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Abstract Recent studies demonstrated that the Painted Lady (Vanessa cardui), a cos-
mopolitan diurnal butterfly performs long-range migration between subtropical Africa and
north-western Europe, covered by individuals belonging to up to six generations. Here we
analyze temporal patterns of complete annual migratory activity of the Painted Lady in
Hungary, located in its Central European migratory route, almost completely unstudied
before. To do so, we used field occurrence data collected between 2000 and 2019 and es-
timated temporal patterns in migratory activity by fitting kernel density functions on the
daily mean number of individuals and observation frequency. The temporal distributions
of kernel density estimates were analyzed as a function of time and key climatic predictors
of the study area. We found that (i) the timing of spring arrivals has been advancing; (ii)
the relative intensity of the first and last migratory peaks of the Painted Lady significantly
increased during the past decades; and (iii) intensity of the last migratory peak is related
to the mean temperature of the previous month, inferring that the migration is shifting
to earlier dates and their volume of the migration has substantially intensified, evoking
mutually nonexclusive, competing hypotheses. Our study indicates the strengthening mi-
gration activities of a southerly distributed, long-distance migrant diurnal butterfly, most
probably linked to the northward shift of wintering areas induced by warming trends of
the southern parts of Europe. However, the complexity of the likely processes leading to
changing migratory strategies calls up for further research in both breeding and wintering
areas.

Key words climatic responsiveness; insect migration; kernel density estimation; Painted
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Introduction with sufficient nutrient availability, even on large geo-

graphical or even intercontinental scales, involving reg-

During the past decades, evidence has been mounting that
insects include a number of taxa which fully or partially
migrate between breeding areas and wintering grounds
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ularity both in time and space (Rainey, 1963; Schae-
fer, 1969; Urquhart & Urquhart, 1978; Dingle, 1996; Hu
etal.,2016). On global scales, among a number of migra-
tory insects, a handful of iconic migrants have also been
described, mostly consisting of large butterflies, dragon-
flies or major crop pests (Holland et al., 2006; Chapman
et al., 2015). Moreover, other less conspicuous groups
of insects do also migrate, such as hoverflies (Jauker
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& Wolters, 2008) and aphids (Tenhumberg & Poehling,
1995).

Recently, climate-induced phenological shifts in migra-
tion regimes have frequently been documented in a wide
range of organisms, including vertebrates, plants and mi-
gratory insects (Cleland et al., 2007; Gordo, 2007; Taylor,
2008; Bell et al., 2015). For example, evidence is accu-
mulating that both diurnal and nocturnal lepidopterans re-
spond to current climatic trends by advancing first emer-
gence dates and prolonging late autumn activities (Dell
et al., 2005; Sparks et al., 2006; Végvari et al., 2015).
These behavioral changes have been shown to affect mi-
gration and wintering strategies as well as population dy-
namics and extinction risks in a number of species (Bale
& Hayward, 2010).

For example, several studies have been carried out
in the migration strategies of the Monarch Butterfly
(Danaus plexippus) (Zipkin et al., 2012; Zhan et al.,
2014), conclusions of which highlight the complex re-
lationship between climate and migratory performance
and suggest that attempts to understand how Monar-
chs will be able to cope with predicted climate con-
ditions will be challenging. This implies that current
and predicted climatic processes might have a key rel-
evance for the conservation of migratory lepidopterans
(Lemoine & Bohning-Gaese, 2003; Oberhauser & Peter-
son, 2003). Among diurnal migratory lepidopterans, the
Painted Lady (Vanessa cardui, Nymphalidae) has been
proved to be an optimal model organism for insect mi-
gration research, as (i) it exhibits long-distance migratory
movements between subtropical Africa and northern Eu-
rope, covered by up to six generations (Stefanescu et al.,
2013; Talavera & Vila, 2016; Talavera et al., 2018); (ii)
although the western flyway connecting NW—Europe and
West—Africa has been thoroughly investigated, migratory
routes further to the east are practically undescribed (Ste-
fanescu et al., 2007; Stefanescu et al., 2013; Talavera &
Vila, 2016; Talavera et al., 2018; Menchetti et al., 2019);
(iii) as it is common and nonprotected, Painted Ladies can
be easily collected and reared in artificial conditions; (iv)
larval food include common plants (e.g., thistles Carduus
and Cirsium spp. and nettles Urtica spp.) that are easy to
be grown in laboratory studies (Stefanescu, 1997; Janz,
2005; own unpublished observations); (v) its cosmopoli-
tan distribution covers all continents with the exception
of South-America. Although the migratory movements
of the western population of the Painted Lady have long
been studied (Pollard et al., 1998), the effects of climatic
variability on migratory strategies have not been investi-
gated before.

Here we aim to analyze temporal patterns of the
complete annual migratory activity in the Painted Lady

throughout Hungary. To do so, we used field occurrence
data collected by volunteers and all of the authors of this
work, between 2000 and 2019; thus spanning 20 years,
which has been shown to be long enough to detect cli-
matic fingerprints on migration strategies (Végvari et al.,
2015). We hypothesized that as a response to current cli-
matic patterns, (i) the spring migration is advancing as a
reaction to warming springs in North-Africa and South-
Europe; (ii) the population size is growing, as the winter
mortality decreases in this warm-adapted species, due to
elevated temperatures; and (iii) the intensity of migration
is related to mean temperature values and precipitation
totals (Holland et al., 2006; Sparks et al., 2007).

