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Inter-sexval and inter-generation
differences in dispersal
of a bivoltine butterfly

Elisa Plazio™ & Piotr Nowicki

In organisms with discrete generations such as most insects, life-history traits including dispersal
abilities often vary between generations. In particular, density-dependent differences in dispersal

of bi- and multivoltine species may be expected because subsequent generations are usually
characterized by a drastic increase in individual abundance. We investigated the inter-sexual and
inter-generation differences in dispersal of a bivoltine butterfly, Lycaena helle, testing the following
hypotheses: (1) male emigration is higher in spring generation, as males are prone to leave their natal
habitat patches when the density of mating partners is low; (2) female emigration is higher in summer
generation, when it helps to reduce intraspecific competition between offspring. The outcome of our
analyses of dispersal parameters showed that females of the summer generation emigrated from
their natal patches considerably more often than those of the spring generation, whereas an opposite
trend was detected in males. These findings offer a novel perspective for our understanding of the
advantages of voltinism for metapopulation functioning. The spring generation dispersal mainly
improves the random mating opportunities favoured by the increase in male emigration. In turn,

the dispersal of females of the summer generation appears the key to long-term metapopulation
persistence.

In organisms with rapid life cycles and discrete generations, such as most insects living in temperate and cold
zones, the responses to climatic variability include alteration of phenology such as shifts of activity towards an
earlier time of year in warmer climates"?, prolonging or shortening the activity period** and changing the num-
ber of generations (voltinism) per season>®. Based on the number of generations within a year, organisms are
categorized into univoltine if represented by one generation per year, bivoltine with two generations per year, or
multivoltine in the case that they have more than two generations per year’. There may be also cases of organisms
whose generation time is longer than one year and such species are defined semivoltine.

Voltinism is determined under both genetic and environmental control and, as for its environmental com-
ponent, it depends on photoperiod and temperature®. Generally, the number of generations per year of an insect
species decreases with increasing latitude or altitude, and this is often accompanied with changes in developmen-
tal phase and duration of the diapause (i.e., the state of arrested growth or reproduction that is typical for many
hibernating or aestivating arthropods; cf. Lees®), which could eventually even lead to morphological changes,
e.g., in body size of adults’. Therefore, populations of the same species can be univoltine at higher altitudes
and latitudes and bi- or multivoltine in lowlands and at lower latitudes. Information about voltinism, i.e., the
number of generations completed within one year, is needed in order to understand how species have adapted
to environmental conditions in different regions of the globe.

The increase in the number of generations per season is the final step of a series of events occurring when
organisms experience a warming of climatic conditions. First, the local increase in temperature, if constantly
maintained over years, may cause warming of the previously harsh periods of the year, which extends the season
characterized by conditions favourable for the development and reproduction of organisms. In the case of insects,
this may lead to an earlier onset of the imago occurrence period. Consequently, individuals of the first genera-
tion reproduce earlier. The favourable climatic conditions (i.e., higher temperatures) that the new generation of
larvae find after egg hatching leads to their rapid growth and development, which ultimately affects voltinism;
namely more individuals develop in a subsequent generation within the same year?®.

Many multivoltine organisms show inter-generation variation in mobility'. Such variation often depends
on morphological and biomechanical variation among subsequent generations, where at least one generation
is characterized by morphological constraints, making it less mobile. A classic example is the case of many
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non-heteropteran Hemiptera (e.g. aphids), but also Heteroptera and Orthoptera species, which alternate between
sedentary generations with shortened or absent wings and dispersive generations with fully developed wings'.
A certain degree of inter-generation biomechanical polymorphism related to variation in mobility, although
devoid of macroscopic morphological handicaps such as complete lack of wings, was also found in butterflies. The
examples include Pararge aegeria'' and Araschina levana'?, in which biomechanical polymorphism results in fast
and energetically demanding flights of the first generation and long-endurance flights in the second one. Besides,
in the well-known multivoltine migrants such as Danaus plexippus'®, Vanessa atalanta™, and Vanessa cardui',
differences in mobility among generations are perceived as a consequence of the alternation between dispersive
and reproductive sedentary broods. For other butterflies, like Pieris spp '°. and Aglais urticae"’, inter-generation
differences in mobility are related to variation in abundance and regional distribution of subsequent generations.

The density of conspecifics has been suggested by a number of previous studies as one of the main drivers
affecting dispersal dynamics, with both positive and negative effects, leading to an increase or decrease in emi-
gration rates'®-?!. A high density of conspecifics may additionally have a negative impact on the habitat quality.
In the case of butterflies, the habitat quality refers primarily to the availability of the most important resource,
namely the larval foodplants, which are particularly important for ovipositing females. With high conspecific
densities, emigration propensity of females should increase, because by laying eggs in other (potentially less
crowded) habitat patches they reduce the risk of their offspring competing for the foodplants, thus increasing
offspring survival*"*2.

On the other hand, a high density of individuals, and hence a high number of females within a given area,
gives males the opportunity to maximize the number of mating occasions®. Therefore, under such circumstances,
males should be expected to be less prone to leave their natal patches. The situation is reversed in the case of
low density of individuals when it should be more beneficial for males to search for new patches with higher
availability of mating partners.

Bi- or multivoltine species appear to be convenient models to study the effect of conspecific density on dis-
persal dynamics because subsequent generations are usually characterized by drastic differences in density of
individuals. The sizes of local populations typically increase several times in subsequent generations®. This stems
from the development of larvae in extremely different weather conditions which critically affects their survival®.
Hence, an investigation into inter-generation variation in dispersal may highlight the relationship between
individual density and dispersal in both sexes. Nevertheless, density dependence of dispersal and sex-biases in
this respect have so far been investigated mainly by analysing inter-annual patterns*>?-%¢ (but see Plazio et al.*!
on the variation of emigration propensity within the flight season).

