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SUMMARY

Some insects, such as the painted lady butterfly Vanessa cardui, exhibit complex annual migratory cycles
spanning multiple generations. Traversing extensive seas or deserts is often a required segment of these
migratory journeys.We develop a bioavailable strontium isoscape for Europe and Africa and then use isotope
geolocation combining hydrogen and strontium isotopes to estimate the natal origins of painted ladies
captured north and south of the Sahara during spring and autumn, respectively. Our findings reveal moderate
migratory connectivity across the Sahara characterized by a broad-front, parallel migration. We also report
evidence of a leapfrog migration, wherein early autumn migrants from higher latitudes cover greater dis-
tances southward than their late autumn counterparts. This work represents a major advancement in under-
standing insect migratory patterns and connectivity, particularly across extensive barriers, which is essential
for understanding population dynamics and predicting the impacts of global change on insect-mediated
ecosystem services.

INTRODUCTION

Multi-generational migrations equip insects with the capacity

to respond swiftly to seasonal environmental changes, yet

this very trait also renders them vulnerable to certain challenges.

In contrast to migratory vertebrates, which typically complete

round-trip migrations between overwintering and breeding

grounds within a single generation, insects, with their shorter

lifespans, require several generations to complete their annual

migratory cycle, with each generation completing a single

segment of the overall cycle.1 The spatial extent of suitable cli-

matic and biotic conditions, largely determined by host plant

availability, can change drastically throughout the year, prompt-

ing each generation to embark onmigratory journeys in search of

suitable habitats.2,3 However, many individual insects do not

survive the journey, whereas others conclude their journeys in

unsuitable habitats that cannot sustain the next generation,

potentially leading to local- or regional-scale extirpation and a

decline in population size. Fortunately, the range of suitable

habitats for migratory insects tends to be broad, with reticular

migratory patterns that provide redundancy and compensate

for the impact of local bottlenecks.4 Although these reticular

patterns are generally thought to enhance the resilience of pop-

ulations to environmental perturbation,5,6 in the face of large-

scale disturbances such as global climate change and habitat

degradation, the population dynamics and migratory patterns

of some species are nonetheless affected. For example, the

monarch butterflyDanaus plexippus population in North America
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seems to be declining, with changing spring weather conditions

playing an important role in the decline.7 Similarly, outbreaks of

desert locust Schistocerca gregaria are influenced by the

increasing frequency of extreme weather events,8 and changes

to monsoon patterns are affecting the migration patterns of the

brown planthopperNilaparvata lugens, a devastating agricultural

pest.9 Delineating predictable spatiotemporal linkages of insects

across their migratory range is an imperative first step for pre-

dicting insect population dynamics and understanding how

they will respond to global change.

Understanding migratory patterns and connectivity across

natural barriers, such as seas and deserts, may be particularly

important for insect population dynamics. Migratory journeys

across barriers can be especially perilous, and large-scale los-

ses can lead to population bottlenecks.10,11 The Sahara is the

world’s third-largest desert and, for the migratory animals that

traverse it, it constitutes at least a 1,000-kilometer journey

through unsuitable habitat. The migratory connectivity of many

bird species across the Sahara has been well explored

(e.g.,12,13). These studies demonstrated that many of the bird

species migrating across the Afro-Palearctic are facing popula-

tion declines,14 illustrating how the understanding of migratory

connectivity across biogeographic barriers and geopolitical bor-

ders is fundamental for proposing effective international conser-

vation action (e.g.,15,16). Generally, insect migration remains

understudied compared to research on migratory birds and

mammals,17 and although there are growing indications that

many insect species undertake trans-Saharan journeys, empir-

ical evidence for crossings of the Sahara remains limited or

ambiguous. As a result, the annual migrations of the painted

lady butterfly Vanessa cardui stand out as the primary example

of trans-Saharan insect migration and is an ideal model to study

insect migration across natural barriers.