Materials and methods
Painted Lady data

We collected occurrence data of adult Painted Ladies
between 2000 and 2019 using (i) publicly available
records of entomological websites, which collate data on
a broad range of insects between late February and late
November—thus covering the whole length of the mi-
gratory period of the easily identifiable study species
in the study area—uploaded by citizen scientists the
data of whom are regularly controlled by specialists
(www.izeltlabuak.hu, lepketerkep.termeszet.org) and (ii)
our observations recorded between 2014 and 2019, fol-
lowing the methodology of the Hungarian Butterfly Sur-
vey (www.lepkeszet.hu). The observations were collected
using standard manual GPS devices or mobile phones,
providing location coordinates with a resolution less than
10 meters. Applying these records, first we created a
database including the following variables for each ob-
servation: date, time of the day (hours and minutes), geo-
graphical coordinates, and number of individuals counted
along a transect. To control for observation effort, we
grouped the complete set of observations by day and cal-
culated the daily mean number of individuals. As the
length of survey walks showed no temporal differences,
we consider the daily mean value of observed individuals
to be unaffected by sampling bias. Further, as we found
no effect of weekend days on the number of individuals
(linear regression with Poisson error distribution, F_ 1945
= 1.131, P = 0.288, multiple R? = 0.001), we consider
the dataset to be unaffected by temporal variance in ob-
servation activity.

To estimate potential spatial autocorrelation patterns
in the records, we performed Moran’s I test for the (i)
mean and (i) median number of individuals as well
as for (iii) the observation frequency, defined as the
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number of species occurrences reported per day for
each year. As a result, no spatial autocorrelation pattern
emerged in the (i) mean number of individuals (Moran’s
I, observed = 0.010, expected = —0.0001, N = 1102,
P = 0.268); (ii) median number of individuals (Moran’s
I, observed = 0.009, expected = —0.001, N = 1102, P
= 0.310); and (iii) observation frequency (Moran’s I, ob-
served = 0.004, expected = —0.001, N = 1102, P =
0.619). This implies that the response variables are not
affected by spatial autocorrelation.

To investigate the potential effects of the temporal dis-
tribution of sample days, we considered all sampling
dates of the citizen science project for collecting butter-
fly data and analyzed the temporal patterns of the number
of sampling days divided into 10-d periods. To do so, for
each study year we fitted linear regressions on the num-
ber of sampling dates as a function of the number of 10-d
periods during the flight season of the Painted Lady. This
calculation showed that the number of survey dates were
independent of time in all of the study years (linear re-
gression, N = 16, P > 0.227 for all cases). Therefore,
we consider that the temporal distribution of the Painted
Lady data was not influenced by temporal changes in
sampling intensity in our dataset.

To test the effect of elevation on the temporal distribu-
tion of Painted Lady records, first we divided the dataset
into data with low (< 300 m) and high (> 300 m) al-
titudes, as the elevation of 300 meters above sea level
is supported by habitat distributions in the study region
and also by the histogram of elevation data in our dataset
(Mezosi, 2016). In the next step, we calculated the tem-
poral distribution of the Painted Lady by fitting kernel
density estimates and compared the distribution of the (i)
Julian date and (ii) relative height of the 95 % quantile
of the kernel density peaks by two-sample #-tests, as the
kernel density curves are normally distributed. We found
that both the 95 % Julian dates and relative heights were
not correlated between high and low elevations (z-test, f =
—0.055, df =24.073, P = 0.619 for Julian dates and ¢t =
—1.652, df = 28.479, P = 0.109 for relative heights) in-
dicating no difference in kernel density distributions be-
tween low and high elevations.

Flight activity

To assess temporal changes in migration phenology,
first we computed two metrics of spring migration phe-
nology, which controls for the nonindependency of the
records collected on the same observation days: (i) earli-
est arrival dates, defined as the Julian date of the 5% per-
centile of the height of first migration wave; (i) median
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arrival dates, defined as the Julian date of the 50% per-
centile of the height of the first migration wave, estimat-
ing the arrival time of the bulk of the population; as well
as a temporal predictor of the last migratory peak, quanti-
fied as the Julian date of the 95% of the height of the last
migratory peak, characteristic for late summer migration
(Tryjanowski & Sparks, 2001; Végvari et al., 2015).

To identify separate peaks of flying activity which
identify separate migratory waves, we applied kernel den-
sity estimation fitted on the (i) daily means of individual
numbers and (ii) frequency of observations restricted for
years with at least 15 individuals in total, using the de-
fault function available in the R 3.4.4 statistical program-
ming environment (R Development Core Team, 2018).
Kernel density estimates are considered as a ‘smoothed’
version of a histogram. The height of distinct modes as-
sesses the relative intensity of migration waves. We used
the default kernel bandwidth, which was derived from
the raw data and which is scale-invariant (R Develop-
ment Core Team, 2018). For example, in the resulting dis-
tributions, unimodal kernel density distribution indicates
single migratory wave in a year, while bimodal distribu-
tions are proxies for two migratory waves in a given year.
Consequently, we calculated the number of flight activity
peaks by numerically computing the first derivatives of
the curves and identifying local maxima by computation-
ally finding zero slopes of the derivative (Végvari et al.,
2015).

Climatic responsiveness

Temporal patterns in activity peaks have been analyzed
by two approaches.

First, to investigate temporal patterns in the timing of
activity peaks, we fitted linear regressions on the (a) Ju-
lian dates and (b) relative intensity (height) of the (i)
5% (FED), (ii) 50% (MED), and (iii) 95% (LED) per-
centiles of kernel density maxima fitted on the mean
number of individuals per Julian date as a function of
year. FED-shifts describe the modifications in the mi-
gration strategies of the earliest arriving part of the pop-
ulation, which is a robust predictor of population re-
sponses in fast changing climatic processes. In contrast,
changes in MED represent the temporal shifts in the
timing of arrival of the population bulk. Alternatively,
changes in LED is a predictor of modification in winter-
ing/hibernation strategies (Diamond et al., 2011; Végvari
etal., 2015).

