-

View metadata, citation and similar papers at core.ac.uk brought to you by .{ CORE

provided by Wageningen University & Research Publications

Biodivers Conserv
DOI 10.1007/s10531-010-9960-4

ORIGINAL PAPER

Effect of local weather on butterfly flight behaviour,
movement, and colonization: significance for dispersal
under climate change

Anouk Cormont *+ Agnieszka H. Malinowska - Olga Kostenko *
Victoria Radchuk - Lia Hemerik < Michiel F. WallisDe Vries -
Jana Verboom

Received: 15 October 2009/ Accepted: 9 December 2010
© The Author(s) 2010. This article is published with open access at Springerlink.com

Abstract Recent climate change is recognized as a main cause of shifts in geographical
distributions of species. The impacts of climate change may be aggravated by habitat
fragmentation, causing regional or large scale extinctions. However, we propose that cli-
mate change also may diminish the effects of fragmentation by enhancing flight behaviour
and dispersal of ectothermic species like butterflies. We show that under weather condi-
tions associated with anticipated climate change, behavioural components of dispersal of
butterflies are enhanced, and colonization frequencies increase. In a field study, we
recorded flight behaviour and mobility of four butterfly species: two habitat generalists
(Coenonympha pamphilus; Maniola jurtina) and two specialists (Melitaea athalia,
Plebejus argus), under different weather conditions. Flying bout duration generally
increased with temperature and decreased with cloudiness. Proportion of time spent flying
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decreased with cloudiness. Net displacement generally increased with temperature. When
butterflies fly longer, start flying more readily and fly over longer distances, we expect
dispersal propensity to increase. Monitoring data showed that colonization frequencies
moreover increased with temperature and radiation and decreased with cloudiness.
Increased dispersal propensity at local scale might therefore lower the impact of habitat
fragmentation on the distribution at a regional scale. Synergetic effects of climate change
and habitat fragmentation on population dynamics and species distributions might there-
fore appear to be more complex than previously assumed.

Keywords Bout duration - Cloudiness - Colonization probability - Habitat fragmentation -
Lepidoptera - Net displacement - Proportion of time spent flying - Radiation -
Temperature - Weather

Introduction

Climate change causes shifts in geographical distributions of species (Parmesan and Yohe
2003; Root et al. 2003). Such shifts are considered to be the result of (meta)population
extinction at the equatorial range boundary, and poleward colonization in regions where
climatic conditions have newly become suitable (Opdam and Wascher 2004). Parmesan
and Yohe (2003) reported shifts in the direction of the predicted climate change for 81% of
460 species of diverse taxa. Warren et al. (2001) expected butterfly species approaching
their northern climatic range margins in Britain to respond positively to climate warming
over the past decennia. Yet, only a quarter of these species increased their area of geo-
graphical distribution, supposedly because positive responses to climate warming were
outweighed by negative effects of habitat fragmentation, especially for less mobile spe-
cialists (Travis 2003). Other empirical studies (Anderson et al. 2009; Devictor et al. 2008;
Schwartz et al. 2001) confirm for other species groups that a response to climate change
may be hampered by habitat fragmentation.

Habitat availability and spatial cohesion of habitat patterns play a crucial role in the
persistence of species under global temperature rise: below a critical threshold the
expansion of ranges will be blocked and species can rapidly become extinct (Opdam and
Wascher 2004; Travis 2003). Increased frequency of extreme weather events will more-
over cause overall range contraction, especially with relatively low spatial cohesion
(Opdam and Wascher 2004).

However, these statements on detrimental effects of climate change in fragmented
habitat assume that habitat availability, habitat use and interpatch movement do not vary
under the expected climate change regime. Thomas et al. (2001) show that such
assumptions may not be realistic, as they found a significant broadening of the range of
habitats used by Silver-spotted skipper, Hesperia comma L., spreading into north-facing
hill slope habitats that were previously climatically not suitable. We suggest that for
butterflies, interpatch movement can be facilitated if dispersal propensity will be enhanced
by climate change. Butterfly behaviour responds to weather conditions, as is shown by
previous studies (Brattstrom et al. 2008; Brown 1970; Clench 1966; Douwes 1976; Shreeve
1984). These studies, however, focus on single weather parameters, species or types of
behaviour, and do no elucidate the link between weather, behaviour, and dispersal.

In practice, butterfly dispersal is difficult to measure. Butterflies are not robust enough
to carry biotelemetry transmitters (Van Dyck and Baguette 2005). In this paper we
therefore use a proxy for dispersal, and assume that dispersal propensity will increase as
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individuals of species fly over longer bout durations, increase their tendency to start flying,
spend more time flying, and fly over longer distances (cf. Morales and Ellner 2002; Nathan
et al. 2008; Van Dyck and Baguette 2005). We recorded flight behaviour and mobility of
four butterfly species under variable weather conditions. Because dispersal differs widely
between species, we consider two habitat generalist and two specialist species. Next, we
tested whether dispersal propensities and patch colonization probability are indeed
enhanced by the favourable weather conditions emerging from the field study. To this
effect we correlated data on annual colonization frequencies from monitoring transects
counts to weather conditions.

Methods
Study area

The fieldwork was carried out in National Park “De Hoge Veluwe” in the centre of the
Netherlands (Fig. 1; 52°02-52°07" N; 5°47-5°52" E; elevation about 40 m asl.) during the
summers of 2006 and 2007. The total area of the park is 5,500 ha, including 2,500 ha of
heathland and inland dunes.