Following the above rationale, in the present study we focused on the intersexual differences in dispersal
between generations of a bivoltine butterfly Lycaena helle, having a spring generation characterized by low density
of individuals and a summer generation with high density of individuals. We tested the following hypotheses: (1)
male emigration is higher in the spring generation, as males are prone to leave their natal habitat patches when
the density of mating partners is low; (2) female emigration is higher in the summer generation, when it helps
to reduce intraspecific competition between offspring.

Materials and methods

Study species. L. helle is a boreal species with the occurrence range extending from Central Europe, Scan-
dinavia, and Russia to the Amur Region and Mongolia?’. In Central Europe it is a postglacial relict, present in
isolated univoltine populations mostly restricted to mountain areas®®, whereas bivoltine populations are present
also at lower altitudes in Eastern Europe, Mongolia, some areas in the Ardennes, and parts of Germany and
Poland?. In our study region (southern Poland), the spring generation begins at the beginning of May and usu-
ally lasts until the beginning of June, while the summer generation appears at the beginning of July and lasts until
early August. The species shows a marked sexual dimorphism. The upperside of male wings is characterized by
a strong violet iridescence that is, instead, restricted to a submarginal band of iridescent ocelli in females. The
caterpillars are monophagous, feeding on Polygonum bistorta in our study area”, and thus the occurrence of the
species is limited to meadows with this foodplant. The foodplant is also used as the primary nectar source by
imagoes. In addition, adults were found feeding on a variety of other nectar plants, with a preference for Ranun-
culus spp. and Cardamine spp.”*". Being associated with very fragmented habitats with a patchy distribution
of the foodplant, L. helle typically occurs in classic metapopulation systems with discrete local populations and
their habitat patches being easy to define?. Despite being generally regarded as sedentary, it may sporadically
perform long-distance movements®. The species currently represents one of the most endangered butterflies in
Europe, listed in the European Red Data Book as well as in the Annexes II and IV of the Habitats Directive®>®.
Deterioration of meadow habitats caused by land drainage and abandonment of traditional management as well
as their increasing fragmentation have been suggested as the main reasons for the decline of the species detected
in recent decades?*,

Study area. The study was conducted within a large meadow complex (ca. 800 ha) located in the Vistula
River valley on the south-west outskirts of the city of Krakow, southern Poland (50°01°N, 19°54’E). The com-
plex consists of Molinion wet meadows and lowland hay meadows representing the Arrhenatherion elatioris
community, with occasional Festuco-Brometea xerothermic grasslands occupying elevated land fragments. The
meadows are mostly abandoned, with a small percentage of the area being mowed annually. Since 2011 a large
part of the area has been protected in the Natura 2000 site “Debnicko-Tyniecki Obszar Lakowy” (PLH 120065),
established for the conservation of four butterfly species listed in the Annex II of the Habitats Directive 92/43/
EEC: Maculinea teleius, M. nausithous, L. helle, and L. dispar™®.
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The entire study system includes 11 P. bistorta patches, of variable area and isolation, inhabited by local
populations of L. helle (see the map in Nabielec and Nowicki®). The area of individual patches ranges from 0.26
to 2.77 ha. The degree of isolation corresponding to the distance of a given patch from the nearest other patch
ranges from 200 to 1500 m. The foodplant patches form a classic metapopulation, with local L. helle populations
acting as independent demographic units*. The investigated patches are free from direct human impacts, either
negative (e.g., habitat destruction) or positive ones (e.g., targeted conservation management). All the habitat
patches were mapped with high-precision GPS and their spatial parameters (i.e., location and area of each habitat
patch) were subsequently derived in GIS software ArcGIS and Idris for Windows.

Field sampling. Our study in 2018 and 2019 involved a large fraction of the system, with 8 foodplant patches
surveyed. The field surveys, based on intensive mark-release-recapture (MRR) sampling®®, were carried out in
four campaigns conducted in two consecutive years (2018: from May 14 to June 6, and from June 29 to July 31;
2019: from May 8 to June 6, and from June 28 to July 30) according to the occurrence of imagoes in the two
generations of L. helle in our study area. Butterflies were captured using a butterfly net and each individual was
marked with a waterproof marker (Staedtler Lumocolor 313) by writing a unique number on the underside of its
hind wing. Marking did not adversely affect the condition of the butterflies. After marking, the specimens were
immediately released at the place of their capture. For each individual, the assigned number along with the sex,
catch time, and code of the habitat patch was recorded. In accordance with the flight activity of L. helle adults, the
MRR sampling was performed between 9:00 and 17:00 on a daily basis in appropriate weather conditions (with
few gaps due to rainfall, strong wind, or air temperature < 15 °C). To ensure adequate sampling effort and fairly
uniform capture probability, the time spent in each patch was adjusted to its area and the abundance of butter-
flies flying (based on the experience from earlier years), varying from 1.5 to 4 person-hours per day. The order
in which patches were visited each day was randomly changed throughout the season so as to avoid sampling
the same patch at similar hours every day. This procedure allowed to avert potential biases in the frequencies
of butterfly movements recorded between particular patches due to the fact that butterfly activity may be influ-
enced by daily weather patterns, especially temperature (cf. Cerrato et al.*’). The protocol of the methodological
procedure described above was identical for the four MRR campaigns.