Next, we repeated kernel density analyses separated for
the southern and the northern part of Hungary divided by
the mean latitude of the latitudinal range of Hungary, as
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the southern part of the country is a candidate as a winter-
ing area of Painted Ladies (Z. Varga, pers. comm.), which
implies that the number of migratory waves can be dif-
ferent from that of the northern part, owing to differential
dispersal and migration strategies.

In the second approach, we repeated these analyses for
kernel density estimates fitted on the frequency of obser-
vations (Supp et al., 2015)

To estimate relationships among flight activity and cli-
matic parameters, we conducted two approaches. First,
for each year, we calculated the precipitation totals and
mean temperature averaged for Hungary and fitted linear
regressions on the annual number of flight activity peaks
as a function of climatic proxies. Second, for each activ-
ity peak, we calculated the precipitation totals and mean
temperature for the (i) actual and (ii) previous months as
well as for the (iii) previous year, averaged for the study
area, and fitted multivariate linear regression on the rel-
ative height of the kernel density estimate as a function
of Julian date of the activity peak as well as the precipi-
tation sum and mean temperature of the (i) actual and (ii)
previous month as well as of (iii) the previous year.

All statistical analyses were conducted in the R sta-
tistical programming environment (R Development Core
Team, 2018). Climatic proxies were retrieved from the
open-access database of University of East Anglia (CRU,
http://www.cru.uea.ac.uk/; version 3.10.01; Mitchell &
Jones, 2005), applying the “RNetcdf” package for man-
aging large datasets (Michna & Woods, 2013; Kothe
et al., 2019). Spatial statistics were performed by the
“maptools” (Bivand & Lewin-Koh, 2015), “raster” (Hi-
jmans et al., 2015), “rgdal” (Bivand et al., 2014), and
“spatstat” packages (Baddeley & Turner, 2004), whereas
Moran’s 1 tests were applied using the “ape” package
(Paradis & Schliep, 2019).

Results

Our dataset includes 1947 records in total, spanning 20
years (2000-2019, Fig. 1). The number of kernel den-
sity peaks ranged between 1 and 3 (Fig. 2) considering
the whole of the country, and ranged between 1 and 5 in
South-Hungary, and between 1 and 3 in the northern part
of the country. In the whole of the country, the mean of
annual medians of observation data was found to be 22
June (interquantile range: 15 May to 9 July, Table 1).

Mean number of individuals

Temporal trends We detected no temporal trend in
the number of activity peaks, identified as the number of
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Fig. 1 Distribution of occurrence points of the Painted Lady in
Hungary, collected in Hungary between 2000 and 2019, indicat-
ing survey locations showing the number of years with Painted
Lady records.

local maxima of kernel density estimates (linear regres-
sion, b =0.018, df = 12, P = 0.579). Similarly, no tempo-
ral patterns emerged when considering the southern and
the western part of the country separately (linear regres-
sion, b = 0.206, df = 6, P = 0.155 for South-Hungary
and linear regression, b = 0.004, df = 11, P = 0.911
for North-Hungary). We found no correlation between
the annual number of migration peaks of the separate
regions (Pearson’s correlation, » = 0.095, P = 0.824).

Climatic responsiveness We detected significant ad-
vancement of temporal patterns in FED (linear regres-
sion, b= —2.788,df =12, P=0.017, Table 2, Fig. 3), but
not in MED and LED dates (linear regression, N = 13, P
> 0.080 for both cases, Table 2). In contrast, temporal
patterns in the intensity of activity showed significantly
increasing trends in the timing of all migration metrics:
(linear regression, df = 12, P < 0.031 for all cases;
Table 2; Fig. 4A—C).

Across the 13 years with representative sample size,
we found no relationship between the annual number of
flight activity peaks and annual precipitation totals or
mean temperatures calculated either for the actual or the
previous year (linear regression, N = 13, P > 0.598 for
all cases, Table 2).

In contrast, the relative intensity of the 95% percentile
of the last flight peak was negatively associated to the
Julian date (linear regression, b = —0.015, df = 24,
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Fig. 2 Kernel density estimates fitted on observation frequency as a function of Julian dates, applying the Painted Lady observation
records from years with N > 15 observation dates, collected in Hungary between 2000 and 2019. Red vertical lines indicate the Julian
dates of the kernel density peaks.
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Table 1 Annual dates of median, lower and upper quantiles
calculated for Painted Lady records collected in Hungary be-
tween 2000 and 2019. 22 June (interquantile range: 15 May to
9 July).

Date of Date of

Year Date of lower upper
median ; ]

quantile quantile
2000 04 June 30 May 14 June
2001 09 June 12 May 30 June
2002 11 June 11 May 30 June
2003 21 June 31 May 29 June
2004 23 June 14 June 01 July
2006 07 June 04 July 15 July
2007 12 June 06 June 12 June
2008 17 May 26 April 27 June
2009 21 June 31 May 14. July
2010 29 June 10 June 29 July
2011 09 June 14 June 23 August
2012 18 June 06 June 28 August
2013 26 June 31 May 11 August
2014 02 July 25 May 08 August
2015 15 June 26 May 07 July
2016 05 June 21 April 04 July
2017 07 June 11 May 07 July
2018 28 May 23 April 15 June
2019 09 June 01 June 16 June
Overall 22 June 15 May 9 July

mean

P = 0.047) and was positively related to the mean tem-
perature of the previous month (linear regression, b =
0.111, df = 25, P = 0.008, Table 2). All other associa-
tions among 5%, 50%, and 95% percentiles of the kernel
density estimates as well as monthly climatic parameters
calculated for the actual or previous months proved to be
nonsignificant (linear regressions, df = 25, P > 0.055 for
all cases, Table 2).