Studied species

Four butterfly species were studied: the habitat generalists Small heath, Coenonympha
pamphilus L. and Meadow brown, Maniola jurtina L., and specialists Heath fritillary,
Melitaea athalia Rott. and Silver-studded blue, Plebejus argus L.

Coenonympha pamphilus is a common resident in the Netherlands (Bos et al. 2006). It
lives in open mosaic habitats such as grasslands, dunes, roadside verges, and gardens (Van
Swaay 2003). The species is bivoltine (first flight period from May 20-July 20, and July
29-September 5 for the second generation, on average) and not very mobile. Only minor
range shifts are expected in response to climate change for C. pamphilus (Settele et al.
2008).

M. jurtina is a common resident in the Netherlands. It lives in a variety of rough
grasslands and open woodlands. The butterfly is univoltine (average flight period:
June 26 — August 15) and quite mobile. In response to climate change, only minor range
shifts are anticipated for M. jurtina (Settele et al. 2008).

Melitaea athalia has become a very rare resident in the Netherlands, nowadays
restricted to the Veluwe area. Suitable habitats are sunny, open places in forests such as
woodland edges, newly felled woodlands and clearings in coppice. The species is uni-
voltine (average flight period: June 16-July 15) and sedentary. Still, in response to climate
change, M. athalia is expected to show northward range expansion (Berry et al. 2007; Hill
et al. 2002).

Plebejus argus is a scarce resident in the Netherlands, classified as vulnerable on the
Dutch Red List. P. argus lives both in dry and wet heathlands with sparse vegetation and
patches of bare ground. It is a univoltine species (average flight period: June 26—August 5)
and rather sedentary. In response to climate change, P. argus is expected to show north-
ward range expansion (Berry et al. 2007; Hill et al. 2002). We studied mostly male
individuals of P. argus, because the inconspicuously coloured females were more difficult
to track.
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Fig. 1 Study area within National Park “De Hoge Veluwe” indicating location of data collection sites per
species. Inset shows location of the National Park in the Netherlands

Measured weather variables

Climate is often defined as meteorological conditions (wind, humidity, temperature,
cloudiness, precipitation, etc.) over long periods, usually 30-50 years (Barry and Chorley
2003). Effects of climate or climate change should therefore be studied with data gath-
ered over long time spans. Weather is the short-term manifestation of meteorological
conditions and changes can therefore be observed within the time frame of a field study.
We considered four weather variables that influence activity and dispersal (Clench 1966;

@ Springer



Biodivers Conserv

Douwes 1976; Mitikka et al. 2008; Shreeve 1984): ambient temperature (measured with
mercury thermometer placed in the shade; in Celsius, °C), cloudiness (observer’s esti-
mation in percentage cover), wind speed (observer’s estimation or measured with ane-
mometer; in Beaufort, Bft), and a proxy for solar radiation. The solar radiation proxy was
determined by placing a black and white surface in the sun, and measuring the surface
temperatures using a portable infrared thermometer. The difference in temperature
between the surfaces is a measure of temperature gain by solar radiation (Van Dyck and
Matthysen 1998).

Data collection

The fieldwork was conducted in 2006 and 2007 from mid June until mid August.
Observations took place between 10.00 and 17.00 h. A total of 207 tracks (114 in 2007),
were recorded for the four species: C. pamphilus 106 tracks (73 in 2007); M. jurtina 55
(22); M. athalia 23 (12); and P. argus 23 (7). For each track, a butterfly was caught in a net
and its sex was determined. The butterfly was coded with permanent marker on the
underside of both hindwings. After release from the net, we allowed the butterfly to calm
down before behavioural observations started. We followed the butterfly at a distance of
2-5 m. To each activity, we assigned one of the potential behaviour types: flying, nec-
taring, resting (with wings closed), basking (with wings opened perpendicular to the sun),
testing [the abdominal and antennal exploration of a host plant associated with ovipositing,
(Root and Kareiva 1984)], or ovipositing. The time spent in each of the activities was
recorded. Each individual was followed for 30 min, or until lost from sight. We used a GPS
device (2006: Garmin eTrexVenture™; 2007: HP iPAQ hw6500) to record the track
locations. The four studied species of butterflies were tracked within their habitat (see
Fig. 1). In addition, in 2007 we conducted release experiments for M. jurtina in an area of
drifting inland dunes, that we considered as non-habitat to this species. In this hostile
environment, we tracked the behaviour and mobility of 8 individuals as if they were
moving between habitat patches. The release site was located at a distance of approxi-
mately 2000 m from the catching site, which is much further than the perceptual range of
individuals (100-150 m according to Conradt et al. (2001)). We used only M. jurtina for
the release experiments, because it was most abundant, not endangered, and easiest to track
in an open, windy environment. Each individual was tracked only once.

At the beginning of each track, we measured temperature, wind speed and cloud cover.
At the end of the observation we re-measured temperature, wind speed, and determined the
temperature difference between the black and white surfaces (further referred to as radi-
ation; Table 1). In the Netherlands, the summer of 2006 was hot and dry in June and July
(July was on average the hottest month since the beginning of the records by the Royal
Netherlands Meteorological Institute in 1706), while August was relatively chilly and
rainy. After a very mild spring, the weather during the summer of 2007 was changeable
and rainy.

