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Abstract In myrmecophilous insects, interactions with
ants are often a key factor determining persistence of their
populations. Regional variation in host ant use is there-
fore an essential aspect to consider to provide adequate
conservation practices for such species. In this study, we
examined this important facet of species’ ecology in an
endangered myrmecophilous butterfly Phengaris (=Macu-
linea) alcon (Lepidoptera, Lycaenidae). The investigations
conducted in peripheral populations in Estonia allowed us
to expand the knowledge of its host ant use to the north-
ern distribution limit of the species. Our data indicate that
in its northernmost populations, the xerophilous ecotype
of Phengaris alcon is primarily parasitizing a single host
ant species, Myrmica schencki. The data collected are in
line with the emerging evidence suggesting that peripheral
and core populations of P. alcon use different host ants,
and peripheral populations tend to display higher host ant
specificity. We also show that, at its northern range mar-
gin, P. alcon might be more limited by the availability of
its sole larval food plant in the region, Gentiana cruciata,
than the densities of its host ant. Finally, we found a strong
negative correlation between Myrmica spp. and Lasius spp.
colony densities, suggesting that interspecific competition
between ants could have a substantial influence on host
ant availability of Phengaris butterflies, and thus should be
taken into account in conservation plans of these species.
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Introduction

Associations with ants (myrmecophily) have been docu-
mented in numerous arthropod taxa (Holldobler and Wil-
son 1990; Mclver and Stonedahl 1993). In butterflies, ant
associations are almost exclusively restricted to the repre-
sentatives of the family Lycaenidae (Fiedler 1991; Pierce et
al. 2002). The degree of larval myrmecophily in this family
ranges from loose facultative interactions in which larvae
are only occasionally tended by ants to complex obligate
associations in which ant attendance is crucial for the butter-
flies’ survival (Ballmer and Pratt 1992; Fiedler 1991, 2006;
Pierce et al. 2002). Consistently, in the latter species, inter-
actions with ants have often been considered a key factor
for successful conservation of their populations (Elmes et
al. 1998; Als et al. 2004; Thomas et al. 2009).

Among the myrmecophilous lycaenids, the Palearc-
tic genus Phengaris Doherty, 1891 (senior synonym of
Maculinea Van Eecke, 1915; Fric et al. 2007) particularly
stands out by their intricate interactions with ants. The first
three larval instars of these butterflies develop on flowers
and seeds of their host plants, whereas they complete their
development as obligate social parasites in the nests of
Myrmica Latreille, 1804 ants (Thomas et al. 1989). Based
on how they exploit their hosts, the species of this butter-
fly genus can be divided into two groups. In particular, the
caterpillars of so called cuckoo-feeders (e.g. P. alcon) are
mostly fed directly by the worker ants with their regurgita-
tions, trophic eggs and dead prey, while predatory species
(P, arion, Phengaris nausithous and Phengaris teleius) feed
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only on ant brood (Thomas and Wardlaw 1992; Thomas and
Elmes 1998).

Although Phengaris larvae are adopted by workers of
any Myrmica species they encounter (Elmes et al. 1991;
Thomas 2002; Schonrogge et al. 2004), their survival inside
the nests of different ant species differs to the extent that
each Phengaris species is considered to have only one or a
few suitable Myrmica hosts (Thomas et al. 1989; Elmes et
al. 1991, 2004; Akino et al. 1999, but see; Pech et al. 2007).
Nevertheless, recent studies have shown remarkable local
and regional variation in intraspecific host ant use in Euro-
pean Phengaris butterflies (Als et al. 2001; Stankiewicz et
al. 2004; Tartally et al. 2014). Regional variation in host ant
use is therefore an important aspect to consider in order to
effectively manage the populations of these endangered but-
terflies (e.g. Tartally et al. 2008; Sielezniew et al. 2010a, b).