Frequency of observations

Similar to temporal patterns of FED-trends calculated
for the mean number of individuals, we detected a sig-
nificant temporal pattern in FED dates as a function of
year (linear regression, b = —3.410,df =12, P = 0.017),
indicating the advancement of the arrival of the first indi-
viduals. In line with MED- and LED-trends for the mean
number of individuals, no temporal patterns emerged for
the timing of the bulk and last of the migrating waves
(linear regressions, df = 12, P > 0.075 for both cases).

In contrast to kernel density estimates fitted on the
mean number of individuals, the relative intensity of
the 5% percentile of the first migratory wave estimated
by kernel density distribution fitted on observation fre-
quency showed no temporal trend (b < 0.0001, df = 12,
P = 0.459). Whereas the 50% percentile of the first mi-
gratory peak exhibited no temporal pattern across the
years (b = 0.024, df = 12, P = 0.139), the volume of
the last migratory peak, measured as the 95% percentile
of the kernel density estimate increased significantly as
a function of years (b = 0.161, df = 12, P = 0.043),
similarly to kernel density estimates fitted on the mean
number of individuals.

Across the 12 years with representative sample size,
we found no relationship between the annual number of
flight activity peaks and annual mean temperature (lin-
ear regression, b = —0.030, df = 11, P = 0.904), as well
as between annual precipitation totals (linear regression,
b = 0.001, df = 11, P = 0.587). Similarly, the annual
number of migratory peak was independent of both an-
nual temperature (linear regression, b = —0.417, df = 11,
P =0.086) and precipitation totals (linear regression, b =
0.001, df = 11, P = 0.648) of the previous year.

The relative intensity of the flight peak was neither re-
lated to the Julian date of the peak nor to any of the cli-
matic proxies, calculated both for the actual and previ-
ous months (multivariate linear regression, df = 21, P >
0.214 for all cases), similarly to the results of kernel den-
sity estimates fitted on the mean number of individuals.

Discussion

Our study provided the following key results. First, we
consistently (i.e., supported by models fitted on kernel
density estimates computed using both the mean number
of individuals or observation frequency) detected the ad-
vancement of the arrival of the 5% percentile of the first
migratory wave across the study years, which indicates
the shift of the timing of the spring arrival of Painted
Ladies to earlier dates. Second, the intensity of the first
and last migratory peaks (which is a proxy of late summer
migration), measured as the 5% and 95% percentile of the
kernel density estimates increased significantly between
2000 and 2019. Third, the volume of the 95% of the ker-
nel density estimate of the last peak during late summer
migration was positively related to the mean temperature
of the previous month, shown only by linear regressions
fitted on the kernel density estimates computed using the
mean number of individuals.

The advancement of the timing of the earliest arrivals
is in line with a number studies that consistently show
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Table 2 Model outputs of linear regressions fitted on temporal migration metrics of the Painted Lady data, applied as a function of
year as well as climatic parameters.

Response Predictor b SD t-value P P df
Temporal changes
Julian date of FED Intercept 5677.2594  1998.9035 2.8402 0.0161 04171 12
Year —2.7879 0.9937 —2.8057 0.0171 04171 12
Julian date of MED Intercept 4266.7378  2178.7612 1.9583 0.0738 0.2332 12
Year —2.069 1.0829 —1.9106 0.0802 0.2332 12
Julian date of LED Intercept 4562.0652  2681.8958 1.7011 0.1147  0.183 12
Year —2.1855 1.333 —1.6395 0.127 0.183 12
Relative height of FED  Intercept —1.1948 04315 —2.769 0.0183 0.4123 12
Year <0.0001 <0.0001 2.7778 0.018 04123 12
Relative height of MED  Intercept —75.5594 30.9802 —2.439 0.0312 0.3327 12
Year 0.0377 0.0154 2.4459 0.0308 0.3327 12
Relative height of LED  Intercept —393.0385 156.517 —2.5112 0.0273  0.3456 12
Year 0.1958 0.0778 2.5175 0.027 0.3456 12
Climatic responsiveness
Number of peaks Intercept 1.0287 4.2452 0.2423 0.8146 0.0692 12
Mean temperature of actual year 0.0525 0.36 0.1459 0.8876  0.0692 12
Precipitation total of actual year <0.0001 0.0017 0.1963 0.8493  0.0692 12
Mean temperature of previous year 0.0763 0.3846 0.1984 0.8477 0.0692 12
Precipitation total of previous year <0.0001 0.0016  —0.5485 0.5983 0.0692 12
Actual month
Relative height of FED  Intercept 0.0143 0.0095 1.5055 0.1452 0.0432 24
Julian date of FED 0 <0.0001 —0.1263 0.9006 0.0432 24
Mean temperature <0.0001 <0.0001 —0.2821 0.7803 0.0432 24
Precipitation sum <0.0001 <0.0001 —0.6622 0.5141 0.0432 24
Relative height of MED  Intercept 0.1881 0.1784 1.0543 0.3022 0.1755 24
Julian date of MED <0.0001 0.0012  —0.0899 0.9291 0.1755 24
Mean temperature 0.0169 0.0148 1.1378 0.2664 0.1755 24
Precipitation sum —0.0035 0.0017 —2.0195 0.0547 0.1755 24
Relative height of LED  Intercept 1.469 0.5475 2.6833 0.013 0.1911 24
Julian date of LED —0.0145 0.0069 —2.093 0.0471 0.1911 24
Mean temperature 0.0647 0.0534 1.2131 0.2369 0.1911 24
Precipitation sum 0.0017 0.003 0.5479 0.5888 0.1911 24
Previous month
Relative height of FED  Intercept 0.0031 0.0063 0.4971 0.6236  0.1643 24
Julian date of FED <0.0001 <0.0001 —1.1697 0.2536 0.1643 24
Mean temperature <0.0001 <0.0001 —0.4025 0.6908 0.1643 24
Precipitation sum <0.0001 <0.0001 2.0864 0.0477 0.1643 24
Relative height of MED  Intercept 0.047 0.1787 0.2629 0.7949 0.0563 24
Julian date of MED 0.002 0.0022 0.9048 0.3746  0.0563 24
Mean temperature —0.0147 0.0197 —0.7464 0.4627 0.0563 24
Precipitation sum 0.0016 0.0023 0.7074 0.48061 0.0563 24
Relative height of LED  Intercept 2.3664 0.6078 3.8937 <0.0001 0.3399 24
Julian date of LED —0.0223 0.0072  —3.1074 0.0048 0.3399 24
Mean temperature 0.1109 0.0396 2.7988 0.084 0.3399 24
Precipitation sum <0.0001 0.0038 0.0122 0.9903 0.3399 24
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Fig. 3 Earliest migration dates as a function of years, com-
puted as the Julian day of the 5% percentile of the first kernel
density peak fitted on the daily mean number of individuals, us-
ing Painted Lady records collected in Hungary between 2000
and 2019.