Table 1 Means (standard devi-

. Lo Year Temperature Radiation Cloudiness Wind speed
ation) of temperature, radiation, oC oC % Bf
cloudiness, and wind speed dur- O O (%) (BfY)
ing the fieldwork in 2006 and
2007 2006 26.5 (4.7) 17.6 (8.3) 47.0 (39.5) 33 (1.7)

2007 19.5 (3.4) 16.3 (9.1) 52.4 (28.0) 3.6 (2.3)
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Survival analysis

The field data of 2006 and 2007 together were used to assess the influence of the measured
weather variables on the observed duration of flying bouts [i.e. the time of uninterrupted
flight behaviour, (Haccou and Meelis 1992)] and non-flying bouts (i.e. nectaring, resting,
basking, testing, or ovipositing) per species. We summed the durations of all consecutive
non-flight behaviour as a single non-flying bout. The nature of the data (i.e. ‘time-to-event’
data with censors) required the application of survival analysis (Kleinbaum and Klein
2005). Censoring occurred when the observation time elapsed or when the butterfly was
lost from sight. Cox’s proportional hazards model was used to analyze which weather
variables affected the tendency of a butterfly to terminate a bout. It was assumed that
butterflies have a basic tendency to stop a specific behaviour (baseline hazard). Therefore,
the observed hazard rate (the observed tendency to stop a specific behaviour) is the product
of the baseline hazard and a factor that gives the joint effect of all covariates (here, weather
variables). The general form of the model is (Haccou and Hemerik 1985; Kalbfleisch and
Prentice 2002):

P
h(t;x;, ..., x,) = ho(t) - exp (Z ﬁl-x,-) [in probability per time unit]
i=1

where h(t;x;, . .., x,) represents the observed hazard rate at time 7 with p fixed covariates
having values x;,...,xp; ho(f) is the baseline hazard; ¢ is the time since the last bout
termination; and x; is the vector of covariates. The baseline hazard is multiplied by an
exponential function that expresses the multiplicative effect of the 1 to p covariates,
multiplied by the corresponding regression parameters f3;. If a particular covariate x; does
not influence the observed hazard rate, then f§; does not differ significantly from 0. The
estimates for the regression coefficients are used to compute a hazard ratio (HR), which
describes the effect of the covariate (Kalbfleisch and Prentice 2002). Its significance is
assessed with a Z score. Covariates used in the analysis were coded as categorical since the
measurements were unevenly spread over the ranges: temperature (°C; 7T), radiation (°C;
R), cloudiness (% cloud cover; C), wind speed (m/s; W), gender (G; male versus baseline
female), and year (Y; 2007 versus baseline 2006; representing unmeasured factors
changing between years, e.g. food supply). Weather variables were clustered into ‘low’,
‘intermediate’, and ‘high’ categories to distinguish optimum or unidirectional effects of
weather variables on the duration of bouts (Table 2). We based the clustering of covariates
on Kaplan—Meier plots. A Kaplan—Meier survival curve is a step function that decreases
from 1 (all individuals are still flying at time f) toward a minimum value >0 due to
termination of flying bouts. Kaplan—Meier survival curves should be parallel for all
covariate categories, i.e. should not cross (Kalbfleisch and Prentice 2002),in order to be
able to assume proportionality estimating the effect size in Cox model(s). We plotted
Kaplan—Meier survival curves for flying bouts for all covariate values separately, to see
under what values curves do not cross (for an example see Appendix Fig. 4). Clustering
was subsequently based on best Kaplan—-Meier plot appearance. Next, we tested for
pairwise differences in behavioural response under low, intermediate and high weather
categories. The effects of single weather variables were estimated simultaneously with
other weather variables. We used R 2.7.0 software (Ihaka and Gentleman 1996) to perform
the survival analysis. For P. argus, temperature, cloudiness, and wind speed were highly
correlated, and differed strongly between years (see Appendix Table 8). Therefore, only
radiation was used in the analysis, together with gender and year.
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Table 2 Clustering of weather variables into ‘low’, ‘intermediate’, and ‘high’ categories per species,
resulting from Kaplan—Meier survival curves for flying bouts

Weather variable Category C. pamphilus M. jurtina M. athalia P. argus
Temperature (7; in °C)  Low T <195 T <20 T<14 T<22
Intermediate 195 <7 <255 20<T7T <31 14<T<25 22<T<28
High T>255 T > 31 T>25 T>28
Radiation (R; in °C) Low R <12 R <10 R <14 R <17
Intermediate 12 < R < 28 10<R<20 14<R<31 17<R<20
High R > 28 R>20 R > 31 R>20
Cloudiness (C; in %) Low CcC<15 c<15 CcC<25 cC=0
Intermediate 15 < C < 60 I5<C<70 25<C<70 0<C<20
High C > 60 Cc>170 Cc>170 C>20
Wind speed (W; in Bft) Low W<l w<2 wW<3 w<2
Intermediate 1 <W <2 2<W<4 3<W<4 2<W<3
High W>2 W>4 W>4 W>3

Time budget analysis

For each tracked individual, we calculated the proportion of time devoted to a certain
behaviour. We tested for differences between weather categories in proportion of time
spent flying as opposed to non-flight behaviour, using Wilcoxon rank sum test (W)
in R 2.7.0. Ten individuals devoting their total tracked time to flight behaviour, were
excluded from the analysis, because these individuals were lost from sight within the first
recorded bout. Time budget analysis (Miron et al. 1992) is complementary to survival
analysis, since possible changes in bout duration are compensated by changes in occur-
rence of these bouts.

