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Weather conditions fundamentally affect the activity of short-lived insects.
Annual variation in weather is therefore likely to be an important determinant
of their between-year variation in dispersal, but conclusive empirical studies
are lacking. We studied whether the annual variation of dispersal can be
explained by the flight season’s weather conditions in a Clouded Apollo
(Parnassius mnemosyne) metapopulation. This metapopulation was monitored
using the mark—release—recapture method for 12 years. Dispersal was quan-
tified for each monitoring year using three complementary measures:
emigration rate (fraction of individuals moving between habitat patches), aver-
age residence time in the natal patch, and average distance moved. There was
much variation both in dispersal and average weather conditions among the
years. Weather variables significantly affected the three measures of dispersal
and together with adjusting variables explained 79-91% of the variation
observed in dispersal. Different weather variables became selected in the
models explaining variation in three dispersal measures apparently because
of the notable intercorrelations. In general, dispersal rate increased with
increasing temperature, solar radiation, proportion of especially warm days,
and butterfly density, and decreased with increasing cloudiness, rainfall,
and wind speed. These results help to understand and model annually
varying dispersal dynamics of species affected by global warming.

1. Introduction

Dispersal is a key factor affecting distribution and population trends of species
[1,2]. Tt is defined as movements potentially leading to gene flow [3]. The
amount of dispersal and the distances moved by dispersing individuals have
an important role in population responses to human-induced global changes
such as habitat fragmentation and climate change [4]. The frequency of move-
ments between habitat patches may have various effects on spatial population
dynamics, which is central to metapopulation theory [5]. Dispersal movements
between patches also influence the genetics and distribution of species as well
as the evolution of dispersal itself via effects on individual fitness [6,7]. Under-
standing how intrinsic population biological processes and environmental
variables affect dispersal is crucial to successfully managing (meta)populations
for conservation and forecasting species responses to global changes [8].

Much empirical research has focused on documenting levels of dispersal
between habitat patches and identifying factors affecting it [6,9,10]. Butterflies
have been a popular model group in dispersal research [11-13], and a number
of intrinsic population and environmental variables have been shown to signifi-
cantly affect their movements [14]. Variation in dispersal may be sex-specific
[15] and density-dependent [16], but it is also affected by species traits [17],
landscape structure [12,18-20], and population history [21,22].

Certain features of weather, such as temperature and the amount of sunshine,
also fundamentally influence the activity of invertebrates such as butterflies
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(a) number of occupied years

(b) number of captures

(c) between-patch movements
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Figure 1. Maps of the studied butterfly metapopulation with information on (a) the number of years of butterfly occupancy for the 12 suitable habitat patches
plotted on an aerial photograph, (b) total number of butterfly capture events in different patches, and (c) frequency of observed between-patch movements during
2004—2015. Arrows indicate directions of movements and their width indicate the frequency of detected movements between pairs of habitat patches: the nar-
rowest arrow less than 10, medium wide arrow more than 15, and the widest arrow more than 50 movements. (Online version in colour.)

[23,24], but the effects of varying weather conditions on disper-
sal have been surprisingly little studied. Laboratory studies
have documented temperature limits within which butterflies
are capable of flying [25,26], and short-term field studies
have shown how flight duration and the net displacement
rate of individual butterflies increase with increasing tempera-
ture and decreasing cloudiness [27-30]. Annual variation in
weather could therefore be an important determinant of
between-year differences in butterfly dispersal. However,
long-term studies documenting annual variation in dispersal
activity within metapopulations are scarce [15,31], and con-
clusive studies on the role of annual weather conditions
determining dispersal rates are lacking. This is an important
gap in our understanding of the effects of weather on spatial
population dynamics, especially given the large impact that
recent changes in climate have already caused in various
ecosystems worldwide [32,33].

Here, we report a 12-year study documenting large vari-
ation in annually observed between-patch movements within
a butterfly metapopulation and show that this variation is
closely associated with yearly differences in weather conditions
(temperature, sunshine, cloudiness, rain, and windiness)
during the flight seasons. According to our results, varying
weather is the main driver causing variation in annual disper-
sal rates within the studied metapopulation of the Clouded
Apollo butterfly.

2. Material and methods

(a) Study species and system

The Clouded Apollo (Parnassius mnemosyne) is a Palearctic but-
terfly that is classified as threatened in Finland and elsewhere
in Europe [34-36]. In Finland, the Clouded Apollo is a rare
inhabitant of traditionally managed flower-rich meadows and

pastures accompanied with abundant Corydalis solida, the larval
host plant [35].

In order to study how annual weather conditions affect
butterfly dispersal, we monitored individual movements
within an introduced metapopulation of the Clouded Apollo
butterfly using the mark-release—recapture (MRR) method
during 2004—-2015 (electronic supplementary material, table S1).
Our study area is located in southern Finland, where the
butterfly lives in a network of 12 habitat patches (figure 1). The
landscape of the study area consists of a mosaic of forests,
cultivated fields, and semi-natural grasslands (for a detailed
description of the metapopulation see Kuussaari et al. [37]).
During the study period, 2—12 of the patches (mean = 6.1) were
annually occupied by the butterfly, with the estimated metapopu-
lation size varying between 98 and 1 122 individuals (mean = 393;
figure 1a; electronic supplementary material, table S1 and
figure S1).

A total of 2468 Clouded Apollos were marked and 1308
(563%) individuals recaptured at least once, with annual numbers
varying between 56-523 (mean =206) marked and 33-250
(mean = 109) recaptured individuals during the 12-year period
(see figure 1b and electronic supplementary material, table S1,
for spatial and annual results). Of all recaptured individuals,
216 (16.5%) were caught for the last time outside their natal
patch, with a lot of annual variation in the amount of between-
patch movement (electronic supplementary material, table S1).
The majority of dispersal movements were observed between rela-
tively closely located patches, but longer (more than 0.5km)
movements were also frequent in some years (figure 1c; electronic
supplementary material, figure S2; [37]).

