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Abstract

Invasions of alien plants often result in biodiversity loss and may impact the biology of native species. However, the
effects of biological invasions on the behavioural responses of native species have rarely been investigated. We studied
how the alteration of habitat due to the invasion of alien goldenrod (Solidago spp) affects a native butterfly, the scarce large
blue Phengaris teleius, which is a flagship species for grassland biodiversity conservation. To better understand immediate
responses in flight behaviour (daily movements, resting, and dispersal) to a new habitat, we performed observations of
experimentally translocated butterflies of two origins (invaded vs. non-invaded habitats) to four different environments:
invaded habitat, non-invaded habitat, invaded matrix, non-invaded matrix. Moreover, we tested whether the level of inva-
sion may be related to the variation in morphological traits associated with flight (wing size, body mass) and genetic
variability. Flight behaviour was affected by the high goldenrod cover and the sex of the butterflies, regardless of the
butterflies’ origin. In the habitat and matrix invaded by goldenrod, the butterflies tended to display dispersal behaviour
more often compared to the non-invaded ones. Flight distances were longest in the matrix with goldenrod and resting time
was longest in habitats invaded by goldenrod. Analysis of morphological traits as well as eight microsatellite loci did not
reveal significant differences in morphology or genetic variation among the populations studied.

Implications for insect conservation

Our findings give important insights into immediate behavioural responses within invaded sites and may reflect the plas-
ticity of the species to the changing environment. It indicates an urgent need to properly manage existing habitats as well
as to create at least steppingstone habitats as a chance of survival for poor dispersers.

Keywords Biological invasions - Biodiversity conservation - Invertebrates - Flight behaviour - Maculinea - Phenotypic
plasticity

Introduction

Biological invasions induce fundamental changes in native
environments by decreasing their functions and diversity at
the species, genetic and ecosystem levels (Crooks 2002).
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invasions from the invader’s perspective, e.g., traits and
behavioural flexibility of a successful invader (Sol et al.
2002), pathways, mechanisms and circumstances promot-
ing invasion success (Nentwig 2007) and impact on native
population dynamics (Carrol and Fox 2008).

Apart from the effects on demographic trends of native
biodiversity, little is known about the mechanistic framework
of the impact of invasions on changes in animal behaviour
(Stewart et al. 2021). Invasive plants may drive behavioural
changes due to changes in: (1) physical structure of the
habitat and abiotic conditions, (2) distribution, quality and
availability of food resources, water or construction mate-
rial and (3) plant-animal communication (chemical, visual,
structural or even acoustic signals emitted from plants to
animals). Behavioural responses refer to a broad spectrum
of shifts in foraging, predator avoidance, movement, repro-
duction, communication and construction of nests / traps.
The effects of invasive plants on movement behaviour are
particularly poorly described (Stewart et al. 2021). Plant
invasions may decrease the overall suitable habitat due to
changes in microclimate, vegetation structure, constriction
of access to diverse nectar and pollen food through the dis-
placement of native plants, and blooming during a limited
time window (Trigos-Peral et al. 2018), and therefore lead
to habitat fragmentation. Habitat fragmentation modifies
dispersive behaviour with a tendency to decreased dispersal
frequency in more fragmented habitats (Schtickzelle et al.
2006), but if it occurs, it covers further distances (Nowicki
et al. 2014; Cheptou et al. 2017). Also, small scale habitat
fragmentation causes lower visitation rates and reduction of
pollen dispersal among flowers in bumblebees (Goverde et
al. 2002) and may cause more aggressive behaviour among
male butterflies (Merckx & Van Dyck 2005). Invaded
plants may change the environment structurally, making it
less accessible to food resources and leading to avoidance
(Holsman et al. 2010) or, alternatively, support movements
through it (Cronin and Haynes 2004). However, there is still
an urgent need to quantify the effects of invasion-related
fragmentation on behavioural plasticity or potentially adap-
tive species responses (Cheptou et al. 2017), and knowl-
edge of the mechanism of changes in behaviour is crucial
for developing effective conservation tools (Stewart et al.
2021).