Spatial analysis

Spatial coordinates were recorded at a constant time interval (2006: 10 s; 2007: 1 s) by the
GPS device. Coordinates derived from the Garmin eTrexVenture™ were transformed
into.shp files using GPS2Shape software (Jochem 2006). Successive points were connected
with straight lines and are further referred to as steps. For each individual, we analysed the
total pathway, determining tortuosity as the standard deviation in turning angle in pro-
portion to a full circle (in radians divided by 2x) and the net displacement of the pathway
(i.e. the distance between the track starting and ending points; in metres). The effects of
weather variables on tortuosity and net displacement were tested using regression analysis
with generalized linear models in R 2.7.0.

In addition, we compared the tortuosity and net displacement of the pathways of
released individuals of M. jurtina with pathway characteristics of individuals tracked
within their habitat using Wilcoxon rank sum test (W) in R 2.7.0. The effects of weather
variables and presence of habitat on tortuosity and net displacement were tested using
regression analysis with generalized linear models in R 2.7.0 and Akaike’s information
criterion for model selection (Burnham and Anderson 2002).
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Colonization frequency

Data on colonization frequency were obtained from the Dutch Butterfly Monitoring
Scheme monitoring (Van Swaay et al. 2008), with standardized transect counts over the
period 1990-2008. The total number of transects where the study species were sighted
strongly differed between species: 452 for C. pamphilus, 737 for M. jurtina, 22 for
M. athalia, and 155 for P. argus. Because of the small sample size, we excluded M. athalia
from this analysis. A colonization event for a particular species was defined as a sighting of
at least one individual after 2 years of absence. Absences were only counted as such when
sufficient counts were carried out during the flight period. Relative colonization frequen-
cies were then calculated on an annual basis between 1992 and 2008 as the number of
transects with colonizations relative to the total number of actively counted transects where
the species might be expected, i.e. where it had been sighted in the period 1990-2008. Data
on daily temperature (mean and maximum; in °C), radiation (in J/em?, converted to
temperature differences in °C), cloudiness (in octants, converted to %), and wind speed (in
m/s, converted to Bft) were obtained from the Royal Netherlands Meteorological Institute
(www.knmi.nl) for the flight periods of the three species. For each year, we averaged the
weather variables over the flight periods. The effects of average weather variables on
colonization frequencies were tested using regression analysis with generalized linear
models in R 2.7.0. We corrected for possible effects of density dependence by taking
national population numbers (as indices) into consideration. The effect of both the current
and the previous year’s weather was included (see also Roy et al. 2001). The current year’s
weather is assumed to affect dispersal propensity of individuals that will subsequently be
sighted on a transect, newly colonized due to their dispersal. The previous year’s weather is
assumed to affect dispersal propensity of individuals that will subsequently reproduce on a
transect, newly colonized after their dispersal; their offspring will be sighted in the fol-
lowing year.

Results
Survival analysis

Results of the survival analysis are on tendencies to stop flying (behaviour type: flying;
Table 3) or to start flying (behaviour type non-flying; Table 4). A greater tendency to stop
flying implies shorter flight duration. The duration of flying bouts extended with high
temperatures (C. pamphilus, P = 0.01; M. jurtina, P = 0.013). Intermediate and high
radiation extended duration of flying bouts for P. argus (P = 0.011, P = 0.002 resp.), but
high radiation showed negative effects on the duration of flying bouts for C. pamphilus
(P = 0.01). Intermediate and high cloudiness reduced the duration of flying bouts
(M. athalia, P = 0.002, P = 0.001 resp.; C. pamphilus, P = 0.017 for high cloudiness
only). Intermediate and high wind speed also showed negative effects on the duration of
flying bouts (C. pamphilus, P = 0.006, P = 0.0004 resp.) In general, males exhibited
longer flights than females (C. pamphilus, P = 0.014) and in 2007, flight durations were
longer (M. jurtina, P = 0.005; M. athalia, P = 0.025).

The tendency to start flying was enhanced at intermediate and high temperatures
(M. jurtina, P =0.018, P = 0.039 resp.), and at intermediate and high radiation
(C. pamphilus, P = 0.004; M. athalia, P = 0.004, P = 0.002 resp.). Intermediate and high
cloudiness showed negative effects on this tendency for C. pamphilus (P = 0.026;
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Table 3 Results survival analysis for flight behaviour based on multivariate Cox’s proportional hazards

model

Covariate

Species

C. pamphilus (n = 853)

M. jurtina (n = 420)

Coef P Liich Coef P L:iich
Gender (male) —0.241 0.014 —0.101 0.53
Year (2007) —0.018 0.87 —0.896 0.005
Low:intermediate temperature 0.032 0.74 a:ab —0.328 0.28 a:ab
Low:high temperature —0.487 0.01 —0.795 0.013
Intermediate:high temperature —-0.519 0.002 —0.467 0.008
Low:intermediate radiation 0.09 0.39 a:ab —0.031 0.83 a:a:a
Low:high radiation 0.321 0.01 —0.076 0.67
Intermediate:high radiation 0.231 0.046 —0.045 0.79
Low:intermediate cloudiness 0.147 0.15 a:ab:b —0.376 0.05 a:a:a
Low:high cloudiness 0.285 0.017 —0.296 0.12
Intermediate:high cloudiness 0.138 0.152 0.080 0.58
Low:intermediate wind speed 0.277 0.006 ab:b —0.092 0.46 a:aa
Low:high wind speed 0.414 0.0004 0.483 0.17
Intermediate:high wind speed 0.137 0.17 0.575 0.10
Covariate Species

