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Modelling ecological niches of migratory animals requires incorporating a
temporal dimension, in addition to space. Here, we introduce an approach
tomodel multigenerational migratory insects using time-partitioned environ-
mental variables (by months and years) and time- and behaviour-partitioned
records (breeding records tomodel reproductive habitat).We apply thismeth-
odology to modelling the Palearctic-African migratory cycle of the Painted
Lady butterfly (Vanessa cardui), based on data encompassing 36 years (646
breeding sites from 30 countries). Each breeding record is linked to a particu-
lar time (month and year), and the associated values of the bioclimatic
variables are used for an ensemble modelling strategy, to finally obtain
monthly projections. The results show obligated movements, mostly latitudi-
nal, for the species’ successive generations across the overall range, and only
scattered locations show high probabilities of reproduction year-round. The
southernmost reproductive areas estimated for the Palearctic-African
migratory pool reach equatorial latitudes from December to February.
We thus propose a potential distribution for the winter ‘missing genera-
tions’ that would expand the V. cardui migration cycle to encompass about
15 000 km in latitude, from northernmost Europe to equatorial Africa.
In summer, Europe represents the major temporary resource for V. cardui,
while January and February show the lowest overall suitability values, and
they are potentially the most vulnerable period for the species to suffer
yearly bottlenecks. In summary, we demonstrate the potential of the proposed
niche modelling strategy to investigate migratory movements of insects.
1. Background
Animals frequently partition their time to perform different behaviours and this
is often reflected in a spatial partition as well. While this phenomenon may
take place at the microhabitat level for most species, it is extreme in the case of
migratory species. For example, during the migratory phase, animals can be
observed in habitats that are unsuitable for breeding, and environmental require-
ments of overwintering sites may be widely different from those of the
reproductive phase. Thus, for ecological modellers, it is important to decide
which behavioural phase is to be modelled and to filter records accordingly.
On the other hand, migratory animals often track ephemeral resources that are
variable throughout the year. As a consequence, models need to account for,
on top of environmental regularities, stochasticity and particularities of each
year, and to associate data records to the specific conditions at the time of the
observation. Modelling of migratory species is thus particularly challenging,
and a higher amount of data is needed in the form of: (1) time-partitioned
environmental layers and (2) time-partitioned and behaviour-partitioned
presence records.
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Sampling presence records for migratory insect species
have some additional particularities. As migratory insects
involve continuous movements along the year through
multiple generations, each individual completes only one
part of the cycle, and the entire migratory range generally
involves large, frequently continuous distributions. Each
generation may use only part of the overall niche breadth of
the species, and sampling needs to be designed to capture
such spatio-temporal variability.

Ecologists have successfully modelled seasonal variation in
distributions of highly mobile marine animals [1–3] and birds
[4–6],wherenichesareusuallynotequivalent fordifferentbeha-
viours, i.e. breeding, foraging, migrating, or overwintering. In
the Monarch butterfly (Danaus plexippus), monthly require-
ments during the breeding and overwintering seasons have
also been modelled [7]. However, modelling has not been
used to improve our knowledge of insect migratory species
with poorly known breeding requirements and migratory
routes, or at scales involving transcontinental migrations.

In this paper, we introduce an approach to build spatio-
temporal niche models for migratory insect species with
multiple generations per year, based on annual and monthly
time-series variables. We use the Palearctic-African migratory
range of the Painted Lady butterfly (Vanessa cardui) as a
model system, and model niche requirements for reproduc-
tive behaviour using immature or oviposition records for
Europe and Africa. Vanessa cardui performs an annual
migration exploiting temperate regions in Europe and
North Africa from March to November, and tropical regions
in sub-Saharan Africa from September to March [8–10]. Up
to 10 generations are thought to complete this migratory
loop every year. Unlike most temperate species of butterflies,
V. cardui does not have the capacity to diapause during
winter, and has instead evolved the strategy of continuous
migration and breeding throughout the year. After hatching
from the chrysalis, each specimen undergoes first a migratory
phase (more or less intense) followed by a reproductive phase
[11]. Thus, this species only partitions time and space at the
macrohabitat scale between two main behaviours: migration
and breeding (unlike D. plexippus, which also overwinters).
Each phase is composed of several steps with slightly differ-
ent microhabitat requirements (e.g. resting at night during
the migratory phase, or hilltopping behaviour during the
reproductive phase). Although recent evidence suggests
that most populations spend the winter months (December
to February) in the Afrotropics [8,10], the location and charac-
teristics of the breeding habitat, as well as the regional
movements of the population core in such an extensive
area, have not yet been precisely studied. There is thus an
unresolved spatio-temporal gap of knowledge within their
annual migratory range, even involving ‘missing’ winter
generations, from December to February, a period for which
there are virtually no records.