In response to invasion, animals may change behaviour
in different ways including behavioural plasticity, non-
genetic intergenerational mechanisms or natural selection
(Stewart et al. 2021). Behavioural changes are constrained
by physiological, morphological, sensory, cognitive traits,
life span and genetic variation, and trade-offs between
costly behaviour and other traits create a degree of adapta-
tion to novel habitats (Bonte et al. 2012). Deteriorated envi-
ronments may cause changes in butterfly flight morphology

@ Springer

(Van Dyck & Matthyssen 1999), change the species’ metab-
olism and enhance dispersal capacities (Lebeau et al. 2016;
Vanden Broeck et al. 2017) or promote sedentary behaviour,
in extreme cases, leading to wing degeneration (Adamski
and Witkowski 1999). Moderate levels of habitat fragmen-
tation may lead to more dispersive phenotypes, but above
a certain threshold, the opposite pattern may arise (Bonte
et al. 2012). More dispersive individuals may have lower
body mass compared to more sedentary ones (Hill et al.
1999). Additionally, landscapes with different levels of
habitat fragmentation may generate developmental plastic-
ity of morphological traits (Merckx and Van Dyck 2006).
Changes in microclimate, i.e., temperature, may affect
development time (Serruys and Van Dyck 2014). Moreover,
reduced availability of food during the larval period may
result in poorer condition of the offspring (wing length and
body weight) and lower fitness (reduced survival of adults)
(Boggs and Freeman 2005).

Native species may possess a certain level of behavioural
plasticity that may help them to live in invaded habitats. Fur-
thermore, changes in movement patterns may affect genetic
variation and immigration rates, and the genetic basis of
movements may depend on the environment (Saastamoinen
et al. 2018). Still, little is known about the modifying effects
of plant invasions on behavioural plasticity, and adaptative
genetic changes in native animal species are difficult to
show (Lambret et al. 2020). Molecular studies are restricted
to exploring possible hybridization and introgression effects
between alien and native species from related taxons (Lar-
giadér 2007; Carrol and Fox 2008). Flight behaviour may
modify the expression of many genes, and flight metabolic
rate is correlated with heterozygosity (Kvist et al. 2015)
but may lead to the opposite effects depending on gender
(Niitepdld et al. 2011).

Invasion of alien plants may change species interactions,
which is especially well visible in plant-herbivore systems,
with effects that may be positive (Rodriguez et al. 2019)
or negative (Heleno et al. 2009; Moron et al. 2009) for
populations of native herbivores. Several studies focus on
interactions in related native and invasive species i.e., com-
petitive or aggressive behaviour (Phillips and Suarez 2012).
It seems that more flexible native generalists have a higher
probability of remaining in disturbed dynamic environments
(Clavel et al. 2011). The situation may be more complicated
if the invasion affects the hosts of specialist parasites, lead-
ing to the coextinction of both organisms (Koh et al. 2004,
Kajzer-Bonk et al. 2016a). More specifically, there is a lack
of studies looking at invader-native species interactions at
a behavioural level i.e., testing if the presence of a plant
invader modifies the behaviour of native arthropods. For
example, we need to know if the presence of plant invad-
ers alters the behaviour of native arthropods and if those
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changes, for instance to the movement patterns of arthro-
pods, are plastic or genetic. In the latter case, changes in
movement might alter the genetic structure of populations.