Estimation of dispersal parameters. The parameters of dispersal within the investigated metapopula-
tion were estimated based on the MRR data collected, separately for each sex, generation (spring or summer),
and year. The estimates of dispersal parameters were derived with the help of the Virtual Migration (VM) model
which represents a well-established standard for analysing dispersal using MRR data*. The model requires the
following assumptions: (i) individuals inhabit a network of discrete habitat patches with different size and con-
nectivity, (ii) at least 7 patches have been sampled with MRR, (iii) the sampling has involved 10 or more capture
occasions, and (iv) spatial information is available for both the sampled patches as well as those that were not
sampled because their presence affects the connectivity of the former group?*. All these underlying assump-
tions were clearly met in our study.

The basic parameters estimated by the model include: mortality in habitat patches (4), emigration propensity
() defined as daily emigration rate scaled to 1-ha patch, emigration scaling with natal patch area (£,,,), immigra-
tion scaling with target patch area ({,,), scaling of mortality during dispersal with natal patch connectivity (1),
and distance dependence of dispersal («). The model assumes that an individual survives in any habitat patch
with a probability of ¢ until the end of the unit of time (in the case of butterflies the unit is usually scaled to
one day) or until emigrating from the patch. The dispersal-independent mortality in each habitat patch (u) is
therefore 1-¢. As an independent evaluation of this parameter with the Cormack-Jolly-Seber models®® revealed
no intersexual differences, we assumed a uniform value for males and females in each season in order to increase
the precision of further parameters derived with the VM model, following the approach already used in previ-
ous works?"?®, The mean adult life-span can be estimated from the survival rate** as (1 - $)™' - 0.5, and therefore
derived directly from the estimates of dispersal-independent mortality in each habitat patch () as 1/p—0.5.

The emigration rate ¢; from a specific patch j is modelled as a function of patch area:

5 = nA; " (1)

where # defines emigration propensity, and the emigration scaling parameter (£,,,) reflects the steepness of the
negative power relationship of actual emigration rate with patch area (A;). The rationale for this negative rela-
tionship is that with decreasing patch area the individuals are more likely to reach the edges of their natal patch,
and subsequently leave it*!.

The survival of dispersing emigrants from a patch j (¢,,) is assumed to increase with the patch connectivity
S; (i.e. the inverse index of its spatial isolation), with a relation described by a sigmoid function:

2
5

¢mj = 0
A+ S;

)

where the scaling parameter A represents the connectivity value at which half of the dispersers successfully reach
other patches. The connectivity index is calculated as:

= exp(—adi) A" 3)
k#j
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Spring generation Summer generation
Year Males | Females | Total | Sexratio (m/f) | Males | Females | Total | Sex ratio (m/f)
2018 70 44 114 1.60 408 305 713 1.33
2019 148 83 231 1.78 1331 822 2153 1.62

Table 1. Sample sizes of L. helle captured through mark-capture surveys in the Debnicko-Tyniecki Obszar
Lakowy, southern Poland.

Females Males
Parameter Spring generation | Summer generation | Spring generation | Summer generation
s . 0.1520 0.2231 0.1520 0.2231
Mortality in habitat patches () (0.1130-0.1957) | (0.2015-0.2466) (0.1130-0.1957) | (0.2015-0.2466)
Emigration propensity (1) 0.0167 0.1189 0.0708 0.0277
8 propensity { (0.0031-0.0397) (0.0788-0.1657) (0.0381-0.1149) (0.0161-0.0441)
. . . . -0.7139 -0.0476 0 —-0.0321
Emigration scaling with natal patch area (,,) (= 1.9065-0) (=0.3775-0) (~0.5469-0) (~0.5127-0)
. . . . 0 0.2482 0 0
Immigration scaling with target patch area ({j,,) (0-1.6692) (0-0.7996) (0.-0.4357) (0-0.4600)
Dispersal mortality scaling with natal patch 0.7041 0.4596 0.8724 0.0101
connectivity (1) (0-3.0172) (0.1352-0.8480) (0-2.7895) (0-1.4493)
Distance dependence of dispersal (&) 2.7093 4.5060 1.2392 1.9996
(0-4.2291) (3.0868-5.8623) (0-2.5460) (0.3514-4.3125)
. . 369 222 807 500
Mean dispersal distance (1/a) [m] (236-c0) (171-324) (393-c0) (232-2845)
. 6.08 3.98 6.08 3.98
Average life-span (1/4=0.5) [days] (4.61-8.35) (3.55-4.46) (4.61-8.35) (3.55-4.46)

Table 2. Dispersal parameter estimates (with their 95% confidence intervals in parentheses) obtained for L.
helle butterflies with the Virtual Migration model in 2018. Following the outcome of the Cormack-Jolly-Seber
models, no inter-sexual difference in mortality in habitat patches, and consequently also in average adult life-
span, was assumed (see the Methods section for details).

where dj is the Euclidean distance between patches, and Ay refers to the target patch area, with which the immi-
gration rate is linked through the scaling parameter (.. The parameter (},, assumes positive values as the chance
of immigration positively depends on the area of the target patch. This dependence is explained by the fact that
it is much easier to reach large patches in close proximity to the natal patch*.. Finally, « represents the scaling
of distance-dependence of dispersal, i.e., the coefficient of the kernel describing the probability of dispersal at
a given distance.

The dispersal-related mortality scaling (1) and distance-dependence of dispersal («) can be converted into
the mean level of mortality experienced by dispersers and the mean distance they cover, respectively. The mean
dispersal distance is calculated as 1/a.

