hungary, 5-6 March 2007 [in Hungarian].

Batary, P., Kérosi, A., Orvossy, N., Kévér, S., Peregovits, L. (2007) Within habitat niche
segregation of two sympatric Maculinea butterflies. (talk) Fauna Pannonica 2007,
Kecskemét, Hungary, 29 November — 1 December 2007.

Batary, P., Korosi, A., Orvossy, N., Kovér, S., Peregovits, L. (2009) Mixed effects of
different edge types on two sympatric Maculinea butterflies. (poster) Meeting of

56



German Society for General and Applied Entomology, Géttingen, Germany, February
2009.

Kassai, F., Kérosi, A., Peregovits, L., Orvossy, N., Vozar, A., Barabas, L. (2004) Annual
and spatial variations in population structure — a case study of Maculinea alcon and
Maculinea teleius. (poster) 2nd meeting of MacMan, Budapest, Hungary, January
2004.

Kérosi, A. (2004) Analysis of within-habitat patch movement of some Maculinea species.
(talk) ‘MacMan’ Mid-term Meeting, Budapest, Hungary, 19-23 January 2004.

Kérosi, A. (2005) Egg-laying behaviour of Maculinea rebeli Hirschke, 1904. (talk) Ecology
and Conservation of European Butterflies, Leipzig, Germany, 5—9 December 2005.

Kérosi, A. (2005) Habitat-use of wetland Maculinea species — a case study. (talk) 3rd
meeting of ‘MacMan’, Laufen, Germany, 24-27 January 2005.

Kérosi, A., Kis, J., Orvossy, N., Peregovits, L. (2007) A Maculinea rebeli tojasrakasénak
vizsgéalata: mintazat és mechanizmus. (poster) 3. Sziinzoologiai Szimpozium,
Budapest, Hungary, 5—6 March 2007 [in Hungarian].

Kérosi, A., Kis, J., Orvéssy, N., Peregovits, L. (2007) Egg-laying preferences of the
xerophilous ecotype of Maculinea alcon: pattern- and process-based approaches.
(talk) Fauna Pannonica 2007, Kecskemét, Hungary, 29 November — 1 December
2007.

Korosi, A., Orvéssy, N., Batary, P., Kovér, S., Peregovits, L. (2006) Non-random within-
habitat movement of Maculinea rebeli butterflies in Hungary. (poster) Annual
Meeting of the British Ecological Society, Oxford, UK, 3—6 September 2006.

Korosi, A., Orvé’)ssy, N., Batary, P., Kovér, S., Peregovits, L. (2007) Habitat use by
Maculinea butterflies in Hungary. (invited talk) 5" International Conference on the
Biology of Butterflies, Rome, Italy, 2—7 July 2007.

Kérosi, A., Orvossy, N., Vozar, A., Gergely, V., Peregovits, L. (2006) Contrasting habitat-
use of two sympatric Maculinea species — some aspects of niche-segregation. (poster)
I European Congress of Conservation Biology, Eger, Hungary, 22-26 August 2006.

Kérosi, A., Peregovits, L., Orvossy, N., Vozar, A., Kassai, F. (2005) Studying the spatial
structure of Maculinea arion ligurica. (poster) Ecology and Conservation of European
Butterflies, Leipzig, Germany, 5-9 December 2005.

Korosi, A., Szentirmai, L., C)rvéssy, N., Kovér, S., Batary, P., Peregovits, L. (2008): A
kaszalas hatasanak vizsgalata a vérfli hangyaboglarka (Maculinea teleius)
populacidira — egy kezelési kisérlet elsé tapasztalatai. (poster) ,, Molekulaktol a
globdlis folyamatokig” — V. Magyar Természetvédelmi Bioldgiai Konferencia,
Nyiregyhaza, Hungary, 3—6 November 2008 [in Hungarian].

Orvéssy, N., Batary, P., Vozar, A., Kérosi, A., Peregovits, L. (2005) Habitat use and effect
of habitat management on Maculinea teleius. (poster) Ecology and Conservation of
European Butterflies, Leipzig, Germany, 5-9 December 2005.

Orvéssy, N., Korosi, A., Batary, P., Peregovits, L. (2007) Influence of habitat quality and
landscape structure on the distribution of Maculinea teleius and Maculinea
nausithous. (talk) IALE World Congress, Wageningen, The Netherlands, 8—12 July
2007.

57



Orvéssy, N., Kordasi, A., Batary, P., Peregovits, L. (2007) A kaszalas szerepe Orségi
gyepteriileteken két Maculinea faj denzitasdnak alakulasaban. (talk) IV. Magyar
Természetvédelmi Biologiai Konferencia, Tokaj, Hungary, 29-31 March 2007 [in
Hungarian].

Peregovits, L., Kérosi, A., Kassai, F. (2004) Maculinea populaciok és tapnovényeik térbeli
denzitasmintazatanak vizsgalata. (poster) 2. Sziinzoologiai Szimpozium, Budapest,
Hungary, 89 March 2004 [in Hungarian].

58



APPENDIX

59






Study 1

Species-specific distribution of two sympatric Maculinea
butterflies across different meadow edges

Péter Batary, Adédm Kérdsi, Noémi Orvossy, Szilvia Kévér, Laszlo

Peregovits (2009)

Journal of Insect Conservation 13: 223-230



J Insect Conserv (2009) 13:223-230
DOI 10.1007/s10841-008-9158-1

ORIGINAL PAPER

Species-specific distribution of two sympatric Maculinea
butterflies across different meadow edges

Péter Batary - Adam Koérosi + Noémi Orvossy -
Szilvia Kovér - Laszlé Peregovits

Received: 24 October 2007/ Accepted: 6 March 2008/ Published online:

© Springer Science+Business Media B.V. 2008

Abstract An important consequence of habitat frag-
mentation is the increase of edge habitats. Environmental
factors in the edges are different from those in the interiors,
which causes changes in the distribution of plant and ani-
mal species. We aimed to study how edges affect the
distribution of two butterfly species within meadow frag-
ments. We therefore investigated the effect of distance
from edge and edge type (road edge versus tree edge) on
two sympatric large blue species (Maculinea teleius and
M. nausithous). Our results showed that edge type had
contrasting effects on the two species. M. teleius favoured
both interiors and road edges, while M. nausithous pre-
ferred the tree edges. In the case of the latter species a
strong positive edge effect was also found. This kind of
within-habitat niche segregation is probably related to the
different microenvironmental conditions at the edges.
Foodplant density did not seem to limit the distribution of
these species. Our results suggest that interiors of meadows
are important for M. teleius, while tree edges maintain the
habitats of the regionally rarer butterfly, M. nausithous.
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Introduction

Recently the destruction of natural and semi-natural habi-
tats progressed very rapidly (Foley et al. 2005). In addition
to being directly destroyed, extensive habitats were dis-
rupted into small, isolated patches, a process known as
habitat fragmentation (Saunders et al. 1991; Meffe and
Carroll 1994; Tscharntke et al. 2002). The decrease in the
extent of suitable habitats infers directly the decrease in
populations due to the lack or lower availability of
critical resources. However, the harmful effects of habitat
destruction are not restricted only to the given area of the
habitat. Even the loss of a relatively small part of the habitat
could hinder the free movement or migration of species
(Standovir and Primack 2001). An important consequence
of habitat fragmentation is an increase of the ratio of edge to
interior, because at the edges the populations are exposed to
changed conditions (e.g. temperature, humidity, wind, light)
partly influenced by the neighbouring habitat or association
(Tscharntke et al. 2002). This environmental and biotic
change associated with edges is termed edge effect (Saun-
ders et al. 1991). Species react to edges different way;
based on studying the population movements of arthropods,
Duelli et al. (1990) grouped species according to their
distribution around habitat borders.

In the edges of habitats the microenvironmental condi-
tions are different from those in the interiors. This directly
influences the structure of the vegetation and thereby the
prevalence of animal species (Béldi and Kisbenedek 1999).
In her review Murcia (1995) divided edge effects into three
different types: (1) abiotic edge effects refer to changes in

@ Springer



224

J Insect Conserv (2009) 13:223-230

abiotic environmental factors, which are consequences of
the proximity of a structurally different matrix around the
habitat patch; (2) direct biological edge effects refer to the
changes in abundance and distribution of species due to the
direct physical proximity of edges; (3) indirect biological
edge effects refer to the changes in ecological interactions
among species (e.g. predation, pollination, competition,
etc.). The fragmented forests, or rather the forest patches,
are usually surrounded by a matrix of lower biomass and
different structural complexity, e.g. pastures, cropland or
secondary growth (Murcia 1995). These differences result
in differences in microenvironmental factors, including
temperature, humidity and light intensity on both sides of
an edge (e.g. Matlack 1993; Jose et al. 1996; Baldi 1999;
Urbina-Cardona et al. 2006).

From conservation point of view nature reserve should
minimise the edge-to-area ratio to maximise the effective
core area of the reserve (Debinski and Holt 2000). Though
the species richness is generally higher in the habitat edges
than in the habitat interiors (e.g. Kunin 1998), the situation
can be different from this if we focus on the habitat spe-
cialist species, which have more conservation interest. For
example, Magura and Kodobocz (2007) showed an
increase in total species richness of carabid beetles with
decreasing habitat area in fragmented sandy grasslands, but
if they analysed only the habitat specialists, they found the
contrary result, i.e. specialists’ richness decreased with
decreasing habitat area. In case of butterflies, Krauss et al.
(2003) found that the density of specialists and not that of
generalists increased with increasing habitat area of cal-
careous grasslands.

Regarding the direct biological edge effects on butterflies
we found some studies comparing edges with interiors or
different types of edges at the community level (DeVries
et al. 1997; Meek et al. 2002; Kitahara 2004). Another group
of studies concentrated on investigating the edge effect on
movement behaviour of butterflies (Schultz and Crone 2001;
Schtickzelle and Baguette 2003; Ross et al. 2005; Conradt
and Roper 2006). These demonstrated that the behaviour of
butterflies changes significantly near edges. There are fewer
studies regarding the edge effect at the population level. For
example, Bergman (1999) studied the habitat utilisation of
Lopinga achine females in open woodland and showed an
edge effect on oviposition sites of butterflies, with more
ovipositions at the edges of glades. The contrast in the
structure of vegetation between the edge and matrix could
largely determine the intensity and magnitude of edge effect.
In this context Ries and Debinski (2001) investigated the
response (crossing or turning back) of a habitat specialist
(Speyeria idalia) and a generalist (Danaus plexippus) but-
terfly species to four types of prairie edges. The four edges
under investigation differed in structural complexity, rang-
ing from low-contrast to high-contrast. Based on direct
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tracking they found that the specialist species avoided the
edges or turned back, while only high-contrast edges affec-
ted the generalist species negatively.

Though Maculinea butterflies are among the insects
most frequently studied (Kiihn et al. 2005), there are no
direct edge studies regarding these butterflies (with the
exception of some studies of habitat fragmentation). In the
case of M. teleius and M. nausithous, Nowicki et al.
(2005a; 2007) showed that patch area negatively affected
the population density in Poland, while fragmentation
affected it positively. Kérosi (2005), who only investigated
the abundance of M. teleius adults, found that the number
of individuals increased with the size of habitat patches in
Hungary. Regarding M. nausithous there is no contradic-
tion in the recent results. All the studies (Anton et al. 2005;
Loritz and Settele 2005; Nowicki et al. 2005b) showed that
the species occurred with higher frequency and in higher
densities in smaller patches than in larger ones. Korsi
(2005) indicated that this species occupied primarily the
shaded areas of forest edges.

Based on the above mentioned studies we hypothesise
that both study species could be affected by the proximity
of edges, but M. teleius negatively, while M. nausithous
positively. Further we hypothesise that meadow edges
characterised by trees, i.e. hard edges would benefit
M. nausithous, but not M. teleius. Therefore the aim of the
present study was to test the edge effect (edge versus
interior) as well as the effect of edge type on microenvi-
ronmental factors and densities of foodplants available for
M. teleius and M. nausithous and consequently on local
prevalence of the two butterfly species.

Methods
Study species

Both study species (M. teleius and M. nausithous) are
endangered throughout Europe, and show declining popu-
lation trends (Wynhoff 1998; Van Swaay and Warren 1999).
Habitat loss and habitat degradation due to agriculture
intensification and abandonment of traditional management
threaten the species in Hungary as well. Both study species
occupy wet meadows and lay their eggs in the flowerheads
of their foodplant, Great Burnet (Sanguisorba officinalis).
The species are obligatory myrmecophiles. The primary
host ant species of M. teleius is Myrmica scabrinodis
(though four other ant species were recorded as hosts in
Hungary: Myrmica rubra, Myrmica salina, Myrmica
specioides and Myrmica gallienii), while the only host ant
species of M. nausithous is M. rubra in Hungary (Tartally
and Cs6sz 2004; Tartally and Varga 2005). After developing
on the foodplant, caterpillars are adopted by given Myrmica
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host ants and then live in their nests as social parasites
preying on ant broods (Thomas 1984; Thomas et al. 1989).