M. athalia (n = 174) P. argus (n = 141)

Coef P L:i:h Coef P L:i:h
Gender (male) —0.011 0.96 —0.599 0.12
Year (2007) —1.008 0.025 0.334 0.14
Low:intermediate temperature —0.99 0.19 ab:a:b
Low:high temperature 0.467 0.66
Intermediate:high temperature 1.456 0.0495
Low:intermediate radiation 1.129 0.12 ab:a:b —0.574 0.011 ab:b
Low:high radiation —-0.2 0.82 —0.795 0.002
Intermediate:high radiation —1.329 0.008 —0.221 0.36
Low:intermediate cloudiness 2.893 0.002 a:b:b
Low:high cloudiness 3.791 0.001
Intermediate:high cloudiness 0.898 0.17
Low:intermediate wind speed —0.145 0.58 a:a:a
Low:high wind speed NA NA
Intermediate:high wind speed 0.145 0.58

n is number of bouts; L:i:h is category abbreviations: low:intermediate:high; NA could not be tested due to
lack of data; effects are on tendencies to stop flying; P values based on Z score; categories sharing the same
letter (a,b,c) are not significantly different (P > 0.05)

P < 0.0001 resp.) and M. athalia (P = 0.038 for intermediate cloudiness only), while it
was enhanced at intermediate cloudiness for M. jurtina (P = 0.015). The tendency to start
flying was not affected by wind speed, while in general it was enhanced for males

(C. pamphilus, P = 0.026; P. argus, P = 0.045).
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Table 4 Results survival analysis for non-flight behaviour based on multivariate Cox’s proportional haz-
ards model

Covariate Species

C. pamphilus (n = 870) M. jurtina (n = 406)

Coef P Lich Coef P Liich
Gender (male) 0.324 0.0003 0.039 0.82
Year (2007) 0.169 0.082 0.6124 0.078
Low:intermediate temperature —-0.112 0.2 a:a:na 0.779 0.018 ab:b
Low:high temperature NA NA 0.716 0.039
Intermediate:high temperature NA NA —0.063 0.72
Low:intermediate radiation 0.282 0.004 a:b:b —0.004 0.98 a:a:a
Low:high radiation 0.32 0.004 —-0.222 0.21
Intermediate:high radiation 0.038 0.68 —0.218 0.18
Low:intermediate cloudiness —0.23 0.026 azb:c 0.457 0.015 ac:b:c
Low:high cloudiness —0.651 0.0000 0.109 0.55
Intermediate:high cloudiness —0.422 0.002 —0.348 0.017
Low:intermediate wind speed —0.071 0.41 a:a:na —0.113 0.39 a:a:a
Low:high wind speed NA NA —0.343 0.36
Intermediate:high wind speed NA NA —-0.230 0.52
Covariate Species

M. athalia (n = 182) P. argus (n = 146)

Coef P Li:h Coef P Lith
Gender (male) —0.086 0.65 0.695 0.045
Year (2007) 1.004 0.028 —0.72 0.002
Low:intermediate temperature 0.248 0.68 ab:a:b
Low:high temperature —1.053 0.22
Intermediate:high temperature —1.301 0.038
Low:intermediate radiation 1.467 0.004 a:b:b 0.217 0.33 ab:a:b
Low:high radiation 2.14 0.002 —0.373 0.12
Intermediate:high radiation 0.673 0.109 —0.591 0.01
Low:intermediate cloudiness —1.463 0.038 abia
Low:high cloudiness —0.065 0.94
Intermediate:high cloudiness 1.399 0.049
Low:intermediate wind speed —0.196 0.49 a:a:a
Low:high wind speed NA NA
Intermediate:high wind speed —0.196 0.49

n is number of bouts; l:i:h is category abbreviations: low:intermediate:high; NA could not be tested due to
lack of data; effects are on tendencies to start flying; P values based on Z score; categories sharing the same
letter (a,b,c) are not significantly different (P > 0.05)

The influence of measured wind speed on observed duration of flying and non-flying
bouts for C. pamphilus is summarized in the scheme in Appendix Fig. 5, based on both
Tables 3 and 4. The width of the bars shows the duration of flying and non-flying bouts
relative to the baseline situation (wind speed <1Bft).
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Time budget analysis

The proportion of time spent flying was not affected by temperature (Fig. 2). This pro-
portion was less for low radiation, compared with intermediate and high radiation
(C. pamphilus, Wiow:inermediae = 715.5, P = 0.029; Wioy:high = 161.5, P = 0.042). The
proportion of time spent flying was affected by cloudiness in various ways, depending on
the species. It decreased from low to intermediate to high cloudiness for C. pamphilus
Wiow:intermediate = 384, P = 0.029; Wiownigh = 513, P = 0.001; Winermediate:high = 1124,
P = 0.019), it showed an optimum at intermediate cloudiness for M. jurtina (less time was
devoted to flight behaviour under low and high cloudiness in respect to intermediate
ClOUdiHeSS; Wlow:imermediate = 10, P = 0009, Wintermediate:high = 208, P = 0026), and it
showed a minimum for intermediate cloudiness for M. athalia (more time was devoted to
flight behaviour under low and high cloudiness in respect to intermediate cloudiness;
Wiowsintermediate = 33, P = 0.028; Winermediate:high = 8, P = 0.043). The proportion of time
spent flying was less at low wind speed than at intermediate and high wind speed
(C. pamphilus, Wioy:intermediate = 705, P = 0.036; Wigy.high = 444, P = 0.014).