Over the past decade, regular seasonal migrations of the

painted lady butterfly across the Sahara have been verified using

a variety of techniques, including field observations, monitoring

stations, isotope geolocation, ecological nichemodeling, and pol-

lenmetabarcoding analyses.3,18–23 TheAfro-Palearctic population

of painted lady butterflies undergoes an annual migratory cycle of

continuousmovement and breeding spanning 8 to 10 overlapping

generations.23 Painted ladies follow the oogenesis-flight syn-

drome, wherein there is an energetic trade-off between migration

and reproduction.24–26 Thus,migration is expected tooccur during

the pre-reproductive phase. Painted lady adults live for about

3–6 weeks, mating multiple times during the reproductive phase

and laying up to over 1,000 eggs that develop into adults over 23

to 45 days, depending on environmental conditions.23,26–28 Thus,

the offspring of a single female can depart in several migratory

waves, interminglingwitholder generations.Overmultiple genera-

tions, painted ladiesmigrate as far north asScandinavia during the

summer, travel south to regions onboth sides of the Sahara for the

European winter (i.e., North Africa and sub-Saharan Africa), and

then return to Europe in the spring.19,21,22 This recurring migration

across the Sahara offers a unique opportunity to study insect

migratory connectivity between well-differentiated faunistic re-

gions and across a natural barrier.

There are multiple reasons why insect migration is under-

studied. For one, the multi-generational migratory cycle adds

a layer of complexity to the study of insect migration,

demanding investigation of each segment of the annual cycle.

Moreover, understanding insect migratory patterns requires

addressing both its spatial and temporal dimensions. Thus,

large-scale collaborations are essential for investigating the in-

ternational and intercontinental migrations of insects (e.g.,19,29).

Insects are also difficult to track with techniques that are tradi-

tionally used to study vertebrates, like biologging technology

(e.g., radiotelemetry, light loggers), because insects are small,

abundant, and short-lived. Instead, intrinsic biomarkers, such

as isotopes, have become quintessential tools for studying

insect migration. The isotopic composition of the local environ-

ment is incorporated into developing tissues as the larval insect

feeds.30,31 After metamorphosis, this local isotopic composition

is largely preserved in the wings.32,33 Thus, the isotopic compo-

sition of a migrant butterfly’s wing can be measured and

compared to a spatial model of isotopic variation to estimate

the individual butterfly’s natal origin (i.e., isotope-based

geographic assignment). Hydrogen isotope values (d2H) have

been used for insect geolocation for over 20 years31,34 and,

due to global precipitation patterns, often act as a proxy for

the latitude of origin.35 However, d2H-based geographic

assignment rarely provides adequate longitudinal resolution.

Spatial variation in strontium isotope ratios (87Sr/86Sr) is driven

by the underlying geology and is independent of d2H. Recently,
87Sr/86Sr has been used for the geolocation of insects and

provided increased longitudinal resolution,36 showing that it is

important to further develop technologies to advance our

understanding of migratory insect population dynamics and

multi-generational migratory connectivity.

Here, we investigate the spatiotemporal trans-Saharan migra-

tory connectivity and patterns of the painted lady butterfly using

d2H and 87Sr/86Sr-based geographic assignment. Painted ladies

are thought to cross the Sahara twice each year, with one group

migrating south in the autumn and the other migrating north in

the late winter and early spring.19,21–23 Through an international

collaboration led by the Butterfly Migration Monitoring Scheme,

a global citizen science effort, 118 painted lady samples were

opportunistically collected from many sites south and north of

the Sahara and the Arabian Desert, an extension of the Sahara,

so that the migratory patterns along the length of the geographic

barriers could be compared for both seasons. Applying dual d2H

and 87Sr/86Sr for continuous-surface isotope-based geographic

assignment requires reliable spatial models of isotopic variation

across the landscape (i.e., isoscapes). A new hydrogen isoscape

was recently calibrated for butterfly wings for the Afro-Palearctic

region,37 but a robust bioavailable strontium isoscape of this re-

gion did not exist. We compiled bioavailable 87Sr/86Sr data from

the literature and completed this database with additional anal-

ysis of 87Sr/86Sr in plants from 45 sites. We used this database

and applied an innovative spatial interpolation ensemble ma-

chine-learning framework to develop a strontium isoscape

across the study area. Using the isoscapes, we estimated the

natal origin of the collected painted lady butterflies, then esti-

mated migration distance and direction of travel. Those

isotope-based metrics allowed us to discuss the connectivity

and migratory patterns of painted ladies across the Sahara and

Arabian Desert.
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RESULTS AND DISCUSSION