In this study, we examined the impact of goldenrod Sol/i-
dago spp. (Asteraceae) invasion on movement behaviour,
morphological traits and genetics of the scarce large blue
Phengaris teleius butterfly. This species is a good indicator
of terrestrial biodiversity hot spots, constituting an umbrella
species for grassland biodiversity (Thomas and Settele
2004). The narrow niche, high ecological demands and
complex life cycle (obligatorily demanding both the pres-
ence of the food plant, the great burnet Sanguisorba offici-
nalis, and host ants from the genus Myrmica; Tartally et al.
2019) make the scarce large blue an indicator of diversity
across different taxa. The habitats of the focal species are
clearly restricted to meadow patches with food plant and
host ant (Nowicki et al. 2005). Nowadays, these habitats
are under heavy anthropogenic pressure (Kajzer-Bonk and
Nowicki 2022, 2023), due to changes in agricultural prac-
tices, drainages, succession, invasion of American golden-
rods, decreasing numbers and abundance of host ant species,
and changing ant species composition (Kajzer-Bonk et al.
2016a). During most of the flight season of the adult butter-
flies (second half of June, July and early August), the gold-
enrod does not bloom and limits access to nectar plants by
displacing them and increasing the internal fragmentation
of resources within the habitat patch. On the other hand,
the tall stems may allow the great burnet to compete with
goldenrod and to bloom in invaded meadows (Kajzer-Bonk
et al. 2016a).

The aim of this study was to test whether the presence of
goldenrod in habitat patches causes changes in (1) move-
ment behaviour (making butterflies more sedentary or
imposing dispersal flight and whether potential responses
differ between sexes), (2) morphological traits and (3)
genetic variation of scarce large blue butterflies. As we
occasionally observed flying and resting butterflies during
our previous studies (Kajzer-Bonk et al. 2013, 2016b), we
expected that butterflies in invaded habitats have a tendency
to display more sedentary behaviour and a higher frequency
of dispersal flights due to structural changes in the habitat
by goldenrod. To test whether there is behavioural plastic-
ity to invaded plant cover, we planned an experiment with
translocations of individuals of two origins (non-invaded
vs. invaded habitats) to non-invaded and invaded habi-
tats, as well as non-invaded and invaded matrix (habitats
between patches). Additionally, as invaded habitats are
more isolated, have less available food and have changed
microhabitat conditions, we expected that this may affect
the wing length and body weight of the butterflies regardless
of sex. We also wanted to know whether potential changes

in movement behaviour may change the genetic structure of
local populations.

Methods
Study area and species

We conducted the study in 2018 in a complex of semi-nat-
ural meadows in the southwestern part of Krakow, Poland.
The complex includes several dozen patches, constituting
a habitat for a large metapopulation of Phengaris teleius
butterflies (Nowicki et al. 2007; Kajzer-Bonk et al. 2016b).
Endangered scarce large blue butterflies are protected by
the EU and Polish law, and part of their habitats has been
included in the Natura 2000 network (Kajzer-Bonk and
Nowicki 2022). Habitat patches within the studied meta-
population are located close to each other (mean=+ SE:
127+ 16 m, Kajzer-Bonk et al. 2016b; Fig. 1) and ensure
good connectivity as they are within the mean covered dis-
persal distances of the species (80—480 m, Nowicki et al.
2007). The existing local habitat patches are predominantly
occupied, and the local population sizes oscillate between
several hundred to several thousand individuals (Kajzer-
Bonk and Nowicki 2023).

The meadow complex, once managed by extensive mow-
ing/grazing, has been largely abandoned for the last 20 years
(Skorka et al. 2007). This has resulted in the succession and
expansion of reeds and invasive North American goldenrods
(Solidago gigantea and S. canadensis, Asteraceae, Fig. 1),
which is one of the major threats in this area. Goldenrods
were introduced to Europe as ornamental plants in the 19th
century and due to their colonizing and competing abilities
and they gradually change microclimatic conditions. Due
to a lack of natural enemies, they also displace the native
vegetation (Weber 1998). Characteristic homogenous gold-
enrod patches affect various animal taxa (Fenesi et al. 2015;
Kajzer-Bonk et al. 2016a), and the local climatic niche pro-
motes their further expansion (Weber 2001).