Study area

The study area was situated in the Szentgyorgyvolgyi stream
valley at Velemér (Western Hungary, érség National Park,
46°44'N, 16°21'E, 204 m a.s.1.). The area of the valley along
the stream was characterised by meadows and croplands
disrupted by small paved and unpaved roads. Directly next to
the stream there was a very dense alder tree strip with a
height of 1015 m. According to the traditional regime the
first mowing of the year was in May and the second in late
August or early September. Nowadays most of the meadows
are mown once a year or every second or third year and there
is no control on the timing of management during the season.
None of the meadows in the valley were fertilised or treated
with pesticides, and all are protected.

Field sampling

We have chosen 10 meadows (mean area = 2.5 ha) situ-
ated along a 2.5 km long section of the stream for sampling
(Fig. 1). The meadows had not been mown until the end of
August in the study year and had road and tree edges. We
designated four 50 m long and 5 m wide transects on each
meadow. One transect pair was designated at the so-called
tree edge: one of the transects directly next to the trees at
the stream (hereafter tree edge) and the other 15 m further
inside parallel to the edge transect (hereafter tree interior).
On the same meadow we used one transect pair in the same
way at the so-called road edge. The road edge transect pair
was situated next to a paved or unpaved road where there
were no trees or bushes and only rare automobile traffic.
On the other side of the road there was another meadow in
all cases. One of the transects was directly at the edge
(hereafter road edge), while the other was 15 m inside and

Fig. 1 Sample sites of M. teleius and M. nausithous in the
Szentgyorgyvolgyi stream valley (Western Hungary, 6rség National
Park). The dotted areas are wet meadows with presence of blooming
foodplant of the butterfly species; the numbered meadows were
selected for the study. The short parallel black-and-white dashed lines

indicate the tree edge and tree interior transects, while the short
parallel black lines indicate the road edge and road interior transects.
The space photo was provided by the Ferté-Hansag & Orség National
Park Directorate
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parallel to the previous one (hereafter road interior). The
two interior transects on the same meadow were as far as
possible from each other. We detected the number of
M. teleius and M. nausithous individuals at each transect,
walking along the transects in 2 min once everyday during
the peak of flight period from the 24th to the 31st of July in
2006, eight times altogether. Within the 5 m wide transects
the detectability of the two species was assumed to be
constant. We paid attention not to count any individual
more than once during each transect sampling. We carried
out butterfly observations on sunny days without strong
winds, from 9:00 a.m. until 4:00 p.m. After the 31st of July
no more sampling was possible because of a long period of
cold and rainy weather. To obtain unbiased data, the order
in which meadows were sampled was varied between days.
In the case of M. nausithous three meadows in which fewer
than six individuals (probably transient animals) were
observed during the study were excluded from the analysis.
During every transect count we measured the temperature
and the relative humidity using an electronic multi-purpose
thermo-hygrometer (TFA 30.5007). We held the instru-
ment in our shadow for 2 min. Wind speed was measured
using Kaindl Windmaster 2 holding the instrument for
2 min above our head. We counted the blooming shoots of
foodplant once on each transect in a 1 m wide strip. We did
not investigate the flora of the study area, because on the
basis of our earlier direct tracking study we had found that
these butterflies rarely alight to feed on the nectar of plants
different from the foodplant (K&rosi et al. unpubl.).

Statistical analysis

We used linear mixed models to test the effect of edge type
(tree versus road) and edge effect (edge transect vs. interior
transect) on the number of butterflies detected per transect,
the microenvironmental variables (temperature, humidity
and wind speed) and the foodplant of the butterflies. We
decided to analyse microenvironmental variables and
foodplant in separate models (i.e. we did not include these
variables in the models of the butterflies), since those were
highly intercorrelated with edge type and distance from
edge and also partly with each other. Before the analyses
species densities were pooled over sampling days, while
the microenvironmental variables were averaged for the
whole sampling period. We assessed the normality of the
distribution of the raw dependent variables using normal
quantile plots. The three microenvironmental data proved
to be normally distributed, while species densities and
foodplant shoot density did not follow a normal distribu-
tion. In these cases we analysed the data using log-linear
models employing the Poisson distribution (Faraway
2006). In all models we included effect of edge type (tree
versus road) and edge effect (edge transect versus interior
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transect) and their interaction as fixed factors, but we dis-
carded non-significant interactions (P > 0.05) using a
manual stepwise backward selection procedure. Further, all
models contained meadow as a random factor. We tested
the significance of the fixed effects using the F-test. Con-
ducting the model diagnostics, we always checked if the
residuals of the models were normally distributed. To
analyse the relationship between the butterflies’ density
and microenvironmental factors and foodplant, we per-
formed Spearman rank correlations. We performed all
statistical analyses using R software packages (version
2.2.0, R Development Core Team 2005).

Results

Altogether we registered 879 individuals of M. teleius and
92 individuals of M. nausithous during the study period.
Analysing the effect of edge type (tree versus road) and
edge effect (edge transect versus interior transect) on the
density of M. teleius, we found a strong edge type effect,
with more butterflies in road transects than in the tree
transects (Table 1, Fig. 2). Although we did not show edge
effect, the density was a bit higher at the road edges than at
the road interiors. In the case of M. nausithous we found an
edge effect on the density of butterflies, with higher den-
sities at the edges (Table 1, Fig. 2). Furthermore, we
showed a strongly significant edge type effect on the
density of M. nausithous, i.e. we found the species more

Table 1 Linear mixed models for testing the effects of edge type
(tree versus road) and distance from edge (edge transect versus
interior transect) on the abundance of Scarce Large Blue (M. teleius)
and Dusky Large Blue (M. nausithous), on three microenvironmental
variables (temperature, humidity and wind speed) and on the food-
plant (S. officinalis) of the butterflies

Factor F P
Maculinea teleius Edge type 26.016  <0.001
Distance 1.032 0.319
Maculinea nausithous ~ Edge type 11.411 0.002
Distance 19.923  <0.001
Temperature Edge type 2.846 0.103
Distance 2.305 0.140
Humidity Edge type 2.090 0.160
Distance 9.181 0.005
Edge type x distance 8.020 0.009
Wind speed Edge type 44.174  <0.001
Distance 9.462 0.005
Edge type x distance 5.579 0.026
Foodplant Edge type 31414  <0.001
Distance 13.494 0.001

Bold P values indicate significant effects
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Fig. 2 Bars indicate means with SE of number of Scarce Large Blue
(M. teleius) and Dusky Large Blue (M. nausithous) per transect count
on two types of edges and interiors of meadows measured along 40
transects

prevalent at the tree transects—especially at the tree
edge—than at the road edges (Fig. 2).

Regarding the microenvironmental parameters, we did
not show either edge effect or edge type effect on air
temperature (Tables 1, 2). In the case of relative humidity
we found, in addition to a significant edge effect, a sig-
nificant edge type—distance from edge interaction, which
means that the edges were more humid than the interiors at
the tree edges (Tables 1, 2). Finally, in the case of wind
speed, we found both effects (edge effect and edge type
effect) and a significant interaction. The tree edge was less
windy than the tree interior. However, there was no similar
difference between the road edge and road interior, which
is the reason for the interaction (Tables 1, 2). Both the edge
type and the distance from edge affected the foodplant
density. The highest density was at the road interior and the
lowest was at the tree edge (Tables 1, 2, Fig. 3).

Performing Spearman rank correlations between total
density of M. teleius and foodplant shoot density and
microenvironmental factors, we found that butterfly density
correlated significantly negatively with air humidity
(ry = —0.41, P = 0.009) and significantly positively with
foodplant shoot density (r; = 0.52, P < 0.001). In case of

Table 2 Mean values (£SEM) of temperature, relative humidity and
wind speed recorded in the four transect types

Temperature (°C)  Humidity (%) Wind speed
(km h™")
Tree edge 31.6 £ 02 452 £ 0.5 1.7 £0.2
Tree interior 31.8 £02 437+ 0.6 27+03
Road edge 31.6 £ 0.2 44.1 £ 04 33+02
Road interior ~ 31.6 + 0.2 44.1 £ 05 34+02

300 4
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e ] ﬂ
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=3

Mean foodplant shoots pertransect+ S E.
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Fig. 3 Mean (+SE) foodplant (S. officinalis) shoot density on two
types of edges and interiors of meadows

M. nausithous we found a significantly negative relation-
ship between butterfly density and wind speed (v, = —0.53,
P < 0.001) and also a significantly negative relationship
between butterfly density and foodplant shoot density
(ry, = —0.40, P = 0.010).

Discussion

In general we registered M. teleius in relatively high density.
The species favoured the road edge and interior, while the
rarer species, M. nausithous occurred more frequently at the
edges of meadows, especially at the tree edge. So both
hypotheses of the current study were supported by the
results. In contrast to the distribution of butterflies, the
behavioural responses of some species are well documented,
e.g. Schultz and Crone (2001) found that a prairie lycaenid
species (Icaricia icarioides fenderi) modified its behaviour
within 10-22 m of the habitat boundary. Kuefler and
Haddad (2006) showed different responses of four North-
American Satyrinae butterfly species to boundaries with
different contrasts. Ide (2002) reported seasonal changes in
the microdistribution of Lethe diana. The males of the
May—-June and September—October generations preferred
forest edges in contrast to the July—August generations,
which preferred forest interiors; because of different light
conditions. There are studies that reported association of
butterfly species with habitat boundaries or edges, but these
earlier papers described this in the case of a single species or
in species that are in the same family and have different
levels of habitat specialisation (Bergman 1999; Ries and
Debinski 2001). In the present paper we compared two
sympatric, congeneric species (M. teleius and M. nausit-
hous), using the same foodplant (S. officinalis) and having a
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similar myrmecophilous strategy, and found that these
species use different niches within the same habitat.

In the case of M. teleius we found a negative relationship
between butterfly density and humidity and a positive
relationship with foodplant shoot density. In our earlier
study at Kunpeszér (Kiskunsidg National Park, Central
Hungary) we showed a positive correlation between
M. teleius density and foodplant density (Batary et al.
2007). In contrast to our results, Nowicki et al. (2005a,
2007) found that foodplant density does not limit either the
density of M. teleius or the density of M. nausithous at
metapopulation level. Regarding M. nausithous we showed
a negative relationship with foodplant shoot density and
wind speed. Based on these results we can conclude that
foodplant density does not seem to limit the distribution of
M. nausithous. This supports the results of Anton et al.
(2008), who found no correlation between the density of the
foodplant and M. nausithous abundance. Butterfly density is
often related to the abundance of foodplants growing
under suitable conditions rather than to the total density
of foodplants (Bourn and Thomas 1993). Figurny and
Woyciechowski (1998) indicated that these two species
select different flowerheads of the foodplant, M. teleius
ovipositing on younger flowerheads that are closer to the
ground, shorter, and contain fewer flowers. They found that
ovipositing females search for sites visually according to
the phenological stage of the flowerheads of the foodplant.
Perhaps the developmental stage of the flowerheads could
be different depending on the transect type of the present
study due to the different microclimate. Further, Thomas
and Elmes (2001) showed that the different developmental
stages and sizes of foodplant flowerheads also separate the
places where the two species oviposit.

In short, the observed different edge type effect on the
Maculinea species (niche segregation) could be attributed to
the pattern of microenvironmental factors, foodplant density
and phenology, and further probably to other factors not yet
investigated, such as edge effect on host ant presence
(Dauber and Wolters 2004). The detailed explanation of this
pattern could be the following. On the two edges we found
different microclimate conditions (the tree edge was more
humid and less windy than the road edge). These conditions
directly determine the distribution of the butterflies and the
density of their foodplant too. Consequently the negative
correlation between the foodplant and M. nausithous is
probably the result of the microclimatic conditions, as is the
positive correlation between the foodplant and M. teleius.
The butterfly species M. teleius and the foodplant Great
Burnet have the same microclimatic requirements. Fur-
thermore, M. rubra, the host ant of M. nausithous, favours
the wetter meadow areas and is therefore probably the
dominant ant species there (Dauber and Wolter 2004; Glinka
and Settele 2005), while in the interiors of the meadows and
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in closer parts of road edges there could be a more diverse
ant assemblage dominated by M. scabrinodis, which is the
primary host ant of M. teleius. Presumably the two Macu-
linea species diverged so that in M. nausithous there could
have been a shift in host ant species to the direction of
M. rubra, which resulted in a preference of imagoes to a
wetter microclimate (Elmes et al. 1998, Als et al. 2004).
Finally the foodplant-host ant coincidence is a key question
in the survival of these species. In the case of predacious
species, such as M. teleius, the overlap is thought to be
minimum 50%, whereas the coincidence of foodplant and
host ant of M. nausithous is much lower (Thomas and Elmes
1998; Thomas et al. 1998). M. teleius achieves this level of
co-occurrence by using several host ant species, while
M. nausithous is highly specialized on an ant species that has
a supercolony (M. rubra) (Elmes et al. 1998; Tartally and
Varga 2005). The latter butterfly species may represent an
evolutionary transition between the two strategy types, i.e.
the predatory and cuckoo feeding strategies (Thomas 1991;
Thomas and Settele 2004).