Strontium isotope geolocation enables new ecological
insights
We developed a regional bioavailable strontium isoscape for the

Afro-Palearctic region. This isoscape relies on a compilation of

bioavailable ⁸⁷Sr/⁸⁶Sr data from the literature, the addition of

45 new plant ⁸⁷Sr/⁸⁶Sr measurements from Africa (n = 1820;

Figure S1) and 14 spatial predictor variables (Table S1;

Figure S2). Bioavailable strontium isoscapes are typically

modeled using a random forest regression (RF) framework

(e.g.,36,38,39). However, recent advances have demonstrated

that spatial interpolation ensemble machine learning (EML) can

outperform this RF framework.40 As the EML framework lacks

direct interpretability (i.e., does not generate partial dependence

plots or report the importance of predictors), we followed Le

Corre et al.40 and selected predictors and assessed bioavailable

⁸⁷Sr/⁸⁶Sr patterns through the RF framework before using the

spatial interpolation EML to produce a more accurate and

unbiased strontium isoscape. We found that the spatial interpo-

lation EML had slightly superior performance compared to RF

(Figure S3). The EML isoscape is largely dominated by RF (high-

est absolute t-value < 2e-16) but also relies on additional base

learners (i.e., gradient boosting [t-value = 0.04], support vector

machines (t-value = 0.02), and generalized linear models

[t-value = 0.04]).

As expected from the dominance of RF in the EML predictions,

the EML isoscape showed patterns very similar to the RF-based

model with ratios ranging from 0.70366 to 0.77394, with the high-

est ⁸⁷Sr/⁸⁶Sr in cratonic areas of Africa and the lowest ⁸⁷Sr/⁸⁶Sr

along the basaltic African rift region (Figures S4A and S5A).

However, the difference between spatial interpolation EML

and RF-based modeling was apparent when comparing the

spatially explicit uncertainty maps, with the EML isoscape more

normally distributed and displaying lower average uncertainty

(EML average SD = 0.00347 vs. RF average SD = 0.00448)

(Figures S4B and S5B). Overall, the use of multiple learners,

spatial dependencies, and an unbiased spatial cross-validation

approach led to moderate performance improvements over RF

by enhancing the robustness of the resultingmodel and the corre-

sponding uncertainty estimates. The large range of strontium

isotope ratios within Africa suggest that strontium isotopes have

the potential to be a highly effective geolocation tool for the conti-

nent, especially as more bioavailable training data are produced.

This regional bioavailable strontium isoscape provides a ground-

breaking tool to investigate themobility of painted lady butterflies,

as well as other terrestrial insects, migratory animals (e.g., migra-

tory megafauna, birds, early hominids41), archeological and

modern human remains,42–44 and tissues and manufactured sub-

strates across Africa (e.g., drugs, ivory,45 wood).