The maximum likelihood (ML) values and the 95% confidence intervals (95% CIs) for the VM model param-
eters were obtained using respectively the VM2 and VMSIM programs?. We tested the significance of the dif-
ferences between the parameters obtained for both sexes in both generations and years by comparing their 95%
ClIs. The difference between a pair of parameters should be considered significant at P<0.05 if the ML value of
one parameter falls outside the 95% Cls of the other parameter and vice versa*’.

Ethics approval. Experiments comply with current laws of Poland where they were performed. The field-
work was conducted with the proper permission based on the conditions of granted exemptions (Polish General
Directorate for Environmental Protection). Experiments also comply with the ARRIVE guidelines (PLoS Bio
8(6), e1000412,2010).

Results

Over two years of the study we recorded 3211 individuals of L. helle, with a population in the second year
almost three-times larger than in the previous year of the study (Table 1). As expected, the summer generation
was several times more abundant than the spring one in both years. The sex ratio of captured individuals was
consistently male-biased (Table 1).

The analyses conducted with the VM model using the data collected through the MRR campaigns of 2018 and
2019 showed an overall similar pattern. An overview of the obtained dispersal parameters is given below, while
a detailed list of all the estimate values, together with their 95% Cls, is presented in Tables 2 and 3.

In 2018, the mortality in habitat patches (4) corresponded to approximately 15% of individuals of the spring
generation dying per day while, in the summer generation, it reached approximately 22% (Table 2). In 2019, the
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Females Males
Parameter Spring generation | Summer generation | Spring generation | Summer generation
- . 0.1915 0.1873 0.1915 0.1873
Mortality in habitat patches (u) (0.1558-0.2308) | (0.1734-0.2016) (0.1558-0.2308) | (0.1734-0.2016)
Emigration propensity (1) 0.0567 0.3155 0.1559 0.0662
8 propensity (0.0249-0.1083) | (0.2686-0.3686) (0.0847-0.2512) | (0.0507-0.0849)
. . . . —-0.1262 —0.0976 0 —0.2456
Emigration scaling with natal patch area (£, (-0.8078-0) (=0.2238-0) (= 0.4029-0) (- 0.4748-0)
. . . . 0.4031 0.0524 0 0
Immigration scaling with target patch area ({,,) (0-1.4788) (0-0.2370) (0.-0.3273) (0-0.2957)
Dispersal mortality scaling with natal patch 0 0 0.9257 0.4022
connectivity (1) (0-3.935) (0-0.4269) (0-1.7914) (0-0.7585)
. . 1.3115 1.3295 3.1180 2.8402
Distance dependence of dispersal () (0-4.4841) (0.7699-1.9699) (0-4.6790) (1.9248-3.5694)
. . 762 752 321 352
Mean dispersal distance (1/«) [m] (223-<0) (508-1299) (214-0) (280-520)
. 4.72 4.84 4.72 4.84
Average life-span (1/4—0.5) [days] (3.83-5.92) (4.46-5.27) (3.83-5.92) (4.46-5.27)

Table 3. Dispersal parameter estimates (with their 95% confidence intervals in parentheses) obtained for L.
helle butterflies with the Virtual Migration model in 2019. Following the outcome of the Cormack-Jolly-Seber
models, no inter-sexual difference in mortality in habitat patches, and consequently also in average adult life-
span, was assumed (see the Methods section for details).
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Figure 1. Between-season variation in emigration propensity of L. helle adults of both sexes in 2018 (empty
symbols) and 2019 (solid symbols). The estimate values are presented with their 95% confidence intervals; the
values statistically different (at P<0.05) from each other are marked with different alphabet letters.

mortality within patches was approximately 19% for both generations (Table 3). The average butterfly life-span
varied approximately between 4 and 6 days (Tables 2, 3).

The emigration propensity () of both sexes statistically differed between spring and summer generation, with
an almost identical pattern in both years of the study, despite the fact that in 2019 the parameter # values for both
sexes and generations were higher than in the previous year, characterized by a lower population density. Overall
emigration propensity of females was greater than for males (Fig. 1, Tables 2, 3). Most importantly, as expected,
females belonging to the summer generation emigrated significantly more often from their habitat patch than
those of the spring generation, with the parameter # values growing ca. 6-7 times between spring and summer
in both years (Fig. 1, Tables 2, 3). The pattern was in turn the opposite for males, with individuals belonging to
the spring generation significantly more prone to emigrate, although in this case, inter-generation variation was
much lower than females with the spring emigration propensity being ca. 2-3 times higher (Fig. 1, Tables 2, 3).
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Figure 2. Between-season variation in distance dependence of dispersal in L. helle adults of both sexes in 2018
(A) and 2019 (B). The estimate values are presented with their 95% confidence intervals; the values statistically
different (at P<0.05) from each other are marked with different alphabet letters.

The estimates of emigration scaling with the natal patch area (£,,,) were invariably very close or equal to
zero, except for females of the spring generation in 2018 (Table 2). Nevertheless, the estimated value did not
significantly differ from zero, indicating absolutely no evidence for any dependence of emigration on patch
size. Likewise, we found no indication of the effect of target patch area on immigration, with the immigration
scaling parameter ((;,,) values being typically very low and never significantly different from zero (Tables 2, 3).

No clear patterns were found in the dependence of mortality during dispersal on natal patch connectivity
(A), but again the values of this parameter were not significantly different from 0 in most cases, which indicates
very low (if any) disperser mortality. A single exception were females in summer 2018, for which significantly
non-zero dispersal-related mortality was detected, but still it was estimated at a relatively low level with a few
percent of individuals leaving their habitat patches.