We investigated how different types of edges, which are
generally thought to have negative effects from conserva-
tion point of view, do affect these highly specialised
butterfly species. The conclusion for conservation is that
interiors of meadows that are quite far from the tree edges
are important for M. teleius, while tree edges at landscape
scale level maintain the habitats of the rarer butterfly
M. nausithous in this region. However, we did not investigate
the effect of grassland management. The timing and
intensity of management could also be critical in the sur-
vival of these species (Johst et al. 2006). Future studies
should also focus on the relationship with host ants, as the
presence of species might be a direct result of eclosion in
the areas and as it might also have been influenced by
previous mowing events.
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Abstract

Metapopulation theory has been a major paradigm in the conservation of butterflies over the
last decades. Recently, several studies revealed that quality of habitat patches may have a
greater influence on the persistence of butterfly populations than patch size and isolation. The
highly specialized Maculinea species usually do not form classic metapopulations, but are
rather characterized by low population turnover and mobility. Local population processes are
therefore suspected to play an accentuated role in their survival at the landscape scale.
Maculinea nausithous and M. teleius use the same larval food plant and usually occupy the
same habitats in Europe, but no significant quantitative differences in the habitat use of adult
butterflies have been demonstrated. We aimed to test the effects of the proximity of forest
edges on the microdistribution and movement of the two species based on an intensive mark—
release—recapture sampling within one habitat fragment. Distribution of M. nausithous was
aggregated and highly positively influenced by the proportion of afforested meadow edges,
while M. teleius showed no preference for afforested edges. Movement of M. teleius was
hindered by forest strips. In both species, the vast majority of moves was restricted to smaller
parts of the habitat. Our results suggest that M. nausithous has a narrower niche in the study
region, which is most likely due to that its only host ant can find suitable microclimatic
conditions at the afforested edges of marshy meadows. This implies that different habitat

management is desirable for the conservation of the two species.

Keywords: forest edges, habitat management, Maculinea nausithous, Maculinea teleius,

myrmecophily, niche overlap.
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Introduction
Butterflies are frequently used model species in population ecology, especially in studies on
the dynamics and spatial structure of metapopulations (see Thomas and Hanski 1997; Ehrlich
and Hanski 2004 and references therein). Most interest has been attracted by dispersal among
habitat patches, extinction-colonization dynamics and patch-occupancy patterns on landscape
scale (e.g. Hanski et al. 2000; Wilson and Thomas 2002; Baguette and Schtickzelle 2006).
Although several authors have stressed the importance of habitat use and movement patterns
within single habitat patches (e.g. Mallet 1986; Lindenmayer et al. 2003; Barton and Bach
2005), they have received relatively little attention (but see Jeanson et al. 2003).

Metapopulation theory has been also a major paradigm to establish ecological networks
(Fahrig 2001), with a special emphasis on habitat patch area and isolation in the early
metapopulation works. Nowadays, there is an ample evidence that habitat patch quality
should be explicitly considered as well (Thomas et al. 2001; Mclntire et al. 2007), especially
for insects, as their long-term persistence may be determined by habitat quality rather than by
habitat configuration (Dennis and Eales 1999; Fleishman et al. 2001). This implies, that
conservation efforts have to be concentrated on the maintainance of high quality habitat
patches, which can be difficult because of the co-occurrence of several target species. In such
cases, the identification of ecological resources and conditions for each species is essential, as
well as the testing of transferability of ecological profiles between species sharing the same
biotope and host plant. Only detailed studies can reveal important differences in the resource
use of such species, which have far-reaching consequences for their conservation (Turlure et
al. 2009).

Large blue butterflies of the genus Maculinea have been the focus of several ecological
studies (Settele et al. 2005). They are obligate social parasites of Myrmica ants and they

sequentially use food plants and host ants during their larval period, providing an appropriate



67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

model system for evolutionary (Als et al. 2004; Nash et al. 2008) as well as community
ecological investigations (e.g. Clarke et al. 1997). Moreover, Maculinea species are among
the most endangered butterflies (van Swaay and Warren 1999) and have become flagship
species for nature conservation in Europe (Thomas and Settele 2004). Population ecological
studies revealed that Maculinea butterflies do not tend to exist in classic metapopulations
(Nowicki et al. 2007), because populations are typically small, but remarkably
demographically stable (Thomas et al. 1998) and mobility between habitat patches is quite
low compared to other butterflies (Nowicki et al. 2005). Both features reduce the turnover of
local populations and increase the importance of their dynamics. Nevertheless, few field
studies have attempted to explore the habitat use and movement of Maculinea butterflies
within local populations (but see Hovestadt and Nowicki 2008; K6r6si et al. 2008).

The closely related Maculinea nausithous and M. teleius often co-occur on marshy
meadows in Hungary and caterpillars of both species feed exclusively on the seeds of the
great burnet (Sanguisorba officinalis). Furthermore, the phenology of the two species in
Hungary is very similar as their flight period nearly completely overlaps. Landscape-scale
studies indicate that M. nausithous shows a preference for afforested edges of meadows and
abandoned grasslands, while M. teleius is usually more abundant in the interior parts of
meadows and prefers open, regularly mown grasslands (Batary et al. 2009; Korosi et al.
submitted). These differences in their habitat use have serious implications for the
management of habitat patches where they co-occur. In the present study, we test the effects
of one particular ecological condition (proportion of afforested meadow edges) on the
microdistribution of M. nausithous and M. teleius within the same habitat fragment. Our aim
was to reveal whether the microdistribution of the two species is significantly different on the
spatial scale of a local population and to draw conclusions how these differences may affect

the successful conservational management of their habitats.
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Materials and methods

Study site

The study area was located in the valley of the Kerca stream in the Orség National Park (W
Hungary, 46°46° N; 16°18’ E; 240 m a.s.l.). Our study site was a piece of a marshy meadow
in a mosaic landscape. Approximately half of the study site had been abandoned since 1995,
while the other half had been mown erratically and seemed unsuitable for the butterflies in the
sampling period and therefore was not sampled (Fig. 1). In the abandoned part of the
meadow, apart from a few patches of sedges (Carex spp.), willow shrubs (Salix spp.) and
invasive weeds (Solidago spp.), the common food plant (Sanguisorba officinalis) of the two
study species was growing at high densities in distinct patches providing suitable habitat for
both butterflies. We designated 22 spatial units for sampling in these parts of the meadow
(Fig. 1). Designation of sampling units was arbitrarily adjusted to some landmarks (e.g.
bushes); size and shape of the 22 sampling units were variable (300-2200 m?). The sampling
area was surrounded by mixed deciduous forests (Fig. 1). Both Maculinea populations
occupying the study site could be regarded as single populations. According to another study
in 2006, these populations are probably not isolated from others in the surrounding landscape
(Orvossy et al. in prep). Outlines of the spatial units were located using GPS (Trimble

GeoExplorer 3) and ArcView 3.3 was used to measure perimeters, areas and distances.

Study species

Both the dusky large blue (Maculinea nausithous Bergstrésser, 1779) and scarce large blue
(Maculinea teleius Bergstrésser, 1779) are obligate social parasites of Myrmica ants. Females
oviposit into the flowerheads of the great burnet (Sanguisorba officinalis). After a few weeks

of feeding on the seeds, caterpillars descend to the ground and await adoption by host ant
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workers, which carry them into their nest where caterpillars predate on the ant brood (Thomas
1984). In Hungary, Myrmica rubra is the only known host ant of M. nausithous, while the
primary host ant of M. teleius is Myrmica scabrinodis, although four additional ant species are
also recorded as its host (M. gallienii, M. rubra, M. salina, M. specioides) (Tartally and Varga
2008). In the study area, the flight period of the two butterflies overlaps (from mid July to mid
August). Both species are listed by the Annex II of the Habitats Directive, since they show

declining population trends throughout Europe (Wynhoff 1998a).

Sampling method

The two sympatric populations were studied by mark—release—recapture (MRR) method.
Sampling took place over two weeks in the peak time of the flight period of both butterflies
(31 July — 13 August 2003) and was conducted every day between 09:00 and 17:00.
Butterflies were captured by net, marked on the underside of their hindwing using fine tipped
waterproof pen (Edding 140 S). Species and sex of each specimen were recorded together
with the time and location (code of spatial unit) of the capture event, after which the
butterflies were released. Duration of sampling in each spatial unit was proportional to its area
in order to standardize the sampling effort. We endeavoured to capture all butterflies in each
spatial unit. As the butterflies’ food plant was superabundant throughout the study site (~20—
50 flowerheads m’z) and did not seem to be a limiting factor for the butterfly populations, we

did not sample its abundance.

Data analysis
We modelled the microdistribution and emigration rate of butterflies applying different types
of generalised linear models (GLM). We used two variables to characterize the distribution of

butterflies: (i) abundance was measured as the sum of the daily captures in each spatial unit
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and (ii) density was calculated as the abundance divided by the area of the spatial unit.
Explanatory variables were the area of the spatial units, the area of a 3 m wide zone along the
afforested edge of the spatial units (forest edge), and the proportion of this zone to the area of
the spatial units (forest proportion = forest edge / area). Three-metre width of the edge zone
was assumed as a typical budding distance of Myrmica ant colonies (Hochberg et al. 1994)
and a distance within forest edge may significantly influence the microclimatic conditions
(Batary et al. 2009). Since forest proportion was calculated using area, these variables were
not included together in any model.

We calculated the emigration rate of butterflies for each spatial unit according to Sutcliffe
et al. (1997): number of emigrants was divided by the sum of emigrants and residents in a
given unit. In this case, the above described set of explanatory variables included the density
of males (male density) and the proportion of males (male proportion) also, because we
assumed that these variables could influence the emigration rate of both sexes: high density
(or proportion) of males may decrease the chance of males to find mating partners, while
females may emigrate from spatial units of high male density to avoid harassment (Baguette
et al. 1998). However, when pooled data of sexes was analysed, we rather used the overall
density to test for density-dependence of emigration rate.

At first, we tested for spatial autocorrelation in the response and explanatory variables
using global Moran’s I tests. Neighbour links were defined based on distances between the
centroids of spatial units in the range of 0-55 m. In this way all spatial units had at least one
neighbour, and being aware of limited movement of Maculinea butterflies within habitat
patches (Hovestadt and Nowicki 2008; Kérosi et al. 2008) we found this distance range
biologically meaningful. We used row-standardised spatial weights (Bivand et al. 2009).

We specified two models for each response variable. In the first model, the environmental

explanatory variables were area and forest edge, while the second model included forest
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proportion only. In the case of emigration rates both of these model types included male
density (or density of pooled sexes) and male proportion as well. In some cases logarithmic
transformation of the explanatory variables highly improved the models’ fit (see Table 1. for a
list of all models tested). In all cases we applied generalised linear models (GLMs) with
Poisson error distribution using quasi-likelihood estimations, because the distribution of the
residuals of simple linear models were non-normal and the data were overdispersed. Model
selection was made by dropping out variables from the full model based on F-tests. We
plotted the deviance residuals against the fitted values of each model to check model fit
(Faraway 2006). Finally, we tested for spatial autocorrelation in the model residuals using
Moran’s I tests (Moran 1948; Dormann et al. 2007). For both species, data of males and
females were analysed separately and pooled also.

Explorative analysis of butterflies” movement distances was also performed. We
considered the displacement between the first capture and the consecutive recapture of each
butterfly as a move. Move length was measured as the Euclidian distance between the
centroids of sampling units where the given individual was marked and recaptured. Moves
were classified into two groups by that the marking and recapture had happened in the same
sampling unit (residents) or in different ones (emigrants). Time length between the two
captures in these two groups were compared by Wilcoxon rank-sum tests. Move lengths of
emigrants were compared between sexes and species using the same statistics. All analyses
were performed using packages ‘maptools’ (Lewin-Koh et al. 2009), ‘spdep’ (Bivand et al.

2009) and ‘faraway’ (Faraway 2009) of R 2.9.1 software (R Development Core Team 2009).

Results
A total of 171 and 1085 individuals of M. nausithous and M. teleius, respectively, were

marked. Mean abundance of M. nausithous in sampling units was 13.7 (range: 1-50,



192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

median=10), while that of M. teleius was 78.5 (range: 16—171, median=65.5). Global Moran-
tests showed a significant positive spatial autocorrelation for area and forest proportion of
spatial units as well as for abundance and density of M. nausithous (Table 2). Although the
global tests could not identify the exact location of positive spatial autocorrelation, the
patterns could be illustrated by maps of the sampling area on which shading indicates the
value of each variable (Fig. 2). These maps show that spatial aggregation of M. nausithous
coincides with high values of forest proportion and small values of area.

The area of afforested edge zone (forest edge) had not any significant effect on butterflies’
density or abundance in any one model. In the case of M. teleius, area had a significant
positive, while forest proportion had a significant negative effect on the abundance (Table 3).
Although the use of log(forest proportion) improved the model fit, three sampling units with
zero forest proportion were omitted from these models. None of the predictors had any
significant effect on the density of M. teleius. Contrarily, both the abundance and density of
M. nausithous were positively affected by forest proportion, but models for density had much
higher predictive values (Table 3). Area had a marginally significant effect on abundance and
diagnostic plots suggested a weak model fit. However, log(area) had significant negative
effect on density. There were no remarkable differences between sexes in any models.