As a prerequisite to assessing the migratory patterns of

painted lady butterflies migrating northward and southward

across the Sahara, we used dual d2H- and 87Sr/86Sr-based

geographic assignment to estimate the natal origin of each of

the collected specimens (n = 118; Table S2). The d2H values

for 69 of the individuals were previously published.18,21,22

Compared to the d2H-based geographic assignment presented

in Talavera et al.21 and Stefanescu et al.,22 d2H-based estimates

of natal origin in our study were broader; the highly probable

area of natal origin, as estimated using a 2:1 odds ratio, was

4.4 million km2 larger on average. This difference in precision

can be attributed to differences in isoscape uncertainty propa-

gation between the studies. However, across all samples, the

addition of strontium isotopeswas able to provide additional res-

olution and decrease the highly probable area of natal origin by

37% on average. Our sample selection strategy was crafted to

encompass migrants from both sides of the Sahara in different

seasons (Figure 1); however, we were only able to confidently

classify 57 of the 118 samples as having migrated (i.e., having

traveled >100 km). The remaining samples had an isotopic

composition (i.e., d2H and 87Sr/86Sr) similar enough to their cap-

ture location that we could not discard a local origin (Figure S6). It

is possible that these individuals were alsomigrants, but from re-

gions of natal origin with a similar isotopic composition to their

capture locations. These putative locals had isotopic composi-

tions that are highly redundant in the Afro-Palearctic region,

with ⁸⁷Sr/⁸⁶Sr �0.709 ± 0.001 common in most regions with ma-

rine sediments36 and d2H typical of the warm, wet climates of the

Afrotropical region.37 Alternatively, some of these individuals

were collected later in the season and may represent the locally

sourced offspring of migrants. Although the inclusion of the pu-

tative locals did not change the overall patterns detected in our

study (Figure S7), we were interested in individuals that had

completed their migratory movements; therefore, we took the

most conservative approach and excluded these potentially

local individuals from further analyses of migratory connectivity.

Figure 1. Collection sites for painted lady butterflies (n = 118)

Butterflies were collected north of the Sahara, encompassing regions in

Morocco, Spain, Cyprus, Italy, Israel, Jordan, and Syria, from January to April

in 2012, 2016, 2017, and 2019 (blue circles). These butterflies represent

northward-migrating painted ladies, based on our current understanding of

seasonal patterns of suitable habitat.3,19,21 To portray southward-migrating

butterflies, samples were collected south of the Sahara at multiple sites in

Senegal, Benin, Chad, Uganda, and Kenya, spanning the months of August

through December in 2014, 2017, 2018, and 2019 (red circles; see details in

Table S2). Desert outlines were sourced from Dinerstein et al.46.
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Moderate migratory connectivity across the Sahara and
Arabian Desert
As expected, rose plots of individuals captured from countries

located south of the Sahara in the autumn tend to show south-

ward bearings and rose plots of individuals captured from coun-

tries located north of the Sahara in the spring tend to show north-

ward bearings (Figure 2). However, geographic bias can be

detected in the rose plots; for example, Senegal is located at

Figure 2. Stacked maps from the d2H- and ⁸⁷Sr/⁸⁶Sr-based geographic assignment, illustrating the percentage of migratory individuals from

each region with a high probable natal origin at a given location, as defined by the 2:1 odds ratio

Teal areas indicate high cohesion in the estimated area of natal origin. The inset rose plots depict the combined probability-weighted estimates of the direction

from the estimated natal origin (center) to the capture location. Red (south of the Sahara) and blue (north of the Sahara) circles represent butterflies that were

captured from (A) northwest of the Sahara in late winter/spring (n = 17). The inset map highlights the high probability area of estimated natal origin in the Canary

Islands andWestern Sahara; (B) northeast of the Sahara in spring (n= 13). Included is a long-distancemigrant from Italy that clusteredwith the northeast captures;

(C) southwest of the Sahara in the autumn (n = 22). The rose plot is separated into samples collected from Senegal, Benin, and Chad. The rose plot for Senegal is

biased toward the west because the capture locations are on the westernmost edge of the spatial extent; (D) southeast of the Sahara in late autumn (n = 5). See

also Figures S6, S7, and S11.
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the westernmost point of the study area, and thus the rose plot is

biased toward the west (Figure S8H). Individuals collected in the

easternmost regions were estimated to migrate north from East

Africa or the southern Arabian Peninsula in the spring (Figure 2B)

and south from the northern Arabian Peninsula when collected in

the autumn (Figure 2D). Although this migratory pattern has long

been suspected, empirical evidence has been absent until now

(e.g.,47). For thewesternmost butterflies, therewas awider range

of isotopic compositions, and high spatial redundancy of these

isotopic compositions, causing the most probable regions of

origin to be less cohesive than for their eastern counterparts,

likely due to the broader range of sampling locations and times.