By projecting the ecological niche model obtained for
V. cardui onto monthly climatic layers we estimate potential
breeding grounds, and discuss their geographical shifts
along the year, thus improving our knowledge of the Palearc-
tic-African migratory movements of this species. In particular,
we aim to shed light on the following questions: (1) isV. cardui
obligated to migrate to reach suitable breeding areas in succes-
sive generations, or are there possibilities for permanent
residency? (2) Are Afrotropical grounds suitable for reproduc-
tion during the European winter, and if yes, where might the
‘missing’ generations breed? (3) Are resources unbalanced
along the year, and if yes, where might population numbers
increase or decrease?
2. Methods
(a) Study area: the Palearctic-African migratory range
Environmental data and presence/absence records were
geographically delimited between latitude −5° and 70°, and
longitude −20° and 60°. This area widely includes the recognized
Palearctic-African migratory system of V. cardui [8–10].

(b) Breeding records dataset
Records for immature stages were gathered, including eggs and
ovipositions, and adult emergences from pupae, although the
vast majority were observations of larvae. Data sources based
on exhaustive data mining included online databases for monitor-
ing schemes, curated citizen science projects (e.g. iNaturalist),
records shared on social networks (e.g. Instagram, Flickr, and
Facebook), literature, personal communications, and records by
the authors. In total, 960 occurrences of breeding sites recorded
between 1971 and 2017 were databased along with specific
observation dates, geographical coordinates, stages observed,
and number of immatures. Breeding records included sites in 30
countries within the study area and represented 140 months for
36 years (figure 1; electronic supplementary material, table S1).
Coinciding with a memorable outbreak of Painted Lady butter-
flies in Europe in summer 2009, records retrieved from the
Waarneming.nl and Waarnemingen.be databases in the Nether-
lands and Belgium were over-represented, and these were
randomly thinned to ¼. Observations within the timeframe of 5
days before or after the end of one month were considered as a
presence point for both months, given that the development
time of the species is longer than two weeks. Because V. cardui
may congregate in large numbers to breed in highly
suitable grounds, we wanted to reflect relative abundance in the
models. Thus, records for each site were replicated according to
the number of observed immatures. For records with no specific
data on abundance, a value of one was used. The resulting
number of records used for niche modelling was 11 762 data
points within 646 breeding sites.

Documenting true absences is usually a source of contention,
given the difficulty to distinguish between unsuitable or unoccu-
pied habitat. To build our model, we used 400 randomly selected
absence points for northern European latitudes (greater than 50°)
corresponding to the months of November, December, January,
and February (100 points per each of the four months), a
period and region where V. cardui breeding has never been
recorded. However, it is well known that the species disappear
from Central and Northern Europe during the winter months,
due to their migratory strategy. These absence points were ran-
domly assigned to any year within the studied temporal frame.
In addition to these 400 spatio-temporal points we also included
10 spatio-temporal points in Africa with confirmed absence of
both breeding and host plant, after dedicated field searches in
the region [8].

(c) Predictor variables
A suite of 10 climatic variables was retrieved from the Climatic
Research Unit time-series CRU TS v. 3.24 at 0.5° resolution [12–16]
as a source of time-partitioned variables. Monthly layers for a
time-series between 1971 and 2017 were used for the modelling
procedure. Principal component analyses were run on a monthly
based series of variables to select those most independent within
months. We kept those variables that were most ecologically
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Figure 1. Map of breeding records used within the study area. A total of 646 breeding sites were recorded. Colour indicates the month when breeding was recorded
(January–December, see scale). Circle sizes denote relative numbers of immatures per breeding site and date. (Online version in colour.)
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relevant for the biologyofV. cardui and also correlated less than 80%
to the other variables across all months. Using these criteria we
selected: frost day frequency ( frs), precipitation (pre), daily mean
temperature (tmp), vapour pressure (vap), and wet day frequency
(wet). In addition to climatic data, land cover layers were obtained
from Globcover v. 2.4 [17] at 30 arc-seconds resolution. Layers
were rescaled to match the resolution of the climatic variables.
With a total of 22 categories, land cover layers were re-categorized
as: open, closed, and bareland (electronic supplementary material,
table S2).

