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Migratory insects are key players in ecosystem functioning and services, but their
spatiotemporal distributions are typically poorly known. Ecological niche mode-
ling (ENM) may be used to predict species seasonal distributions, but the resulting
hypotheses should eventually be validated by field data. The painted lady butterfly
(Vanessa cardui) performs multigenerational migrations between Europe and Africa
and has become a model species for insect movement ecology. While the annual
migration cycle of this species is well understood for Europe and northernmost
Affrica, it is still unknown where most individuals spend the winter. Through ENM,
we previously predicted suitable breeding grounds in the subhumid regions near the
tropics between November and February. In this work, we assess the suitability of
these predictions through i) extensive field surveys and ii) two-year monitoring in six
countries: a large-scale monitoring scheme to study butterfly migration in Africa. We
document new breeding locations, year-round phenological information, and host-
plant use. Field observations were nearly always predicted with high probability by
the previous ENM, and monitoring demonstrated the influence of the precipitation
seasonality regime on migratory phenology. Using the updated dataset, we built a
refined ENM for the Palearctic-African range of V. cardui. We confirm the relevance
of the Afrotropical region and document the missing natural history pieces of the
longest migratory cycle described in butterflies.

insect migration | species distribution modelling | population dynamics | painted lady butterfly |
afrotropics

“Butterfly migration” has long fascinated scientists and naturalists across the world (1-3),
but our understanding of most of their seasonal movements remains limited. Ecological
niche modeling can fill gaps in partially known species distributions, including those of
migratory species (4, 5). However, model predictions outside the geographic scope of the
researchers’ initial dataset ultimately require validation by in situ fieldwork (6-9).
Mapping species distributions of migratory animals undergoing continuous or seasonal
movements is often challenging. Considerable efforts have been made in gathering bio-
diversity data, and global open-access online repositories are now producing a wealth of
information. Nevertheless, primary data for biogeography research are often incomplete
and biased (10-13). Biases can be i) spatial: toward areas where access is easier or toward
densely populated areas, ii) temporal: toward specific time periods when surveying activity
is more intense, and iii) taxonomic or by life stage: toward particular species or stages that
are more easily found and/or identified in nature. An additional major issue is how spatial
and temporal absences can be reliably inferred from field surveys, biodiversity data repos-

Significance

Insect migration is a poorly
understood global phenomenon,
with important consequences for
ecosystems. A trans-Saharan
migrant, the painted lady
butterfly, has become a model
system and a flagship species,
together with the monarch.
Despite state-of-the-art
modeling, the localization of the
overwintering grounds is highly
debated, due to a stark lack of
data from tropical Africa. We
present an African long-term
monitoring scheme for “butterfly
migration” encompassing six
countries, describe the yearly
population dynamics, and show
extensive winter breeding in the
Afrotropics. A spatiotemporal
niche model approach proves
key to identifying these breeding
regions. These results expand
the Palearctic-African migratory
annual cycle up to 15,000 kms
and highlight the importance of
field evidence in validating and
refining model-based predictions.

itories (e.g., museum collections, citizen science online platforms) and long-term moni-
toring schemes (11).

Insects account for the majority of terrestrial migrants and their movements are of
prime ecological importance (14, 15). Understanding how distribution ranges shift at
each generational step is important for conservation, pest management, and community
ecology. But, seasonal distributions and, particularly, their connectivity are poorly known
for most migratory insects (4, 16). Moreover, insects entail a wide variety of migratory
strategies and scales of movement (17-20) and, thus, their shifting distributions are hardly
comparable across taxa and require specific assessments. While some insects, such as
migratory locusts, might perform opportunistic and erratic movements, often involving
large outbreaks (21), other taxa such as a number of migratory Lepidoptera carry out
annual cycles through recurrent distributional shifts that can be predicted to some extent
(15, 22). Two butterfly species performing spectacular migrations have become models
for the study and dissemination of insect migration: the monarch (Danaus plexippus) and
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the painted lady (Vanessa cardui). Although similar methodologies
can be applied to their study, they represent remarkably different
ecological strategies. The monarch butterfly, and particularly the
eastern North American population, travels from breeding
grounds in the United States and Canada in the summer, where
four or even five generations transpire, to small overwintering
areas in the highlands of central Mexico, where they overwinter
in diapause until the following spring, when they migrate again
toward breeding grounds in the North (5).