(b) Dispersal variables

We calculated three complementary measures of annual dispersal
to study year-to-year variation in butterfly mobility. Firstly,
the emigration rate was calculated as the fraction of recaptured
individuals observed for the last time outside their natal habitat
patch. This measure was based on all recaptured individuals
regardless in which habitat patch they were originally marked.
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Most captures of emigrants were made within other habitat patches
suitable for breeding, but a few of them were also made in the
intervening areas. Here, as well as in the calculation of the other
dispersal measures, each butterfly individual was considered
only once. Therefore, the amount of annual between-patch move-
ment reported in the electronic supplementary material, table S1
represents a conservative minimum estimate.

Secondly, we calculated the observed average residence time
in the natal habitat patch. This measure was based only on individ-
uals marked and recaptured in the largest (4.1 hectares (ha))
habitat patch which contained the largest local Clouded Apollo
population of the metapopulation in every year [37]. This is a
complementary measure associated with dispersal, because it
describes the tendency of individuals to remain in their natal
patch. Residence time and emigration rate measures are inverse
to each other, being significantly negatively correlated (Pearson
correlation: » = —0.80, p = 0.002, n = 12).

Thirdly, we calculated the average distance moved by individ-
uals based on the distance between the first and last capture point
of each recaptured individual. This measure was calculated
by combining all recaptured individuals of the whole metapopula-
tion. It is affected by both within- and between-patch movements
(electronic supplementary material, figure S2). It correlates
positively with the emigration rate (Pearson correlation: » = 0.74,
p=0.006, n=12) and negatively (though not significantly)
with the average residence time (Pearson correlation: r = —0.45,
p=0.14,n=12).

All three annual dispersal measures were calculated separately
for the sexes as well as for their combined data (electronic sup-
plementary material, table S1). However, in the statistical
analyses we used the estimates based on the combined data,
because variation of annual dispersal was very similar between
the two sexes (electronic supplementary material, table S1) with
no significant differences except in the residence time. Even
though males had on average longer residence times in the natal
patch than females (paired t-test: p = 0.008, n = 12), the annual
variation was positively correlated (Pearson correlation: » = 0.41,
p =041, n =12) between the sexes. Previous studies have also
reported a very similar dispersal tendency of the sexes in the
Clouded Apollo [34,38], which supports our approach to combine
the data of the sexes.

(c) Weather and adjusting variables

In our analyses, we used daily weather data available from a
weather station (Harabacka) located approximately 7 km north
of the butterfly study area and run by the Finnish Meteorological
Institute. We calculated the annual explanatory weather variables
based on the records made only during the yearly observed flight
period of the Clouded Apollo in our study area. The timing
and length of the butterfly’s flight season varied considerably
according to the annual weather conditions, with the mean
length being 32.4 days (range 24-45), starting date being 1 June
(range 24 May-7 June) and the ending date being 4 July (range
26 June-9 July). The following nine weather variables were used
to explain between-year differences in butterfly dispersal (for the
annual values see the electronic supplementary material, table S2
and figure S1): mean temperature (°C; based on multiple measure-
ments per day), mean daily minimum and maximum temperature
(°C), average cloudiness (measured as 0—8/8), mean wind speed
(ms™'), mean daily solar radiation (k] m2), and mean daily rain-
fall (mm) during the flight season, as well as the proportions of
rainy (at least one millimetre of rain per day) and especially
warm (more than 25°C) days during the flight season.

In addition to the weather variables, we measured three
adjusting variables which might also affect the observed vari-
ation in butterfly dispersal (electronic supplementary material,
table S2 and figure S1). Firstly, the annually estimated

metapopulation size (total number of individuals calculated
according to Kuussaari et al. [37]) served as a metapopulation
level measure of butterfly density, a factor that has often been
shown to impact butterfly dispersal [14,16,38]. Secondly, the
annual number of occupied patches measured the spatial com-
ponent of butterfly occurrence (figure 1a). Thirdly, we used the
annual recapture rate of marked butterflies as a measure of
study effort, which may also have an effect on dispersal results.
This measure correlated strongly with the annual number of
days spent in the field (Pearson correlation: r = 0.83, p < 0.001,
n =12), strongly negatively with annual metapopulation size
(r=-0.77, p=0.003, n=12), and moderately negatively with
the annual number of occupied patches (r = —0.51, p = 0.087,
n=12). In addition, metapopulation size and the number of
annually occupied patches were strongly correlated (r = 0. 74,
p=0.006, n = 12).

(d) Statistical analyses

In order to explore relationships between the dispersal measures
and the explanatory weather and adjusting variables, we calculated
single Pearson correlations between each dispersal and explanatory
measure. Pearson correlations could be used because all the disper-
sal measures were normally distributed. As the correlations with
explanatory variables were very similar in the two sexes (electronic
supplementary material, table 54), we opted to use the disper-
sal measures based on combined male and female data. To
illustrate the correlation structure among the explanatory variables,
we also calculated correlations between all explanatory variables
(electronic supplementary material, table S3).

As the main analyses, we built statistical models with for-
ward selection (0.05 considered as the threshold p-value for
entering and 0.1 for leaving the model) to assess which of the
explanatory variables best explain variation in the three dispersal
measures. Statistically significant adjusting variables were
entered in the model first, after which the weather variables
were added using forward selection. The emigration rate was
modelled using a generalized linear model (GLM) with a bino-
mial error distribution and a logit link function. Statistical
significance of explanatory factors was calculated using x* test.
Annual average residence time and distance moved were mod-
elled based on multiple linear regression with statistical
significance of explanatory factors inferred based on t-statistics
and the significance of the full model tested using the F-test.