(d) Modelling strategies
Monthly V. cardui breeding distributions were predicted using
bioclimatic niche modelling. Each spatial data point (breeding
occurrence) was linked to a particular time (month and year),
thus extracting the values of the predictor variables detailed
above (climate and land cover) for each of these locations and
times. An ensemble of forecasts of species distribution models
was then obtained, including projections from five statistical
models, namely Generalized Linear Models (GLM), Generalized
Additive Models (GAM), Multivariate Adaptive Regression
Splines (MARS), Random Forests (RF), and Generalized Boosted
Models (GBM). Models were calibrated using 70% randomly
selected occurrence data, and accuracy was evaluated against
the remaining 30% of the data, using the True Skill Statistic
(TSS) [18] and the area under the curve (ROC) [19]. The analysis
was replicated 10 times, thus providing a 10-fold internal cross-
validation of the models. All calibrated models were further
projected to a monthly set of variables resulting from averaging
the time-series (1971–2017), thus obtaining one prediction per
month. To summarize all projections into a meaningful inte-
grated projection per month, we used an ensemble strategy
using committee averaging based on the TSS values (greater
than 0.35) of each model. Models and the ensemble forecasting
procedure were performed within the R package biomod2
[20,21]. The niche.overlap function in the R package phyloclim
[22] was used to quantify pairwise degrees of niche overlap
between successive months, as proposed by Warren et al. [23].
3. Results
(a) Ecological niche modelling predictive accuracy and

variable importance
Predictive accuracy across the individual models was consist-
ently high for the two evaluation methods used (TSS and
ROC). Mean score values or each modelling method
exceeded 0.943 for TSS and 0.971 for ROC (electronic sup-
plementary material, table S3), indicating that all individual
models were acceptable.

The most important predictor variable was daily mean
temperature (tmp), accounting for 30.06% of the sum of impor-
tance scores for all variables (electronic supplementary
material, table S4). This was followed by frost day frequency
( frs, 20.41%) and vapour pressure (vap, 17.38%). Bareland
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was the most important among the non-climatic variables
(10.38%). The density plot curve for tmp suggested that
V. cardui prefers breeding areas with daily temperatures ran-
ging from approximately 11° to 23°, and the frs curve
suggested that no areas with high frosting frequency (greater
than 4 days per month) are suitable for the species. Suitable
water vapour pressure conditions are reached at values
higher than 10 kPa, which may relate to two limiting factors
for V. cardui: (1) cold temperatures and (2) the lack of available
fresh host plant in the driest areas andperiods. Thedensity plot
curve for bareland revealed that the species is highly adapted to
semi-deserts and even deserts, which can probably be
exploited when highly ephemeral plant resources are present
in these areas (electronic supplementary material, figure S1).
(b) Monthly predictions
Predicted monthly distributions were variable within the
entire migratory range, both in geographical distribution
and in total range extension (figure 2). The model output gen-
erally matched the expected distributions for the best-known
regions and months (Europe from April to August). Predicted
monthly distributions from September to March agreed with
the working hypothesis scenario [8,10]: (1) a latitudinal shift
southwards where distributions are initially on both sides of
the Sahara but are restricted to equatorial latitudes in Decem-
ber and January and (2) that reverses from February to March
to expand again in the north. The curve of monthly probability
summation shows higher values from May to September
(maximum peak in July) and lower values from December to
April (minimum in January) (figure 3c). When considering
monthly distributions in three latitudinal slices independently
(Sahara and Afrotropics, Mediterranean andMiddle East, and
Central and North Europe), most variability was due to a
massive peak in Central and North Europe (figure 3b) from
May until September. The occurrence probability at this latitu-
dinal slice becomes zero fromDecember toMarch. Occurrence
probabilities in the Sahara and Afrotropics remain fairly
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constant along the year, but with minor fluctuations showing
the lowest values in April andAugust. TheMediterranean and
the Middle East also show progressive but minor fluctuations,
indicating two peaks of occurrence in April and October, and
the lowest values from December to February (figure 3b).
4. Discussion
(a) Predicted breeding areas and migratory cycle