The alcon blue (P. alcon Denis and Schiffermiiller 1775),
one of the most endangered butterfly species in Europe (e.g.
Munguira and Martin 1999), shows high variability in host
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Fig. 1 Host ants of Phengaris alcon. a Xerophilous ecotype, b
hygrophilous ecotype in Europe [data sources: Austria (Steiner et al.
2003 and; Tartally et al. 2014); Belgium (van Dyck et al. 2000); Den-
mark (Als et al. 2001); Estonia (this study); France (Elmes et al. 1994;
Stoeckel and Mercier 2001); Germany (Meyer-Hozak 2000; Kiier and
Fartmann 2005); Hungary (Tartally et al. 2008); Italy (Witek et al.
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ant use throughout its range. In earlier studies on host speci-
ficity of P. alcon, its hygrophilous (P. alcon s. str.; P. alcon
H hereafter; see Pech et al. 2004; Bereczki et al. 2005, 2006;
Steiner et al. 2006) and xerophilous ecotype (P. rebeli auct.
Nec Hirschke; Palcon X hereafter; see Als et al. 2004; Pec-
senye et al. 2007; Tartally et al. 2014) have been shown to
specialize on Myrmica ruginodis and M. schencki, respec-
tively (Thomas et al. 1989). More recent studies, however,
have changed this view showing that both ecotypes can suc-
cessfully exploit quite a number of different Myrmica spe-
cies (Fig. 1a, b). Nevertheless, in different parts of the range
the butterfly still displays much narrower host specializa-
tion, involving specific physiological adaptations to differ-
ent hosts (Thomas et al. 2013). Populations close to range
margins are of particular interest, as they are often geneti-
cally and ecologically divergent from central populations,
and may therefore be valuable for sustaining the evolution-
ary potential of the species (Lesica and Allendorf 1995;
Hill et al. 2011; Therry et al. 2014). Higher host specificity

2013); Lithuania (Stankiewicz et al. 2004); Netherlands (Thomas et
al. 1989; Radchuk et al. 2012); Poland (Steiner et al. 2003; Sielezniew
and Stankiewicz 2004, 2007; Sielezniew et al. 2010b; Thomas et al.
2013); Portugal (Arnaldo et al. 2011); Romania (Tartally et al. 2008);
Spain (Elmes et al. 1994; Thomas et al. 2013); Sweden (Elmes et al.
1994); Switzerland (Jutzeler 1989); Ukraine (Witek et al. 2008)]
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towards species distribution margins is one example of how
peripheral populations are proposed to differ from core pop-
ulations (e.g. Martin and Pullins 2004; Schmidt and Hughes
20006), but additional data, especially from peripheral popu-
lations are required before such conclusions can be general-
ized to P. alcon (Tartally et al. 2008).

In this study, we expand the knowledge of host ant use of
the xerophilous ecotype of P. alcon to the northern distribu-
tion limit of the species. The investigated peripheral popula-
tions, recently discovered (in 2012) in the northern part of
Estonia, Northern Europe, are by far the northernmost P
alcon X populations known. Moreover, Gentiana cruciata
L., the sole larval host plant of P. alcon X in the region also
reaches its northern range limit in Estonia (Kukk and Kull
2005; Backbone Taxonomy 2016). Given the poor dispersal
ability of the food plant, a rapid northward range expansion,
recently shown for numerous other European butterflies
(Devictor et al. 2012), is unlikely in the case of P. alcon X.
Hence, the study area can be considered as the true northern
distribution limit of this ecotype. As a novel aspect, we also
examine the potential effect of non-host ant species (Lasius
spp. in particular) sharing the habitat with Myrmica on host
ant availability in P. alcon X.

Materials and methods
Study species

The butterfly inhabits nutrient-poor xerothermic and calcar-
eous grasslands where females lay eggs on flowerheads and
leaves of G. cruciata (Munguira and Martin 1999). Young
caterpillars develop quickly through three instars feed-
ing on green seeds or flowers of the host plant. After the
third (final) moult they descend to the ground and wait for
worker ants of Myrmica spp. to adopt them into their under-
ground nests (Elmes et al. 1991). In the nests, the caterpil-
lars live as social parasites by tricking the nurse ant workers
(using chemical and acoustic mimicry) to feed them with
regurgitations and prey (cuckoo-type feeders; Thomas and
Elmes 1998). Here the caterpillars acquire ca 98 % of their
final biomass (Thomas and Elmes 1998) before emerging
after 10 or 22 months (in the case of biennial development;
Schonrogge et al. 2000). The pupal stage is also spent in the
ant nest. In Estonia, P. alcon X adults are on the wing in July
and August.

Fieldwork

Host ant use by P. alcon X was studied in two habitat
patches, about 6.5 km apart, in Northern Estonia (Fig. la;
exact localities are not presented because of the vulnerable
status of the species in the study region), in one of the two

locations in Estonia where the species is known to occur.
The landscape of the area is dominated by arable land and
forests in which calcareous grasslands, potentially suit-
able for P. alcon X, form a mosaic of small discontinu-
ous patches. Neither of the grasslands (13.2 and 0.3 ha) in
which fieldwork was conducted are actively managed and
are therefore characterized by relatively high average turf
height (ca 15 cm). As the data derived from the smaller
grassland were insufficient for separate statistical analyses,
the data from both grasslands were pooled.