In order to examine the robustness of the results, we also built
the models using an alternative way, by always including the
adjusting variables in the models before adding the significant
weather variables. However, we did not force all three adjusting
variables simultaneously into the models for two reasons. Firstly,
our adjusting variables were relatively strongly intercorrelated
(electronic supplementary material, table S3) and including several
collinear predictors could lead to biased results [39,40]. Secondly, it
is a general recommendation to include only very few explanatory
variables into the models (to avoid overfitting) when the number
of independent observations is as low as in our case (i.e. only 12
years of data; see the ‘one in 10 rule” in Harrell Jr et al. [41]). For
these reasons, we built three alternative models for each dispersal
measure by forcing each of the adjusting variables separately (one
at a time) into the model before adding the significant weather
variables. Results for the most important adjusting variable are
provided in the Results section, and those for the two alternative
models in the electronic supplementary material.

3. Results

There was a lot of variation in both dispersal and average
weather conditions among the 12 study years (electronic
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Table 1. Pearson correlations between the three dispersal measures and the explanatory adjusting and weather variables (n = 12 years).

emigration

explanatory variable

adjusting variables

number of occupied patches 066 *
o populétidn R o -
recapture rate —0.77 **
weather variables o
average cloudiness —0.82 **
* proportion of especially warm days 063 *
mean daily solar radiation (k) m™~) 0.56
e .”y e (r‘nbr‘n) ...... e e
proportion of rainy days —0.43
‘mean daly minimum temperature (°0) 071 %
mean daily maximum temperature (°C) 0.68 *
‘méan témpefaturé (°‘(>) . 0.77 **
mean wind speed (m s~ ") —0.69 *

*p < 0.05, *p < 0.01, ***p < 0,001,

supplementary material, tables S1 and S2). The butterfly emi-
gration rate varied from 4 to 26%, average residence time from
1.8 to 9.9 days, and average distance moved from 71 to 154 m,
but there was no significant linear trend in any of the dispersal
measures (electronic supplementary material, figure S1).

All three dispersal measures correlated significantly with
several of the nine weather variables (table 1). The emigration
rate correlated positively with the temperature variables and
the proportion of especially warm days, and negatively with
cloudiness, rainfall, and wind speed. The weather variables
in turn tended to be intercorrelated with each other (electronic
supplementary material, table S3). As expected, the average
residence time showed an opposite relationship with weather
variables compared with the emigration rate, the residence
rate being significantly correlated with seven out of nine
weather variables. The average distance moved differed from
the first two dispersal measures by being significantly corre-
lated with only two weather (temperature) variables. This
difference was at least partly due to the strong positive corre-
lation between average distance moved and the number of
occupied patches. Regarding the adjusting variables, annual
metapopulation size was significantly correlated with all dis-
persal variables, indicating that high butterfly density was
associated with an elevated emigration rate and short residence
time as well as with long average distance moved (table 1).

In the statistical models, where significant adjusting vari-
ables were entered in the model before the weather variables,
one adjusting variable and one weather variable were selected
in the final model for each dependent dispersal variable
(table 2). The emigration rate increased with both increas-
ing metapopulation size and mean daily solar radiation
(figure 2a,b). This model explained 85% of the variation in emi-
gration. The final model for average residence time included
recapture rate and the proportion of especially warm days as
the selected explanatory variables. This model explained 91%
of the variation, the residence time lengthening together

residence time distance moved

p-value

—042 083 ek

,,,,,,,,, o ; - -
0.60 * —0.55
083 —0.55

,,,,, i T

—0.66 * 0.0
,,,,,, o . L
053 —034

—065 * R *
—077 * 0.54

e :
053 ' —0.44

with the increasing recapture rate and substantially shorten-
ing with the increasing proportion of especially warm days
(figure 2c,d). The final model for the average distance moved
explained 79% of the variation and included the number of
occupied patches together with mean temperature, both
of these variables having a positive effect on the observed
distances moved (figure 2¢,f).

The results remained qualitatively very similar, when the
two alternative adjusting variables were forced into the
model one at a time before the significant weather variables
were added (electronic supplementary material, table S5).
There was some variation between the different models in
the particular weather variables, which became selected,
but in eight of the nine built additional models at least one
statistically significant weather variable could be added in
the model after the forced adjusting variable.

4. Discussion
(a) Weather and dispersal

Our 12-year study revealed high annual variation in butterfly
dispersal between habitat patches of a metapopulation. This
variation was strongly correlated with several intercorrelated
annual weather variables (temperature, sunshine, cloudiness,
rainfall, and windiness) measured during the butterfly’s
flight season. Previously, local weather has been shown to
affect the activity and movements in several butterfly species
in laboratory [25,26] and short-term field studies [27-30], but
to our knowledge this is the first study to convincingly show
that this also applies to annual dispersal rates in natural but-
terfly populations. Over 75% of the observed variation in all
three dispersal measures could be explained by the flight sea-
son’s weather together with intrinsic population factors such
as butterfly density and annual pattern of patch occupancy.
Based on the results, we conclude that the amount of warm
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Table 2. Summary of the modelling results on the factors explaining annual variation in the three dispersal measures. The models were built by entering [}
statistically significant adjusting variables first before testing the significance of the weather variables. (a) The emigration rate was modelled using a generalized
linear model (GLM) with a binomial error distribution and a logit link function. (b) Annual average residence times and distances moved were modelled based

on multiple linear regression models.

variable coefficient
(a)
emig‘ration‘ rate
null model
 metapopulation size 000104
mean daily solar radiation 0.00011
8>5%o‘f the total deviance explained by the model
variable coefficient
(b)
residence time
recapture rate 0.056
© proportion of especially warm days 1464

n kP R
distance moved

number of occupied patches 517
mean temperature 7.70
n kPR 12, 21.36, <0.001, 0.79

and sunny weather favourable for butterfly activity during
the species’ flight season is an important driver for year-
to-year variation in dispersal of the Clouded Apollo butterfly,
and also potentially of many other heliothermic butterfly and
insect species.