Spatial analysis

The tortuosity of pathways of non of the species was affected by the weather variables
(Table 5). Net displacements were greater at higher temperatures (C. pamphilus,
P = 0.003; M. athalia, P = 0.034). However, M. jurtina showed increased net displace-
ments at lower temperatures (P = 0.001) and at higher radiation (P = 0.004) and
M. athalia showed greater displacements at higher wind speed (P = 0.0283).

Pathway tortuosity of M. jurtina in non-habitat was smaller than within its habitat
(Fig. 3; W = 319, P = 0.002). Net displacements of pathways of M. jurtina were greater
in non-habitat (W = 33, P < 0.0001).

Colonization frequency

For C. pamphilus, colonization frequencies decreased with average cloudiness, experi-
enced during the flight periods of the previous year, and with average wind speed during
the flight periods of the current year (Table 6; best model). Cloudiness showed as well
negative effects on flight propensity and proportion, and wind speed showed a negative
effect on net displacement in the field study. For M. jurtina, colonization frequencies
increased with average radiation during the flight period of the current year. Radiation
showed as well a positive effect on net displacement in the field study. Models incorpo-
rating average temperature, maximum temperature, or cloudiness performed also well, due
to high correlations between weather variables. For P. argus, colonization frequencies
increased with average temperature during the flight period of the current year and average
wind speed during the flight period of the previous year. In the field study, neither weather
variables significantly affected the flight behaviour of P. argus.

Discussion
We have shown that duration of flying bouts and net displacement of butterflies generally

increased with temperature; duration of flying bouts and proportion of time spent flying
decreased with cloudiness. When butterflies fly longer bouts, start flying more readily,
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Fig. 2 Proportion of time devoted to certain behaviour is shown per weather variable and covariate
category. White slices represent flight behaviour; darker tones indicate non-flight behaviour; r = recorded
time per covariate category in seconds

spend more time flying, and fly over longer distances, we expect dispersal propensity to
increase. Furthermore, the higher the flight activity, the higher the probability to leave a
patch. We have shown that colonization frequencies increased with temperature and
radiation and decreased with cloudiness. We conclude that these results suggest that pat-
ches of habitat in a fragmented landscape are more readily colonized in periods with
weather conditions favourable for dispersal. Therefore, we argue that climate change not
only aggravates the impacts of habitat fragmentation on populations (Opdam and Wascher
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Table 5 Effects of weather variables on tortuosity and net displacements of pathways for best models,
based on AIC

Species

C. pamphilus M. jurtina M. athalia P. argus

Tortuosity
Best model
AIC
Temperature —182.88 -99.75 —10.30 —24.73
Temperature + radiation —181.15 —-97.90 —12.47 —23.07
Radiation —181.80 -99.36 —10.07 —24.97
Full model —179.37 —95.96 —9.94 —19.60
Null model —182.55 —101.28 —11.58 —26.66
Estimates best models
Intercept 0.300 0.255 0.916 0.214
Temperature —0.004 —0.001 —0.033 -
Radiation - - —0.010 0.001
Cloudiness - - - -
Wind speed - - - -
Net displacement
Best model
AIC
Temperature 731.82 436.00 120.93
Temperature + radiation 733.72 428.97 122.79
Temperature 4+ radiation + wind speed 733.46 430.50 116.72
Radiation 738.74 438.82 123.06 81.42°
Full model 733.53 432.48 117.04
Null model 739.12 441.93 124.03 81.38
Estimates best models
Intercept —44.988 40.544 —338.712 17.519
Temperature 3.902 —1.619 14.806 -
Radiation - 1.2961 —3.935 0.784
Cloudiness - - - -
Wind speed - - 76.085 -

Bold value represents best model per species

—” not included in best model

? Only radiation used in analysis

2004; Travis 2003; Warren et al. 2001), but also may diminish these impacts by enhancing
dispersal and colonization. This is indeed shown in the successful northwards range
expansion of mobile generalist species (Warren et al. 2001). Further evidence supporting
this view was found by Mgller et al. (2006), who found increased dispersal tendencies in a
coastal seabird, the Arctic tern, in relation with long-term climate change. Moreover,
increased dispersal tendencies in bush crickets in response to improving environmental
conditions at their range margins have been reported by Thomas et al. (2001) and Simmons
and Thomas (2004). Our study shows that increased dispersal under climate change may
also apply to moderately mobile species.
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Fig. 3 Differences in tortuosity (A; W =319, P =0.002) and net displacements (B; W = 33,
P = 3.552E—05) of pathways of released and non-released individuals of M. jurtina

Table 6 Effects of average weather variables on colonization frequencies, measured over flight periods
during 1991-2008; for best models, based on AIC

Species
C. pamphilus M. jurtina P. argus
Best model
AIC
Cloudiness t — 1 4 wind speed ¢ 68.50 60.05 95.52
Radiation ¢ 81.35 54.19 89.91
Temperature ¢ + wind speed ¢t — 1 74.42 56.09 83.25
Full model 66.25 62.11 92.66
Null model 79.47 57.04 93.99
Estimates best models
Intercept 29.408 —3.783 —35.527
Temperature ¢ - - 0.115
Radiation ¢ - 0.003 -
Cloudiness t — 1 —2.950 - -
Wind speed t —0.377 - -
Wind speed ¢ — 1 - - 0.642