in a large taxonomic scale that even long-distance mi-
grants change migration strategies by earlier arrivals in
the breeding grounds which is considered an adaption to
warmer temperatures (Jonzén et al., 2006, Sparks et al.,
2007). Indeed, the earliest arriving individuals benefit by
(i) reduced competition for resources and by (ii) avoid-
ing predators which focus on the arrival of the bulk of
the population, that is, which optimize for matching food
peaks (Jonzén et al., 2007). In contrast, the timing of the
median Julian dates of the first migratory wave and the
95% percentile of the last migratory wave did not change
during the past two decades, implying that both the bulk
of the population and those arriving during the late sum-
mer migration wave exhibits a conservative migration
strategy, which we previously demonstrated in a larger
taxonomic subset of a lepidopteran family (Végvari et al.,
2015).

Our finding that the relative intensity of both spring
and late summer activity peaks of the Painted Lady
significantly and consistently increased during the past
decades infers that the volume of the migration waves
of Painted Ladies has substantially intensified, indepen-
dent of the timing of migration. To explain this pat-
tern, we propose several mutually nonexclusive hypothe-
ses. First, this finding is in line with a number of in-
vestigations demonstrating increasing population sizes in

insects with southern distribution areas, which benefit
from current warming trends (Vanhanen et al., 2007).
Indeed, this pattern might be related to decreased mor-
tality due to improved wintering conditions or owing
to decreased distances between breeding and wintering
sites, thus involving less predation risks and smaller like-
lihood of adverse climatic events. In line with this hy-
pothesis, current field observations indicate that Painted
Ladies might winter as far as both South- and North-
Hungary (Janos Toéth, Zoltan Varga, unpublished data).
Second, warming winters might increase the fitness of
first emerging individuals, which thus might have higher
breeding success that results again in increased popu-
lation sizes arriving in Central Europe (Sparks et al.,
2007). Third, bioclimatic studies indicate that climatic
processes might induce substantial changes in migratory
routes, which predict that during the study period we
might have detected individuals from various wintering
areas, the plausibility of which is also coupled with fast
changes in precipitation patterns of the Sahel zone in
Africa where Painted Ladies are known to winter (Bi-
asutti, 2019). Further, several migratory animal species
have changed migration strategies not only by advancing
the onset of spring migrations, but also by shifting their
wintering grounds northwards (Bokony et al., 2019). In-
deed, current climatic scenarios consistently indicate the
fast northward shift of the frost-free zones within Europe,
supported by the novel overwintering of southerly dis-
tributed bird species, not experienced before the 1980s
(Leito et al., 2015; Bokony ef al., 2019).

Our finding that the volume of the last migratory wave
was positively related to the mean temperature of the
previous month supported by models developed using
the mean number of individuals and not by observation
frequency, indicates that increased temperatures improve
survival rates, which parallels the preference of Painted
Ladies for hotter and drier climates.

Parallel to our findings, the high complexity of rela-
tionships among climatic parameters and breeding phe-
nology in Monarch Butterflies along their migratory
route has already been documented by previous studies,
which found that climate acts in conflicting ways during
the spring and summer seasons, as various generations
of the same migratory track experience various climatic
trends (Zipkin et al., 2012). Similarly, a study on this mi-
grant diurnal butterfly indicates increased climatic sensi-
tivity by the predicted fast northward shift of the winter-
ing areas (Batalden et al., 2014).

In line with our findings, previous studies anticipate
the increase of the migratory population of the Painted
Lady, eventually leading to its classification as agricul-
tural pest, thus evoking further studies in its migratory
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Fig. 4 Relative kernel density intensities of the (A) 5% and the (B) 50% percentiles of the first migration wave as well as the (C) 95%
of the last migration wave, as a function of years, fitted on the mean number of individuals, using Painted Lady records collected in

Hungary between 2000 and 2019.

behavior and food plant selection that might inform agri-
cultural planning. For example, the caterpillars of migrant
Painted Ladies can also feed on soybean and sunflower,
if allowed by the timing of migration (Poston e? al., 1977;
Charlet et al., 1987), which has been shown to be related
to current climatic processes (Hodar & Zamora, 2004).