During the autumn,many of the westernmost individuals showed

estimates of natal origin in temperate Europe (Figures 2C and

S8). Conversely, in the spring, individuals from the westernmost

regions exhibited broader posterior probability surfaces, sug-

gesting a natal origin ranging from northwestern Africa to as far

east as the Arabian Peninsula (Figure 2A). Our hypothesis is

that the most likely origin for the westernmost spring butterflies

sampled in this study lies directly south of their capture locations

in the Western Sahara and the Canary Islands (Figure 2A). This is

supported by the presence of pollen from plants endemic to the

Canary Islands on two of our samples captured in Spain (Sample

IDs: 16C413 and 14M265).20 Furthermore, historical observa-

tions, recent ecological niche models, and monitoring data

also suggest that the Canary Islands and areas along the coast

of the Western Sahara offer highly suitable breeding conditions

for painted ladies from December through to February.19

Migratory connectivity refers to the degree to which individ-

uals from one area of the migratory range migrate exclusively

to another area without mixing with other individuals from else-

where, with strong connectivity indicating a low amount of mix-

ing.5,48,49 This term is typically used to qualify the migratory pat-

terns of birds, which often show strong connectivity and a

discrete spatial structure in migratory trajectories across the

Afro-Palearctic region.5 However, certain bird species exhibit

moderate migratory connectivity, which is marked by spatial

overlap in the breeding range (e.g.,50,51). In contrast, insects,

due to their multi-generational, reticular migration patterns, typi-

cally display weaker migratory connectivity than birds.4,5 The

distribution of painted ladies is seasonally continuous along

the northern and southern sides of the Sahara19; a large availabil-

ity of continuous habitat is sometimes correlated with stronger

migratory connectivity.13 Indeed, the absence of large east-

west movements, for example from Israel to Benin or France to

Kenya, indicates spatial structure in the migratory trajectories

of painted lady butterflies, pointing to moderate migratory con-

nectivity. Moderate migratory connectivity is also supported by

the moderate, statistically significant mantel correlation coeffi-

cients calculated for each season between the capture location

and the centroid of the highly probable area of natal origin

(spring: rm = 0.40, p < 0.001; autumn: rm = 0.22, p < 0.01).

Thus, we propose that painted ladies show moderate migratory

connectivity across the Sahara, characterized by a predomi-

nantly latitudinal, rather than longitudinal, movement pattern,

suggesting parallel, broad-front migration (Figure 3B).

Strong migratory connectivity can lead to adaptation and

genetic differentiation between populations.49 Trans-Saharan

migrations in birds often show longitudinal migratory divides,

where adaptive populations follow western, eastern, and, occa-

sionally, central flyways (e.g.,52–55). However, the likelihood of

the existence of an adaptive longitudinal migratory divide among

populations of painted ladies in the Afro-Palearctic region is

remote due to the complex multi-generational population dy-

namics of painted ladies, as is shown by the mounting evidence

of inter-continental panmixia and shared demographic his-

tory.4,18,56 The migratory connectivity of painted ladies appears

to be weaker than that observed in a few other migratory insect

species, such as the fall armywormmoth Spodoptera frugiperda

and themonarch butterfly.5 In these species, well-definedmigra-

tion routes exist between discrete breeding grounds, separated

by a geographic barrier oriented in a north-south direction (i.e.,

the Appalachian Mountains and Rocky Mountains, respec-

tively).57 In contrast, painted ladies breed across virtually the

entire longitudinal expanse of sub-Saharan Africa, with no signif-

icant geographical gaps in suitable habitat, except for tropical

forests.3,19 We anticipate that expanding sampling efforts to

cover the full extent of the Sahara would reveal a continuum of

predominantly north-south movement across the desert, result-

ing in a broad front migration pattern (Figure 3B).