Field study

The study was conducted in habitat patches ranging from
0.1 to 26.5 ha and constituting part of the complex meadow
system described above (Fig. 1). To assess the possible
effects of goldenrod cover on P. teleius movement behav-
iour, two types of habitats of origin were chosen: (1) non-
invaded control habitat (three replicates, with native plant
species) and (2) invaded habitat (three replicates, with both
native plant species and goldenrod covering more than 40%
of a patch). 40% goldenrod cover was selected because
the decline in butterfly abundances may be observed from
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Fig. 1 Map of the study area in
Krakow, Poland
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this threshold (Moron et al. 2019). We used aerial photos
taken by a drone in the first half of September during the
peak of goldenrod flowering to estimate goldenrod cover
with ImageJ software (Abramoff et al. 2004). We estimated
habitat quality as the cover of the food plant S. officinalis
and host ant availability from the Myrmica genus in each
habitat patch. On each habitat patch, we used three to four
randomly selected 5X5 m plots to assess S. officinalis
abundance using the Braun-Blanquet Cover-Abundance
Scale in six categories (see Kajzer-Bonk et al. 2016b for
more details). To assess ant density in each habitat patch we
used 20 randomly selected traps on 50 m transects except
for one small patch where we used 10 traps, according to
the method described by Sielezniew (2012). There were no
differences in availability of limiting resources between the
control and the invaded habitat patches which may modify
butterfly behaviour (food plant cover: Mann-Whitney U
test, U=40, N, 0000 = 11, N, 12, P=0.115; host

non—invaded =
ant availability: Mann-Whitney U test, U=1360, N,,,.q.q
= 50, N,pp_inmvadea = 60, P=0.334). Additionally, vegeta-
tion height within the invaded matrix sites was significantly
higher compared to the non-invaded ones (mean+ SE:
1.02+0.20 and 0.54 +0.24, respectively, Mann-Whitney U
test: U=4211, Nipvaded = 81> Noon—invaded = 158, P <0.001).

We conducted behavioural observations of adult butter-
flies from 4th July to 6th August 2018. We captured but-
terflies from two habitats of origin (non-invaded control
vs. invaded, three replications per habitat) and experimen-
tally moved them to one of the four release habitats, which
included: (1) non-invaded control habitat (three sites, with
native foodplants); (2) invaded habitat (three sites, with
native foodplants and goldenrod covering more than 40%
of the patch); (3) non-invaded matrix (two sites, without
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foodplants and without goldenrod); (4) invaded matrix (two
sites, without foodplants and with domination of golden-
rod, more than 40% cover). The capture site of each indi-
vidual was never used as the release site, to avoid potential
biases which may stem from releasing butterflies in familiar
patches.

Butterflies were treated according to the procedure
described by Skorka et al. (2013), including: marking with
a non-toxic marker, putting them into small paper bags,
storing and transportation in a cooler box at 10 °C (for
0.5 h), gentle releasing and observation. We conducted
observations between 9:00 and 16:00 in conditions which
are optimal for butterflies (sunny day, warm weather with a
minimum temperature of 20 °C, a maximum wind force of
3 on the Beaufort Scale). On each observation day, we ran-
domized the order of surveys in two types of habitat patches
to avoid time effects on changes in dispersal (Plazio et al.
2020a). Once we released a butterfly, we tracked it, keeping
a distance of 5 m so as not to disturb its behaviour, and we
observed and classified each behaviour: (1) type of flight
(routine vs. dispersal movement); (2) flight length (m); (3)
turning angle (°); (4) resting time (s). Routine movements
are characterised by a chaotic trajectory, whereas dispersal
movement is straight, fast and long-distance (Kareiva and
Shigesada 1983; Schtickzelle and Baguette 2003). But-
terflies may switch from a routine to a dispersal flight or
vice-versa, hence the flight type was recorded separately for
each flight bout. We matched resting points with numbered
bamboo sticks to further measure flight length and turning
angle as a measure of flight directionality (Goverde et al.
2002). The observations were standardised and included six
distances of routine movements and seven resting points
per individual, hence the duration of an observation bout
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varied in time. We decided to merge all non-flying behav-
iour as “resting time” (sitting, feeding, walking on a plant)
because of the high homogeneity of observed behaviours
(mainly sitting). Oviposition behaviour was excluded from
the analyses as it did not occur in the matrix (Skorka et al.
2013). Next, we captured butterflies to make the following
morphological measurements: (1) forewing length to the
nearest 0.1 mm using a Vernier calliper and (2) weighing
in a small paper bag with a TOMOPOL S-50 balance with a
precision of 0.005 g. The parameters obtained allowed us to
estimate the wing loading index (mg/mm) which is indica-
tive for dispersal abilities (Kalarus et al. 2013). Next, we
took a tiny part of butterfly hindwing (i.e., a wingclip) with
the non-invasive method described by Hamm et al. (2010)
for further genetic analyses. At the end, we released the
individually marked butterflies into their habitat of origin.
Overall, we conducted observations of at least 15 individu-
als for each release site.