The painted lady butterfly undergoes year-round continuous
movements without entering a diapause phase, involving up to
ten generations per year (4, 23). Virtually distributed worldwide,
the species performs multigenerational round-trip migratory cir-
cuits encompassing large geographical ranges (20). Painted Ladies
in the Palearctic and the Afrotropics are strongly connected by
regular trans-Saharan migrations, meaning that V. cardui rely on
both temperate and tropical regions to complete their annual
migratory cycle (23-25). However, delimiting the spatiotemporal
distribution of V. cardui is complex because available occurrence
data are strongly biased. First, records are biased toward some
seasons and regions of the annual migratory range, while others
are either undersampled or neglected. Second, occurrence data are
also biased toward sampling adult stages, and the limited sampling
of immature stages hampers the investigation on reproductive
habitats (4).

Due to these biases, the distribution of V. cardui during the
European winter months remains largely unknown. Since the
discovery that key overwintering breeding sites of the European
V. cardui butterflies could occur south of the Sahara (23, 24),
there has been growing interest in understanding the spatiotem-
poral dynamics of the species within this region (4, 23-29). Based
on a comprehensive dataset of observations of immatures (eggs,
larvae, and pupae) along the entire migratory range (646 breeding
sites from 30 countries), we previously used ecological niche
modeling to predict the regions with the highest probabilities of
presence of V. cardui immatures at monthly resolution, bringing
solid hypotheses regarding the distribution of the species’ breed-
ing regions in Africa during European winters (4). The model
predicted that the semiarid sub-Saharan Sahelian region and the
Sudanian Savannah become highly suitable in September with
suitability increasing in October. The arrival of migratory flocks
and the massive presence of immatures in the Sahelian region
and the Sudanian Savannah at that time were validated through
dedicated field expeditions (23). After October, the predicted
suitable habitat progressively disappears from the Sudanian
Savannah and shifts south toward subhumid and humid regions
closer to the tropical latitudes, reaching as far south as 5°N in
Western Africa and the equatorial line, or even further south, in
Eastern Africa in January. It is thus expected that the offspring
of the European immigrants follow this habitat retreat toward
the South, but this hypothetical distributional shift has not yet
been documented or tested.

Another major unresolved mystery required to understand the
transcontinental migration of the species is the lack of information
on the larval hostplants used in the Afrotropical grounds and their
phenology. Finding acceptable hostplants at the appropriate stage
of their development is necessary for the butterflies to survive and
continue their multigenerational migration circuit (22, 30, 31).
Because V. cardui is highly polyphagous, it is often assumed that
females will find suitable hostplants if there is any vegetation in
an area (28, 32), but this may not be always the case. Hostplants
are therefore infrequently recorded. As seasonality is particularly
pronounced in the Afrotropics, mainly due to a shifting precipi-
tation regime driven by the Intertropical Convergence Zone
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(ITCZ), vegetation growth is often ephemeral, and some of these
stepping stones may represent a limiting factor for migration.

In this work, we characterize the last unknown leg of the annual
Palearctic-African migratory circuit of V. cardui. We evaluate the
accuracy of a previously inferred ecological niche modeling (ENM)
in ref. 4 through: i) in situ validations of presence/absence proba-
bilities using field surveys in sub-Saharan Africa from December
to January, including immature occurrence validation in six differ-
ent countries (Cote d’Ivoire, Ghana, Benin, Cameroon, Uganda,
and Kenya) and contributions documenting the diversity of larval
hostplants; and ii) long-term, year-round monitoring of immature
and adult presence/absence in the Canary Islands, Senegal, Benin,
Cameroon, Ethiopia, and Kenya. With an updated dataset, for
which immature occurrences in the Afrotropics are particularly
improved, we build a refined, monthly spatiotemporal distribution
model for the Afrotropical breeding grounds of V. cardui linked to
the Palearctic. We aim to answer the following questions: i) do the
Afrotropics represent vast breeding grounds from December to
February (the northern hemisphere winter)? ii) Is there a distribu-
tional shift toward the tropics after the colonization of the semiarid
Sahelian belt in the European fall? iii) What larval hostplants sus-
tain the new populations generated in the Afrotropics during this
part of the annual cycle? This study represents a concerted effort
to fill a gap in our knowledge of the annual phenology and breeding
activity of V cardui, so we could obtain a more complete picture
of the Palearctic-African migratory range.

Results

Field Surveys, Larval Hostplants, and Field-Based Model
Validation. V. cardui immature occurrences were found in most
of the surveyed countries in December/January, with the exception
of the southeast region in Ghana. The recorded breeding sites
were not uniformly distributed but followed spatial variation
in latitude, longitude, and altitude (Fig. 1 and Dataset S1).
Documented larval hostplants are shown in Fig. 2. Details on
the field surveys’ findings in each country and the larval hostplant
diversity, phenology, and distribution are described in ST Appendix.