The emigration rate of M. teleius was significantly influenced by all predictors with the
exception of forest proportion (Table 4). Area and forest edge had significant negative
effects. Density of males also had a negative effect on both males’ and females’ emigration
rate, while male proportion affected the emigration rates positively. For the pooled data, we
also found a negative relationship between density and emigration rate. For M. nausithous,
due to the low number of captures per sampling units the emigration rate could not be

modelled.
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We recorded 77 moves of M. nausithous (males: 51, females: 26) and 483 of M. teleius
(males: 157, females: 326). The frequency of residents was neither different between species
(*-test: ¥*=0.27, p=0.61) nor between sexes of each species (y*-test: M. nausithous x*=0.02,
p=0.89; y*-test M. teleius: y*=0, p=0.99), which means that males and females had the same
probability to stay in a given sampling unit between two consecutive captures. We found no
significant differences in the time length between two captures of residents and emigrants,
indicating that move length was not time-dependent. Move lengths of females were
significantly longer than those of males in case of M. teleius (W=10625.5, p=0.014), and
marginally significantly longer in case of M. nausithous (W=260, p=0.088). We found no
differences in the move lengths between species (Figure 3). Only two individuals of M. feleius

took a longer move than 200 m, while the longest move taken by M. nausithous was 190 m.

Discussion

We found remarkable differences in the microdistribution of the two closely related
Maculinea species in this study. M. teleius did not show any sign of a non-random spatial
distribution. Its abundance was positively correlated with the area of spatial units, which is an
obvious result if we assume a random (or uniform) spatial distribution. Due to the negative
correlation between area and forest proportion, the abundance of M. teleius was negatively
affected by forest proportion, but it can not be interpreted as this species avoided the
afforested edges. The explanation is rather that M. teleius showed a more or less even spatial
distribution in the sampling site. Note, that density of M. teleius could not be explained by
any predictors. In contrast, the density of M. nausithous was significantly higher in smaller
spatial units, where the proportion of afforested edge zones was higher. As the sampling units
were delineated arbitrarily, the only explanation for this pattern is that M. nausithous

preferred the afforested edges of meadows and aggregated there. These results are in
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agreement with our findings at landscape scale, where we showed a contrasting distribution of
these species across different meadow edges (Batary et al. 2009). The novelty of the present
study is that we revealed the internal structure of populations at a finer spatial scale, we made
quantitative estimations on the effects of forest edges on the distribution of butterflies and
explored the movement of individuals within one habitat patch. Our explanation for the
observed pattern is that Myrmica rubra, the only host ant of M. nausithous, prefers humid and
cool soil conditions and thus it is the predominant ant species on meadow edges near to
forests, where humidity is usually higher than in meadow interiors (Elmes et al. 1998; Dauber
and Wolters 2004; Batary et al. 2009). Therefore, preference for afforested meadow edges by
M. nausithous butterflies seems to be adaptive since here the coincidence of host ants and
food plants is expected to be higher than elsewhere. M. feleius is abundant in meadow
interiors (Batary et al. 2009), where ant communities consist of more species, but this
butterfly may be reared by several Myrmica species (Tartally and Varga 2008; Witek et al.
2008). This low host-specificity assures sufficient food plant-host ant coincidence.
Furthermore, the negative area—density relationship for M. nausithous corresponds with the
results of Hambiéck and Englund (2005), who found this relationship characteristic for
butterfly metapopulations in a meta-analysis. A similar pattern was revealed at landscape
level by Nowicki et al. (2007) in sympatric metapopulations of M. nausithous and M. teleius.
The emigration rate of M. teleius was negatively affected by the area of spatial units in all
cases, which means that butterflies were more prone to emigrate from smaller units. The area
of afforested edge zone (forest edge) had also a negative effect on emigration indicating that
forests may constitute barriers for the emigration of M. feleius butterflies. Density of
butterflies affected the emigration rate negatively, which can be explained by the implicit
assumption that butterfly density was positively related to habitat quality and butterflies

emigrated from higher quality spatial units with a lower probability. However, as we did not
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make any measurements on microclimate, abundance of host plant and host ants, we are
unable to specify the microhabitat preferences of M. feleius in this study (but see Batary et al.
2007). Density of males had a negative effect on emigration rate of both sexes, but we
suppose that male density is a surrogate for overall density and reflects to habitat quality,
since male and female density were positively correlated (Spearman’s 770=0.67, p<0.001).
More interestingly, male proportion had a significant positive effect on emigration rates of
both males and females. High proportion of males can decrease their chance to find suitable
mating partners and increases male harassment that females suffer from (Baguette et al.
1998). To our best knowledge, sex-biased density-dependent movement of butterflies has
been found in very few studies only, and the spatial scale of such studies was much larger
than in our present one (Odendaal et al. 1989; Baguette et al. 1998).

The lack of time-dependence in butterflies” move lengths suggests that they did not follow
the rules of a pure random walk, which is a widely used null-model for animal movement
(e.g. Blackwell 1997). We found a higher mobility of females, which is a general pattern in
butterfly populations (e.g. Kuussaari et al. 1996; Baguette et al. 1998). However, mean move
length of both species was unexpectedly small indicating that the majority of butterflies
stayed within smaller parts of the sampling site. Moreover, an extremely tiny proportion of
individuals took any moves in the range of the largest distances that could have been detected
(~240 m). We provide different explanations for this limited within-habitat movement of the
two studied species, which has already been demonstrated by Hovestadt and Nowicki (2008).
As emigration rate of M. teleius was negatively affected by forest edge, we suppose that forest
strips can act as movement barriers for this species. On the other hand, limited movement of
M. nausithous is rather a consequence of its patchy microdistribution within the sampling site.

Although we did not consider the entire range of ecological requirements of all life stages

of M. nausithous and M. teleius, we found that one particular environmental condition, the
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proximity of afforested edges, can explain the different microdistribution of adult butterflies
within their habitat patches. According to our results, M. nausithous may have a narrower
niche since it preferred the afforested meadow edges, while M. teleius was more evenly
distributed throughout the sampling site. This was reflected by the aggregated distribution and
much lower number of captures of M. nausithous (but see Dierks and Fischer 2009). As a
consequence, the definition and management of habitats must be different for the two species.
We suppose that a functional resource-based concept for habitat definition would be more
appropriate for these butterflies, than delineating habitat patches based on the presence of host
plants or according to some vegetation categories (Dennis et al. 2003, 2006). This was also
confirmed by Anton et al. (2008) who found that the density of M. nausithous was
predominantly determined by the density of host ants, while host plant density had no effect
on butterfly density.

In the study region wet meadows serve as good habitats for M. teleius, but M. nausithous
can find suitable conditions on the afforested meadow edges only, which predicts the
existence of smaller and more isolated populations for this species. Either natural or artificial
extension of forest belts, hedgerows and patches of shrubs would enlarge the area of suitable
habitats for M. nausithous (and primarily for its host ant), and would rarely increase the
fragmentation of M. feleius habitats at the same time. However, beside the establishment of
new habitat patches, the appropriate management of the existing ones is a crucial element of
the successful conservation of butterflies. For example, timing and intensity of management
fundamentally influence the survival of large blue butterflies (Johst et al. 2006), thus further
research on the effects of different mowing regimes on Maculinea populations are urgently
needed (see Grill et al. 2008; K&rosi et al. submitted).

Finally, we stress that our results can not be generalised across the whole European

distribution range of the studied species. Several authors have already investigated the
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structure and dynamics of sympatric populations of M. teleius and M. nausithous in Europe,
but none of them reported significant quantitative differences in their habitat use (Thomas
1984; Wynhoff 1998b; Nowicki et al. 2005, 2007; Dierks and Fischer 2009). Some authors
found differences in the flowerhead selection for oviposition of the two species, but no
discrepancy in the spatial distribution of adult butterflies was detected (Thomas 1984; Figurny
and Woyciechowski 1998; Thomas and Elmes 2001). We suppose that different habitat use of
M. teleius and M. nausithous in Hungary is due to that the only host ant (Myrmica rubra) of
M. nausithous prefers relatively cool and humid microclimatic conditions, which can only be
found at the afforested edges of meadows, but this hypothesis should be empirically tested. In
summary, our present study clearly demonstrates that successful conservation strategies must
be based on detailed knowledge about the ecological requirements of target populations, even

in the case of species with apparently similar life cycle.
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Legends of figures

Figure 1. Aerial photo of the sampling area provided by the Orség NP Directorate. Thick
black lines delineate the 22 sampling units on the abandoned half of the meadow. Unsampled
eastern and northern parts of the meadow were erratically mown, while the southern part was
abandoned and covered by sedges. Grid cell width represents 100 m.

Figure 2. Maps illustrating the distribution and spatial autocorrelation of (a) area, (b) forest
proportion, (c) abundance of M. teleius and (d) M. nausithous. Values are classified in equal
intervals. Darker shading indicates higher values.

Figure 3. Move lengths of butterflies. Females made significantly longer moves for M. teleius.

For M. nausithous the difference was marginally significant.
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Table 1. List of generalized linear models specified and tested for both sexes of the two study
species.

Species Response variable Explanatory variables
M. teleius Abundance area, forest edge
Abundance forest proportion
Abundance log(forest proportion)
Density area, forest edge
Density forest proportion
Emigration rate area, forest edge, male density, male proportion
Emigration rate forest proportion, male density, male proportion
M. nausithous  Abundance area, forest edge
Abundance forest proportion
Density area, forest edge
Density log(area), forest edge
Density forest proportion
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Table 2. Results of global Moran tests for spatial autocorrelation.

Variable Moran's | p-value
Area 0.392 < 0.001
Forest edge 0.031 0.28
Forest proportion 0.25 <0.05
M. teleius abundance 0.08 0.17
M. teleius density -0.12 0.72
M. nausithous abundance 0.23 <0.05
M. nausithous density 0.23 <0.05
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Table 3. GLM results on the abundance and density of butterflies. Each row represents a
different model. Predictive power indicates the proportion of variance explained by the

model.
model's
Species Sex Response Predictors Estimation (SE) p-value predictive power
M. teleius males  Abundance  Area 0.0007 (0.0002) 0.004 0.54
Forest_prop —2.59 (1.05) 0.022 0.26
log(Forest_prop) —-0.78 (0.23) 0.003 0.41
females Abundance  Area 0.0006 (0.0002) 0.003 0.35
Forest_prop —2.56 (0.82) 0.005 0.36
log(Forest_prop) —0.64 (0.20) 0.004 0.39
both Abundance  Area 0.0006 (0.0002) 0.002 0.38
Forest_prop —2.57 (0.83) 0.006 0.35
log(Forest_prop) —-0.69 (0.19) 0.002 0.43
M. nausithous males  Abundance  Area —0.0009 (0.0004) 0.043 0.23
Forest_prop 25(1.1) 0.033 0.23
females Abundance  Area —0.0005 (0.0004) 0.278 0.06
Forest_prop 22(1.22) 0.088 0.13
both Abundance  Area —0.0007 (0.0004) 0.089 0.17
Forest_prop 2.39 (1.09) 0.041 0.21
males  Density log(Area) -1.81(0.36) <<0.001 0.6
Forest_prop 4.20 (1.18) 0.002 0.43
females Density log(Area) —-1.51(0.41) 0.002 0.41
Forest_prop 4.06 (1.27) 0.005 0.34
both Density log(Area) -1.69 (0.37) << 0.001 0.56
Forest_prop 4.15(1.18) 0.002 0.42
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Table 4. GLM results on the emigration rate of M. teleius. Male proportion had only
marginally significant positive effect on the emigration rate of males, otherwise all predictors
significantly affected the emigration rate.

model's
Species Sex Predictors Estimation (SE) p-value predictive power
Area —0.0003 (0.00007) < 0.001
males Forest —0.001 (0.0004) 0.025 0.58
Male density —7.62 (2.76) 0.013
Male proportion 0.98 (0.54) 0.086
Area —-0.0002 (0.00005) < 0.001
M. teleius females Forest —-0.0009 (0.0003) 0.006 0.71
Male density -9.71 (1.97) <0.001
Male proportion 1.62(0.38) <0.001
Area —0.0002 (0.00004) << 0.001
both Forest -0.0009 (0.0002) < 0.001 0.8
Density —2.80 (0.47) <<0.001
Male proportion 0.77 (0.24) 0.005
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Abstract The movement of butterflies within habitat
patches is usually assumed to be random, although few
studies have shown this unambiguously. In the case of the
highly specialized genus Maculinea, two contradictory
hypotheses exist to explain the movement and distribution
of imagos within patches: (1) due to the high spatial vari-
ance of survival rates among caterpillars, the “risk-
spreading” hypothesis predicts that females will tend to
make linear flight paths in order to maximize their net
displacement and scatter the eggs as widely as possible;
and (2) recent mark-release—recapture (MRR) data suggest
that within-habitat displacement of some Maculinea spe-
cies is constrained and that adults may establish home
ranges. We tested both hypothesis by analysing the
movement pattern of individuals. We also investigated
whether egg laying is time constrained, which would
enhance the trade-off between flying and egg laying. Thirty
females of Maculinea rebeli (Lepidoptera: Lycaenidae)
were tracked within a single population in Central Hun-
gary. Their egg-laying behaviour and individual patterns of
movement were recorded, and the latter were compared
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with random walk model predictions. The population was
also sampled by MRR to estimate survival rates, and four
non-mated, freshly eclosed females were dissected to
assess their potential egg load. Net squared displacement of
females was significantly lower than predicted by the
random walk model and declined continuously after the
15th move. The ratio of net displacement and cumulative
move length decreased with the number of moves, sup-
porting the hypothesis that Maculinea butterflies establish
home ranges. We found that low survival and a low rate of
egg laying prevented females from laying their potential
number of eggs within their lifespan. Time limitation
increased the cost of movement, providing another possible
explanation for the restricted movement of females.