At first, it may be surprising that the strong relationship
between annual weather conditions and butterfly dispersal is
insufficiently documented so far, although there are numerous
earlier studies on butterfly dispersal. This paucity of previous
evidence may be largely due to the general lack of long-
term time series documenting variation in dispersal rates.
Indeed, despite much empirical research on butterfly dispersal
[13,14], studies addressing annual variation in the dispersal rate
in the same study system are rare and, therefore, factors affect-
ing such variation have seldom been analysed.

A notable exception is the long-term mark-recapture study
of a metapopulation of Proclossiana eunomia in Belgium in
which butterfly dispersal between habitat patches was moni-
tored for 19 years [15]. In this species, the dispersal rate
varied considerably between years, but in contrast with expec-
tations, the authors could not detect any significant effects of
annual weather on the dispersal rate. This was interpreted
partly to be due to the substantial effect of butterfly density
on emigration rate that varied between the sexes and poten-
tially because the closest weather station was relatively far
away. In another long-term study of Parnassius smintheus in
Canada, the authors [31] reported high annual variation in
the emigration rate during 6 years but did not find any signifi-
cant weather effects. In our study, the detection of weather
effects on the dispersal rate was enabled by the occurrence of
several exceptionally warm and sunny (2006, 2011, 2013) as
well as cold and rainy (2004, 2014) flight periods during the
12-year study period. In agreement with our results, a
number of various observations from short-term studies on

12, 56.0, <0.001, 0.91

df. residual deviance p-value

n 55.07

10 17.58 <0.001
9 7.99 0.002

t p-value

4.03 0.003

—823 <0.001

434 0.002

2.63 0.027

butterfly movement and dispersal have suggested that weather
may indeed drive dispersal rates (e.g. [22,27,29,30,42,43]).

If the annual variation in dispersal is often high and pri-
marily driven by weather conditions, we can predict high
weather-induced annual variability also in colonization
rates of empty suitable habitat patches in metapopulations
and more generally in the rapidity of expansion of species
that are spreading polewards and upwards in mountain
slopes under the warming climate [44—46]. Again, there are
observations from earlier studies that are in good agreement
with these predictions, but systematically collected long-term
time series documenting variation in colonization and expan-
sion rates are rare. For example, the introduced population
of Proclossiana eunomia in southern France did not manage
to colonize new areas until an exceptionally hot and sunny
year facilitated a rapid colonization of suitable habitats in
the surrounding landscape [47]. Another example is the
range expansion of the map butterfly (Araschnia levana) in
Finland [48]. This species was observed to expand its range
more in warm than in cooler summers, and the annually
observed maximum colonization distance was significantly
explained by the mean annual late summer temperature.

Regarding our study on the Clouded Apollo, weather
conditions correlated significantly (mean daily rainfall and
the proportion of rainy days negatively, and mean daily
temperature positively; p < 0.05) with annually observed
numbers of local colonizations, even though the annual num-
bers were low (a total of 15 colonizations in 2004—2015). Our
dispersal results show that exceptional weather conditions
can substantially affect the annual dispersal rates, because
the proportion of exceptionally warm days was significantly
correlated with both the emigration rate and average resi-
dence time. The proportion of especially warm days
together with annual recapture rate explained 91% of the
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Figure 2. Relationships between the three dispersal measures and the significant explanatory variables in the statistical models of table 2. Both empirical data
points and the predicted lines of the corresponding fitted GLM (a,b) and multiple regression models (c—f) are shown.

high variation in average residence times, with markedly low
residence times in years with substantial occurrence of excep-
tionally warm weather (figure 2d). Nevertheless, there is
currently no consensus on the effects of exceptional weather
conditions on the colonization process, as was recently
pointed out by Malinowska et al. [49]. Thus, more empirical
case studies are needed in documenting the effects of extreme
weather conditions [50].

(b) Role of intrinsic population variables

In addition to the significant effects of weather, we found
that dispersal was higher when the metapopulation size was
large and recapture rate low, and that average distances
moved were longer when a larger number of patches were
occupied by the butterfly. The latter effect is a simple
consequence of the larger total occupied landscape area
of the butterflies, and of more isolated patches being occupied.
The effect of metapopulation size can be interpreted as
positively density-dependent dispersal which has often been
documented in butterflies [14,16]. This interpretation is also

supported by observations from the largest habitat patch

of our metapopulation: the emigration rate increased
significantly with annual butterfly density (individuals ha™%;
linear regression: p =0.02, =039, n= 12) in that local
population.

Besides the observation of positively density-dependent
emigration, it is possible that the large metapopulation size
was also associated with elevated emigration levels from
small habitat patches. This is because small patches tended
to be occupied by the butterfly only when the metapopula-
tion size was large. A negative relationship between the
patch area and emigration rate has been well-established in
several butterfly species [51,52] and has also been reported
in the Clouded Apollo [38]. We would like to stress however,
that the evidence for a strong and robust effect of weather was
clear, even if annually varying patch occupancy may have con-
tributed to the observed annual emigration rates. This is
indicated by the strong effect of weather on the average resi-
dence times. This finding was based only on the data from
the largest habitat patch of our study system, but nonetheless,
it is in good agreement with the results for emigration rate.
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Recapture rate was included in the analyses as an adjust-
ing variable measuring the annual study effort. However, it
was strongly negatively correlated with metapopulation
size, presumably reflecting the difficulty of getting a large
fraction of butterflies recaptured when butterfly density
was very high. Therefore, it is probable that it was the large
metapopulation size and high butterfly density, and not the
low recapture rate, that were ultimately contributing to the
high emigration rate observed in some years.