December/January surveys were conducted in countries that
included both suitable and unsuitable breeding habitats for
V. cardui, as predicted by the species distribution model (4), allow-
ing us to explore a diversity of sites from low to high probabilities.
Likewise, year-round monitoring surveys allowed us to test for
temporal fluctuations of probabilities at permanent sites. The aver-
age probability of the pixels where immatures were empirically
confirmed was 99.18 + 0.29%, while the average probability of
the pixels where no immatures were observed was 91.03 + 1.90%.
The probability of finding breeding at highly probable pixels was
significantly higher than the probability of finding absences (z test,
t=2.9874, P value < 0.0032). Thus, the model shows a reliable
level of prediction for the suitable breeding conditions of the
species, although these seem to be restricted to the pixels with the
highest probabilities. The surveys resulted in absences (or likely
absences) at certain sites with probabilities >90%. It is possible
that these sites could be climatically suitable for V. cardui, but
hostplants may be missing because of their different climatic
needs, and/or stochasticity affecting any number of additional
biotic and abiotic factors, including anthropogenic change.
In summary, the climatic conditions captured by the model seem
to be necessary but not sufficient to explain distributions.

Monitoring Results and Population Dynamics across Regions.

We documented 2,755 caterpillars in the monitored breeding
sites and 1,198 adults at hilltops. In line with the expectations
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Fig. 1. (A) Localities where presence (red dots) or absence (gray dots) of V. cardui breeding was documented in the sub-Sahara during December (2017) and
January (2018, 2019, and 2020), including Kenya, Uganda, Cameroon, Benin, Ghana, Cote d'lvoire, and Senegal. The inset plot shows estimated V. cardui habitat
suitability in ref. 4 spatiotemporal niche model for pixels where either breeding presence or absence was recorded. A t test indicated that significantly higher
suitability values were found a priori at sites with presence confirmed a posteriori (mean + SE: Presence: 991.8367 + 29.3; absence: 910.3028 + 190.0; t test,

T=2.9874, P value < 0.003186).

of the seasonality regimes in Africa driven by the ITCZ annual
shift, the monitoring data showed two annual peaks of V. cardui
abundance in highland sites in countries closer to the equator
(Cameroon and Kenya), corresponding to the two rainy seasons.
However, only one annual peak was observed in other sites
(Canary Islands, Senegal, Benin, and Ethiopia), corresponding
to the expected vegetation growth occurring right after the only
annual rainy season.

‘The migratory phenology of V. cardui in the different sites was:
i) Canary Islands (Tenerife): from September to May; ii) Senegal:
from July to December; iii) Northern Benin: from August to
December; iv) Cameroon highlands: year-round background pres-
ence, but with peaks between October and February and between
March and July; v) Ethiopia (Addis Ababa): possibly year-round
but with an abundance peak between October and February; vi)
Kenya (Laikipia): a peak between May and August and a peak
between November and January; vii) Kenya (Narok): a peak
between September and March and a peak between May and
August (Fig. 3). Thus, monitoring data showed a clear influence
of seasonality on the migratory phenology of the different sites,
especially in the savannah/grassland environments of Senegal,
Benin, Canary Islands, and in Laikipia (Kenya), but less so at
highland sites in Kenya, Ethiopia, or Cameroon.

As a general trend in all sites, an increase in the number of
adults is observed preceding an increase in the number of larvae,
and this is followed by a second increase in adult numbers, sug-
gesting a pattern of colonization by adults, followed by a second
generation (first immatures, then newly emerged adults) (Fig. 3).

A Refined Model for the Afrotropical Region. Predictive accuracy
was consistently high across individual models, being the ranges of
mean score values (10 runs) between 0.853 and 0.996 for True Skill
Statistic (T'SS) and 0.938 and 1.0 for area under the curve (AUC)
(SI Appendix, Table S2). The predicted monthly distributions
in the Afrotropics from September to February were generally
consistent with those found by ref. 4 (Fig. 4 and SI Appendix,
Fig. S2). Nevertheless, the new models decrease the areas with high
probabilities (>70%) and increase the areas with low probabilities
(<50%) for all months, indicating that the improved dataset leads
to more specific predictions (S7 Appendix, Fig. S3). Comparative
subtractions between rasters show that the new models mainly
discard dense rainforest areas with respect to ref. 4 and that
increasing observational data from the Afrotropics greatly help the