In 2018 significant differences in the distance dependence of dispersal («) were found between females of the
two generations, with spring generation individuals covering longer distances, whereas no such differences were
found in the case of males (Table 2, Fig. 2a). Compared with females, males of both generations travelled longer
distances in 2018. Surprisingly, the pattern in 2019 was the opposite, as females of both generations travelled
longer distances than males (Table 3, Fig. 2b). Besides, the results of 2019 showed almost no difference between
the two generations in the average distance travelled.
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Discussion

The drastic differences in density of individuals between generations in the L. helle metapopulation allowed us
to study inter-generational dispersal dynamics. We also found metapopulation size varied by about three times
between 2018 and 2019. Such inter-annual fluctuations in (meta)population size are typical for butterflies**, but
in both years the inter-generation pattern was similar, with the second (summer) generation being much more
abundant than the first (spring) one. Such a difference most likely stems from the fact that a large fraction of
wintering pupae from the summer generation do not survive due to unfavourable weather conditions in winter®.
This is a common phenomenon in bi- and multivoltine species®.

Due to this strong difference in the abundance of the two subsequent generations, one may expect an effect
on individual traits. Intra-generation variation in several morphological and behavioural traits was detected by
previous studies, including many studies on butterflies®. In the case of butterflies, for which flight is one of the
main activities affecting individual fitness, it is reasonable to expect variation in dispersal propensity between
individuals belonging to different generations due to differences in the density of conspecifics. The effect of con-
specific density on dispersal propensity is well grounded in the theory that predicts higher emigration whenever
the population experiences stronger competition*!. Intersexual differences in density-dependent dispersal was
already detected by a number of previous studies*"*>=*3, where population density was usually positively associ-
ated with female emigration, while it had a negative effect on male emigration.

In agreement with this scenario, we expected that male emigration should be higher in the spring genera-
tion, as males are prone to leave their natal habitat patches when the density of mating partners is low, while
female emigration should be higher in the summer generation when it helps to reduce intraspecific competition
between offspring. The results obtained through the analyses of dispersal parameters confirmed our hypotheses.
Indeed, females of the summer generation, characterized by high density of individuals, tended to emigrate more
frequently from their habitat patches. Previous studies suggested different causes of intersexual differences in
density-dependent dispersal***". The majority of them agreed that density-dependent dispersal exists as a con-
sequence of social interactions among individuals of the local population*>*”*¢, In many butterfly species, when
the density of conspecific individuals is high, females may leave the natal patch due to harassment exerted on
them by males looking for a mate. In turn, in the case of low density of individuals and specifically low density
of males, the effect of harassment on females is negligible**®*%. However, other studies suggested that sexual
harassment-driven dispersal of females appears to be a relatively rare phenomenon when compared with dispersal
performed to reduce intraspecific competition for resources experienced by offspring?*?*°. In this alternative
scenario, a primary driver of female dispersal is their pursuit for the optimal place for oviposition. Specifically,
the density of females may affect the habitat quality in a given area in terms of abundance of available foodplants,
which determines the habitat carrying capacity for ovipositing females. Therefore, it should be expected that
emigration will increase when the density of individuals exceeds the local capacity of the habitat®*2 Specifi-
cally for butterflies, this may lead females to leave their natal patches in case of improper quality or scarcity of
foodplants in order to reduce their offspring competition for resources**’. Leaving a natal habitat patch with a
high density of conspecifics may thus be particularly beneficial for females, as it gives them a chance to lay eggs in
less crowded habitats. Moreover, this behaviour of females also reduces the risk of inbreeding among offspring®>.

Conversely, lower male emigration is expected from a population with high density of individuals?***. This
tendency may be explained by the fact that males aim to maximize the number of mating occasions during their
lifetime in order to increase their evolutionary success****. The abundance of available females is the key factor
determining the habitat quality for males. Our results confirm the above rationale, as emigration propensity was
consistently significantly higher in males from the spring generation, characterized by low density of individuals.
With an increase in female density in summer generation, the competition between males for access to mating
partners decreased, apparently leading to a decrease in male emigration.

However, our results suggest that dispersal in the investigated L. helle metapopulation is not solely driven
by conspecific density per se, specifically in the case of males. First of all, the emigration propensity of males in
the summer generation of 2019 turned out very similar to that of males in the spring generation of 2018, despite
much higher (by over an order of magnitude) female abundance in the former period. This may be because male
decision to emigrate is likely to be influenced not only by female availability but also by the sex ratio, which was
strongly male-biased in summer 2019, thus increasing competition for females. The outcomes of the present
study also provide interesting insights into the pattern of distances travelled by the butterflies of both sexes.
Specifically, in 2018 males of the spring generation performed longer movements than females and males of the
summer generation, while in 2019 the situation changed, with longer distances covered by females. This may be
explained by the fact that in the spring of 2018 (characterised by several times lower butterfly numbers than in
the following year) the extreme scarcity of flying females forced males to travel longer distances in order to find
a mate. For the same reason, females had to fly relatively short distances before finding a foodplant free from
conspecific eggs already laid.