Bold value represents best model per species

not included in best model

* Colonization frequencies correlated to population indices and weather conditions experienced during the
flight period of the same year () or the previous year (t — 1)

® Weather conditions during flight periods first and second generation of C. pamphilus taken together

The tendency to start flying was enhanced by increasing radiation (C. pamphilus,
M. athalia), as expected. Males of C. pamphilus exhibited longer flights and flew off more
readily than females. This was also found by Wickman (1985), and can be related to mate-
locating and territorial behaviour (cf. Fischer and Fiedler 2001 for Lycaena hippothoe; and
Merckx et al. 2006; Shreeve 1984; Van Dyck and Matthysen 1998 for Pararge aegeria).

The proportion of time spent flying was less at low solar radiation for C. pamphilus. For
the other species this effect also seemed apparent (see Fig. 2), but effects were not
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significant. This may be due to two reasons: first, for the time budget analyses (in contrast
to the survival analyses), only the effects of single weather variables were tested, without
correction for other weather variables that acted simultaneously. Therefore, the effect of
radiation can be masked by effects of other weather parameters. Second, in the field, each
individual was tracked only once, under a particular set of weather conditions. Between
individuals, the proportion of time spent flying differed greatly (see Appendix Table 9), so
that differences in flight behaviour as a function of weather could not be demonstrated. The
results of the survival analyses may also have been affected by differences between
individuals. Unfortunately, tracking individuals more than once and under different
weather conditions, was not practically feasible, because the weather did not change
drastically within an individual’s lifespan.

We expected an increase in cloudiness to shorten flying bouts, reduce the tendency to
start flying, and decrease the proportion of time spent flying (after Dennis and Sparks
2006). We can recognize these effects in the behaviour of C. pamphilus (Tables 3, 4;
Fig. 2a). For M. jurtina, however, the proportion of time spent flying showed an optimum
at intermediate cloudiness (between 15 and 70%; Fig. 2b). Also, the tendency to start
flying was enhanced by intermediate cloudiness (Table 4). We observed the opposite
response for M. athalia (Fig. 2c). This result is difficult to explain and may be due to the
small number of observations for M. athalia.

The weather variables did not show any effects on tortuosity. Net displacement, how-
ever, increased with higher temperature (C. pamphilus and M. athalia), radiation
(M. jurtina), and wind speed (M. athalia). Individuals flying with increased net dis-
placement but without altering tortuosity, will explore larger parts of their environment. In
doing so, explorative individuals may increase the probability to encounter suitable habitat.

Released individuals of M. jurtina showed flight patterns resembling those found by
Conradt et al. (2000): the butterflies either followed a more or less linear route or flew in
large petal-like loops around the release site. Both types of flight pattern are significantly
less tortuous than the patterns shown by individuals of M. jurtina flying within their habitat.
Moreover, all but one of the individuals crossed longer distances outside their habitat than
within. These findings confirm the statement by Van Dyck and Baguette (2005) that
movement behaviour of animals outside their habitat differs considerably in speed and
tortuosity from the routine explorative movements for local resource-use purposes. Flying
straight over large distances in non-habitat is an efficient way to find new suitable habitat
(Zollner and Lima 1999). Individuals of M. jurtina indeed explore the landscape efficiently,
which is shown by the rapid colonization of the Dutch polder Flevoland after reclamation
(Bos et al. 2006), over distances of 20 km within two decades after the first sightings.

We propose that climate change may diminish the effects of fragmentation by enhancing
flight behaviour and dispersal of butterflies, and presumably also other ectothermic species.
However, the probability to encounter suitable conditions for flight activity during dispersal
might prevent this higher activity to lead to higher dispersal. If this probability is low,
dispersal is expected to be less successful as dispersing individuals will take longer to reach
a next patch of suitable habitat. These individuals will therefore have to remain longer in a
hostile environment with reduced chances of survival. We propose that adding more suit-
able habitat should thus lead to more efficient and more successful dispersal at an increased
survival rate. In butterflies, adopting straight movements for dispersal reduces its costs in
fragmented landscapes (Schtickzelle et al. 2007). Butterflies might therefore prefer con-
tinuous, line-shaped connections or corridors (cf. Noordijk et al. 2008).

A colonization event for a particular species was defined as a sighting of at least one
individual after 2 years of absence. The observation of a single individual can be
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Table 7 Response on climate change regarding flight behaviour and mobility

Type of flight behaviour/mobility per species C. pamphilus M. jurtina M. athalia P. argus

Duration of flying bouts + + + +
Tendency to start flying + + + =
Proportion of time spent flying + + =
Tortuosity = = = =
Net displacement + - + =

+, increase; —, decrease; =, neutral

considered as a conservative estimate of a colonization event. The transect data are taken
from optimal habitat and necessarily constitute samples from a population. Therefore, it is
quite likely that the observation of only a single individual on a given transect in a
particular year is rather representing a low population density of the sampled population
rather than a vagrant individual. In any case, our results are not affected by applying a
threshold of more than 1 individual. The majority (62%) of the identified colonizations
concerned multiple individuals and the correlation between the total number of coloni-
zations in different years with and without the threshold was very high (r = 0.93).