PNAS 2023 Vol.120 No.16 2218280120

model to restrict the predicted breeding habitat in the sub-Sahara
(SI Appendix, Fig. S4). In an extreme test where no observational
data from the Afrotropics was used, the predicted suitable habitat
in the sub-Sahara becomes marginal (87 Appendix, Fig. S5). No
important differences were observed between the models using
observational data for the Palearctic + Afrotropic and those for
the Afrotropical range only, although the latter produced even
more restricted spatial predictions (Fig. 4 and SI Appendix,
Figs. S2 and S4). Considering the whole Afrotropical region, the
greatest occupancy seems to occur in November, and the lowest
in September and February. The general pattern describes early
occupancy of the Sahelian belt and a further progressive shift
toward the South. In the Ethiopian highlands, occupancy is at
its maximum in November, while in the equatorial countries of
Uganda, Kenya, Rwanda, Tanzania, Burundi, and Somalia, patterns
of occupancy are patchy and we observe a minimum in November.
The pattern of occupancy generally matches the semiarid zone from
September to November and the subhumid zone from November
to February, according to the agro-ecological zones of Africa (33).

Discussion

The Afrotropical Breeding Grounds of V. cardui: Multiple
Generations Shift South Toward the Tropics. Previous field re-
search demonstrated that V. cardui colonizes the Afrotropics south
of the Sahara during the European autumn (23). The monitoring
data presented here for the sub-Sahara show that the colonization
is recurrent across years and represents therefore a predictable
pattern. While systematic monitoring was conducted for two years
in a limited number of sites, the results agree with opportunistic
field observations contributed over the years in supporting the
view that trans-Saharan migrations are not anecdotal. Still, an
important question remained: what is the fate of the offspring
of these immigrants? This was still an enigma and arguably the
missing spatiotemporal gap necessary to fully understand the mul-
tigenerational cycle of V. cardui between Africa and the Palearctic.
Due to the high temperatures in the Afrotropics, we expect that
the developmental time of the caterpillars is short and a single
generation might require one month (23). This would mean that
four or five generations could transpire in the Afrotropics from
October to February.

No immature data were available until now from December to
February, and debate on the potential breeding locations had
developed around modeled scenarios (4, 24, 26, 28, 29, 32). Here,
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Fig. 2. (A) Hostplants used by V. cardui in the sub-Sahara from September to February. Other plants not documented in this work could also be used, but are
likely less abundant. (B) Approximate distribution and monthly occurrences of reported hostplants according to the observations available in GBIF. Entries for
January 1st, dominant within this month, were excluded as they potentially represent observations without precise dates, but likely assigned to January 1st as
a default date during the databasing process.

we show that the semiarid zone in West and Central Africa  of rains in July of the following year. There is evidence that move-
(Sahelian belt and northern Savannah) is colonized in September ments of V. cardui occur northwards to the Maghreb and the
and is then abandoned around November, until the next episode ~ Mediterranean basin around November, coinciding with decreased
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Fig. 3. Monitoring data of V. cardui abundances across a 2-y period (2018 to 2020). Immature and/or adult counts were obtained from nine established
monitoring sites in Senegal, Benin, Cameroon, Ethiopia, Kenya, and the Canary Islands. Monitoring visits were done every 2 wk, approximately. Green bars
indicate periods of active phenology of larval hostplants in the monitored sites. Full bars mean high counts of plants per plot and phenology from low growth to
flowering (stages of active growth, mostly used by V. cardui for oviposition); half bars represent relatively low counts of plants per plot and phenology ranging
from fully grown to flowered to dry; no bars indicate hostplant absence in the plot.

resources in the northernmost sub-Saharan grasslands and a syn-
chronous increase of resources north of the Sahara (26, 34).
However, the presence of V. cardui immatures surviving over the
winter in the South-Western Palearctic or Eastern Mediterranean
seems to be marginal (28, 35, 36). According to previous hypotheses
(4, 23), a progressive shift south and/or to higher altitude by the
Afrotropical generations is expected, and may be influenced by
the progressive droughts in the grasslands from the North toward
the South, a collateral effect of the retreat of the ITCZ. This sea-
sonal southward shift has been found in other insects (37, 38).
Indeed, it may resemble the movements happening in the
Palearctic part of the V. cardui cycle in the spring and summer,
where successive generations shift, by migrating relatively short
distances, from the Mediterranean basin to northern Europe and
up to mountain ranges (28, 36).