for V. cardui
The resulting model predicts monthly transitions of breeding
habitat, mostly latitudinal, which support the view that the
successive generations of V. cardui are generally forced to
move (figure 2; see movie in electronic supplementary
material, File S2). For themajority of the year, suitable breeding
habitat is geographically connected from one month to the
next, suggesting that progressive latitudinal short-range
migratory movements are likely to occur. By contrast, two
major breakdowns in such spatio-temporal progression occur
in autumn and spring, which are reflected in small niche
overlap (figure 4), with gains of suitable breeding habitat in
the Afrotropics and the Palearctic, respectively (figure 3).
Central and North Europe represent an area with almost
geographically continuous resources for the species to breed
between May and September (figure 3b). This temporal habi-
tat triples the size of the hosting capacity of the Afrotropics or
the Mediterranean during their annual maximum peaks.
Contrasting to the areas of the migratory range at southern
latitudes, Central and North Europe becomes unsuitable
during part of the year (November to March). Other
migratory insects have also been shown to undergo signifi-
cant population increases during the summer months in
Europe, such as the silver Y moth [24] and some migratory
hoverflies [25]. Thus this region becomes a time-constrained
but extraordinary resource for the Painted Lady butterfly.
Relevant gains in the Afrotropics are also observed starting
in September, with resource pulses suitable to the species
appearing in the Sahel and moving south until a decrease
in January.

Spatio-temporal fluctuations of gains and losses in overall
suitable habitat (figure 3c) may affect species population size
dynamics. In extreme cases, these could lead to both popu-
lation explosions and bottlenecks. The extraordinary window
of resources opening in Europe during the summer months
could provide the opportunity for the species to yearly increase
population size. Because this large habitat suitable for
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reproduction is relatively sustained in time (from May to
September) and involves multiple generations (possibly 3–4),
late summer generations could potentially build up their
numbers. This yearly cycle of potential population increase
during summer is ecologically reasonable taking into account
that these individuals are about to embark on a long-distance
migration of up to 4000 km [8,9], which most likely will
have a heavy toll on population numbers. On the other
hand, the original population numbers colonizing Europe
are necessarily dependent on the numbers of previous gener-
ations at lower latitudinal breeding grounds, which are more
likely to vary from year to year depending on climatic con-
ditions. Indeed, annual systematic counts for Europe show
important fluctuations in population densities [26]. Thus,
despite the increase of habitat availability during the
summer, population numbers in Europe may not become
notoriously large every year, but it could function as a recovery
fromprevious bottlenecks.Moreover, habitat quality in Europe
at present may not be as good due to anthropogenic altera-
tions, like intensive agriculture and pesticide use. Population
bottlenecks inmigratory species can occur during the breeding
phase because of restricted availability of breeding habitat, but
also during the migratory phase due to harsh conditions along
migratory movements. In the case of V. cardui, the timeframe
between December and April shows the lowest values of
overall suitable breeding habitat (figure 3c), which suggests
that this period is the most vulnerable for the species to
suffer yearly reproductive bottlenecks. Moreover, crossing
the Sahara northwards may represent additional pressure,
considering that the prevalent winds in this period are the
southbound Harmattan.

The predicted pattern of successive losses and gains in
suitable breeding areas matches migratory events that are
known to recurrently occur between these areas: (1) European
migrations southwards in the sub-Sahara during the autumn
(September to November) [8] and in NW Africa (October to
November) [9,27], (2) early spring northwards trans-Saharan
migrations in North Africa and the Mediterranean region
(February to March) [10,28], (3) further spring colonizations
of Europe fromNorth Africa (April–May) [26,28], (4) progress-
ive northward shifts within Europe during spring and
summer [26]. The Sahara Desert, predicted by the model as
non-suitable habitat, functions as a large natural barrier
forcing migratory movements to be much longer than
movements occurring at other latitudes. Main trans-Saharan
crossings coincide with large resource pulses emerging in
both sides of the desert. Indeed, the lowest percentages of
niche overlap between consecutive months occur during the
periods involving trans-Saharan migrations (figure 4).