Although our data primarily support the prevalence of latitudi-

nal migratory trajectories, we do not rule out the possibility of

some longitudinal movements. A closer examination of the pos-

terior probability surfaces for individual butterflies reveals that

many individuals are probably not following perfectly north-south

paths, and there may be variation in origin and migration routes

even among individuals collected at the same site (see key re-

sources table). It is likely that environmental conditions along

the migration path, such as prevailing wind direction, affect the

energetic costs associated with different routes and alter flight

trajectories.13 Recent studies have shown that accidental long-

distancedispersal events, oftendrivenby longitudinal aerial high-

ways or extreme weather events, can result in atypical move-

ments and occurrence records (e.g.,56). Therefore, it is crucial

to delineate migration patterns using data frommany individuals

to avoid overestimating the importance of irregular movements.

Indisputable east-west movements were not seen for butterflies

making southward, trans-Saharan journeys, whereas they were

noted for some individuals captured from Europe in the spring

that had estimated natal origins in North Africa or the Arabian

Peninsula. An example is the individual collected in Italy, which

displayed natal origins far to the east in the Arabian Peninsula

(Figures 3B and S8C). This specimen was collected in April

2019 (Figure 4G), a year marked by an outbreak of painted lady

butterflies attributed to anomalous vegetation growth in the

ArabianPeninsula,58–60 that likely facilitated the spreadof individ-

uals from the hotspot to other parts of the range, extending as far

west as Italy. Instead of indicating strong adaptation to direct

north-south movement across the Sahara, the lack of east-

westmovements observed across the Saharamay be due to sur-

vivorship bias, as butterflies that migrate shorter distances

directly across the Sahara likely experience higher survival rates,

as is seen in birds.61 Thus, long-distance longitudinalmovements

between the westernmost and easternmost parts of our study

area can occur but are presumably rare occurrences, particularly

for trans-Saharan journeys.
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Migratory connectivity has been appraised in only a few insect

species but has important conservation implications. In species

with weak migratory connectivity and reticular migration pat-

terns, local population bottlenecks can be mitigated through a

compensatory demographic model.4 In contrast, species with

stronger migratory connectivity may be more vulnerable to

adverse environmental changes in specific sections of their

range.49 The population of monarch butterflies in North America

serves as a good example of this phenomenon. Although

composed of a single, panmictic population, monarch butterflies

show relatively strong migratory connectivity, with monarchs

east of the Rocky Mountains remaining largely separate from

monarchs to the west.5 The monarch butterflies west of the

Rockies are at a high risk of local extirpation, likely due to envi-

ronmental changes in that region.62 However, the strong migra-

tory connectivity of the species largely prevents the larger

census size east of the Rockies from bolstering the western

numbers (but see63). Historically, the Afro-Palearctic population

of painted ladies has demonstrated long-term demographic sta-

bility, albeit with large short-term population fluctuations,

partially due to outbreak dynamics.4,60 However, in the context

of global change, which can influence climate and weather

events on a broad scale, even painted lady populations may

be impacted. The generations of painted ladies inhabiting

temperate Europe during the summer are thought to exhibit

weak migratory connectivity, which may mitigate local popula-

tion bottlenecks.4 In contrast, moderate migratory connectivity

across the Sahara may reduce the compensatory abilities of

the reticular migration pattern during this part of the annual cycle,

leading to increased risk, particularly along the eastern and

western edges of the geographic range. This is particularly perti-

nent during January and February when occupancy and spatial

extent are at their lowest.19 Future studies quantifying the tem-

poral and spatial migratory connectivity over each segment of

the annual migratory cycle will be essential for a comprehensive

assessment of the compensatory abilities within painted lady

migration patterns and how theymay be influenced by anthropo-

genic climate change and habitat degradation.

Figure 3. Illustrations of the proposed migratory patterns of painted lady butterflies across the Sahara

(A) Conceptual model illustrating the proposed leapfrog migration pattern in the southward, autumnal segment of the annual migratory cycle in the western Afro-

Palearctic. Painted lady caterpillars take between 23 and 45 days to develop into adults, and adults live for about 3–6 weeks, depending on environmental

conditions.23,26–28 The maps depict monthly representations of suitable larval habitats (P > 95%) sourced from Talavera et al.19 The declining suitability of the

northernmost regions over the autumn likely prompts the leapfrog migration pattern. Suitable habitat in southern destinations first appears in sub-Saharan Africa,

followed by North Africa. In September, painted ladies originating from the suitable larval habitat of August (indicated in purple) migrate to sub-Saharan Africa. In

October (suitable larval habitat in September indicated by blue) and November (turquoise), painted ladies from progressively southern locations migrate to either

the sub-Saharan Africa or the circum-Mediterranean region.18,19.