More heterogeneous locations in landscape, particularly the
highlands in Eastern Africa and Cameroon, show higher variability
in the transition patterns of presence and absence of V. cardui, and
generally have longer seasons of high occupancy too. The moni-
toring data also suggest that direct migration from the Palearctic
around October may not only reach the northernmost part of the
Afrotropical range (i.e., the Sahelian belt or the Ethiopian high-
lands), but also as far south as Cameroon or Kenya. This hypothesis
is supported by suitable conditions predicted by the niche model
at these latitudes. The idea that some flocks migrate longer than

PNAS 2023 Vol.120 No.16 2218280120

others, or that there are early- and late-migrants throughout the
season, is not surprising considering the large number of breeding
groups in the Palearctic, its large extent, and factors including the
location, conditions, and timing at the natal grounds, or the par-
ticularities of each migratory journey. For example, massive colo-
nization of the Maghreb occurs around November (34), the same
time as those observed in the sub-Sahara (23, 26). The timeframe
to expect European immigrants in the Afrotropics also lasts up to
four months, from August to November, which, combined with a
large extent of suitable grounds at that time, represents a wide range
of possible spatiotemporal destinations for multiple waves of immi-
grants to settle down and reproduce. This pattern agrees with the
idea that generations are not discrete units but rather that they may
overlap in space and time to some degree, and that migratory move-
ments in V/ cardui should be understood as a complex connectivity
network (20). The monitoring data show two annual peaks of pres-
ence in countries with a bimodal rainfall distribution pattern, with
two distinct rainy seasons (i.e., Kenya, Cameroon). This is consist-
ent with the idea that there are populations in the Afrotropics that
are not linked to the Palearctic. These strict Afrotropical migrants
may correspond to those peaks observed outside the
September-February timeframe (4).

The set of observations of immatures gathered in the field and
the modeled distributions indicate that the most likely breeding
regions from December to February are concentrated in the
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Fig. 4. Monthly projections of the refined ensembled ENM for the Afrotropical part of V. cardui Palearctic-Africa migratory cycle. Color denotes probabilities

from 0 (white) to 100 (red).

subhumid and even humid parts of the tropics (Figs. 1, 4, and 5).
These include the Guinea forest-savannah ecoregion, southern
lowland Nigeria, the highlands in Cameroon/Nigeria, and the
highlands in East Africa, including Ethiopia, Kenya, Tanzania,
Uganda, and Rwanda (Fig. 5). Patchy areas within the semiarid
zone, such as bushlands and thickets, and montane woodlands in
Somalia are also retrieved by the model as being highly suitable.
Areas in the subtropics, like the Canary Islands, are also suitable
locations for V. cardui to overwinter in addition to the previously
identified patches in North Africa and Arabia (4). Although no
immatures were monitored in Ethiopia, a drastic decrease of
observed hilltopping adults in December suggests that the region
might also be partially abandoned, as the niche model reflects with
a reduction of its highly suitable area (Fig. 4). While adults of V/
cardui have departed the savannah grasslands in Western Africa
by November, the grasslands monitored in Kenya are colonized
around December, suggesting that V. cardui phenology is influ-
enced by a latitudinal factor in addition to the type of habitat.
The models predict that the suitable range for breeding progres-
sively decreases in the Afrotropics from December to February
(Fig. 5). Although a decrease in the extent of suitable area should
not necessarily reflect a decrease in population abundance, a general
perception from field surveys is that abundances in the Afrotropics
are lower from December to February than those from September
to November. This may involve a population decrease in the
Afrotropics, as it also seems to occur for breeding groups in the
subtropical areas in North Africa (28, 36). Such fluctuations in
census population sizes, however, do not seem to affect the species’
global effective population size in the long term (20). A progressive
decrease of suitable resources may trigger the last generation of
Afrotropical butterflies to move northward in February/March and
colonize the Maghreb, Arabia, and the Mediterranean basin.
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In summary, we provide ground-truthed evidence on the dis-
tribution of the breeding grounds of V. cardui from December to
February (Fig. 5). Suitable areas are not necessarily contiguous, as
it is in the previous months, and that they are restricted to the
wettest sites, mainly involving highlands and coastal areas still
influenced by precipitation.

Diversity and Phenology of Larval Hostplants in the Afrotropics.
V. cardui larvae have been recorded feeding on plants in
numerous families, and is thus frequently considered to be highly
polyphagous. Ackery (39), for example, compiled information for
63 generain 11 plant families. On the contrary, given the effective
cosmopolitan distribution range of V. cardui, this hostplant
diversity is not available to every butterfly generation. Generally,
plant diversity is lower in arid and semiarid regions in comparison
to tropical or temperate zones.