(c) Implications for global change research

If high variation in dispersal, and in range expansion rates
caused by varying weather conditions, is a common phenom-
enon, it has implications on modelling and predicting the
effects of climate change on species distributions. For example,
average dispersal rates of many insect species might increase
with increasing mean temperature and thus facilitate expan-
sion towards areas that have recently become climatically
suitable due to climate change [29]. Alternatively, such an
effect could be counteracted if average cloudiness would sim-
ultaneously increase, especially for heliothermic insects [31].
The results of several recent studies have emphasized the
potentially high ecological importance of the variability and
extreme weather events compared with average weather
conditions [53-56] and the difficulty of predicting the conse-
quences on population dynamics of such climatic changes
[50]. Improving our knowledge on the role that average and
extreme weather conditions have in governing the annual

dispersal rates of ectotherm animals, such as insects, requi-
res further attention. Better knowledge will help develop
improved model predictions of the effects of climate change
on population dynamics and range shifts of species.

Ethics. The permission to study the threatened and protected butterfly
species within a nature reserve was granted by the Uusimaa Centre
for Economic Development, Transport, and the Environment in
accordance with Finnish law.

Data accessibility. The datasets supporting this article have been
uploaded as part of the electronic supplementary material.

Authors” contributions. M.K. designed the study, carried out statistical
analyses, and drafted the manuscript. All authors participated in
fieldwork. S.R. processed data. S.R., RKH., and J.H. helped in
study design and in drafting the manuscript.

Competing interests. We have no competing interests.

Funding. Funding was granted by Metsahallitus, the Finnish Ministry of
the Environment, Societas Biologica Fennica Vanamo, Societas Ento-
mologica Fennica, and the EU LIFE project titled ‘Improving the
Conservation Status of Species-rich Habitats’ (LIFE10 NAT /FI/0048).
Acknowledgements. We thank Svenska Litteratur Sallskapet, Met-
sahallitus and the Uusimaa Centre for Economic Development,
Transport, and the Environment for permissions for conducting the
research. We are grateful to Hanna Aho, Annika Harlio, Markus
Haveri, Soili Huttunen, Elina Karhu, Marika Kuokkanen, Marianne
Mayer, Marko Saarela, Elina Uotila, and Tea von Bonsdorff for
their help with the fieldwork. We thank Thomas Merckx, Juha
Poyry, Marjo Saastamoinen, Robert Wilson, and an anonymous
referee for their helpful comments on the manuscript and Juha
Poyry for advice in the statistical analyses. We would like to dedicate
this paper to the memory of Professor Ilkka Hanski, our teacher and a
great inspirer in ecological research.

(eds J Clobert, M Baguette, TG Benton, JM Bullock),
pp. 251-265. Oxford, UK: Oxford University Press.
Holyoak M, Casagrandi R, Nathan R, Revilla E,
Spiegel 0. 2008 Trends and missing parts in the

(Boloria eunomia). In Dispersal ecology and
evolution (eds J Clobert, M Baguette, TG Benton,
JM Bullock), pp. 231-239. Oxford, UK: Oxford
University Press.

References
Ewers RM, Didham RK. 2006 Confounding factors in study of movement ecology. Proc. Natl Acad. Sci. 16.  Nowicki P, Vrabec V. 2011 Evidence for positive
the detection of species responses to habitat USA 105, 19 060—19 065. (doi:10.1073/pnas. density-dependent emigration in butterfly
fragmentation. Biol. Rev. 81, 117—142. (doi:10. 0800483105) metapopulations. Oecologia 167, 657 —665. (doi:10.
1017/51464793105006949) 10. Baguette M, Stevens VM, Clobert J. 2014 The pros 1007/500442-011-2025-x)
Ockinger E et al. 2010 Life-history traits predict and cons of applying the movement ecology 17. Stevens VM, Trochet A, Van Dyck H, Clobert J,
species responses to habitat area and isolation: a paradigm for studying animal dispersal. Movement Baguette M. 2012 How is dispersal integrated in life
cross-continental synthesis. Ecol. Lett. 13, 969—979. Ecol. 2, 231. (doi:10.1186/540462-014-0013-6) histories: a quantitative analysis using butterflies.
(doi:10.1111/}.1461-0248.2010.01487 x) 1. Wilson RJ, Thomas CD. 2002 Dispersal and the Ecol. Lett. 15, 74—86. (doi:10.1111/].1461-0248.
Ronce 0. 2007 How does it feel to be like a rolling spatial dynamics of butterfly populations. In 2011.01709.x)
stone? Ten questions about dispersal evolution. Dispersal ecology (eds JM Bullock, RE Kenward, 18. Schtickzelle N, Mennechez G, Baguette M. 2006
Annu. Rev. Ecol. Evol. Syst. 38, 231—-253. (doi:10. RS Hails), pp. 257-278. Oxford, UK: Blackwell. Dispersal depression with habitat fragmentation in
1146/annurev.ecolsys.38.091206.095611) 12. Dover J, Settele J. 2009 The influences of landscape the bog fritillary butterfly. Ecology 87, 1057 —1065.
Bowler DE, Benton TG. 2005 Causes and structure on butterfly distribution and movement: a (doi:10.1890/0012-9658(2006)87[1057:DDWHFI]2.0.
consequences of animal dispersal strategies: relating review. J. Insect Conserv. 13, 3—27. (doi:10.1007/ 0;2)
individual behaviour to spatial dynamics. Biol. Rev. 510841-008-9135-8) 19.  Wang R, Ovaskainen 0, Cao Y, Chen H, Zhou Y, Xu C,
80, 205-225. (doi:10.1017/51464793104006645) 13. Stevens VM, Turlure C, Baguette M. 2010 A meta- Hanski 1. 2011 Dispersal in the Glanville fritillary
Hanski |, Gaggiotti OE (eds). 2004 Ecology, genetics, analysis of dispersal in butterflies. Biol. Rev. 85, butterfly in fragmented versus continuous
and evolution of metapopulations. Amsterdam, The 625—642. (doi:10.1111/.1469-185X.2009.00119.x) landscapes: comparison between three methods.
Netherlands: Elsevier Academic Press. 14. Hovestadt T, Nieminen M. 2009 Costs and benefits Ecol. Entomol. 36, 251-260. (doi:10.1111/).1365-
Clobert J, Baguette M, Benton TG, Bullock JM (eds). of dispersal in butterflies. In The ecology of 2311.2011.01267.x)
2012 Dispersal ecology and evolution. Oxford, UK: butterflies in Europe (eds J Settele, TG Shreeve, 20.  Nowicki P, Vrabec V, Binzenhdfer B, Feil J, Zaksek B,
Oxford University Press. M Konvicka, H Van, Dyck), pp. 97— 106. Cambridge, Hovestadt T, Settele J. 2014 Butterfly dispersal in
Bonte D et al. 2012 Costs of dispersal. Biol. Rev. 87, UK: Cambridge University Press. inhospitable matrix: rare, risky, but long-distance.
290-312. (doi:10.1111/j.1469-185X.2011.00201.x) 15. Schtickzelle N, Turlure C, Baguette M. 2012 Landsc. Ecol. 29, 401-412. (doi:10.1007/510980-
Benton TG, Bowler DE. 2012 Linking dispersal to Temporal variation in dispersal kernels in a 013-9971-0)
spatial dynamics. In Dispersal ecology and evolution metapopulation of the bog fritillary butterfly 21. Hanski |, Breuker CJ, Schdps K, Setchfield R,