To exclude the possible effects of the experimental
manipulations on butterfly behaviour, we additionally pro-
vided analogous observations for 49 individuals without
previous catching, cooling, transportation and release in the
habitats of origin. There were no differences in behaviour
between the manipulated and unmanipulated butterflies (see
Table S1 and Fig. S1 for more details).

Genetic analyses

We extracted DNA from all wingclips using the QIAGEN
Multiplex DNA kit and arrayed them in 96-well plates for
genotyping. We amplified the isolated DNA via polymerase
chain reaction (PCR) at a total of eight polymorphic mic-
rosatellite loci (See Table S2, Zeisset et al. 2005). We per-
formed amplification and genotyping of microsatellite loci
according to the method described by Schuelke (2000). The
fluorescently labelled PCR products were separated using
the Applied Biosystems 3130x1 Genetic Analyzer. Next, we
performed an analysis of frequency in GenMapper.

Statistical analyses

We used a generalized linear mixed model (GLMM) with
binomial distribution to analyse the probability of taking
routine (0) or dispersal (1) flights. Mixed modelling was
used in regard of the nested scheme of our study: meadow
ID was set as the random factor in all models. The fixed
effects were: habitat of origin (non-invaded vs. invaded),
release site (habitat with / without goldenrod, matrix with
/ without goldenrod), sex and two-way interactions (sex *
habitat of origin; sex * release site). Additionally, due to the
fact that the dataset contained measures on the same indi-
viduals, individual ID was added as an additional random

factor. To analyse the distances covered between two resting
points and the resting time of the butterflies moved in the
experiment (proportion of time resting relative to the total
observation duration) we used a GLMM with a Gaussian
distribution. The fixed and random factors were the same
as in the previous procedure. To compare the distribution
of turning angles in different habitat types we used Watson-
William’s F-Test. The angles were categorized in 12 classes,
each of 30°. Analyses were performed in R (R Core Team
2022) using package ‘lme4’ for GLMM models (Bates et
al. 2020) and in the Oriana software for estimates of the
angles’ distribution (Kovach 2011). We used a backward
selection, excluding interaction terms of fixed factors from
the final models if non-significant and then used post-hoc
Tukey tests.

Next, a generalized linear mixed model (GLMM) with a
Gaussian error variance was used for the analysis of factors
influencing morphological traits represented as the wing
loading index. The wing loading index was log;, trans-
formed to obtain a normal distribution. Sex, habitat of ori-
gin (non-invaded vs. invaded) and their interaction were the
fixed effects.

Eight polymorphic microsatellite loci were used to anal-
yse genetic diversity in the eight studied subpopulations.
For each local population, the percentage of polymorphic
loci, Shannon information index (I), observed heterozygos-
ity (Ho), unbiased expected heterozygosity (uHe) and Fixa-
tion index (F) were calculated. An AMOVA test was used
to check potential differences in genetic variability between
butterflies from invaded and non-invaded meadows. This
test was performed based on 999 random permutations.
Next, a Principal Coordinate Analysis (PCoA) was per-
formed to visualize the components of total genetic variation
(within and between local populations) based on the matrix
of genetic distances. A Discriminant Analysis for Principal
Components (DAPC) was used to consider relationships
among the local populations studied and the probabilities
of individual memberships within sampled localizations.
Genetic analyses were performed in the GenAIEx 6.5 soft-
ware (Peakall and Smouse 2012) and the package ‘adegenet’
in R (Jombart 2008).