Fieldwork to obtain data on host ant specificity was con-
ducted in the middle of May 2014, well before the flight
period of the butterfly. For sampling, an a priori selected
set of coordinates was determined, and host plants growing
closest to these preselected coordinates were chosen. Myr-
mica colonies around these host plants were examined for
butterfly larvae and pupae in square plots of 2X2 m. The
size of the sample plots was chosen to match the approxi-
mate foraging range of Myrmica workers (Elmes et al.
1998). Ant colonies were localized by partial removal of the
vegetation. All colonies were carefully opened and exam-
ined for the presence of P. alcon X juveniles. If the pres-
ence of the butterfly was established in upper chambers of
nests, no further disturbance was undertaken. To facilitate
survival of ant colonies, the ground and vegetation were
restored as close as possible to pre-excavation conditions
after inspection. Negative effects of this methodology on
the ant colonies and populations are considered to be minor
(Sielezniew et al. 2010a). As ground-dwelling ant commu-
nities are strongly structured by interspecific competition
(e.g. Savolainen and Vepséldinen 1988; Holldobler and Wil-
son 1990), we also searched and counted Lasius spp. nests
in all sample plots. For each Myrmica nest, we measured
its distance to the nearest host plant and estimated the col-
ony size using the methodology described by Skorka et al.
(2006). Samples of 5-10 workers from each examined ant
colony were preserved in 75 % alcohol for further identifi-
cation. All sampled ants were identified to the species level
using the key of Radchenko and Elmes (2010). Examining
ant colonies in well-defined plots allowed us to evaluate
their density in the study area.

Data analyses

To test for host ant specificity, a contingency table (with
each Myrmica species treated separately) was used to cal-
culate the Chi squared statistic, the significance of which
was tested by Monte Carlo simulation procedure. In par-
ticular, each colony was randomly reassigned to one of
the Myrmica species observed (with the constraint that the
total number of colonies of each species was the same as
observed), and each time the value of the Chi squared sta-
tistic was calculated. The simulation was repeated 100,000
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times. The presence-absence data of P. alcon X larvae in
host ant colonies were further analysed using logistic regres-
sion with Firth’s correction for separation (Firth 1993). Col-
ony distance from the host plant and colony size entered
the model as continuous independent variables. Due to the
relatively small sample size and limited sampling scale, sta-
tistical testing of the presence of spatial autocorrelation in
the model residuals was not attempted. Instead, best mod-
els were checked visually for spatial autocorrelation (both
Pearson and deviance residuals). As there was no obvious
spatial pattern in the residuals of any of the best models, we
used non-spatial models. All the analyses were performed
in R version 3.1.1 (R Development Core Team 2014), logis-
tic regression was conducted using the logistf (Heinze et al.
2013) package.

Results

In 29 plots (116 m?) sampled, we found and examined
altogether 56 Myrmica colonies belonging to five species
(Table 1). M. schencki and M. sabuleti were the most abun-
dant Myrmica species, constituting almost one-third and
one-fourth, respectively, of all colonies inspected (Table 1).
We documented a total of 17 P. alcon X individuals (11
larvae and 6 pupae), all from four colonies of M. schencki
(Table 1; Fig. 2). All infested colonies were found in dif-
ferent plots. A significant p value (p=0.044) derived from
Monte Carlo 2 X5 contingency table test suggests that host
ant use of P. alcon was not random. Besides the host ant
records determined in this study, two additional documen-
tations of host ant use from the same population, recorded
in an unsystematic manner, are also from M. schencki col-
onies. The caterpillars of P. alcon X were more likely to
parasitize those M. schencki colonies that were closer to
the butterfly’s host plants (logistic regression: X°=7.05;
p=0.008; Table 2). In fact, all infested colonies were within
a one meter radius from host plants (Table 2). The average

Table 1 Numbers and densities of Myrmica colonies detected on 29
2x2 m plots surrounding the host plants (Gentiana cruciata) of the
xerophilous form of Phengaris alcon

Myrmica species ~ Number of colonies ~ Density of ~ Number
(proportion of all colonies of infested
Myrmica colonies) (per m?) colonies

M. schencki 18 (32.1%) 0.16 4 (22%)

M. sabuleti 13 (23.2%) 0.11 0

M. scabrinodis 9 (16.1%) 0.08 0

M. rugulosa 8 (14.3%) 0.07 0

M. rubra 8 (14.3%) 0.07 0

Total 56 0.49/m? 4(7.1%)
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Fig. 2 Pupae of Phengaris alcon X found from a Myrmica schencki
nest in Estonia (May 2014)

number of worker ants in colonies infested with P. alcon
X (all M. schencki) was more than two times higher than
in uninfested M. schencki colonies (Table 2). However,
due to a small sample size and relatively high variation in
worker numbers, this difference between infested and unin-
fested colonies remained marginally non-significant (logis-
tic regression; X’ =1.67, p=0.096; Table 2). The overall
density of M. schencki colonies across the study area was
estimated to be about 1,550 colonies/ha.