(b) Breeding dynamics in the Afrotropics: the missing
generations

There is no substantial breeding data available for the species
in the Afrotropics from December to February. The current
conceptual model for the Palearctic-African migratory
system establishes that the Afrotropics may host the core
populations from October to February, approximately, before
the Mediterranean region is replenished from the south
[8,10]. In addition, northwest Africa (Maghreb) also harbours
massive populations during October/November and March/
April [26,27]. Breeding areas have been identified in the Sahe-
lian belt, tropical savannah, and Ethiopian highlands in
October and November. The offspring of these generations
have been hypothesized to progressively migrate farther
south until a reverse of their migration direction in February
[8]. This last step has been recently demonstrated by means
of stable isotope evidence [10]. The spatio-temporal model
presented here allows the prediction of solid hypotheses
about the most suitable areas for the species to breed
during the European winter months and, as a consequence,
to propose the potential southernmost areas that the
Palearctic-African cycle may reach.

Themodel shows, from September to January, a latitudinal
belt of high probabilities progressively shifting south from the
Sahel to the equator (figure 2). This transition coincides with a
retreat of the Intertropical Convergence Zone (ITCZ), and the
associated rains responsible for seasonality and vegetation
growth in Africa [29]. The model predicts that the species
could breed as far south as the equatorial latitudes between
December and February, particularly in East Africa. High-
probability predictions also exist for this period in West
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Africa, following the coast from Guinea to Nigeria. The high-
lands in Cameroon and the savannah in the Central African
Republic and northern Democratic Republic of the Congo
also reach high probabilities of occurrence. This scenario
agrees with the hypothesis that the overall migratory circuit
undertaken by the annual successive generations may encom-
pass up to 15 000 km, from the equator (e.g. Kenyan or
Cameroon highlands) to northern Scandinavia.

The model also predicts suitable breeding habitat during
the winter months in certain areas of Northern Africa, and in
a minor proportion in the circum-Mediterranean coastal
areas. Some populations are suspected to spend the entire
winter months in these areas [10,27,30]. However, predicted
suitable breeding habitat is higher in the Afrotropics than
in the Mediterranean region between December and Febru-
ary, supporting the view that the population core of the
species breeds in winter in the sub-Sahara in higher numbers
than known sites in North Africa or Mediterranean Europe.
The Middle East may also host important areas suitable
for breeding during the winter, and may contribute with
population stock replenishing Eastern Europe in spring.
As V. cardui occurs in the Southern African Hemisphere
too, other migratory pools may widely circulate within this
region only, and due to an inverted seasonality regime,
remain spatio-temporally unlinked to the populations transi-
tioning between Europe and the Northern Hemisphere of
Africa (electronic supplementary material, figure S2).
(c) Suitability and occupancy
Even though V. cardui is a polyphagous species, feeding on
multiple plants of several families, the species might not find
abundant host plants in some regions that are identified in
the model to be highly suitable climatically, thus the model
prediction may over-represent probabilities in certain areas.
For example, widespread predicted high probabilities in
desert areas in Western Sahara or in Arabia during the
winter months seem, a priori, unrealistic. However, we can
not discard the possibility that the species breed in localized
spots in these regions (e.g. oasis, irrigated fields), but the avail-
ability of fresh plants must be low and fragmented so as to
support the extensive areas that the model predicts with
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high likelihood. One possibility to consider is the desert
blooming phenomena that can occur in exceptional years, an
ephemeral situation that V. cardui can take strong advantage
of. Unusual heavy rains in desert areas have been shown to
correlate with the observation of adult outbreaks in the
Mediterranean [26,30,31]. Pollen metabarcoding analyses of
V. cardui migrants in the Mediterranean coast of the Iberian
Peninsula have found pollen load from desert-adapted
plants of Saharo-Arabian distribution [28]. However, these
occasional resources are probably not able to sustain the
basal population size of the species every winter.

Regions at northern latitudes could be over-represented
during the summer months as well, reaching latitudes in
our model as north as 70° in July, in northern Finland and
Norway. It is important to note that developmental time at
those latitudes might be significantly slowed down with
respect to those at southern European latitudes, because of
lower temperatures. Developmental times at temperatures ran-
ging from 10 to 20°C (night-day)may extend the completion of
the entire cycle by to up to two months (G Talavera 2016,
unpublished data), likely too long because suitable conditions
are virtually limited to July in these northern latitudes.