Results

Butterflies’ behaviour and morphology

In total, we experimentally transferred 74 butterflies (40 and
34 from non-invaded and invaded habitats, respectively;

Table S3) to four different habitat types. Our experiment
revealed modified flight behaviour of butterflies in habitats
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with goldenrod cover (Table la, Table S4a). The modified
behaviour did not depend on butterfly origin (Table 1).
Altogether, 35 (47.3%) of the butterflies started disper-
sal flight (Table S4B), with a significantly higher number
(31) in habitats and matrix with goldenrod (42% of total
number of flights) compared to four in habitats and matrix
without goldenrod (5% of total number of flights) (Table 1a,
Fig. 2a). The probability of dispersal flight was significantly
higher in males than females (Table la, Fig. 2a). Males
flew for the longest distances and these flights occurred in

Table 1 Results of general linear mixed models (GLMMs) on the
behaviour and morphology of butterflies. Explanation of fixed factors:
‘Meadow type’ (non-invaded control vs. invaded habitat), ‘Habitat of
origin’ means the origin of the experimentally moved butterfly (non-
invaded control vs. invaded habitat), ‘Release site” — the destination
(non-invaded control habitat / invaded habitat / non-invaded matrix
/ invaded matrix). P values estimated for an effect (not for particular
levels). Significant results are bolded

Fixed effects Estimate SE 95% t P

CI
(a) Effect on flight type
Habitat of origin 0.397 0.584 1.144 -4.249 0.497
Release site (non- <0.001
invaded habitat*)
Release site 2.609 1.227 2.404 2.532
(invaded habitat)
Release site 5.587 1.565 3.067 3.570
(invaded matrix)
Release site (non- 1.109 1.262 2473 0.878
invaded matrix)
Sex 1.564 0.618 1.210 2.532 0.011
(b) Effect on flight length
Habitat of origin 0.017 0.480 0.940 -0.256 0.972
Release site (non- 0.024
invaded habitat*)
Release site -0.104 0.275 0.539 -0.379
(invaded habitat)
Release site 1.089 0.382 0.749 2.847
(invaded matrix)
Release site (non- 0.180 0.343 0.672 0.526

invaded matrix)

Sex 0.667 0.300 0.587 2.226 0.026
(c) Effect on rest time

Habitat of origin -0.017 0.065 0.127 -0.265 0.791
Release site (non- 0.002
invaded habitat*)

Release site 0.035 0.055 0.108 0.630
(invaded habitat)

Release site 0.267 0.070 0.137 3.804
(invaded matrix)

Release site (non- 0.022 0.046 0.090 0.480

invaded matrix)

Sex 0.0001 0.041 0.081 0.003 0.998
(d) Effect on wing loading index

Meadow type 0.031 0.024 0.048 1.281 0.200
Sex -0.145 0.015 0.029 -9.902 <0.001

*non-invaded habitat: category ‘0’
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non-invaded habitats and in matrix patches with goldenrod,
whereas females in habitats (regardless of goldenrod cover)
moved over shorter distances (Table 1b, Fig. 2b). Resting
time was on average longer in females than males, regard-
less of meadow type (Table lc, Fig. 2c). There were no
significant differences in the distribution of turning angles
among different habitat types (Watson-Williams test: F ;¢4
= 1.97, P=0.12). The analysis of the angle distributions
revealed that turning angles were clustered around 0° in
non-invaded habitats (concentration coefficient=0.993,
mean+SE = -11.4° + 10.8°), invaded habitats (concen-
tration coefficient=0.894, mean+SE=7.8° + 15.8°) and
non-invaded matrix (concentration coefficient=0.808,
mean+SE = -2.8° + 13.6°), but not in the matrix with
goldenrod, where the distribution of angles was much more
stochastic (concentration coefficient=0, mean = -103.2°)
(See Fig. S2 in Supplementary material). The distribution
of turning angles was similar in both sexes with a higher
concentration in males (concentration coefficient=0.993,
mean+ SE=2.3°+13.00°) than in females (concentration
coefficient=0.782, mean+SE = -9.1° + 9.6°; Watson U
test: U=0.888, df; =44, df,=124, P<0.005).