The increasing migratory population size of the
southerly distributed Painted Ladies parallels the findings
of previous studies showing that the number of species of
migratory lepidopterans in the south of the United King-
dom has been rising steadily, which is closely linked to
rising temperatures in SW Europe. It is predicted that
further climate warming within Europe will increase the
number of migratory lepidopterans reaching the United
Kingdom and the consequences of this influx also need
urgent attention (Sparks et al., 2007).

Migratory animals have been shown to be especially
vulnerable to current global climatic trends owing to their
dependence on spatially distributed resources, which
may be differentially influenced by climate (Lemoine &
Bohning-Gaese, 2003). Thus, a number of populations of
migratory lepidopterans (Oberhauser & Peterson, 2003)
are considered as endangered by current climatic trends,
highlighting the importance of longitudinal studies on the
climatic responsiveness of model butterflies, that moti-
vated us to analyze the temporal patterns of migratory ac-
tivity in the Painted Lady throughout Hungary. Indeed, re-
cent studies highlight the highly complex responsiveness
of insects to current climatic trends, which is amplified
by the interconnectedness of climatic processes acting on
various (i) generations; (ii) stages of the life cycle; and
(iii) sections of migratory routes (Forrest, 2016). These
relationships provide exceptional challenges for predict-
ing changes in phenology, breeding and wintering range

as well as population dynamics and extinction risks in mi-
gratory insects.

In sum, our study indicates the strengthening migration
activities of a southerly distributed, long-distance migrant
diurnal butterfly, most probably linked to the northward
shift of wintering areas induced by warming trends of the
southern parts of Europe. However, the complexity of the
likely processes leading to changing migratory strategies
calls up for further research in both breeding and winter-
ing areas.

Acknowledgments

We are grateful to all citizen scientists for data collections
and the website owners (Balazs Kérolyi and Szabolcs Sa-
fian) for providing us the datasets.

Disclosure

All authors of this manuscript declare no conflict of
interest, including specific financial interests and rela-
tionships and affiliations relevant to the subject of this
manuscript.

References

Baddeley, A.J. and Turner, R. (2004) Spatstat: an R pack-
age for analyzing spatial point patterns. Available at:
https://cran.r-project.org/web/packages/spatstat/index.html
(accessed February 17, 2020).

Bale, J.S. and Hayward, S.A.L. (2010) Insect overwintering in
a changing climate. Journal of Experimental Biology, 213,
980-994.

© 2020 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese

Academy of Sciences, 28, 839-849

85U8017 SUOWILIOD A1) 3|qeo ! [dde 8y A pauienob aJe sl YO ‘@SN Jo Sa|nJ Joj Akeid1TauljuO A8|1M UO (SUOPUOD-PUB-SWBIAL0D" A8 M Aeiq Ul Uo//:Sdny) SUORIPUOD pue swie 1 8y} 88s *[£202/T0/.2] Uo AkiqiTauluo A8|IM ‘Ueteided JO AiseAlun Ad ST8ZT LT6.-vYLT/TTTT'OT/I0P/L00 A8 1M ARIq1eUl|uO//Sd1y Wo.j pepeoiumod ‘€ ‘T20Z ‘LT6LYYLT


https://cran.r-project.org/web/packages/spatstat/index.html

848  E. Juhasz et al.

Batalden, R.V,, Oberhauser, K. and Peterson, A.T. (2014) Eco-
logical niches in sequential generations of eastern north
American monarch butterflies (Lepidoptera: Danaidae): the
ecology of migration and likely climate change implications.
Environmental Entomology, 36, 1365-1373.

Bell, I.R., Alderson, L., Izera, D., Kruger, T., Parker, S., Pickup,
J. et al. (2015) Long-term phenological trends, species ac-
cumulation rates, aphid traits and climate: five decades of
change in migrating aphids. Journal of Animal Ecology, 84,
21-34.

Biasutti, M. (2019) Rainfall trends in the African Sahel: char-
acteristics, processes, and causes. Wiley Interdisciplinary Re-
views: Climate Change, 10, e591.

Bivand, R. and Lewin-Koh, N. (2015) maptools: tools for
reading and handling spatial objects. R package version
0.8-39. Available at: https://cran.r-project.org/web/packages/
maptools/index.html (accessed February 17, 2020).

Bivand, R., Keitt, T. and Rowlingson, B. (2014) Package ‘rgdal’.
bindings for the Geospatial Data Abstraction Library. Avail-
able at: http://CRAN.R-project.org/package=rgdal (accessed
February 17, 2020).

Bokony, V., Barta, Z. and Végvari, Z. (2019) Changing migra-
tory behaviors and climatic responsiveness in birds. Frontiers
in Ecology and Evolution, 7, 1-12.

Chapman, J.W., Reynolds, D.R. and Wilson, K. (2015) Long-
range seasonal migration in insects: mechanisms, evolution-
ary drivers and ecological consequences. Ecology Letters, 18,
287-302.

Charlet, L.D., Kopp, D.D. and Oseto, C.Y. (1987) Sunflowers:
their history and associated insect community in the northern
Great Plains. Bulletin of the ESA, 33, 69-75.

Cleland, E.E., Chuine, 1., Menzel, A., Mooney, H.A. and
Schwartz, M.D. (2007) Shifting plant phenology in response
to global change. Trends in Ecology & Evolution, 22, 357—
365.

Dell, D., Sparks, T.H. and Dennis, R.L. (2005) Climate change
and the effect of increasing spring temperatures on emer-
gence dates of the butterfly Apatura iris (Lepidoptera:
Nymphalidae). European Journal of Entomology, 102, 161—
167.