Nieminen M. 2002 Population history and life
history influence the migration rate of female
Glanville fritillary butterflies. Oikos 98, 87-97.
(doi:10.1034/j.1600-0706.2002.980109.x)

€1¥09L07 (€8T g 20 Y 20id  biobuiysigndiianosieforqds H


http://dx.doi.org/10.1017/S1464793105006949
http://dx.doi.org/10.1017/S1464793105006949
http://dx.doi.org/10.1111/j.1461-0248.2010.01487.x
http://dx.doi.org/10.1146/annurev.ecolsys.38.091206.095611
http://dx.doi.org/10.1146/annurev.ecolsys.38.091206.095611
http://dx.doi.org/10.1017/S1464793104006645
http://dx.doi.org/10.1111/j.1469-185X.2011.00201.x
http://dx.doi.org/10.1073/pnas.0800483105
http://dx.doi.org/10.1073/pnas.0800483105
http://dx.doi.org/10.1186/s40462-014-0013-6
http://dx.doi.org/10.1007/s10841-008-9135-8
http://dx.doi.org/10.1007/s10841-008-9135-8
http://dx.doi.org/10.1111/j.1469-185X.2009.00119.x
http://dx.doi.org/10.1007/s00442-011-2025-x
http://dx.doi.org/10.1007/s00442-011-2025-x
http://dx.doi.org/10.1111/j.1461-0248.2011.01709.x
http://dx.doi.org/10.1111/j.1461-0248.2011.01709.x
http://dx.doi.org/10.1890/0012-9658(2006)87[1057:DDWHFI]2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2006)87[1057:DDWHFI]2.0.CO;2
http://dx.doi.org/10.1111/j.1365-2311.2011.01267.x
http://dx.doi.org/10.1111/j.1365-2311.2011.01267.x
http://dx.doi.org/10.1007/s10980-013-9971-0
http://dx.doi.org/10.1007/s10980-013-9971-0
http://dx.doi.org/10.1034/j.1600-0706.2002.980109.x

22.

23.

24,

25.

26.

27.

28.

29.

30.

31

32.

33.

Ovaskainen O, Smith AD, Osborne JL, Reynolds DR,
Carreck NL, Martin AP, Niitepold K, Hanski . 2008
Tracking butterfly movements with harmonic radar
reveals an effect of population age on movement
distance. Proc. Nat/ Acad. Sci. USA 105, 19 090
19 095. (doi:10.1073/pnas.0802066105)

Kingsolver JG. 1985 Butterfly thermoregulation:
organismic mechanisms and population
consequences. J. Res. Lepid. 24, 1-20. (doi:10.
1016/0163-7827(85)90006-2)

Wickman PO. 2009 Thermoregulation and habitat
use in butterflies. In The ecology of butterflies in
Europe (eds J Settele, TG Shreeve, M Konvicka, H
Van Dyck), pp. 55—61. Cambridge, UK: Cambridge
University Press.

Berwaerts K, Van Dyck H. 2004 Take-off
performance under optimal and suboptimal thermal
conditions in the butterfly Pararge aegeria.
Oecologia 141, 536 —545. (doi:10.1007/500442-004-
1661-9)

Merckx T, Karlsson B, Van Dyck H. 2006 Sex- and
landscape-related differences in flight ability under
suboptimal temperatures in a woodland butterfly.
Funct. Ecol. 20, 436—441. (doi:10.1111/.1365-
2435.2006.01124.x)

Merckx T, Van Dyck H, Karlsson B, Leimar 0. 2003
The evolution of movements and behaviour at
boundaries in different landscapes: a common arena
experiment with butterflies. Proc. R. Soc. Lond. B
270, 1815-1821. (doi:10.1098/rsph.2003.2459)
Merckx T, Van Dongen S, Matthysen E, Van Dyck H.
2008 Thermal flight budget of a woodland butterfly
in woodland versus agricultural landscapes: an
experimental assessment. Basic Appl. Ecol. 9,
433-442. (doi:10.1016/j.baae.2007.03.009)
Cormont A, Malinowska AH, Kostenko O, Radchuk V,
Hemerik L, WallisDeVries MF, Verboom J. 2011
Effect of local weather on butterfly flight behaviour,
movement, and colonization: significance for
dispersal under climate change. Biodivers.