Apart from density-dependent effects on dispersal, our results highlight a clear difference in mobility of the
two generations of L. helle, thus giving us the opportunity to consider a differential functional role of the two
generations of bivoltine butterflies. A functional explanation of inter-generation differences in butterfly dispersal
was given by Fric and Konvicka'?, who hypothesized that individuals of the earlier generation, normally less
abundant, tend to remain at the site of their emergence, mainly performing inter-patch routine movements,
whereas those of the later generation tend to disperse. In A. levana demography modelling indeed revealed a
higher mobility of the second (summer) generation®. Similarly, in P. aegeria morphological differences between
early-spring, late-spring, and summer generations of the species have been detected and suggested to influence
their flight performance!!. In particular, early-spring males have the lowest values of relative thorax mass but
the highest values of wing loading among males. In addition, late-spring males have larger relative thorax mass,
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wing loading, and aspect ratio than summer males. Such morphological differences undoubtedly indicate three
different levels of energy investment in morphological features relevant for flight performance in three subse-
quent generations of the species which are likely to translate into differences in their mobility. Among females,
late-spring individuals are the largest and heaviest and this characteristic is supposed to influence their flight
performance as well®”. Moreover, in their study on A. levana, Fric and Konvicka'? clearly linked behavioural dif-
ferences in flight with morphological differences, suggesting that adults of summer generation, having a heavier
thorax, lower abdomen to body mass ratio, larger wing area, less pointed wings, and lower wing loading than
spring-generation individuals, are perfectly designed for long-endurance flights.

Although only a slight variation in wing size has been detected between generations of L. helle, with indi-
viduals belonging to the first generation having marginally bigger wings?” and hardly any inter-sexual or inter-
generation differences in the body mass®, the inter-generation differences in mobility of the two sexes revealed
by our analyses provide clear evidence of the different role that the two generations play in metapopulation
functioning. This may offer a novel perspective for our understanding of the advantages of voltinism for metap-
opulation persistence. Interpreting our results from this perspective, it is reasonable to conclude that the spring
generation dispersal of L. helle mainly improves the random mating opportunities favoured by an increase in male
emigration whenever the density of females in the natal patch is low. On the other hand, the dispersal of females
of the summer generation appears the key to the long-term persistence of the focal metapopulation. This is
because while inter-patch movements by both sexes can contribute to gene transfer’*®, only female (post-mating)
dispersal enables effective (re)colonisation of vacant habitat patches®’. Since L. helle is considered a relatively
poor colonizer of discrete habitat fragments**$>%, female inter-patch movements, performed predominantly in
summer when not only female numbers but also their emigration rates are several times higher, are fundamental
for ensuring the species presence in fragmented landscapes. Therefore, any disturbance to female movements in
summer season, e.g., unfavourable weather conditions reducing life expectancy of flying adults, would drastically
limit colonisation potential, which determines metapopulation persistence®*.

Data availability
The datasets generated during and/or analysed during the current study are available from the corresponding
author on reasonable request.

Received: 13 January 2021; Accepted: 6 May 2021
Published online: 26 May 2021

References
1. Hoye, T. T. et al. Phenology of high-arctic butterflies and their floral resources: Species-specific responses to climate change. Curr.
Zool. 60, 243-251 (2014).
2. Bell, J. R. et al. Spatial and habitat variation in aphid, butterfly, moth and bird phenologies over the last half century. Glob. Change
Biol. 25, 1982-1994 (2019).
3. Lewins, R. Evolution in Changing Environments: Some Theoretical Explorations (Princeton University Press, 1968).
4. Zografou, K. et al. Who flies first? Habitat-specific phenological shifts of butterflies and orthopterans in the light of climate change:
A case study from the south-east Mediterranean. Ecol. Entomol. 40, 562-574 (2015).
5. Yamamura, N. & Kiritani, K. A simple method to estimate the potential increase in the number of generations under global warm-
ing in temperate zones. Appl. Entomol. Zool. 33, 289-298 (1998).
6. Barton, M. G. & Terblanche, J. S. Predicting performance and survival across topographically heterogeneous landscapes: The global
pest insect Helicoverpa armigera (Hubner, 1808) (Lepidoptera: Noctuidae). Aus. Entomol. 53, 249-258 (2014).
. Tauber, M. J., Tauber, C. A. & Masaki, S. Seasonal Adaptations Of Insects (Oxford University Press on Demand, 1986).
. Altermatt, F. Climatic warming increases voltinism in European butterflies and moths. Proc. R. Soc. B. 277, 1281-1287 (2010).
. Lees, A. D. The physiology and biochemistry of diapause. Annu. Rev. Entomol. 1, 1-16 (1956).
. Roff, D. A. & Fairbairn, D. J. Wing dimorphisms and the evolution of migratory polymorphisms among the Insecta. Am. Zool. 31,
243-251 (1991).
11. Van Dyck, H. & Wiklund, C. Seasonal butterfly design: MORPHOLOGICAL plasticity among three developmental pathways
relative to sex, flight and thermoregulation. J. Evol. Biol. 15, 216-225 (2002).
12. Fric, Z. & Konvicka, M. Generations of the polyphenic butterfly Araschnia levana differ in body design. Evol. Ecol. Res. 4,1017-1032
(2002).
13. Urquhart, E. A. The Monarch Butterfly (University of Toronto Press, 1960).
14. Stefanescu, C. The nature of migration in the red admiral butterfly Vanessa atalanta: Evidence from the population ecology in its
southern range. Ecol. Entomol. 26, 525-536 (2001).
15. Stefanescu, C., Askew, R. R., Corbera, ]. & Shaw, M. R. Parasitism and migration in southern Palaearctic populations of the painted
lady butterfly, Vanessa cardui (Lepidoptera: Nymphalidae). Eur. J. Entomol. 109, 85-94 (2012).
16. Ohsaki, N. Comparative population studies of three Pieris butterflies, P. rapae, P. melete and P. napi, living in the same area. II.
Utilization of patchy habitats by adults through migratory and non-migratory movements. Res. Popul. Ecol. 22, 163-183 (1980).
17. Pollard, E., Greatorex-Davies, ]. N. & Thomas, J. A. Drought reduces breeding success of the butterfly Aglais urticae. Ecol. Entomol.
22,315-318 (1997).
18. Matthysen, E. Density-dependent dispersal in birds and mammals. Ecography 28, 403-416 (2005).
19. Kim, S. Y., Torres, R. & Drummond, H. Simultaneous positive and negative density-dependent dispersal in a colonial bird species.
Ecology 90, 230-239 (2009).
20. Nowicki, P. & Vrabec, V. Evidence for positive density dependent emigration in butterfly metapopulations. Oecologia 167, 657-665
(2011).
21. Plazio, E., Margol, T. & Nowicki, P. Intersexual differences in density-dependent dispersal and their evolutionary drivers. J. Evol.
Biol. 33, 1495-1506 (2020).
22. Brown, I. & Ehrlich, P. Population biology of the checkerspot butterfly, Euphydryas chalcedona structure of the Jasper Ridge colony.
Oecologia 47, 239-251 (1980).
23. Hanski, I., Kuussaari, M. & Nieminen, M. Metapopulation structure and migration in the butterfly Melitaea cinxia. Ecology 75,
747-762 (1994).
24. Petit, S., Moilanen, A., Hanski, I. & Baguette, M. Metapopulation dynamics of the bog fritillary butterfly, movements between
habitat patches. Oikos 92, 491-500 (2001).