Besides Myrmica colonies, the study sites harboured very
high densities of Lasius spp. colonies, potential competitors
of Myrmica ants. An average of four Lasius colonies was
recorded in each 2 X2 m sampling plot, corresponding to an
estimate of 10,000 colonies per ha. There was a strong and
highly significant negative correlation between colony den-
sities of Myrmica spp. and Lasius spp. across sample plots
(Spearman rank correlation: r,=—0.76, N=29, p <0.0001).
Correlations remained consistently negative when Myrmica
species were analysed separately; of these, statistical signifi-
cance was attained in case of M. schencki (Spearman rank
correlation: 7,=—0.56, N=29, p=0.002), the local host ant
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Table 2 Mean (+SE), minimum and maximum values of parameters
for Myrmica schencki colonies parasitized/unparasitized by Phengaris
alcon X

Variable P, alcon present (N=4) P. alcon absent (N=14)

Mean Min Max Mean Min Max

Distance from  0.53+0.15 0.1 0.8
colony to the
foodplant

1.24+0.13 04 225

Colony size 1504 +182 1246 1855 632+212 32 2044

of P. alcon X. No correlation (r,<0.1) was found between
colony densities of Lasius ants and colony sizes of Myrmica
ants within sampling plots.

Discussion

Our data indicate that, at its northern distribution margin,
the xerophilous ecotype of P. alcon is primarily parasitizing
a single host ant species. In particular, all P. alcon X cat-
erpillars and pupae (altogether 17 individuals recorded in
this study plus two additional documentations) were found
exclusively in the colonies of Myrmica schencki (Table 1).
Four other Myrmica species, three of which (M. sabuleti,
M. scabrinodis and M. rugulosa) have been previously doc-
umented as host ants of P. alcon X elsewhere (see Fig. 1,
for a summary of P. alcon host ants in Europe), were also
relatively abundant in the study area, but none of their nests
were infested.

Recent studies have shown that P. alcon X occurs in two
ecologically and physiologically different forms in Europe,
one of them exploiting M. schencki and the other M. sabuleti
as the primary host ant (Thomas et al. 2013). While the latter
form occurs mainly in Central Europe, the form parazitising
M. schencki tends to dominate in more peripheral areas of
the butterfly’s European range (see Fig. 1 in Thomas et al.
2013). Although based on a relatively small number of host
records, our results of host ant use at the species’ northern
range limit are in line with this pattern. Moreover, we did
not find any secondary host ants in our P. alcon X popula-
tion, which is consistent with the idea of higher host speci-
ficity near species’ range margins (Martin and Pullins 2004;
Schmidt and Hughes 2006). Interestingly, M. schencki has
been considered one of the most xerothermophilous Myr-
mica species in Europe (Elmes et al. 1998) and has been
associated with bare ground patches (Sielezniew et al.
2010b). However, our findings of relatively high densities
of M. schencki colonies in rather dense vegetation highlight
the need to review habitat requirements of this species in a
broader geographical context.

Given the restricted foraging range of Myrmica ants, a
spatial overlap of the two principal larval resources—host

plant and host ant—is a necessary precondition for viability
of Phengaris populations. Depending on the relative abun-
dance, either of the two resources can be more limiting for
population size and growth. Our data suggest that, Esto-
nian populations of P. alcon X are primarily limited by the
availability of host plants rather than host ants. Similarly to
P alcon, G. cruciata reaches its northern limit in Estonia
(GBIF Backbone Taxonomy 2016), and its populations in
suitable habitats are relatively sparse. The density of G. cru-
ciata in the study area did not exceed 50 plants/ha which is
far lower than the suggested optimum host plant density for
P. alcon X populations (1,500 plants/ha, Clarke et al. 1998).
A relatively high average egg load on individual plants (9.2
eggs per plant shoot: Vilbas et al., submitted manuscript) is
also consistent with the limiting role that host plant density
is likely to play.