Conserv. 20, 483—503. (doi:10.1007/510531-010-
9960-4)

Delattre T, Baguette M, Burel F, Stevens VM, Quénol
H, Vernon P. 2013 Interactive effects of landscape
and weather on dispersal. Oikos 122, 1576—1585.
(doi:10.1111/}.1600-0706.2013.00123.x)

Matter SF, Doyle A, lllerbrun K, Wheeler J, Roland J.
2011 An assessment of direct and indirect effects of
climate change for populations of the Rocky
Mountain Apollo butterfly (Parnassius smintheus
Doubleday). Insect Sci. 18, 385—392. (doi:10.1111/
j-1744-7917.2011.01407 )

Parmesan C. 2006 Ecological and evolutionary
responses to recent climate change. Annu. Rev. Ecol.
Evol. Syst. 37, 637—669. (doi:10.2307/annurev.
ecolsys.37.091305.300)

Chen |-G, Hill JK, Ohlemuller R, Roy DB, Thomas (D.
2011 Rapid range shifts of species associated with

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

high levels of climate warming. Science 333,
1024-1026. (doi:10.1126/science.1206432)
Konvicka M, Kuras T. 1999 Population structure,
behaviour and selection of oviposition sites of an
endangered butterfly, Parnassius mnemosyne, in
Litovelské Pomoravi, Czech Republic. J. Insect
Conserv. 3, 211-223. (d0i:10.1023/
A:1009641618795)

Luoto M, Kuussaari M, Rita H, Salminen J, von
Bonsdorff T. 2001 Determinants of distribution

and abundance in the Clouded Apollo butterfly:

a landscape ecological approach. Ecography 24,
601-617. (doi:10.1034/j.1600-0587.2001.d01-215.x)
van Swaay C et al. 2010 European red list of
butterflies. Luxembourg: Publications Office of the
European Union.

Kuussaari M, Heikkinen RK, Helidld J, Luoto M,
Mayer M, Rytteri S, von Bagh P. 2015 Successful
translocation of the threatened Clouded Apollo
butterfly (Parnassius mnemosyne) and
metapopulation establishment in southern Finland.
Biol. Conserv. 190, 51—59. (doi:10.1016/j.biocon.
2015.05.011)

Véliméki P, Itdmies J. 2003 Migration of the
(louded Apollo butterfly Parnassius mnemosyne in a
network of suitable habitats: effects of patch
characteristics. Ecography 26, 679—691. (doi:10.
1034/j.1600-0587.2003.03551.x)

Graham MH. 2003 Confronting multicollinearity

in ecological multiple regression. Ecology 84,
2809-2815. (doi:10.1890/02-3114)

Dormann CF et al. 2013 Collinearity: a review of
methods to deal with it and a simulation study
evaluating their performance. Ecography 36,
27-46. (doi:10.1111/1.1600-0587.2012.07348.x)
Harrell Jr FE, Lee KL, Mark DB. 1996 Tutorial in
biostatistics. Multivariable prognostic models: issues
in developing models, evaluating assumptions and
adequacy, and measuring and reducing errors. Stat.
Med. 15, 361—387. (doi:10.1002/(SICl)1097-0258
(19960229)15:4 <<361::AID-SIM168>3.0.€0;2-4)
Franzén M, Nilsson SG. 2012 Climate-dependent
dispersal rates in metapopulations of burnet moths.
J. Insect Conserv. 16, 941—947. (doi:10.1007/
$10841-012-9481-4)

Legrand D, Trochet A, Moulherat S, Calvez 0,
Stevens VM, Ducatez S, Clobert J, Baguette M. 2015
Ranking the ecological causes of dispersal in a
butterfly. Ecography 38, 822—831. (doi:10.1111/
ec0g.01283)

Hickling R, Roy DB, Hill JK, Fox R, Thomas (D. 2006
The distributions of a wide range of taxonomic
groups are expanding polewards. Glob. Change Biol.
12, 450—455. (doi:10.1111/j.1365-2486.2006.
01116.x)

Wilson RJ, Gutiérrez D, Gutiérrez J, Monserrat V).
2007 An elevational shift in butterfly species
richness and composition accompanying recent

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

climate change. Glob. Change Biol. 13, 1873 —1887.
(doi:10.1111/].1365-2486.2007.01418.x)

Poyry J, Luoto M, Heikkinen RK, Kuussaari M,
Saarinen K. 2009. Species traits explain recent range
shifts of Finnish butterflies. Glob. Change Biol. 15,
732-743. (doi:10.1111/j.1365-2486.2008.01789.x)
Neve G, Barascud B, Hughes R, Aubert J, Descimon
H, Lebrun P, Baguette M. 1996 Dispersal,
colonization power and metapopulation structure in
the vulnerable butterfly Proclossiana eunomia
(Lepidoptera: Nymphalidae). J. Appl. Ecol. 33,
14-22. (doi:10.2307/2405011)

Mitikka V, Heikkinen RK, Luoto M, Araujo MB,
Saarinen K, Poyry J, Fronzek S. 2008 Predicting
range expansion of the map butterfly in Northern
Europe using bioclimatic models. Biodivers. Conserv.
17, 623—641. (d0i:10.1007/510531-007-9287-y)
Malinowska AH, van Strien AJ, Verboom J,
WallisdeVries MF, Opdam P. 2014 No evidence of
the effect of extreme weather events on annual
occurrence of four groups of ectothermic species.
PLoS ONE 9, €110219. (doi:10.1371/journal.pone.
0110219)

Tack AJM, Mononen T, Hanski I. 2015 Increasing
frequency of low summer precipitation synchronizes
dynamics and compromises metapopulation
stability in the Glanville fritillary butterfly.