During field surveys in the Afrotropics, we reported larval host-
plants belonging to 12 genera in three families (Asteraceae,
Fabaceae, and Malvaceae) (Fig. 2). However, we documented only
two larval hostplant species in Western Africa: Zornia glochidiata
(Fabaceae) and Pseudoconyza viscosa (Asteraceae). These two plants
were found to be dominant in typical habitats for V. cardui and
were extensively exploited, often with many caterpillars per plant,
suggesting that these are the preferred hostplants in the region. It
is important to note that some of the most important food sources
observed in other parts of the world such as plants in the genus
Malva (Malvaceae) and thistles in the genera Cirsium, Carduus,
Silybum, or Onopordum (Asteraceae) are virtually absent in West
Africa. Gnaphalium polycaulon (Asteraceae) is used as a hostplant
in Cameroon, but we did not observe this species in West Africa,
despite historical records in the Global Bioinformatics Information

Facility (GBIF) (Fig. 2). Although this list of hostplants is likely
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Fig.5. Conceptual map representing the spatiotemporal occupancy transition of Vanessa cardui's Palearctic-African migratory cycle (A) in the whole annual range
and (B) in sub-Saharan Africa from September to February. Most individuals inhabit the Palearctic from February to September. The Intertropical Convergence
Zone (ITCZ) displacement drives seasonal precipitation patterns in Africa, and hence vegetation growth. The fall and winter V. cardui succeeding generations in
the sub-Sahara follow the retreat south of the ITCZ, which delimits the southern boundary of the cycle.

to be complemented in the future with new findings, it indicates
a surprisingly low hostplant diversity. In addition, the phenological
window for all herbaceous plants was narrow in the Western grass-
lands, likely allowing only one or two generations of V. cardui to
breed, and thus confirming the ephemeral use of Western Africa
grasslands by V. cardui to reproduce (23, 26).

Plant diversity and phenology is remarkably different in Eastern
Africa and the Cameroonian highlands (Fig. 2). We report a higher
diversity of hostplants, longer active phenologies and, in some
cases, suficient plant availability year-round. Such diversity and
longer presence might be favored by the heterogeneity of the land-
scape and the altitudinal gradient, as well as by the seasonality
regime, accounting for two rainy seasons in countries near the
equator, such as Cameroon, Kenya, or Uganda. An exception is
probably the Ethiopian highlands, where only one main rainy
season might not be enough to avoid interseason droughts, even
at a substantial altitude.

Since larval hostplants are essential for butterfly development,
migratory patterns might be better understood in relation to host-
plant phenological change over space. For migratory Afrotropical
butterfly species such as the nymphalids V cardui, Danaus chrysippus,
and Junonia orithya, and the pierids Belenois aurota and Caropsilia
florella, these patterns might be largely different. Even if different

PNAS 2023 Vol.120 No.16 2218280120

species can be seen migrating in the same season, these may be seen
flying in opposite directions (40, 41). While some species tend to
migrate latitudinally, others seem to follow longitudinal bearings.
For example, while V. cardui relies on the growth of fresh herbaceous
plants, B. aurota feeds on Boscia evergreen trees and caperbushes
(Capparis spp.), and the distinctive hostplant phenologies are
expected to influence the migratory patterns of the butterflies.
Among Afrotropical migratory butterflies, V. cardui is probably the
only species that crosses the Sahara regularly, thus strongly relying
on both tropical and temperate regions to complete their annual
cycle. This demonstrates exceptional adaptability to a broad range
of environments, but it may also indicate a tight link to the distri-
bution/phenology patterns of their larval hostplants (29).

The Ecological Relevance of Delimiting Spatiotemporal
Distributions in Migratory Insects. Here, we use presence records
of immatures obtained from field surveys in combination with
quantitative data for adults, immatures, and hostplants from a
monitoring program to build a model that predicts the shifts
of monthly distributions of an insect migrant. This approach
underlines the importance of field data for both building and
validating distribution models. This approach could be applicable
to the study of any migratory insect, although obtaining a sufficient
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number of observations of immatures may be difficult for some
species. Both V. cardui (with larvae that create quite visible silken
shelters) and the monarch (with aposematic larvae) are easier to
detect than species with less conspicuous larvae.