—_
S O N

Scientific Reports |

(2021) 11:10950 | https://doi.org/10.1038/s41598-021-90572-1 nature portfolio



www.nature.com/scientificreports/

25.
26.

27.

28.

29.

30.

Enfjill, K. & Leimar, O. Density-dependent dispersal in the Glanville fritillary, Melitaea cinxia. Oikos 108, 465-472 (2005).
Schtickzelle, N., Mennechez, G. & Baguette, M. Dispersal depression with habitat fragmentation in the bog fritillary butterfly.
Ecology 87, 1057-1065 (2006).

Habel, J. C., Meyer, M., & Schmitt, T. Jewels In The Mist. A Synopsis On The Endangered Violet Copper Butterfly Lycaena helle
(Pensoft, 2014).

Martin, Y., Habel, J. C., Van Dyck, H. & Titeux, N. Losing genetic uniqueness under global change: the Violet Copper (Lycaena
helle) in Europe. In Jewels In The Mist. A Synopsis On The Endangered Violet Copper Butterfly Lycaena helle. (ed. Habel, J. C., Meyer,
M. & Schmitt, T.) 165-184 (Pensoft, 2014).

Nabielec, J. & Nowicki, P. Drivers of local densities of endangered Lycaena helle butterflies in a fragmented landscape. Popul. Ecol.
57, 649-656 (2015).

Bauerfeind, S. S., Theisen, A. & Fischer, K. Patch occupancy in the endangered butterfly Lycaena helle in fragmented landscape:
effects of habitat quality, patch size and isolation. J. Insect. Conserv. 13, 271-277 (2009).

31. Habel, J. C., Rodder, D., Schmitt, T. & Néves, G. Global warming will affect the genetic diversity and uniqueness of Lycaena helle
populations. Glob. Change Biol. 17, 194-205 (2011).

32. Van Helsdingen, P. J., Willemse, L. & Speight, M. C. D. Background Information On Invertebrates Of The Habitats Directive And
The Bern Convention. Crustacea, Coleoptera And Lepidoptera. Vol. 2 (Council of Europe Publishing, 1996)

33. Van Swaay, C. et al. European Red List Of Butterfies. (Publications Office of the European Union, 2010).

34. Fischer, K., Beinlich, B. & Plachter, H. Population structure, mobility and habitat preferences of the violet copper Lycaena helle
(Lepidoptera: Lyceanidae) in Western Germany: Implications for conservation. J. Insect. Conserv. 3, 43-52 (1999).

35. Kudlek, ] & Pepkowska, A. Natura 2000 Standard Data Form For SCI Debnicko-Tyniecki Obszar £gkowy PLH 120065 (GDOS,
2008).

36. Begon, M. Investigating Animal Abundance. Capture-recapture For Biologists. (Edward Arnold (Publishers) Ltd., 1979).

37. Cerrato, C,, Lai, V., Balletto, E. & Bonelli, S. Direct and indirect effects of weather variability in a specialist butterfly. Ecol. Entomol.
41,263-275 (2016).

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

39. Schwarz, C.J. & Arnason, A. N. A general methodology for the analysis of capture-recapture experiments in open populations.
Biometrics 52, 860-873 (1996).

40. Bubova, T., Kulma, M., Vrabec, V. & Nowicki, P. Adult longevity and its relationship with conservation status in European but-
terflies. J. Insect Conserv. 20, 1021-1032 (2016).

41. Hambdck, P. A. & Englund, G. Patch area, population density and the scaling of migration rates: The resource concentration
hypothesis revisited. Ecol. Lett. 8, 1057-1065 (2005).

42. Matter, S. F, Roland, J., Moilanen, A. & Hanski, I. Migration and survival of Parnassius smintheus: detecting effects of habitat for
individual butterflies. Ecol. Appl. 14, 1526-1534 (2004).

43. Dempster, J. P. & Pollard, E. Spatial heterogeneity, stochasticity and the detection of density dependence in animal populations.
Oikos 46, 413-416 (1986).

44. Gros, A., Hovestadt, T. & Poethke, H. J. Evolution of sex-biased dispersal: the role of sex-specific dispersal costs, demographic
stochasticity, and inbreeding. Ecol. Model. 219, 226-233 (2008).

45. Shapiro, A. M. The role of sexual behavior in density related dispersal of pierid butterflies. Am. Nat. 104, 367-372 (1970).