Interestingly, although high probabilities are obtained in
an extensive region encompassing rainforest in equatorial
Africa, those predicted suitable areas with dense rainforest
are relatively small. The presence of rainforests, where
V. cardui is very rarely observed, appears to be an important
limiting factor for this species. Rainforest in West Africa
(from Guinea to Ghana) is however shown to be highly
suitable from December to February. Even so, forest fragmen-
tation in these countries is remarkable at present, and forest
alternates with agricultural land, which may be beneficial to
V. cardui breeding requirements.
(d) Permanent habitat and potential behaviour change
Building spatio-temporal models offer the possibility to ident-
ify sites that might be permanently suitable for reproduction
along the entire year. If such sites exist and are large enough,
part of the migratory populations could, in theory, exhibit
sedentary behaviour. Our model predicts a few spots where
V. cardui could reproduce all the year-round (figure 5). These
areas mainly include: (1) highlands and coastal areas in
eastern Africa (e.g. Uganda, Rwanda, Kenya, Somalia),
(2) western Africa (Cote d’Ivoire and Ghana), (3) the Atlantic
coast in SW Portugal, (4) the Straight of Gibraltar, (5) western
Canary Islands and Madeira, and (6) isolated spots along the
Mediterranean coast (Tunisia, Morocco, Algeria, Balearic
Islands, Sicily, Corsica, Crete, and Cyprus) (figure 5). All
these areas, however, are relatively small and heavily recolo-
nized once or twice every year, including archipelagos like
the Canary Islands and Madeira [32]. The possibility that
some butterflies remain in the area and avoid migration
needs to be studied. However, these would represent a very
small fraction of the total population and it is very unlikely
that sedentary behaviour becomes fixed, which would only
be favoured in cases of strong spatio-temporal isolation.
Such a situation could eventually revert if the overall perma-
nent suitable extent grows substantially in the future, as a
consequence of global warming. In the case where the
Mediterranean becomes largely suitable for overwintering,
migratory movements could become shorter and restricted
to the Palearctic, and populations at both sides of the Sahara
become fragmented.
5. Conclusion
By using time-partitioned variables and time- and behaviour-
partitioned records it is possible to model ecological niches for
migratory animals in general, and multigenerational insects in
particular. The strategy here proposed allows investigating
the potential breeding preferences of the Painted Lady butter-
fly in Africa, an unresolved spatio-temporal gap of knowledge
within their annual migratory range. The model predicts
that the species might breed as far south as equatorial
latitudes between December and February. This scenario
agrees with the view that the overall migratory circuit under-
taken by the annual successive generation may encompass
up to 15 000 km, from the equator (e.g. Kenyan highlands) to
northern Scandinavia. Two major breakdowns in monthly
gains and losses of suitable breeding habitat coincide with
the main known long-range migratory movements colonizing
the Afrotropics (September–October) and Europe (April–
May). Predicted breeding habitat is relatively stable along the
year in the Sahel-Afrotropics region, and the Mediterranean-
Middle East region displays a higher fluctuation reaching a
minimum in January. By contrast, Central and North Europe
show high probabilities from May to September and represent
a huge spatio-temporal window for suitable habitat that triples
those in the south. January and February display the lowest
suitability values, which suggest that these months are the
most vulnerable for the species to suffer yearly population
bottlenecks. This, in addition to the fact that these populations
are facing imminent northwards trans-Saharan migrations at
high cost, highlights the relevance of the sub-Saharan winter
population stock in sustaining the migrations of the species
into Europe. The model predicts few and scattered locations
with high probabilities which allow reproduction all year-
round, and discard the possibility of a transition of the species
as a whole towards permanent residency. In addition to the
Palearctic-African migratory cycle, this study also reveals
the potential of ecological niche modelling to provide insight
into migratory behaviour of V. cardui in other geographical
regions, as well as of other migratory insects. Given the
importance of the vast data of immatures here used, coming
from multiple programmes, databases, and platforms mostly
nourished by citizen scientists, this study exemplifies the
value of citizen science in contributing to large-scale projects,
both across geography and time.
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