Delimiting spatiotemporal distributions sheds light on the migra-
tory ranges of the populations, which are poorly known in most
migratory species. This has obvious implications in conservation
management and can help identifying temporal hotspots that might
be critical for the reproduction of particular generations along the
annual cycle of migratory species. Reliable seasonal distributions
may also allow predicting how potentially changing climatic con-
ditions over the short term may affect these monthly distributions
and the associated migratory movements. Understanding spatial
and temporal gains and losses may allow determining possible fac-
tors triggering regular distributional shifts. For example, the imma-
ture phases of migratory dragonflies rely on water bodies and their
seasonal desiccation may trigger migration (42, 43). In a similar
way, migratory phytophagous insects rely on the availability of fresh
plants, which are in some cases ephemeral (22, 29, 31).
Understanding the extent of these temporal resources may give
information about potential breeding stress of the insect population
(if the resources are limited in space or time), or about the potential
to rapidly increase population numbers in the form of outbreaks (if
the temporal resources are large in space and extended in time).

Spatiotemporal distribution models, however, do not provide
information on connectivity, another major challenge in insect
migration ecology. Even if seasonal distributional shifts may be
highlighted by distribution models, a direct link between an area
lost and an area gained can only be tested with tools quantifying
movement at the individual scale, such as stable isotopes (24, 44),
pollen metabarcoding (25, 45), or radio tracking (46-48). At an
evolutionary scale, phylogeography can also provide insights on
historical connectivity by highlighting population genetic struc-
ture and thus recurrently connected/isolated populations.

Conclusion

Through this study, we help resolve a long-standing mystery of the
longest migratory cycle known among butterflies: where are V. cardui
butterflies during the European winter (from December to
February)? We contribute original spatiotemporal occurrence and
ecological data for this species in the Afrotropical region that is
connected to the Palearctic, by long-term monitoring of phenolog-
ical patterns, by documenting hostplants, and by reassessing monthly
distribution areas. Overall, these data suggest a constraint in the
spatial range that is suitable for V cardui from December to February.
Through field-based validation and systematic monitoring, we show
that the use of occurrences of immatures for spatiotemporal niche
modeling provides reliable predictions of suitable habitat and that
this technique might be generally useful to predict seasonal distri-
bution shifts of multigenerational insect migrants.

Methods

December-January Field Surveys and Year-Round Monitoring. Seven
field expeditions were conducted across the Afrotropics during the months of
Decemberand January (2017 to 2020) to test the previously predicted breeding
probability maps (4). These expeditions spanned a wide longitudinal range from
West to East Africa: Cote d'Ivoire (January 2020), Ghana (January 2018), Benin
(December 2019), Cameroon (January 2018), Uganda (December 2017), and
Kenya (December 2017 and January 2019). Presence and absence of immatures
were recorded across each site. Surveyed areas and inspected sites in each country
are delineated in Fig. 1, and detailed methods are described in S/ Appendix.
Monitoring data were systematically obtained between September 2018 and
June 2020 across nine sites in six countries: Canary Islands (Spain), Senegal,
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Benin, Cameroon, Ethiopia, and Kenya (S/ Appendix, Table S1 and Dataset S2).
We collected presence and abundance data for adult and immature stages in each
location. To monitorimmatures, we selected sites that had abundant and contig-
uous larval hostplants and where we had previously documented immatures. To
monitor adult activity, we selected hilltops near the breeding sites where adult
males carry out territorial flights (22). Overall counts of immatures and adults
were done in these sites. Visits to the sites were recurrently done approximately
every fifteen days over the entire year. The overall number of surveys for the 15
monitoring sites (7 breeding sites and 8 hilltops) involved a total of 290 d of
fieldwork. Detailed methods are described in S/ Appendix.

Spatiotemporal Ecological Niche Modeling. A dataset of records of V. cardui
immatures for the Palearctic-African migratory range was gathered, with the objec-
tive of performing spatiotemporal ENM (S/ Appendix, Fig. S1 and Dataset S1).
The dataset combined three sources: i) the records of immatures obtained from
field surveys and monitoring in this work, ii) the previously gathered dataset
in ref. 4, and iii) a set of additional records from other seasons and/or regions
within the range, obtained from the authors’ own field surveys, from citizen sci-
entists involved in the Butterfly Migration project (www.butterflymigration.org)
and from new observations available in the platform iNaturalist. All records were
compiled with associated metadata, including specific observation dates, geo-
graphical coordinates, life stages observed, and number of immatures. In total,
the dataset included 1,268 breeding localities, being 637 (50.2%) new addi-
tions recorded between 2016 and 2020 and belonging to 35 countries. Among
the new occurrences, 230 (36.1%) were from sub-Saharan Africa, 344 (54%)
from the circum-Mediterranean region (Southern Europe, North Africa, Canary
Islands, and the Middle East), and 63 (9.9%) from non-Mediterranean Europe.
Many of the new occurrences (51.50%) were recorded between November and
February, a period that was previously data deficient. Overall, this dataset greatly
increases coverage for the winter months and for the African continent, thus rep-
resenting a significant improvement for those seasons and regions, previously
underrepresented.