Keywords Home range - Myrmecophily - Oviposition -
Random walk model - Risk spreading

Introduction

The specialized interactions between Maculinea (Lycae-
nidae: Lepidoptera) butterflies and other species have been
under studied at length [for a review see Thomas et al.
(1998a, b)]. Less attention has been paid to the behaviour
of the imagos, even though an understanding of a threa-
tened species’ mechanisms and patterns of behaviour may
greatly assist in the development of conservation strategies
for it (Sutherland 1998; Caro 1999).

Uniquely among European butterflies, Maculinea spe-
cies are obligate social parasites of Myrmica ant colonies.
All Maculinea species are also endangered at national or
continental scales in Europe, and are consequently regar-
ded as “flagship” species of nature conservation (Thomas
and Settele 2004; Settele et al. 2005). The life cycle of
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Maculinea rebeli and its interactions with associated spe-
cies have been thoroughly studied both empirically (Elmes
et al. 1991a, b, 1996; Thomas et al. 1991, 1993, 1997) and
in theory (Hochberg et al. 1992, 1994; Clarke et al. 1997,
1998). M. rebeli females lay eggs on specific host plants
(typically Gentiana cruciata), where its caterpillars briefly
feed on flowers and seed. Fourth instar caterpillars descend
to the ground and await discovery by foraging Myrmica
workers, which adopt them into their nests (Elmes et al.
1991a, b). Caterpillars do not seek host ant nests actively,
and die if they hatch on a plant that is beyond the foraging
range of a host ant colony (Thomas 1995; Thomas et al.
1997). Lack of adoption or adoption by non-host ants is a
major cause of mortality (Elmes et al. 1991a, b). So far,
studies based on counting the eggs on host plants have
shown that oviposition is independent of the presence of
host ants (Thomas et al. 1989; Elmes et al. 1996; Thomas
and Elmes 2001; Thomas 2002; Musche et al. 2006),
although Van Dyck et al. (2000) found some association
between the density of Maculinea alcon eggs on Gentiana
pneumonanthe and the presence of its presumed host ant
species.

Due partly to apparent competition between its
sequential hosts (Thomas et al. 1997), M. rebeli usually
occupies sites where only a small proportion (<30%) of G.
cruciata plants coincide with host Myrmica colonies (EI-
mes et al. 1996). Assuming that Maculinea butterflies are
unable to detect the presence of host ants beneath the host
plants (Thomas and Elmes 2001), and that the distribution
of Myrmica colonies is primarily affected by microclimatic
conditions, the spatial variance of larval survival is inevi-
tably high (Thomas et al. 1998a, b). Root and Kareiva
(1984) suggested that in such cases “risk spreading” is a
reasonable oviposition strategy. It assumes that females
scatter their eggs over a wide area in order to minimize the
generation-to-generation variance in reproduction rates.
This hypothesis predicts that females follow linear flight
paths during egg laying, eggs are usually laid singly on
plants, and females pass over many suitable hosts. How-
ever, recent analyses of mark-release—recapture (MRR)
data suggest that Maculinea teleius and Maculinea nau-
sithous may establish home ranges, since their within-
habitat displacement appears to be limited (Hovestadt
2005; Hovestadt and Nowicki 2005).

Animal movement can be classified by its behavioural
background into routine and special movements (Van Dyck
and Baguette 2005). Routine movements are associated
with daily activities, while special movements involve
large net displacement. In fragmented landscapes, dispersal
is a by-product of special movements that are directed and
cover large distances in a given unit of time (Van Dyck and
Baguette 2005). Since dispersal is a key process in spatially
structured populations (Hanski 1999), several studies have
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investigated the behavioural aspects of dispersal in but-
terflies by tracking individuals (e.g. movement at habitat
boundaries, Schultz 1998; Ries and Debinski 2001; Schultz
and Crone 2001; Conradt and Roper 2006; foraging in the
matrix, Conradt et al. 2000, 2001; or changes in movement
behaviour within and outside habitat, Schtickzelle et al.
2007). Alternatively, explorative routine movements are
performed within habitat patches with high levels of return
and rarely contribute to dispersal in fragmented landscapes
(Van Dyck and Baguette 2005). However, movement data
collected within habitat patches may uncover important
information about the animals’ behaviour (Mallet 1986)
and studies of individual movement patterns play a sig-
nificant role in the conservation of species (Caro 1999).
Recently Lindenmayer et al. (2003) have stressed the
importance of accurate knowledge of movement rules for
the validity of population viability analyses. Metapopula-
tion models usually assume that movement within habitat
patches follows a random walk (Ovaskainen 2004; Ovas-
kainen and Hanski 2004), an assumption also underlying
other studies (Odendaal et al. 1989; Turchin 1991; Schultz
and Crone 2001). Nevertheless, the appropriateness of a
random walk model for within-habitat movement of but-
terflies has been established in only a few cases (Kareiva
and Shigesada 1983; Root and Kareiva 1984; Schtickzelle
et al. 2007), while Fownes and Roland (2002) demon-
strated its inadequacy.

We aimed to test the appropriateness of the random
walk model for the movement of egg-laying M. rebeli
females by analysing the flight paths of individuals.
Movement patterns may differ from a random walk in two
ways. The “risk-spreading” hypothesis predicts that egg-
laying females follow linear flight paths, resulting in larger
net displacement than predicted by random walks. Alter-
natively, if butterflies establish home ranges and restrict
their movements to subsets of the habitat patch, net dis-
placement will be shorter than predicted by the random
walk.

We attempted to ascertain whether egg laying is time
constrained or egg constrained in M. rebeli by estimating
the egg-laying rate of females, their individual survival
rates, and the potential number of eggs that an average
female could produce.

Materials and methods

Study species

The taxonomic status of Maculinea rebeli (Hirschke 1904)
is unclear, because recent cladistic studies based on either

genetic (Als et al. 2004; Bereczki et al. 2005) or morpho-
metric (Pech et al. 2004) data showed that it may only be a



Oecologia (2008) 156:455-464

457

distinct ecological form of Maculinea alcon (Denis et
Schiffermiiller, 1775). However, M. rebeli has previously
been treated as a distinct species in many papers (see Elmes
et al. 1991a, b; Thomas et al. 1991, 1993), so we use the
term M. rebeli to denote the ecotype of M. alcon, which
occupies dry calcareous grasslands in Hungary, flies from
mid June to mid July and uses the cross-leaved gentian
Gentiana cruciata (L.) as the main larval food-plant. Lar-
vae in the population under examination feed exclusively
on G. cruciata and are hosted by both Myrmica sabuleti
(Mein.) and M. schencki (Em.) (L. Peregovits et al.,
unpublished data). M. rebeli lays single eggs on leaves and
buds of the gentians. Caterpillars in the ant nests are fed by
workers through trophallaxis (“cuckoo” feeding) (Elmes
et al. 1991a), which is considered as a more productive
(Thomas and Elmes 1998) and evolutionarily advanced
form of myrmecophily (Thomas et al. 1991; Fiedler 1998;
Als et al. 2004).

Study site

The study area was located in the Vértes Mountains in
Central Hungary (47°26'N, 18°25'E, 365 m a.s.l.). In this
region M. rebeli occupies dry calcareous grasslands mixed
with oak—hornbeam woodland scrub. The study site was a
section of grassland meadow (ca. 0.8 ha) on the fringe of
an oak—hornbeam forest (Fig. 1). The meadow was sur-
rounded by pine plantation on three sides and a native oak
forest on the fourth. Some oak saplings (Quercus petreae),
hawthorn (Crataegus spp.) and dewberry (Rubus spp.)
scrub were scattered throughout the meadow.

Fig. 1 Map of the study site. Asterisks indicate solitary gentian
plants, grey polygons are dense gentian patches. Butterfly paths are
divided into three groups: females observed to oviposit (solid lines),
females observed to mate and oviposit (dashed lines) and females
with no observed oviposition (dotted lines). Only nine paths out of 30
could be shown due to a high number of overlapping and/or spatially
restricted (therefore not discernible) paths

Sampling method

Individual females were randomly chosen for tracking.
Each female was followed until it was lost from view or
stopped for >30 min. We followed at a distance of several
metres to avoid influencing the butterflies’ behaviour,
which was recorded on a dictaphone. Each landing point
was marked with a numbered flag, which corresponds to a
decision being made by the butterfly, and provides more
meaningful results than the use of sampling at fixed time
intervals. This method also prevents problems of over- or
under-sampling due to the choice of time interval between
samplings (Turchin 1991, 1998). It further allowed us to
observe egg-laying behaviour. At each landing point we
recorded the number of gentian shoots visited and the
number of eggs laid on each shoot by the female. The
distance between two consecutive landing points was
classed as a move, and its length and direction were
measured. We intended to avoid sampling a single indi-
vidual twice, but were also concerned not to affect the
butterflies” behaviour, so individuals were captured and
marked at the end of the tracking. The first and last landing
points of each path were located by GPS (Trimble, Geo-
Explorer3) and the distance between them was measured
by a measuring tape to check the precision of measurement
of successive moves on the path level. The deviation in the
net displacement measured versus the displacement cal-
culated from successive moves was within 1 m in all paths,
indicating an acceptable degree of accuracy in our method.
Sampling was carried out on 14 individual days between 20
June and 11 July 2005, between 1000 and 1700 hours
under sunny and calm weather conditions.

We simultaneously carried out MRR sampling of M.
rebeli adults to estimate the daily survival rate of the
females. Butterflies were captured in nets, individually
marked with fine-tipped waterproof pens (Edding 140S) on
the underside of the hind wings and immediately released
at the place of capture. Sampling was conducted on
14 days under suitable weather conditions. Four freshly
eclosed, non-mated females were dissected and ova were
counted in order to obtain a rough estimate of their
potential egg load.

A map of the site was drawn using GPS to plot the
positions of solitary gentian plants or the outlines of dense
gentian patches (Fig. 1). Gentian shoots rather than plants
were considered as the measurement unit of host plants,
because shoots can always be distinguished. Thus the total
number of gentian shoots was counted over the whole site.

Statistics

The flight paths of butterflies are typically circuitous, but
can be approximated by a series of connected straight line
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moves between the consecutive landing points (Kareiva and
Shigesada 1983; Root and Kareiva 1984; Turchin et al.
1991; Turchin 1998). Quantitative analysis of path data was
based on the discrete random walk approach, which allowed
us to use only two simple parameters: move lengths and
turning angles between successive moves. Correlated ran-
dom walk (CRW) is a simple random walk formulation in
which the distribution of turning angles is not uniform,
inducing persistence in the direction of movement.

Net squared displacement (R?) is a characteristic of
paths and refers to the square of the net displacement of an
individual after n moves. Comparing RZ of observed paths
with its theoretical distribution provides a test of the
appropriateness of the CRW model. Observed R2 was
calculated for each n (number of moves) by averaging the
net squared displacement after n moves for all observed
paths that consisted of at least » moves. Since the length of
observed paths varied in our data set, observed R? for low n
is an average over all paths, but as n increases fewer paths
are used. Theoretical values of R2 were calculated using a
simple formula of Kareiva and Shigesada (1983) that
specifies the expected net squared displacement for each
value of n, but does not provide a measure of variance
around this expectation. It would have been straightforward
to carry out an overall bootstrap goodness-of-fit (GOF) test
for CRW, but we found the move length between paths
significantly different (Table 1, test 3). Thus, instead of
pooling data of all individuals, R> of the observed paths
was compared with theoretical values for each path sepa-
rately. For each observed path, 1,000 paths were simulated
by keeping the move lengths fixed to observed values and
sampling the turning angles from a uniform distribution
(Schtickzelle and Baguette 2003). For each n, R? was
calculated in all the 1,000 simulated paths and in the
observed path as well. The 95% confidence limits for R2
were estimated by the 25th and 975th percentiles of R of
the simulated paths.

The ratio of the net displacement and the cumulative
length of moves (Rnc) is an indicator of movement
directionality ranging between 0 and 1. If the path is a
straight line, then Ryc = 1, and if the starting and end
points of the path are identical it is 0. Ryc was calculated

Table 1 Statistical tests on move length (Zar 1999, p 591)

for the subpaths at each number of moves of each path, and
its relationship to the number of moves was assessed by a
linear mixed effects model, in which paths formed the
random factor, since subsequent Ryc values of a given path
were not independent from one another. In the model the
variance was weighted by the power function of the
number of moves in order to fulfil homoscedasticity (Pin-
heiro and Bates 2000).