Overall, we measured and weighed 137 individuals (83
and 54 from non-invaded and invaded habitats, respectively;
Table S3c). Females were significantly larger and heavier
than males (Table S4C) and revealed a significantly higher
wing loading index than males (Table 1d, Fig. S3), but there
was no effect of goldenrod cover on this morphological trait
(Table 1d).

Genetic diversity

In total, we analysed 142 wingclips: 97 and 45 from non-
invaded and invaded meadows, respectively (Table S5). The
eight studied microsatellite loci of P. teleius were polymor-
phic in the vast majority of the local populations studied
(Table S6). A total of 68 alleles were detected, ranging from
three (Macu 3 and Macu 7) to 15 (Macu 16) per locus (Table
S6). Population genetic diversity indices did not differ
between non-invaded and invaded habitats (Mann-Whitney
U tests: Nyon_invaded = 9> Ninvaded = 35 Shannon index: U=35,
P=0.571, observed heterozygosity: U=6, P=0.765, unbi-
ased expected heterozygosity: U=2, P=0.147, and Fixa-
tion index: U=7, P=1.0, Table S7).

The genetic differentiation calculated among local pop-
ulations (F indices) was low (Table S8). The AMOVA
analysis revealed no differences in genetic diversity among
populations differing in goldenrod cover nor generally
among subpopulations and a substantial portion of variance
was found within individuals (Table S9). The first three
axes of the PCoA explained 16.84, 11.01 and 9.33% of the
variation respectively, and revealed no patterns of genetic
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Fig.2 Mean (+ SE) ratio dispersal a
movement (a), covered distances
(b) and resting time (c¢) in Phen-
garis teleius females (white bars)
and males (blue bars) in four dif-
ferent habitat types. Tukey post hoc
test results are marked with letters,
with different letters indicating
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differentiation in local populations (Table S10). DAPC
revealed no differentiation in genetic structure between the
local populations studied but was slightly clustered in popu-
lations located most eastward (P37) and westward (P1) (Fig.
S4).

Discussion

This study revealed that invasion of goldenrod in wet mead-
ows modifies the behaviour of scarce large blue butterflies.
The butterflies in habitat patches and matrix invaded by
goldenrod started dispersal movement more frequently.
Butterflies in the invaded matrix covered the longest dis-
tances on average. The modifying effect of a matrix with
goldenrod may stem from the lack of access to their food
plants which provide nectar for adults and host plants for
egg-laying. These results are concordant with the results
of Skoérka et al. (2013) who revealed that the movement
distances in the matrix were three times longer than in
patch interiors. Invaded habitats may reduce individual fit-
ness through wasting time and energy on long fast flights.
The possible effects on population demography should be
explored in further studies.

Movement patterns may stem from resource distribution
but also from the structure of the landscape (Schultz et al.
2012). It is known that open vs. forest matrix type differenti-
ates the probability of migration with a tendency of lower
migration rate but further distances in the more imper-
meable matrix (Nowicki et al. 2014). Invaded meadows
may act as an intermediary between high-contrasting for-
est matrix and low-contrasting meadow matrix. Our study
shows that vegetation which is twice as high within the
invaded matrix compared to the non-invaded one leads to
higher and faster dispersal movement than in non-invaded

invaded matrix

non-invaded habitat  invaded habitat invaded matrix
Meadow type

non-invaded matrix

Sex

sites. Also, the concentration of flight angles in the invaded
matrix is more stochastic which suggests less directed
movements. The proximity of habitat patches within the
metapopulation enables dispersal and ensures high patch
occupancy (Kajzer-Bonk et al. 2016b). Hence, it is not clear
whether increasing goldenrod cover may disturb demogra-
phy. Further study should include intensive Capture — Mark
— Recapture methods and meadow systems with patches dif-
fering in permeability to answer this question.