We included absence points for modeling analyses with great caution. First,
we used absences for sites where year-round monitoring was performed, fulfilling
three criteria: i) no immatures were observed in that month, nor for the previous
or succeeding month, ii) no hilltopping or other V. cardui activity was observed in
the site or in nearby monitored spots, and iii) no fresh hostplant was observed at
the monitoring and nearby areas. We believe that this is a reasonable validation
of the absence points for the monitored sites in Africa, resulting in 14 absences
in six months (S/ Appendix and Dataset S1).

Additional absence points were used for the modeling, including a set of
400 random points above 50°N latitude for the winter months (corresponding
to northern Europe from November to February), plus 10 field observations in
desertic/arid areas, as in ref. 4. We here included an additional set of points
corresponding to dense tropical rainforest in Africa, where V. cardui is not known
to occur and no adults have been recorded in the literature. To be conservative,
we selected seven pixels of fully covered canopy by visually inspecting satellite
images, which were at the same time surrounded by pixels of the same type, over-
all spanning a total of approximately 490 km? of contiguous canopy. These pixels
corresponded to locations in Gabon, Democratic Republic of Congo, Cameroon,
Congo, and Equatorial Guinea. Similarly, we also selected 14 pixels in continuous
sandy areas across the extent of the Sahara as permanently unsuitable, corre-
sponding to locations in Mauritania, Mali, Algeria, Niger, Chad, Sudan, and Egypt.
Pixel values for rainforest and desert included all months in randomized years.

Using the improved dataset, we built a spatiotemporal niche model to refine
the inferred monthly predictions in ref. 4 (Fig. 4 and S/ Appendix, Fig. S52), fol-
lowing the same approach. We used five climatic variables as time-partitioned
predictors: precipitation (pre), frost day frequency (frs), daily mean temperature
(tmp), vapor pressure (vap), and wet day frequency (wet). Monthly layers of these
climatic variables for a time series between 1971 and 2020 were retrieved from
the Climatic Research Unit time-series TS v. 4.05 at 0.5° resolution (49). We also
used three land cover categories (open, closed, and bare land) that resulted from
the recategorization of 22 variables obtained from Globcoverv. 2.4 at 30 arc-sec-
onds resolution (50), as in ref. 4. Land cover layers were resampled to match the
resolution of the climatic variables.

Monthly V. cardui breeding distributions were estimated using an ensemble
of forecasts of species distribution models with the R package biomod2 (51, 52).
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Each spatial data point (immature occurrence) was linked to a particular month
and year, and specific values of the predictor variables (bioclimatic and land
cover) for each of these locations and times were retrieved. Forecasts included
projections from five statistical models: generalized linear models, generalized
additive models, multivariate adaptive regression splines, generalized boosted
models, and random forests. We calibrated the models using a randomly selected
70% of occurrence data, and accuracy was evaluated against the remaining 30%
of the data, using the area under the curve (AUC) (53) and the True Skill Statistic
(TSS) (54). We replicated the analysis 10 times, and all calibrated models were
after projected to a monthly set of variables resulting from averaging the time
series (1971 to 2020), thus obtaining a single prediction per month and model.
To summarize the results of all the models, we used an ensemble strategy with
committee averaging based on model TSS values (greater than 0.35).

The modeling pipeline was run for two different observational datasets: i) for
the entire dataset and projected to the whole range (Palearctic + Afrotropic) (1,268
occurrences/674 absences) (SI Appendix, Fig. S2) and ii) for the Afrotropical dataset
alone (266 occurrences/199 absences) and projected to the Afrotropical range
(Fig. 4). Additionally, in order to test for the importance of the Afrotropical data,
we also obtained a model exclusively using the observational dataset from the
Palearctic (1,002 occurrences/475 absences) and projected it to the whole range
(S1 Appendix, Fig. S5).

Data, Materials, and Software Availability. All study data are included in the
article and/or S/ Appendix.
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