After checking the fit of MRR data to the Cormack—
Jolly—Seber model by a bootstrap GOF test using program
MARK 4.2. (White and Burnham 1999), a model selection
based on Akaike’s information criterion (AIC) values was
performed, and the parameter estimations of the most
supported model were accepted.

Females usually probed the surface of the host plant
with the apex of their abdomen before oviposition, a form
of behaviour that we called “egg-laying investigation”.
These investigations did not always result in oviposition.
The number of eggs laid on each successful oviposition
was recorded. The relationship between the number of eggs
laid and other variables on the path level (number of
moves, duration of path, sum of move lengths) was
assessed using linear models.

Simulations were programmed into R code, and data
management and analyses were performed using SciViews-
R companion applications (R Development Core Team
2005; Grosjean and Lecoutre 2005). Some test results are
presented in tables to offer an easy overview of the
hypotheses tested on the data.

Results
Movement characteristics

We sampled 30 flight paths involving a total of 412 moves
(from five to 24 moves per path, median number of
moves = 14). The average tracking time was ~50 min.
Move length followed a log-normal distribution (Table 1,
test 1) and differed significantly between paths (Table I,
tests 2 and 3). No autocorrelation (order 1-5) between the
consecutive move lengths of a given path was detected

Null hypothesis tested Test name Test statistic P-value
Test 1 Log-normal distribution Kolmogorov—Smirnov D = 0.0412 0.479
Test 2 Equality of variance between paths Bartlett (on log-transformed move length) P =29.76 0.426
Test 3 Equality of means between paths One-way ANOVA F=23184 <0.001
Test 4 No autocorrelation between length Pearson’s correlation coefficient on 9 significant
of consecutive moves consecutive lengths (with lag = 1-5) (P <0.05) p
out of 136
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Table 2 Statistical tests on turning angle (Fisher 1993)
Null hypothesis tested Test name Test statistic P-value

Test 1 Uniform vs. unimodal distribution Rayleigh test for uniformity against R = 0.0381 0.1452

with mean = 0 a unimodal alternative with mean = 0
Test 2 No autocorrelation between consecutive Circular-circular (T-linear) correlation coefficient 6 significant

turning angles on consecutive turning angles (with lag = 1-4); (P <0.05)

P-value estimated by permutation test p out of 105
(Table 1, test 4): the length of a given move did not depend “t 800
on the length of previous moves, so the first assumption of < w0 . °
the CRW model was fulfilled. NCE o ©
The distribution of turning angles did not differ signif- = 600 0 © °

icantly from uniform (Table 2, test 1). Since the uniform g 500 o °
distribution is symmetrical around 0, this implies that § 400 o © °
females did not show a preference for left or right turns, & 300 0 ©
and more importantly that they turned in all amplitudes o 200 % ° % } } ] } ]
with the same probability. No autocorrelation (order 1-4) % 100 ; ; % % i % § i }
between the consecutive turning angles of a given path was g o M
detected (Table 2, test 2), so a given turning angle was not 2 4 6 8 10 12 14 16 18 20 22 =24

influenced by previous turning angles. The uniform distri-
bution of turning angles suggests that there was no
directional persistence in the movement of butterflies, so
the assumption of CRW was not fulfilled. In the simpler
uncorrelated random walk model the distribution of turning
angles is assumed to be uniform. We therefore used its
simplified formula to calculate the predicted values of net
squared displacement (R2).

Plotting the observed and expected values of R2 against
the number of moves provides a test of the fit of the random
walk model. If the path is a straight line, R> increases
following a parabola, which represents the upper limit of
possible R2; under the conditions of uncorrelated random
walk R? grows linearly with n (number of moves), as is
predicted by:

2
R, =n x my,

where n is the number of moves and m, is the mean
squared move length (Kareiva and Shigesada 1983). An
upward curve in RZ indicates a persistence in the direction
of movement (correlated random walk), while a downward
curve indicates some barrier to movement (Turchin 1998).
R? averaged over all observed paths for each n increased
linearly until n = 15, where it peaked (R? =325.2m?,
SE = 172.30 m?); after that it declined (Fig. 2). Apart
from the divergence between predicted and observed val-
ues, we highlight the convex shape of the observed curve
viewed from above.

When simulating 95% confidence intervals of R2 for
each number of moves for each path, and plotting them
against the number of moves (Fig. 3), the observed R? fell
below the simulated 95% confidence limit (at least for one
move) in 13 out of 30 (43.3%) paths, while one path was

Number of moves

Fig. 2 Observed net squared displacement averaged over all paths
(solid squares) and the predicted values of the uncorrelated random
walk (grey circles) (Kareiva and Shigesada 1983) in relation to the
number of moves

both above and below the confidence limits. The ten paths
for which the maximum value of R? was reached at the end
of the path were considered as quasi-monotonous ones. The
other 20 paths were non-monotonous because the peak of
R? emerged somewhere along the path (Fig. 3). Butterflies
with non-monotonous paths were observed for a longer
time. They made more steps but had smaller values of R?
than quasi-monotonous ones (Fig. 4).

There was a significant negative relationship between
the number of moves and Ryc values according to the
linear mixed effect model (F; 35, = 306.01, P < 0.0001,
fixed effect = —0.027; Fig. 5). Rnc equals zero when a
butterfly returns to the starting point of the path predicted
by the model at the ~22th step. The distribution of the
residuals and the random effects were normal. On Fig. 5
we fitted the fixed effect of the model to the scatterplot of
the Ryc index and the number of moves. Since the variance
of the Ryc index declined considerably (Fig. 5), weighting
it by the power of the number of moves was appropriate in
order to fulfil the homoscedasticity. The random effect
explained only 5.06% of the total variance.

Egg-laying behaviour
A total of 103 investigations by 23 egg-laying females

were recorded on 98 different gentian shoots. More than
one egg-laying investigation was observed on five shoots,
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Number of moves

Fig. 5 The relationship between the number of moves and the ratio
of the net displacement and the cumulative length of moves (Ryc
index). The solid line indicates the fixed effect of the significant linear
mixed effects model
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In the Cormack—Jolly—Seber model with the best fit, the
daily survival rate (@) and the recapture probability (P)
were constant over time and identical for males and
females. The estimated ¢ was 0.763 (95% confidence limit
lower, 0.724; upper, 0.799). The population under exami-
nation was presumably closed in terms of movement, so the
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Fig. 6 Linear relationship between the duration of a path and the
number of eggs laid: number of eggs = 2.57 4+ 4.763 x hour. One
outlier and several females with no eggs weaken the fit of the model

average residence time (the period of time during which
the population is reduced by 50%) was estimated at 2.58
days. This made it possible to estimate the total number of
eggs laid per butterfly. Assuming that M. rebeli females are
active 8 h per day, their average active lifespan is 20.6 h.
Substituting this value into the equation of the linear
regression of egg number and path duration, provides an
estimate that an average female lays 100.9 eggs (SE =
43.9; 95% CI, 10.8-190.9). The number of ova counted in
the dissected females (mean = 375.6, SD = 1449, n = 4)
thus greatly exceeded the estimated number of eggs laid
per butterfly.

Although actual host plant distribution was not com-
pared with theoretical distributions, we found the
distribution of host plants very clumped on the sampling
site: circa 82% of the gentian shoots (~1,300 from the
total of 1,585) were aggregated into a total area of 380 m?
(5% of the sampling site). Thus a few gentian patches were
clearly distinguished (Fig. 1).

Discussion

Our results provide a detailed description of the movements
of M. rebeli females within a single population, including a
test of the appropriateness of the random walk model. In
most studies, within-habitat movement is assumed to be
random (e.g. Odendaal et al. 1989; Schultz and Crone 2001;
Ovaskainen 2004), but our results clearly showed that the
random walk model did not describe the within-habitat

movement of M. rebeli females appropriately, since it
overestimated the net displacement. All approaches applied
in our analyses suggested that the movement of the but-
terflies was restricted and that they established home
ranges. So far, non-random movement of butterflies has
been demonstrated in the matrix and at habitat boundaries
(Conradt et al. 2000; Conradt and Roper 2006), but less
clearly within habitat patches. In our study, butterflies
seemed to reach the boundary of their foraging range at
about the 15th move, where the peak of the observed values
suggested that the maximum area of the butterflies’ foraging
range is 325 & 172 m?, an unexpectedly small value.

The observed value of R? was significantly smaller than
predicted by the random walk model in 43.3% of the paths,
indicating the inappropriateness of this model. Although
the division of paths into quasi- and non-monotonous types
was slightly arbitrary, the significant difference between
the two in the number of moves, path duration and net
squared displacement (Fig. 4) allowed us to conclude that
the longer a butterfly was tracked, the more moves it made
and the smaller its net displacement. This is in agreement
with findings shown in Fig. 2: after the 15th move the
average net squared displacement tended to decrease.

The significant negative linear relationship between the
number of moves and the Ryc index means that the dis-
tance covered by the flight path of the butterflies increased
much more slowly than the number and cumulative length
of moves. At approximately the 20th move the values of
Rxc approach zero. One possible explanation is that but-
terflies foraged in a restricted area, and after about 20
moves returned to the vicinity of the starting point of the
path. Due to the lack of autocorrelation in the turning
angles, we exclude the possibility that M. rebeli females
had any systematic movement patterns (such as foray
loops). We conclude rather that their movement was
restricted primarily to the proximity of small but dense
gentian patches (Fig. 1).

The females under observation never left the habitat and
seldom approached its boundaries, so we rule out the
possibility that frequent interferences with habitat bound-
aries modified their movement patterns. Furthermore, if
butterflies had frequently bounced back at habitat bound-
aries, this would have been expressed in the distribution of
turning angles, resulting in divergencies from the observed
uniform distribution.

The observed movement pattern departed from that
predicted by the risk-spreading hypothesis. However, the
results do not disprove the other two predictions of the risk-
spreading hypothesis (Root and Kareiva 1984), because M.
rebeli females laid eggs singly and very few eggs were laid
per shoot by a single female.

The estimated apparent daily survival rate is in agree-
ment with previous studies on Maculinea species (Pfeifer
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et al. 2000; Amyas et al. 2005; Nowicki et al. 2005a, b).
The estimated number of eggs laid per butterfly provides
only a rough approximation, but it is nevertheless consis-
tent with the results of Hochberg et al. (1992), who used a
different approach. Our estimate could be imperfect if the
butterflies change their egg-laying rate over time (Morales
and Ellner 2002), but this is unlikely in an insect with such
a short reproductive stage.

Even if our estimates of the daily survival rate and the
egg-laying rate contain uncertainties, the large difference
between the egg load and the estimated number of eggs
actually laid by a female over its lifetime suggests that egg
laying of M. rebeli is time constrained, which is a wide-
spread phenomenon among butterflies (e.g. Kingsolver
1983; Doak et al. 2006).

The clumped distribution of gentians is typical of most
M. rebeli sites (Elmes et al. 1996). Both field studies and
modelling demonstrate that Maculinea caterpillars cause
considerable damage to ant nests and reduce their com-
petitiveness (Thomas et al. 1997). Since caterpillars depend
on specific host plants for their early development, those
parts of the habitat that lack gentians provide refuges for
the host ants. Indeed, the long-term persistence of this
butterfly on a site depends on the presence of such refuges
(Elmes et al. 1996; Clarke et al. 1997; Thomas et al. 1997).

We suggest two major reasons for the restricted move-
ment of females. First, it can be shown that even a home
range of observed mean size (325 m?) can be enough for a
female to avoid sibling competition, if it contains a high
density of food plants. Using Hochberg et al.’s (1994)
values for host ant foraging range (10 m?), Elmes et al.’s
(1996) higher (30%) value for host ant incidence and
Thomas and Elmes’ (1998) values for the mean capacity of
a Myrmica nest to support M. rebeli (5.3 pupae per nest),
we can calculate that a M. rebeli female’s mean home
range contains 9.75 exploitable host ant colonies capable of
rearing a total of 52 M. rebeli larvae to adulthood each
year. Combining our values of lifetime natality (101 eggs
per female) with Hochberg et al.’s (1992) values for M.
rebeli egg and larval density-independent survival on
gentians (0.758) and density-dependent larval survival on
gentians, we obtain a figure of 42-54 pre-adoption larvae
per female each year (see calculations in ESM). In addi-
tion, competition between siblings is further reduced due to
polymorphic growth of caterpillars: 75% of the cohort take
2 years to develop per host-ant nest and 25% take 1 year
(Thomas et al. 1998a, b). As described, females spread
their eggs fairly evenly within their home ranges, thus even
as small an area as 325 m? is sufficient to lay the maximum
number of eggs in their lifetimes whilst avoiding sibling
competition. However, the period of time during which our
observations were made was short and we cannot be sure
that females spend all of their lives within such small home
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ranges. The other cause of restricted movement may be the
time-constrained nature of egg laying. Time limitation
increases the costs of flying, since it not only consumes
energy but also time. In summary, the benefits for females
of greater movement are poor due to the unpredictability of
larval survival and the ease with which sibling competition
can be reduced, while the costs are high: thus, restricted
movement may result in a higher reproductive output per
female.