(B) An illustration of the hypothesized broad-front migration pattern with moderate migratory connectivity across the Sahara. Dashed lines represent our ex-

pectations should additional samples be collected between the collection sites presented in this study.
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Figure 4. Stackedmaps from the d2H- and ⁸⁷Sr/⁸⁶Sr-

based geographic assignment, illustrating the per-

centage of migratory individuals from each month

with a high probable natal origin at a given location,

as defined by the 2:1 odds ratio

Red (south of the Sahara) and blue (north of the Sahara)

circles represent individuals captured during (A)

September (n = 8) from Benin and Senegal; (B) October

from Senegal, Benin and Chad (n = 11); (C) November from

Senegal, Benin, and Kenya (n = 4); (D) December captured

in Uganda and Kenya (n = 4); (E) January (n = 1) and

February (n = 6) from Spain and Morocco; (F) March from

Spain, Italy, Cyprus, Israel, Jordan, and Syria (n = 13); and

(G) April from Spain, Italy, Cyprus, Israel, and Syria (n = 10).

See also Figure S8.
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Northward progression
Our findings provide strong support for long-distance trans-

Mediterranean and trans-Saharan migrations during the south-

ward, autumnal segment of the annual cycle (Figures 3C, 3D,

and 5A). In contrast, most of the spring migrants in our study

journeyed shorter distances from northern Africa or the Arabian

Peninsula into Europe (Figures 3A, 3B, and 5A). This finding rein-

forces the importance of North Africa as the primary source for

spring migrants to Western and Central Europe64 and suggests

that the Arabian Peninsulamay be an important source for spring

migrants to Eastern Europe. Talavera et al.21 interpreted many

of the d2H-based posterior probability surfaces of samples

captured in Morocco and Spain as conclusively showing north-

ward, complete trans-Saharan migrations in the spring. How-

ever, our updated dual 87Sr/86Sr- and d2H-based geographic

assignment discounts origins in West Africa and instead high-

lights the most parsimonious origins as being in the western

Sahara or the Canary Islands.With the removal of conclusive iso-

topic evidence for northwardmigrations across the Sahara in the

late winter and early spring, the evidence for northward move-

Figure 5. Isotope-based estimates of migra-

tory distance and latitude of origin

(A) Minimum migratory distance (km) estimates for

migratory painted lady samples by month of cap-

ture (n = 57). The minimum distance estimate is

calculated as the shortest distance from the cap-

ture location to the highly probable area of natal

origin, as defined by the 2:1 odds ratio.

(B) Hydrogen isotope values (&) tend to decrease

with increasing latitude. The d2H values of migrants

(red; n = 22) captured in Senegal, Benin, and Chad

during the autumn have a positive relationship with

the date of capture (red line; p = 0.008). Symbols

indicate the sampling year. Putative locals are de-

picted in orange (n = 22). The positive relationship

between the date of capture and d2H values is

supported by additional data from the literature

(gray symbols; n = 85).22.

ments in the west is based on species dis-

tribution models, demography, and field

observations. Our sampling was insuffi-

cient to identify definitive trans-Saharan

migrants or fully reconstruct northward

migratory connectivity across the Sahara.

We suspect that most painted ladies

migrating north from sub-Saharan Africa

undertake shorter journeys to breed in

northern Africa or the Arabian Peninsula

in late winter, with their offspring subse-

quently moving into Europe in a gradual

northward progression. Painted ladies

migrating northward across the western

Sahara must do so against the prevail-

ing northeasterly winds, known as the

Harmattan, which may make journeys

more energetically costly and, therefore,

shorter.