Proc. R. Soc. B 282, 20150173. (doi:10.1098/rspb.
2015.0173)

Hill JK, Thomas (D, Lewis OT. 1996 Effects of
habitat patch size and isolation on dispersal by
Hesperia comma butterflies: implications for
metapopulation structure. J. Anim. Ecol. 65,
725-735. (doi:10.2307/5671)

Kuussaari M, Nieminen M, Hanski I. 1996 An
experimental study of migration in the Glanville
fritillary butterfly Melitaea cinxia. J. Anim. Ecol. 65,
791-2801. (doi:10.2307/5677)

Parmesan C, Root TL, Willig MR. 2000 Impacts of
extreme weather and climate on terrestrial biota.
Bull. Am. Meteorol. Soc. 81, 443 —450. (doi:10.
1175/1520-0477(2000)081,0443:i0ewac.2.3.c0;2)
Bateman BL, VanDerWal J, Johnson CN. 2012 Nice
weather for bettongs: using weather events, not
climate means, in species distribution models.
Ecography 35, 306—314. (doi:10.1111/j.1600-0587.
2011.06871.x)

Vasseur DA, DeLong JP, Gilbert B, Greig HS, Harley
(DG, McCann KS, Savage V, Tunney TD, 0'Connor
MI. 2014 Increased temperature variation poses a
greater risk to species than climate warming.
Proc. R. Soc. B 281, 20132612. (doi:10.1098/rspb.
2013.2612)

Oliver TH, Marshall HH, Morecroft MD, Brereton T,
Prudhomme C, Huntingford C. 2015 Interacting
effects of climate change and habitat fragmentation
on drought-sensitive butterflies. Nat. Clim. Change
5, 941-945. (doi:10.1038/nclimate2746)

€LY09L0T €8T g VoS Y o0id  biobuiysiigndAianosiedorqdss H


http://dx.doi.org/10.1073/pnas.0802066105
http://dx.doi.org/10.1016/0163-7827(85)90006-2
http://dx.doi.org/10.1016/0163-7827(85)90006-2
http://dx.doi.org/10.1007/s00442-004-1661-9
http://dx.doi.org/10.1007/s00442-004-1661-9
http://dx.doi.org/10.1111/j.1365-2435.2006.01124.x
http://dx.doi.org/10.1111/j.1365-2435.2006.01124.x
http://dx.doi.org/10.1098/rspb.2003.2459
http://dx.doi.org/10.1016/j.baae.2007.03.009
http://dx.doi.org/10.1007/s10531-010-9960-4
http://dx.doi.org/10.1007/s10531-010-9960-4
http://dx.doi.org/10.1111/j.1600-0706.2013.00123.x
http://dx.doi.org/10.1111/j.1744-7917.2011.01407.x
http://dx.doi.org/10.1111/j.1744-7917.2011.01407.x
http://dx.doi.org/10.2307/annurev.ecolsys.37.091305.300
http://dx.doi.org/10.2307/annurev.ecolsys.37.091305.300
http://dx.doi.org/10.1126/science.1206432
http://dx.doi.org/10.1023/A:1009641618795
http://dx.doi.org/10.1023/A:1009641618795
http://dx.doi.org/10.1034/j.1600-0587.2001.d01-215.x
http://dx.doi.org/10.1016/j.biocon.2015.05.011
http://dx.doi.org/10.1016/j.biocon.2015.05.011
http://dx.doi.org/10.1034/j.1600-0587.2003.03551.x
http://dx.doi.org/10.1034/j.1600-0587.2003.03551.x
http://dx.doi.org/10.1890/02-3114
http://dx.doi.org/10.1111/j.1600-0587.2012.07348.x
http://dx.doi.org/10.1002/(SICI)1097-0258(19960229)15:4%3C361::AID-SIM168%3E3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1097-0258(19960229)15:4%3C361::AID-SIM168%3E3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1097-0258(19960229)15:4%3C361::AID-SIM168%3E3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1097-0258(19960229)15:4%3C361::AID-SIM168%3E3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1097-0258(19960229)15:4%3C361::AID-SIM168%3E3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1097-0258(19960229)15:4%3C361::AID-SIM168%3E3.0.CO;2-4
http://dx.doi.org/10.1002/(SICI)1097-0258(19960229)15:4%3C361::AID-SIM168%3E3.0.CO;2-4
http://dx.doi.org/10.1007/s10841-012-9481-4
http://dx.doi.org/10.1007/s10841-012-9481-4
http://dx.doi.org/10.1111/ecog.01283
http://dx.doi.org/10.1111/ecog.01283
http://dx.doi.org/10.1111/j.1365-2486.2006.01116.x
http://dx.doi.org/10.1111/j.1365-2486.2006.01116.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01418.x
http://dx.doi.org/10.1111/j.1365-2486.2008.01789.x
http://dx.doi.org/10.2307/2405011
http://dx.doi.org/10.1007/s10531-007-9287-y
http://dx.doi.org/10.1371/journal.pone.0110219
http://dx.doi.org/10.1371/journal.pone.0110219
http://dx.doi.org/10.1098/rspb.2015.0173
http://dx.doi.org/10.1098/rspb.2015.0173
http://dx.doi.org/10.2307/5671
http://dx.doi.org/10.2307/5677
http://dx.doi.org/10.1175/1520-0477(2000)081,0443:ioewac.2.3.co;2
http://dx.doi.org/10.1175/1520-0477(2000)081,0443:ioewac.2.3.co;2
http://dx.doi.org/10.1111/j.1600-0587.2011.06871.x
http://dx.doi.org/10.1111/j.1600-0587.2011.06871.x
http://dx.doi.org/10.1098/rspb.2013.2612
http://dx.doi.org/10.1098/rspb.2013.2612
http://dx.doi.org/10.1038/nclimate2746

	Weather explains high annual variation in butterfly dispersal
	Introduction
	Material and methods
	Study species and system
	Dispersal variables
	Weather and adjusting variables
	Statistical analyses

	Results
	Discussion
	Weather and dispersal
	Role of intrinsic population variables
	Implications for global change research
	Ethics
	Data accessibility
	Authors’ contributions
	Competing interests
	Funding

	Acknowledgements
	References