Our study revealed behavioural differences between the
sexes. Females covered shorter distances more frequently
than males. This may be connected to inter-sexual mor-
phological differences (Skorka et al. 2013). The bigger
and heavier females carrying eggs may reveal limited dis-
persal (Gilchrist 1990; Konvicka and Kuras 1999; Plazio
et al. 2020b). This result is concordant with Schultz et al.
(2012) but opposite to Skorka et al. (2013). As increasing
isolation may particularly prevent migration of Phengaris
females (Bonelli et al. 2013), goldenrod cover may have
similar additional effects in abandoned meadows. Another
probable reason for the discrepancies may stem from dif-
ferent dispersal behaviour as the season progresses, with an
increasing emigration rate of females in the second half of
the season to reduce intraspecific competition of caterpillars
(Plazio et al. 2020a). Our study covered the whole flight
period to avoid differences derived from different moments
in the flight in season. Behavioural differences also applied
to resting time and direction of flight and are consistent with
previous results on Phengaris teleius (Skorka et al. 2013).

Altered costs of dispersal related to habitat fragmenta-
tion caused by goldenrod invasion were not confirmed in
our morphological or genetic results. The lack of differences
in morphological traits between butterflies from meadows
differing in goldenrod cover may be the result of the rela-
tively short period since goldenrod encroachment (Skorka
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et al. 2007) and the lack of time for a reaction highlighted in
changes in morphological traits. Differences in morphologi-
cal traits may happen even in neighbouring patches if habi-
tats are contrasting (Kalarus et al. 2013). Some studies have
revealed that even increased isolation does not correlate with
changes in morphological traits (Plebejus argus, Thomas et
al. 1998; Pararge aegeria, Merckx and Van Dyck 2006).
Additionally, low variation in mobility-related traits in a
fragmented landscape may explain the lack of detected dif-
ferences in poor dispersers (Ducatez et al. 2014). In the case
of Phengaris butterflies, their ecology and highly specialised
lifestyle may support the lack of changes in morphological
traits: host ant nests which remained present in meadows
invaded by goldenrod (Kajzer-Bonk et al. 2016a) may pre-
sumably be temporally stable and safe microhabitats ensur-
ing food provisioning regardless of goldenrod invasion.
Even if the habitat becomes unsuitable, limited food may
not affect morphological traits (Boggs and Freeman 2005).
Also, the genetic structure of the local populations studied
showed similar observed heterozygosity (mean Ho=10.69)
and similar genetic variability. These results are consistent
with previous studies which revealed that the structure of
this population more resembled an intra-population spa-
tial fragmentation model than a metapopulation model
(Sliwinska 2010). Gene flow in Phengaris teleius popula-
tions may be negatively affected by habitat fragmentation
(Pecsenye et al. 2007). The system of habitats we studied is
still quite well connected and local populations are numer-
ous (Nowicki et al. 2007; Kajzer-Bonk et al. 2016b), ensur-
ing a sufficient amount of gene flow. However, especially
in the last decade, the metapopulation studied has been
exposed to increasing anthropogenic pressure (Kajzer-Bonk
and Nowicki 2022, 2023). Hence, further differentiation in
genetic structure is possible as indicated by two clusters of
the most spatially isolated local populations (Fig. S4). Also,
modern genetic methods as more accurate and precise SNPs
should be implemented in future analyses (Puckett and Egg-
ert 2016).

Conclusions

Our study provides insight into immediate movement-
related behavioural responses within invaded sites and may
reflect the plasticity of the species to the changing envi-
ronmental conditions. Further work is needed to evaluate
whether behavioural changes translate into reduced indi-
vidual fitness and ultimately alter population dynamics. To
date, Phengaris butterflies as flagship and umbrella species
of semi-natural meadows have revealed resistance to flood
(Kajzer-Bonk et al. 2013) and fire (Nowicki et al. 2015) but
not to habitat loss (Wynhoff 1998; Munguira and Martin
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1999). This study indicates a new aspect of the urgent need
for active protection of semi-natural meadows, since gold-
enrod invasion causes habitat loss and modifies flight
behaviour. Financial resources should be directed towards
eliminating goldenrod using valid, effective methods (van
Swaay et al. 2010).
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