Our results confirm the suggestion of Hovestadt (2005)
and Hovestadt and Nowicki (2005) that Maculinea but-
terflies may establish home ranges within habitat patches.
The concordance between our and their results is particu-
larly interesting, because they employed MRR techniques,
so their conclusions derive from an analysis of patterns (the
spatial distribution of individuals). By tracking individuals,
we gained a deeper insight into the process (movement of
individuals) that generates the pattern, and we were able to
combine this process with the spatial distribution of
resources. It is important also to note that Hovestadt (2005)
and Hovestadt and Nowicki (2005) studied populations of
M. teleius (and M. nausithous), a predatory species the host
plant of which (Sanguisorba officinalis) is abundant and
evenly distributed on most of the sites.

Finally, the restricted movement of females does not
allow us to infer the rate of interpatch dispersal, but only to
endorse the presumption of Hovestadt (2005) that dispersal
is a very rare and special event in the life of M. rebeli
females, since the females under observation never left the
habitat patch.

Both the limited within-habitat movement and the rare
interpatch dispersal have implications for conservation,
since they can amplify the effects of fragmentation for
populations. Elmes et al. (1996) stressed that the most
important factor essentially affecting the size and persis-
tence of M. rebeli populations is the distribution of host
plants, which was later confirmed in simulation studies
(Clarke et al. 1997, 1998). Additionally, in the absence of
management, suitable sites often become overgrown by
scrub, making the habitat unsuitable for the butterfly
(Dolek et al. 1998). We emphasize the role of linkage
between gentian patches in order to decrease the spatial
fragmentation of populations. The movement of butterflies
between these patches should be facilitated by cutting the
scrub and saplings.
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Osszefoglalo

A hangyakhoz kot6do, szocialis parazita életmodjukrol ismert hangyaboglarkak (Maculinea
spp.) megkiilonboztetett figyelemmel birnak az eurdpai természetvédelemben, igy élohelyeik
megoOrzésére hazankban is nagy hangsulyt kell fektetni. A nedves gyepteriileteken é16 vérfi
hangyaboglarka él6helykezelésének tudomanyos megalapozasara 2007-ben egy hosszu tava
kisérletbe kezdtiink az Orségi NP teriiletén. Az eltéré kaszalasi modok hatasanak vizsgalatara
a Szentgyorgyvolgyi-patak mentén 4 réten jeldltiink ki 44 kezelési savot, melyekben az
alabbi kezeléseket folytatjuk: majusi, szeptemberi, majusi és szeptemberi kaszalas, illetve
kaszalas nélkiili kontroll. A kezelési savokon beliil kialakitott kvadratokban minden évben
elvégezziik a tapnovény (Sanguisorba officinalis), a gazda hangyafajok (Myrmica spp.) és a
hangyaboglarka imagok mennyiségének felmérését. A kaszalas hatasa az egyes réteken
hasonld volt, a koztiik 1év6 conologiai és kezeléstorténeti kiilonbségek ellenére: az
intenzivebben kaszalt részeken nagyobb volt a lepkék és tapnovényiik denzitasa, a kevésbé
kaszalt teriileteken pedig a gazda hangyak gyakorisaga volt magasabb. Ez utobbi teriiletek
refugiumként szolgalhatnak a hangyak szamara, melyek biztositasa a hangyaboglarka

fennmaradasa szempontjabol elsédleges, €s csak mozaikos kezeléssel valdsithaté meg.

Kulcsszavak: biodiverzitas, gyepkezelés, hangyagazda, kaszalas, mirmekofilia, Myrmica,

szocialis parazitizmus, tipnovény

Bevezetés



Eurdpaban mara szamos faj csak az elmult néhany ezer év soran folyamatos emberi
beavatkozasok altal alakitott, valtozatos kultrtajakban maradt fenn (Plieninger ef al. 2006,
Vos & Meekes 1999), ezért a kiilonféle mezégazdasagi tevékenységek ¢ldvilagra gyakorolt
hatasa fontos vizsgalati eleme mind a hazai, mind pedig az eurdpai természetvédelmi
biologianak. A nyilt él6helyek esetében a kaszalas gyakorisaga, id6zitése, a legel6 allatok faja
és mennyisége nagymértékben befolyasolhatja a vegetacioszerkezetet és az allatkozosségek
osszetételét (pl. Ockinger ef al. 2006, Batary et al. 2007). Hazankban az Orség teriiletén még
nagy kiterjedésii természetkozeli rétek talalhatoak, melyek fenntartasa a természetvédelem
fontos feladatai kozé tartozik. Mivel azonban ezek jorészt nem a Nemzeti Park kezelésében
allnak, ezért olyan kezelési eljarasokat kell talalnunk, melyek a gazdalkodok szamara is
elfogadhatoak és az él6helyek hossza tavi fennmaradasat is biztositjak.

Az obligat szocialis parazita életmodjukrol kozismert hangyaboglarkak (Maculinea
spp.) a nagypettyes hangyaboglarka (M. arion) angliai kipusztulasa utan keriiltek fokozatosan
a konzervaciobiologiai kutatdsok kézéppontjaba (Thomas 1980) és napjainkban az eurdpai
természetvédelem ,,zasz16shajo” fajai kozé tartoznak (Thomas 1995, Thomas & Settele 2004).
E lepkefajok teljes életciklusuk soran nem csupan larvalis tapnovényiikre vannak utalva,
hanem sziikségiik van a tapnovény kozelében talalhatdo Myrmica hangyafészkekre is, hiszen a
hernyok fejlodése dontd részben a hangyafészkekben zajlik, ahol a fajok egy része obligat
moddon a hangyak larvait fogyasztja, masik csoportjuknal pedig a hernyodkat a hangya
dolgozok etetik (Thomas 1995). Bonyolult életmenetiik kovetkeztében a lepkéknek specialis
¢élohelyigényeik vannak és allomanyvaltozasuk jol jelzi az él6helyiikon végbemend
valtozasokat (Munguira & Martin 1999, Thomas 1995, Wynhoff 1998). Emellett egyes
vizsgalatok tantisaga szerint a Maculinea fajok jelenléte egy adott él6helyen nagy biologiai

sokféleséget jelez (Maes & Van Dyck 2005, Skorka et al. 2007, Varga et al. 2005).



A fentiek alapjan az Orségi Nemzeti Parkkal szoros egyiittmiikddésben azt a célt tiiztik
ki, hogy az Orség teriiletén hagyomanyos kaszalasi tipusok hatésat vizsgaljuk a vérfi
hangyaboglarka, tapnovénye és gazda hangya populacioira nézve. Vizsgalatunkban négy
kiilonboz6 gyakorisagh és idozitési kaszalasi tipust alakitottunk ki a mintavételi teriileteken,
és ezekben minden évben megbecsiiljiik a lepkék, a vérfii és a hangyak mennyiségét. A
kezelések 2007 tavaszan indultak, az itt k6zolt eredmények a 2008 nyaran késziilt mintavétel
adatain alapulnak. Ezek jelenleg még nem alkalmasak konkrét kezelési tervek

megalapozasara, de bizonyos kovetkeztetések mar most is levonhatoak.

Modszerek

A vizsgalt faj

A vérfii hangyaboglarka (Maculinea teleius (Bergstrésser, 1779), Lepidoptera:
Lycaenidae) larvalis tapnovénye az 0szi vérfil (Sanguisorba officinalis). Az imagok jalius--
augusztusban rajzanak, a néstények tojasaikat a vérfii viragzataba helyezik. A kikeld hernyok
2--3 hétig a magkezdeményekkel taplalkoznak, majd az utols6 vedlést kdvetden a talajra
ereszkednek és varjak, hogy Myrmica hangyafajok dolgozo6i megtalaljak és a fészekbe
cipeljék 6ket (Thomas 1984). A hernyok a hangyafészekben a hangyalarvakat fogyasztjak, s
itt érik el testtomeggyarapodasuk 99%-at (Thomas et al. 1989). A kovetkezd évben a
fészekben torténik a hernyok babozodasa és itt kelnek ki az imagok. Hazankban a vérfi
hangyaboglarkanak a Myrmica scabrinodis, M. gallienii, M. salina és a M. rubra is lehet
gazdaja (Tartally & Csdsz 2004, Tartally & Varga 2008), de minden populacionak van egy
elsddleges gazdaja, ami az adott ¢l6helyen a leggyakrabban eléfordulé Myrmica faj (ez

hazénkban éltalaban a M. scabrinodis). A faj legfontosabb él6helyeinek a vérfiives



mocsarrétek és a kékperjés laprétek szamitanak, de mas novénytarsulasokban is el6fordul,
ahol tapnovénye nagy szamban van jelen. A faj szerepel a Natura 2000 II. fiiggelékében,
hazankban fokozottan védett, allomanyai Eurdpa-szerte csokkenében vannak (Wynhoff

1998).

Mintavételi elrendezés

Velemér és Magyarszombatfa mellett a Szentgyorgyvolgyi-patak mentén négy rétet
jeldltiink ki mintavételi teriiletnek, melyek az Orségi NP kezelésében allnak (térkép online
fiiggelékben). Minden réten kialakitottunk négy-négy kezelési savot, melyekben az alabbi
kaszalasi tipusokat folytatjuk: majusi kaszalas, szeptemberi kaszalas, majusi és szeptemberi
kaszalas, illetve kaszalas nélkiili kontroll. A kiilonb6z6 iddpontokban végzett kaszalasok a
sarjumagassagot, a kaszalogép tipusat és a kaszalas id6tartamat tekintve egységes protokoll
szerint zajlottak. A kezelési savokat 20x20 méteres kvadratokra osztottuk, ezeknek a kozepén
pedig 10x10 méteres kisebb kvadratokat jeloltlink ki. A rétek korlatozott mérete miatt két
réten kezelési savonként 4, a masik kettén pedig 3 kvadratot tudtunk kijeldlni (6sszesen 56-
ot). A lepkék mintavételezését a rajzasi iddszak csucsan jelolés-visszafogasos modszerrel
végeztiik standardizalva a mintavételi raforditast: a 20x20 méteres kvadratokban minden nap
1 ember 5 percig végezte a mintavételt. A lepkék detektabilitdsat minden réten azonosnak
tekintettiik, bar kiilon tesztet nem végeztiink erre vonatkozoan. A mintavételi iddszak 2008
julius 16-t6l julius 27-ig tartott, a kedvez6tlen id6jaras azonban nem tette lehet6vé, hogy a
lepkéket minden nap mintavételezziik. Mivel a néstények tojasrakasra a vérfii viragfejeit
hasznaljak, ezért szintén a rajzasi periodusban végeztiik el egy alkalommal a viragfejek
szamlalasat a 10x10 méteres kvadratokon beliil. Olyan kvadratok esetén, ahol a vérfii nagy
denzitasa lehetetlenné tette a viragfejek szamlalasat, eldszor a vérfli hajtasokat szamoltuk

meg, majd kvadratonként 10 db random modon kivalasztott hajtason allapitottuk meg a



viragfejek szamat, s ennek atlagat szoroztuk meg a hajtasok szamaval. A hangyak
mintavételezését szintén ugyanebben az idészakban, a 10x10 méteres kvadratokban végeztiik
oly modon, hogy a Myrmica fajok napi aktivitasanak csucsan (reggel 6 és 8 ora kozott)
kvadratonként négy darab 10 cm 4tmérdjii, csalival ellatott miianyag lapot helyeztiink a talajra
a kvadrat sarkatol befelé két méterre, majd ezt kdvetden 15--20 percen at figyeltiik az ott
megjelend hangyakat és késébbi meghatarozas céljabol néhany példanyt eltettiink bel6litk

alkoholba. Csalianyagnak méz és majkrém keverékét hasznaltuk.

Adatelemzés

A lepkék esetében fliggd valtozoként az egyes kvadratokban naponta megfogott egyedek
szamanak 0sszegét hasznaltuk. A hangyaknal kidolgoztunk egy pontozasos rendszert az
alabbiak szerint: ha egy adott csalin nem volt Myrmica — 0 pont; volt Myrmica és egyéb
hangyafaj is — 1 pont, csak Myrmica volt — 2 pont. Ez a pontszdm tehat minden kvadratban
egy 0 és 8 kozeé es6 értéket vehetett fel (kvadratonként 4 csali). Mind a négy, fentebb emlitett
gazda hangya faj szerepelt a mintainkban, de legnagyobb gyakorisaggal a M. scabrinodis
fordult eld.