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

47. Baguette, M., Convie, I. & Neve, G. Male density affects female spatial behaviour in the butterfly Proclossiana eunomia. Acta. Oecol.
(Montrouge) 17, 225-232 (1996).

48. Baguette, M., Vansteenwegen, C., Convi, I. & Neve, G. Sex-biased density-dependent migration in a metapopulation of the butterfly
Proclossiana eunomia. Acta. Oecol. (Montrouge) 19, 17-24 (1998).

49. Matthysen, E. Multicausality of dispersal: a review. In Dispersal Ecology And Evolution (ed. Clobert, ., Baguette, M., Benton, T. G.
& Bullock, J. M.) 3—-18 (Oxford University Press, 2012).

50. Li, X. Y. & Kokko, H. Sex-biased dispersal: a review of the theory. Biol. Rev. 94, 721-736 (2019).

51. Dethier, V. & MacArthur, R. A field’s capacity to support a butterfly population. Nature 201, 728-729 (1964).

52. Baker, R. The dilemma: when and how to go or stay. In The Biology Of Butterflies. Symposium Of The Royal Entomological Society
Of London. Number 11 (ed. Vane-Wright, R. I. & Ackery, P. R.) 279-296 (Academic Press, 1984).

53. Rausher, M. Egg recognition: Its advantage to a butterfly. Anim. Behav. 27, 1034-1040 (1979).

54. Ray, C., Gilpin, M. & Smith, A. The effect of conspecific attraction on metapopulation dynamics. Biol. J. Linn. Soc. Lond. 42, 123-134
(1991).

55. Kuussaari, M., Nieminen, M. & Hanski, I. An experimental study of migration in the Glanville fritillary butterfly Melitaea cinxia.
J. Anim. Ecol. 65,791-801 (1996).

56. Fric, Z. & Konvicka, M. Adult population structure and behaviour of two seasonal generations of the European Map Butterfly,
Araschnia levana, species with seasonal polyphenism (Nymphalidae). Nota Lepid. 23, 2-25 (2000).

57. Gilchrist, G. W. The consequences of sexual dimorphism in body size for butterfly flight and thermoregulation. Funct. Ecol. 4,
475-487 (1990).

58. Klockmann, M., Karajoli, E,, Kuczyk, J., Reimer, S. & Fischer, K. Fitness implications of simulated climate change in three species
of copper butterflies (Lepidoptera: Lycaenidae). Biol. J. Linn. Soc. Lond. 120, 125-143 (2017).

59. Piaggio, A. ], Navo, K. W. & Stihler, C. W. Intraspecific comparison of population structure, genetic diversity, and dispersal among
three subspecies of Townsend’s big-eared bats, Corynorhinus townsendii townsendii, C. t. pallescens, and the endangered C. t.
virginianus. Conserv. Genet. 10, 143-159 (2009).

60. Solmsen, N., Johannesen, J. & Schradin, C. Highly asymmetric fine-scale genetic structure between sexes of African striped mice
and indication for condition dependent alternative male dispersal tactics. Mol. Ecol. 20, 1624-1634 (2011).

61. Bergman, K. O. & Landin, J. Population structure and movements of a threatened butterfly (Lopinga achine) in a fragmented
landscape in Sweden. Biol. Conserv. 108, 361-369 (2002).

62. Craioveanu, C,, Sitar, C. & Rakosy, L. Mobility, behaviour and phenology of the Violet Copper Lycaena helle in North-Western
Romania. In Jewels In The Mist. A Synopsis On The Endangered Violet Copper Butterfly Lycaena helle. (ed. Habel, J. C., Meyer, M.
& Schmitt, T.) 91-105 (Pensoft, 2014).

63. Turlure, C., Van Dyck, H., Goffart, P., & Schtickzelle, N. Resource-based habitat use in Lycaena helle: Significance of a functional,
ecological niche-oriented approach. In Jewels In The Mist. A Synopsis On The Endangered Violet Copper Butterfly Lycaena helle.
(ed. Habel, J. C., Meyer, M. & Schmitt, T.) 67-86 (Pensoft, 2014).

64. Hanski, I., & Gaggiotti, O. E. Ecology, Genetics and Evolution Of Metapopulations (Elsevier Academic Press, 2004).

Acknowledgements

The study was funded by the Polish National Science Centre grant UMO-2019/33/N/NZ8/02848, whereas the
field surveys of Lycaena helle butterflies were supported by the Jagiellonian University through its DS/MND/

Scientific Reports|  (2021) 11:10950 | https://doi.org/10.1038/s41598-021-90572-1 nature portfolio



www.nature.com/scientificreports/

WB/InoS/6/2018 funds. We are grateful to Jolanta Kozlowska, Malgorzata Sliz, Tamoor Ali, Michal Bzoma,
Katarzyna Krzosek, and Pawel Mielczarek for their assistance in the fieldwork, as well as to David S. La Mantia
for improving the English of the manuscript.

Author contributions

E.P. and PN. formulated the idea, E.P. conducted fieldwork, PN. and E.P. analysed the data, E.P. wrote the manu-
script with comments from PN., and E.P. prepared figures 1 and 2 and produced hand-drawn illustrations of
figure 1. Both authors reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:10950 | https://doi.org/10.1038/s41598-021-90572-1 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Inter-sexual and inter-generation differences in dispersal of a bivoltine butterfly
	Materials and methods
	Study species. 
	Study area. 
	Field sampling. 
	Estimation of dispersal parameters. 
	Ethics approval. 

	Results
	Discussion
	References
	Acknowledgements