Diamond, S.E., Frame, A.M., Martin, R.A. and Buckley, L.B.
(2011) Species’ traits predict phenological responses to cli-
mate change in butterflies. Ecology, 92, 1005-1012.

Dingle, H. (1996) Migration: The Biology of Life on the Move
(Vol. 480). Oxford University Press, New York.

Forrest, J.R. (2016) Complex responses of insect phenology to
climate change. Current Opinion in Insect Science, 17, 49—
54.

Gordo, O. (2007) Why are bird migration dates shifting? A re-
view of weather and climate effects on avian migratory phe-
nology. Climate Research, 35(1-2), 37-58.

Hijmans, R.J., Van Etten, J., Cheng, J., Mattiuzzi, M., Sumner,
M., Greenberg, J.A. et al. (2015) Package ‘raster’. R package.
Available at: https://cran.r-project.org/web/packages/raster/
index.html (accessed February 17, 2020).

Holland, R.A., Wikelski, M. and Wilcove, D.S. (2006) How and
why do insects migrate? Science, 313, 794-796.

Hoédar, J.A. and Zamora, R. (2004) Herbivory and climatic
warming: a Mediterranean outbreaking caterpillar attacks a
relict, boreal pine species. Biodiversity & Conservation, 13,
493-500.

Hu, G., Lim, K.S., Horvitz, N., Clark, S.J., Reynolds, D.R.,
Sapir, N. et al. (2016) Mass seasonal bioflows of high-flying
insect migrants. Science, 354, 1584—1587.

Janz, N. (2005) The relationship between habitat selec-
tion and preference for adult and larval food resources
in the polyphagous butterfly Vanessa cardui (Lepidoptera:
Nymphalidae). Journal of Insect Behavior, 18, 767-780.

Jauker, F. and Wolters, V. (2008) Hover flies are efficient polli-
nators of oilseed rape. Oecologia, 156, 819.

Jonzén, N., Lindén, A., Ergon, T., Knudsen, E., Vik, J.O.,,
Rubolini, D. et al. (2006) Rapid advance of spring arrival
dates in long-distance migratory birds. Science, 312, 1959—
1961.

Jonzén, N., Hedenstrom, A. and Lundberg, P. (2007). Climate
change and the optimal arrival of migratory birds. Proceed-
ings of the Royal Society B: Biological Sciences, 274, 269—
274.

Kothe, S., Hollmann, R., Pfeifroth, U., Triger-Chatterjee, C.
and Trentmann, J. (2019) The CM SAF R toolbox—a tool
for the easy usage of satellite-based climate data in NetCDF
format. ISPRS International Journal of Geo-Information, 8,
109.

Leito, A., Bunce, R.G.H., Kiilvik, M., Ojaste, L., Raet, J., Vil-
loslada, M. et al. (2015) The potential impacts of changes
in ecological networks, land use and climate on the Eurasian
crane population in Estonia. Landscape Ecology, 30, 887—
904.

Lemoine, N. and B6hning-Gaese, K. (2003) Potential impact of
global climate change on species richness of long-distance
migrants. Conservation Biology, 17, 577-586

Menchetti, M., Guéguen, M. and Talavera, G. (2019) Spatio-
temporal ecological niche modelling of multigenerational in-
sect migrations. Proceedings of the Royal Society B, 286,
20191583.

Mezosi, G. (2016) The Physical Geography of Hungary.
Switzerland: Springer.

Michna, P. and Woods, M. (2013) RNetCDF—a package for
reading and writing NetCDF datasets. The R Journal, 5, 29—
36.

Mitchell, T.D. and Jones, P.D. (2005) An improved method of
constructing a database of monthly climate observations and

© 2020 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese

Academy of Sciences, 28, 839-849

85U8017 SUOWILIOD A1) 3|qeo ! [dde 8y A pauienob aJe sl YO ‘@SN Jo Sa|nJ Joj Akeid1TauljuO A8|1M UO (SUOPUOD-PUB-SWBIAL0D" A8 M Aeiq Ul Uo//:Sdny) SUORIPUOD pue swie 1 8y} 88s *[£202/T0/.2] Uo AkiqiTauluo A8|IM ‘Ueteided JO AiseAlun Ad ST8ZT LT6.-vYLT/TTTT'OT/I0P/L00 A8 1M ARIq1eUl|uO//Sd1y Wo.j pepeoiumod ‘€ ‘T20Z ‘LT6LYYLT


https://cran.r-project.org/web/packages/maptools/index.html
https://cran.r-project.org/web/packages/maptools/index.html
http://CRAN.R-project.org/package=rgdal
https://cran.r-project.org/web/packages/raster/index.html
https://cran.r-project.org/web/packages/raster/index.html

associated high resolution grids. International Journal of Cli-
matology, 25, 693—712.

Oberhauser, K. and Peterson, A.T. (2003) Modeling current
and future potential wintering distributions of eastern North
American monarch butterflies. Proceedings of the National
Academy of Sciences USA, 100, 14063—14068.

Paradis, E. and Schliep, K. (2019) Ape 5.0: an environment for
modern phylogenetics and evolutionary analyses in R. Bioin-
formatics, 35, 526-528.

Pollard, E., Van Swaay, C.A.M., Stefanescu, C., Lundsten, K.E.,
Maes, D. and Greatorex-Davies, J.N. (1998) Migration of the
Painted Lady butterfly Cynthia cardui in Europe: evidence
from monitoring. Diversity and Distributions, 4, 243-253.

Poston, F.L., Hammond, R.B. and Pedigo, L.P. (1977) Growth
and development of the Painted Lady on soybeans (Lepi-
doptera: Nymphalidae). Journal of the Kansas Entomologi-
cal Society, 50, 31-36.