A mintavételi teriiletnek kijelolt négy rét kozott szamos kiilonbséget talaltunk a
mintavétel soran. Ezt megerdsitette egy id6kozben késziilt ndvényzeti alapallapot-felmérés,
amely a rétek kozott esetenként jelentds conologiai eltérést mutatott ki és a
vegetacioszerkezeti sajatsagokat nem a masfél éve folyo kezelésnek, hanem az azt megel6z0,
tobb évtizedes kezelési el6torténetnek tulajdonitotta (Bodonczi Laszld, személyes kozlés).
Ezért, tovabba az alacsony mintaclemszam miatt a kaszalas hatasat olyan linearis kevert
modellekkel elemeztiik, amelyben random faktorként a rét kodja szerepelt. A harom fiiggd
valtozora készitettiink egy-egy modellt. Emellett a kaszalas hatdsat az egyes réteken kiilon is

elemeztiik (Kruskal-Wallis teszt). Ezt kdvetden olyan linearis kevert modellt épitettiink,



amelyben fliggd valtozoként a lepkék szama, magyarazo valtozokként pedig a vérfii
viragfejek szama és a Myrmica-pontszam szerepelt, random faktorként pedig a rét kodja.
Azokban a modellekben, ahol a lepkék szama, illetve a viragfejek szama fliggd valtozoként
szerepelt, logaritmus transzforméciot alkalmaztunk, hogy a hibatag eloszlasa kdzelitsen a
normalishoz. Szintén ez utobbi cél érdekében a Myrmica-pontszam modelljében a hibatag
varianciajat rétenként kiilonbozonek allitottuk be. Elemzéseinkhez a nyilt forraskoda R 2.7.1

szoftvert hasznaltuk (Pinheiro et al. 2008, R Development Core Team 2008).

Eredmények

A lepkék abundanciajara a kaszalas szignifikans pozitiv hatassal volt. A majusban,
illetve a majusban és szeptemberben kaszalt kvadratokban a lepkék szdma némelyik réten 4—
5-sz6r magasabb volt, mint a kontroll és a csak szeptemberben kaszalt teriileteken (1. 4bra, 1.
tablazat). A vérfii viragfejek mennyiségét szintén pozitivan befolyasolta a kaszalas, itt is a
majusi és a majusi--szeptemberi kaszalas volt szignifikans pozitiv hatassal (1. tablazat). A
kaszalas pozitiv hatasa a tipndvény mennyiségére kiilondsen jol latszik a 2. rét esetében, ahol
a kaszalt teriileteken a viragfejek szama kb. 6-8-szor nagyobb volt, mint a kontroll teriileteken
(1. abra). A Myrmica hangyak mennyiségét azonban a kaszalas negativan befolyasolta,
mindharom kaszalasi tipus szignifikans negativ hatassal volt a kontrollhoz képest (1. tablazat).
Mindharom fenti modellben azt talaltuk, hogy a random faktor az dsszvariancia jelentds részét
magyarazta, vagyis a rétek kozotti variancia nagyobb volt, mint az egyes réteken beliil a
kezelések kozott. Ez abbol fakad, hogy a vizsgalt harom valtozo mért értékei a négy rét kozott
esetenként egy nagysagrenddel eltértek. A rétenként végzett tesztekkel a vérfi viragfejek

mennyiségére csupan két, a lepkék szamara és a Myrmica-pontszamra pedig csak egy réten



sikeriilt a kaszalas szignifikans hatasat kimutatnunk (2. tablazat). A Kruskal-Wallis teszt nem
alkalmas annak megallapitasara, hogy mely kaszalasi tipusok kozott szignifikans az eltérés
(Reiczigel et al. 2007), de a boxplot abrak alapjan kovetkeztethetiink a kezelés hatasara (1.
abra). Ezek a tesztek csupan egy ponton mondtak (részben) ellent a modellek eredményeinek:
az 1. réten a vérfil viragfejek szama a szeptemberben kaszalt részeken kiemelkedéen magas
volt, de a kaszalatlan kontroll savban itt is nagyon alacsony viragfejszamot kaptunk.
Végezetiil a vérfil viragfejek mennyisége nem volt szignifikans hatassal a fogott lepkék
szamara, a Myrmica-pontszam viszont marginalisan szignifikans negativ hatast gyakorolt ra

(1. tablazat).

Ertékelés

Vizsgalatunkban a kis mintaelemszam és a rovid kezelési periodus ellenére sikeriilt a
kaszalas szignifikans hatasat kimutatnunk. Fontos eredmény, hogy eltérd kezelési
el6torténettel bird és a vizsgalt valtozokat tekintve jelentds mértékben kiilonbozo rétek esetén
a kaszalas hatasa nem volt ellentétes, legfeljebb egyes réteken nem volt kimutathato.
Mindazonaltal a rétek kozotti kiilonbségek jelent6s szerepet kaptak a modellekben, ezért a
tovabbi vizsgalatokban és a késGbbiekben kidolgozandd kezelési tervekben feltétlentil
figyelembe kell venni a rétek conologiai allapotat és kezelési el6torténetét.

Eredményeink azt mutatjak, hogy a majusban, illetve a majusban és szeptemberben
kaszalt savokban a vérfii hangyaboglarka és tapnovényének mennyisége nagyobb, mint a csak
szeptemberben kaszalt, vagy a kezeletlen részeken. A gazda hangyak el6forduldsa ezzel éppen

ellentétes mintazatot mutatott.



Feltétleniil meg kell emliteni, hogy a kaszalas szignifikans hatasat a négy rét adatainak
Osszevonasakor sikeriilt kimutatnunk, a rétenként végzett tesztek azonban csak a 2. rét
esetében mutattak mindharom ¢é161énycsoportnal (lepke, tapndvény, hangya) szignifikans
kiilonbséget a kezelések kozott. Ennek oka egyrészt az lehet, hogy a rétenként végzett
teszteknél igen kis mintaelemszammal dolgoztunk, és a kevéssé robosztus Kruskal-Wallis
teszttel nem lehetett szignifikans kiilonbségeket kimutatni. Masrészt viszont az egyes rétek
vegetacioszerkezete és kezelési elotorténete nagyban eltért és el6fordulhat, hogy a 2. rét
vegetacioja volt éppen olyan szukcesszios stadiumban, amelyben a tesztelt kezelési modok
szignifikans kiilonbségeket okozhattak.

A harom ¢él6lénycsoport (lepke, tapnovény, hangyak) eltérd valasza a kaszalasra a
kovetkez6képpen magyarazhatd. A majusi kaszalas nagy valoszintiséggel eldsegiti, hogy a
lepkék rajzasi idoszakara a vérfii dominanssa valjon, ennek eredményeként a majusban
kaszalt teriileteken a vérfii boritdsa nagyobb lesz. A tdpndvény relative magasabb denzitasa
vonz6 a néstények szamara és feltételezhetd, hogy a ndstények altal lerakott tojasok denzitasa
megnd. Mivel a gazda hangyak szamara a vérfii kdzvetiti a parazita hernyokat, a magasabb
vérfiiboritas megndveli a Myrmica fészkekre nehezed6 nyomast, amit a Maculinea hernyok
jelentenek és a parazitalt Myrmica fészkek kompetitiv hatranyba keriilnek mas
hangyafajokkal szemben (Thomas ef al. 1997). Végeredményben a Myrmica fajok
elhagyhatjak ezeket a foltokat (drasztikusabb esetben kipusztulhatnak) és mas fajok veszik at
a helyiiket (Elmes ef al. 1998). A kevésbé kaszalt részeken a tapnovény kisebb boritasa és a
lepkék alacsonyabb denzitasa miatt kisebb a Maculinea hernyok altal okozott kar a
hangyafészkekben, igy ezek a teriiletek refigiumként szolgalhatnak a Myrmica fajok szamara.
Alternativ magyarazatként az is lehetséges, hogy a Myrmica hangyak szamara a kevésbé
kaszalt teriileteken kedvezobbek a mikroklimatikus koriilmények, melyek tekintetében a

hangyak altalaban sziiktiiréstiek (Elmes et al. 1998). Barmelyik magyarazat is a helytallo,



eredményeink mindenképpen felhivjak a figyelmet arra, hogy a hangyaboglarkak két
legfontosabb ckologiai forrasara a kaszalas ellentétes hatassal van, ezért a majdani kezelési
stratégia kialakitdsaban nagy hangstlyt kell fektetni az él6helyek mozaikossaganak
biztositasara.

Kiemeljiik még, hogy a vizsgalt hangyaboglarka fajon kiviil a sotétalju (M. nausithous)
és a sziirkés hangyaboglarka (M. alcon) is el6fordul a mintavételi teriileten, de ezek a
mintavétel soran nagyon kis egyedszamban keriiltek befogasra. A M. nausithous tapndvénye
szintén az szi vérfii, korabbi vizsgalataink alapjan ez a faj inkabb a rétek erddvel hataros
szegélyeit foglalja el (Batéary ef al. 2009). A M. alcon alloméanyai az Orség ezen részén
nagyon megritkultak, megfigyeléseink szerint ennek egyik oka az lehet, hogy tdpnovénye, a
kornistarnics (Gentiana pneumonanthe) szinte kizarolag a kaszalatlan, illetve nyar végén-6sz
elején kaszalt gyepteriileteken talalhatdo meg. Az ilyen teriiletek szama és kiterjedése pedig

egyre kevesebb.

Koszonetnyilvanitas

A terepi munkaban nyujtott segitségért koszonet illeti a Nemzeti Parknal szakmai
gyakorlatot teljesit6 hallgatokat, a hangyak hatarozasaért pedig Cs6sz Sandort. A kutatast az
Orségi Nemzeti Park Igazgatosag megbizasabol a Szalkay Jozsef Magyar Lepkészeti
Egyesiilette]l kozosen végeztiik.
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Fligg6 valtozo Magyarazé valtozo és szintjei Egyiitthaté  p-érték random hatas

log(lepkeszam) kaszalas szeptemberben —0,040 0,615
kaszélas majusban 0,308 <0,001 57,45%
kaszalas majusban és szeptemberben 0,325 < 0,001

log(viragfejek szama) kaszalas szeptemberben 0,155 0,570
kaszalas majusban 0,550 0,048 55,75%
kaszalas majusban és szeptemberben 0,616 0,027

Myrmica -pontszam kaszalas szeptemberben -0,583 0,014
kaszélas majusban -0,703 0,003 56,49%
kaszalas majusban és szeptemberben -0,657 0,006

log(lepkeszam) viragfejek szama 0,000026 0,286 53,18%
Myrmica -pontszam —-0,033 0,077

1. tablazat: A linearis kevert modellek eredményei. A kaszalas tipusanal a kontroll jelenti a
referenciaszintet. Az utolsé oszlop értékei azt fejezik ki, hogy a random faktor hany

szazalékat magyarazza az sszvariancianak. A szignifikans p-értékeket félkovéren szedtiik.



Rét  Fiiggo valtozo X p -érték

1 Fogott lepkék szama 7,14 0,067
2 Fogott lepkék szama 12,62 0,006
3 Fogott lepkék szama 6,90 0,075
4 Fogott lepkék szama 7,02 0,071
1 Vérfi viragfejek szama 10,23 0,017
2 Veérfii viragfejek szama 8,19 0,042
2 Myrmica-pontszam 8,07 0,045

2. tablazat: A rétenként végzett Kruskal-Wallis tesztek eredményei. Csak a szignifikans és
marginalisan szignifikans eredményeket tiintettiik fel. Magyarazé valtoz6 minden esetben a

kaszalas tipusa volt.
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1. abra: A szignifikans Kruskal-Wallis tesztekhez hasznalt adatok boxplot diagramja. A
kaszalas tipusat a mintavétel pillanataig végzett kaszalasok szamaval jeloltiik (0: kontroll, 1:

szeptemberi, 2: majusi, 3: majusi és szeptemberi kaszalas.)



Térkép a mintavételi teriiletekrdl online elérhetd itt:
http://maps.google.com/maps/ms?hl=hu&ie=UTF8&0e=UTF8&msa=0&msid=11627988627

5538207121.00045¢ca935754c7b3aade



Effects of mowing on populations of the scarce large blue butterfly

(Maculinea teleius) in SW Hungary
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H-9941 Oriszentpéter, Siskaszer 26/4
3 Hungarian Natural History Museum, Department of Zoology
H-1088 Budapest, Baross u. 13.
* Szent Istvan University, Institute of Biology
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Maculinea species are widely known of their obligate myrmecophilous life history and they
enjoy special attention in nature conservation in Europe. Therefore, much more effort should
be made in order to maintain their habitats in Hungary. We started a long-term habitat
management experiment in SW Hungary in the Orség National Park in 2007 to provide a
scientific background for the maintenance of the scarce large blue’s habitats. To study the
effects of mowing, we designated four stripes of different mowing regimes on each of the four

meadows along the Szentgyorgyvolgyi stream. The four types were mown in May, in



September, in May and in September, and there was an unmown control. Within the stripes,
adjacent quadrates were designated and the abundance of both the butterflies and the food
plant (Sanguisorba officinalis) and the frequency of host ants (Myrmica spp.) were surveyed
in the flight period. Despite the differences between meadows in the management history and
vegetation structure, we found similar effects of mowing: the abundance of the butterfly and
the food plant were higher in the more intensively mown parts, while host ant frequency was
higher in the less intensively mown areas. The latter areas may thus serve as refuges for ant
colonies and their maintenance is essential for the persistence of the butterfly. Our results
emphasize that a mosaic-like mowing scheme is essential for the survival of Maculinea
butterflies and is probably important for many other species living in the same habitats.
Keywords: biodiversity, foodplant, grassland management, mowing, myrmecophily,

Mpyrmica, social parasitism, host ant