Implications of future climate

Due to climate change, weather conditions in the Netherlands are predicted to change
significantly during summer (Van den Hurk et al. 2007). Depending on the climate sce-
nario, average annual temperature rise is predicted 1-2°C until 2050. More hot (and dry)
periods are predicted to occur as a result of more frequent easterly winds. Our results
suggest that especially habitat generalists such as C. pamphilus and M. jurtina will respond
by flying in longer bouts (Table 7). Net displacement of the habitat specialist M. athalia is
expected to increase with more frequent easterly winds bringing clearer skies and higher
solar radiation. Especially C. pamphilus and M. athalia may then be expected to fly more
readily and over longer periods, which might enhance dispersal.

The possibility to reach new habitats is a prerequisite under changing climatic condi-
tions (Vos et al. 2008). Individuals must be able to cross distances over unsuitable envi-
ronments. This study indicates that climate change may increase dispersal propensity in
butterflies, as ectothermic species with generally poor mobility. Incorporation of these
insights in metapopulation models is necessary to improve predictions on the effects of
climate change on shifting ranges.
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Appendix 1

See Fig. 4.
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Fig. 4 Kaplan—-Meier survival curve for flying bouts of M. athalia with temperature as single covariate.
Under low temperature (solid line; less or equal to 14°C), butterflies terminate flying bouts sooner than
under intermediate temperature (between 14 and 25°C; dashed line; P = 2.9E — 08) and high temperature
(more than 25°C; dotted line; P = 1.1E — 09).

Appendix 2

See Table 8.

Table 8 Correlations between covariates from field study

Species

C. pamphilus

G Y T R C w
Gender (G) 1
Year (Y) 0.30 1
Temperature (7) 0.03 —-0.42 1
Radiation (R) —0.05 -0.23 0.44 1
Cloudiness (C) —0.09 0.31 —0.67 —0.30 1
Wind speed (W) —0.06 —-0.07 0.05 0.33 —0.13 1
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Table 8 continued

Species
M. jurtina
G Y T R C w
Gender (G) 1
Year (Y) 0.33 1
Temperature (7) —0.21 —0.84 1
Radiation (R) 0.15 0.20 —0.08 1
Cloudiness (C) 0.20 —0.20 0.09 —0.31 1
Wind speed (W) 0.19 0.01 0.09 0.16 0.37 1
Species
M. athalia
G Y T R C w
Gender (G) 1
Year (Y) 0.38 1
Temperature (7) —0.35 —0.92 1
Radiation (R) —0.08 —0.16 0.18 1
Cloudiness (C) 0.10 0.67 —0.79 —0.30 1
Wind speed (W) —0.07 0.11 —0.09 0.44 0.06 1
Species
P. argus
G Y T R C w
Year (Y) 0.18 1
Temperature (7) 0.01 —0.84 1
Radiation (R) 0.00 —0.32 0.06 1
Cloudiness (C) 0.07 0.87 —0.65 —0.55 1
Wind speed (W) 0.18 0.99 —0.83 —0.30 0.86 1
Appendix 3
See Fig. 5.
non-flying flying non-flying flying )
C. il S — P — baseline
y 7 { f ' f {low wind speed,
start
covariate
**
intermediate wind speed |
high wind speed *xk o

} Jo—

Fig. 5 Effect of wind speed on observed duration of flying and non-flying bouts for C. pamphilus, based on
survival analysis. Width of bars shows duration of behaviour type relative to baseline situation (low wind
speed), where non-flight behaviour can consist of more than one behaviour type; P values from Z score test:
##P < 0.01; ***P < 0.005; number of flying bouts: 853; number of non-flying bouts: 870.
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Appendix 4

See Table 9.

Table 9 Number of individuals, and mean and standard deviation in proportion of time spent flying per

individual
Species Statistic  Low, T Intermediate, T High, T Low, R Intermediate, R  High, R
C. pamphilus  n 37 57 8 40 49 13
Mean 11.09 13.35 14.94 7.77 15.97 15.21
Stdev 16.20 18.45 23.96 12.35 20.85 18.93
M. jurtina n 15 21 5 18 15 8
Mean 15.70 22.05 11.00 19.16 8.37 26.17
Stdev 24.18 25.09 11.58 24.95 9.25 25.50
M. athalia n 6 9 7 9 11 2
Mean 3.07 19.13 22.81 10.80 14.83 44.99
Stdev 2.63 23.77 23.30 12.20 23.35 25.41
P. argus n 6 10 6 8 5 9
Mean 9.87 20.84 24.05 11.30 25.03 21.81
Stdev 6.98 23.76 25.58 10.49 22.52 26.83
Species Statistic  Low, C  Intermediate, C High, C Low, W Intermediate, W High, W
C. pamphilus n 18 48 36 21 51 30
Mean 26.84 12.24 6.12 22.95 10.36 9.35
Stdev 29.26 14.86 8.62 26.54 13.28 15.50
M. jurtina n 6 13 22 19 20 2
Mean 4.52 31.54 14.38 17.05 21.14 3.44
Stdev 3.37 25.81 22.01 25.87 22.12 2.99
M. athalia n 8 8 6 19 2 1
Mean 29.29 2.90 15.46 17.92 4.03 1.83
Stdev 28.30 243 12.57 21.94 1.37 -
P. argus n 11 5 6 16 1 5
Mean 23.63 18.54 9.87 22.04 10.71 9.71
Stdev 25.89 20.01 6.98 23.65 - 7.79
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