R Development Core Team (2018) R: A Language and Environ-
ment for Statistical Computing. R Foundation for Statistical
Computing, Vienna http://www.R-project.org

Rainey, R.C. (1963) Meteorology and the migration of desert
locusts. Applications of synoptic meteorology in locust con-
trol. Meteorology and the Migration of Desert Locusts. Ap-
plications of Synoptic Meteorology in Locust Control, (54)
World Meteorological Organisation, Geneva.

Schaefer, G.W. (1969) Radar studies of locust, moth and butter-
fly migration in the Sahara. Proceedings of the Royal Ento-
mological Society of London, Series C, 34(33), 39-40.

Sparks, T.H., Huber, K. and Dennis, R.L. (2006). Complex phe-
nological responses to climate warming trends? Lessons from
history. European Journal of Entomology, 103, 379.

Sparks, T.H., Dennis, R.L., Croxton, PJ. and Cade, M. (2007)
Increased migration of Lepidoptera linked to climate change.
European Journal of Entomology, 104, 139.

Stefanescu, C. (1997) Migration patterns and feeding re-
sources of the Painted Lady butterfly, Cynthia cardui
(L.)(Lepidoptera, Nynphalidae) in the northeast of the Iberian
peninsula. Miscel- lania Zoologica, 20, 31-48.

Stefanescu, C., Alarcon, M. and Vila, A. (2007) Migration of
the Painted Lady butterfly, Vanessa cardui, to north-eastern
Spain is aided by African wind currents. Journal of Animal
Ecology, 76, 888-898.

Stefanescu, C., Paramo, F., Akesson, S., Alarcén, M., Avila, A.,
Brereton, T. et al. (2013) Multi-generational long-distance
migration of insects: studying the Painted Lady butterfly in
the Western Palaearctic. Ecography, 36, 474—486.

Long-Term Migration of Painted Lady 849

Supp, S.R., Sorte, FA.L., Cormier, T.A., Lim, M.C., Powers,
D.R., Wethington, S.M. et al. (2015) Citizen-science data
provides new insight into annual and seasonal variation in
migration patterns. Ecosphere, 6, 1-19.

Talavera, G. and Vila, R. (2016) Discovery of mass migration
and breeding of the Painted Lady butterfly Vanessa cardui in
the Sub-Sahara: the Europe—Africa migration revisited. Bio-
logical Journal of the Linnean Society, 120, 274-285.

Talavera, G., Bataille, C., Benyamini, D., Gascoigne-Pees, M.
and Vila, R. (2018) Round-trip across the Sahara: afrotropical
painted lady butterflies recolonize the mediterranean in early
spring. Biology Letters, 14,20180274.

Taylor, S.G. (2008) Climate warming causes phenological shift
in pink salmon, Oncorhynchus gorbuscha, behavior at Auke
Creek, Alaska. Global Change Biology, 14, 229-235.

Tenhumberg, B. and Poehling, H.M. (1995) Syrphids as natural
enemies of cereal aphids in Germany: aspects of their biol-
ogy and efficacy in different years and regions. Agriculture,
Ecosystems & Environment, 52, 39-43.

Tryjanowski, P.S. and Sparks, T.H. (2001) Is the detection of the
first arrival date of migrating birds influenced by population
size? A case study of the red-backed shrike Lanius collurio.
International Journal of Biometeorology, 45, 217-219.

Zipkin, E.F, Ries, L., Reeves, R., Regetz, J. and Oberhauser,
K.S. (2012) Tracking climate impacts on the migratory
monarch butterfly. Global Change Biology, 18, 3039-3049.

Zhan, S., Zhang, W., Niitepold, K., Hsu, J., Haeger, J.F., Zalucki,
M.P. et al. (2014) The genetics of monarch butterfly migra-
tion and warning colouration. Nature, 514, 317-321.

Urquhart, FA. and Urquhart, N.R. (1978) Autumnal migra-
tion routes of the eastern population of the monarch butter-
fly (Danaus plexippus L.; Danaidae; Lepidoptera) in North
America to the overwintering site in the Neovolcanic Plateau
of Mexico. Canadian Journal of Zoology, 56, 1759-1764.

Vanhanen, H., Veteli, T.O., Paivinen, S., Kellomaki, S. and
Niemela, P. (2007) Climate change and range shifts in two
insect defoliators: gypsy moth and nun moth-a model study.
Silva Fennica, 41, 621.

Végvari, Z., Juhasz, E., Toth, J.P, Barta, Z., Boldogh, S., Sz-
abo, S. and Varga, Z. (2015) Life-history traits and climatic
responsiveness in noctuid moths. Oikos, 124, 235-242.

Manuscript received January 5, 2020
Final version received April 8, 2020
Accepted May 4, 2020

© 2020 The Authors. Insect Science published by John Wiley & Sons Australia, Ltd on behalf of Institute of Zoology, Chinese

Academy of Sciences, 28, 839-849

85U8017 SUOWILIOD A1) 3|qeo ! [dde 8y A pauienob aJe sl YO ‘@SN Jo Sa|nJ Joj Akeid1TauljuO A8|1M UO (SUOPUOD-PUB-SWBIAL0D" A8 M Aeiq Ul Uo//:Sdny) SUORIPUOD pue swie 1 8y} 88s *[£202/T0/.2] Uo AkiqiTauluo A8|IM ‘Ueteided JO AiseAlun Ad ST8ZT LT6.-vYLT/TTTT'OT/I0P/L00 A8 1M ARIq1eUl|uO//Sd1y Wo.j pepeoiumod ‘€ ‘T20Z ‘LT6LYYLT


http://www.R-project.org