Nevertheless, the high density of host ant colonies may
to a certain extent compensate the scarcity of food plants by
ensuring that a high proportion of host plants is within the
foraging range of potential host ants. In particular, popula-
tion viability models for predatory Phengaris have shown
that densities of about 500 host ant colonies per ha are nec-
essary for long-term population persistence of such species
(e.g. Griebeler and Seitz 2002). The respective values for
cuckoo-type feeders like P. alcon are evidently lower as the
carrying capacity of Myrmica colonies for such species is
usually higher (Thomas and Wardlaw 1992; Thomas and
Elmes 1998). Consistently, similar studies conducted in dif-
ferent locations in Europe have reported host ant densities
in Phengaris habitats to be often under 1,000 colonies/ha
(Stankiewicz et al. 2004; Sielezniew et al. 2010a; Vilbas
et al. 2015) and sometimes even as low as 300 colonies/
ha (Sielezniew et al. 2010a). In our study area, the mean
density of host ant colonies was considerably higher (1,550
colonies/ha, overall Myrmica density: 4,900 colonies/ha;
Table 1). In this light, host ant densities per se are unlikely
to threaten the persistence of P. alcon X populations at the
northern range margin of the species.

A typical foraging zone of Myrmica workers has been
shown to be approximately two metres (Elmes et al. 1998),
which means that caterpillars feeding on food plants within
this range are potential canditates for adoption. In the plots
examined, however, all the 17 P. alcon X caterpillars and
pupae were found within a much narrower range: indeed,
all infested colonies were located within one metre distance
from the butterfly’s food plants (Table 2). The confinement
of infestations to the immediate proximity of the food plants
is likely to be explained by the high host ant density in the
study area. Workers of colonies closer to the butterfly’s food
plant had a higher chance of encountering Phengaris larvae,
and their colonies were thus more likely to become parasit-
ized. As a methodological point, restricting the search area
to one metre around the host plant could therefore notably
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increase the chance of finding Phengaris caterpillars and
pupae in habitats with high densities of Myrmica colonies.

M. schencki colonies infested with P. alcon X were, on
average, more than two times larger than uninfested colonies
(the difference remained marginally non-significant though,
probably because of a small sample size; Table 2). Given
the detrimental effects of Phengaris larvae on ant colonies,
the colony size difference at the time of infestation may
have been even larger. Most likely, larger colonies become
more frequently infested simply because they have higher
numbers of foraging workers in the field (e.g. Herbers and
Choiniere 1996; Palmer 2004). Moreover, larger colonies
are less likely to abandon the nest site (Elmes et al. 1998)
or collapse, either because of the infestation by Phengaris
larvae or any other reasons (Thomas and Wardlaw 1992).
Alternatively, larger colonies tend to be more polygynous
(Elmes and Keller 1993; Sundstrom 1995), which may
both reduce the aggressiveness of workers towards intrud-
ers (Fiirst et al. 2012) and facilitate mimicking the cuticular
chemistry of these colonies (Nash and Boomsma 2008).

Last but not least, we found a strong negative correlation
between colony densities of Myrmica spp. and Lasius spp.
The association remained significant when M. schencki,
the local host ant of P. alcon X, was analysed separately.
While other causal factors (e.g. differences in microhabi-
tat preferences) behind this negative correlation cannot be
excluded, interspecific competition which is known to be a
major factor shaping spatial distribution patterns and spe-
cies composition in ant communities (e.g. Savolainen and
Vepsildinen 1988; Holldobler and Wilson 1990; Andersen
and Patel 1994; Slipinski et al. 2014) probably plays a role
here. In fact, it is somewhat surprising that studies address-
ing host ant availability in Phengaris butterflies have largely
overlooked the possible interfering effect of competition
between Myrmica ants and ants from other genera. In dry
grasslands, like those inhabited by P. alcon X or P. arion,
where butterflies’ host ants share the habitat with a number
of abundant non-host ant species, there is a high potential
for competitive interactions between ants to affect host ant
availability for myrmecophilous butterflies. Myrmica spe-
cies are some of the most subordinate in the ant competition
hierarchy (e.g. Seifert 2007; Slipinski et al. 2014; Vep-
sdldinen and Czechowski 2014), and their abundance and
distribution patterns are therefore, to a considerable extent,
driven by other ant genera. Moreover, parasitism by Phen-
garis butterflies by itself dramatically reduces both the num-
ber and size of host ant colonies, giving other ant species an
additional competitive advantage (Hochberg et al. 1994).
Interspecific competition between ants could thus substan-
tially influence the persistence of Phengaris populations.
From the conservation point of view, habitat management
practices adversely affecting Lasius spp. and other non-host
ants may thus be beneficial for Phengaris butterflies.
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