Seasonal differences in the distance traveled by painted ladies

show similarities to those observed in monarch butterflies. Long-

distance migrations of over 3,000 km are undertaken by painted

ladies in the autumn (Figure 5A). In contrast, as discussed earlier,

painted ladies seem to migrate northward in the spring through

several short-distance migrations. Similarly, monarchs are

famous for long-distance, autumnal migrations from Canada to

the overwintering grounds in Mexico, but during the spring, mon-

archs are known to gradually recolonize the USA and Canada in a

northward progression over several generations, each covering

short distances.65 The similarities in seasonal differences inmigra-

tory patterns between painted ladies and monarch butterflies

(i.e., long-distance migrations in the autumn and a northward

progression in the spring) suggest the presence of comparable

environmental cues influencing the behavior of both species,

such as temperature, photoperiod, and host plant development.66

Furthermore, the gradual northward progressions in the spring

suggest an adherence to the green wave hypothesis, a phenom-

enon observed in migratory ungulates,67 bats,68 and birds,69

wherein migration closely follows seasonal vegetation growth.
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Seasonal leapfrog migration
Leapfrog migration is used to describe a migration pattern

commonly found in vertebrates wherein individuals that breed

further north migrate beyond other groups to locations further

south. Here, we describe a probable leapfrog migration pattern

for the southward, autumnal migration of painted lady butterflies

in the western Afro-Palearctic. We identified that many painted

ladies migrated long distances, up to over 3,500 km, from north-

ern and central Europe toWest Africa fromSeptember through to

November (Figure 5A). In western Europe, d2H values tend to

decrease with increasing latitude.35 We detected an increase in

the d2H values of samples collected from sub-Saharan Africa

over the season, suggesting a temporal, southward shift in the

origin of the long-distancemigrants (Figure 5B). Thus, the earliest

arrivals to West Africa seem to originate from more northern lati-

tudes. The circum-Mediterranean region is generally not a suit-

able breeding habitat in September,19 so earlymigrants reaching

this region will be unlikely to successfully reproduce unless they

continue further south to suitable breeding grounds in sub-Sa-

haran Africa (Figure 3A). In October and November, areas in

both the circum-Mediterranean region and sub-Saharan Africa

contain highly suitable breeding habitat, which is progressively

increasing in the circum-Mediterranean region and progressively

decreasing in sub-Sahara Africa, and so painted ladies of pro-

gressively more southern origin can migrate to areas north

or south of the Sahara (Figure 3A). Indeed, in October and

November, painted ladies are known tomigrate shorter distances

from central and southern Europe to the circum-Mediterranean

region.18 In other words, in autumn, butterflies bred in northern

Europemigrate further south thanmany butterflies bred in south-

ern Europe, suggesting a leapfrog migration pattern in the west-

ernAfro-Palearctic. Inwinter, painted ladies in theAfro-Palearctic

breed in two separate areas: the circum-Mediterranean region

north of the Sahara and tropical Africa close to the equator.3,19

Monitoring data suggest that most offspring of the leapfrogging

individuals will remain within their respective regions to breed

during the winter.19,27 To confirm this leapfrog migration pattern,

future technological advances in lightweight biologgers and their

subsequent large-scale deployment will be necessary.

Isotope-based geographic assignment has helped identify

leapfrog migration patterns in birds (e.g.,70–72). Additionally,

similar temporal shifts in d2H were recently detected in Danaus

gilippus and attributed to a leapfrog migration pattern, although

a short-distance migratory group was not identified in the

study.73 However, the leapfrog migration in painted ladies we

propose here differs from the classic vertebrate leapfrog migra-

tion pattern in several ways. Leapfrog migrations in birds are

generally performed by two, often genetically differentiated,

populations. The spatial segregation between the two popula-

tions is thought to be driven primarily by competition, pointing

to an evolutionary process behind the migration pattern.74 In

contrast, painted ladies in the western Palearctic/Afrotropical re-

gion are panmictic,18 pointing to behavioral plasticity as themain

mechanism by which painted ladies from northern origins

migrate further south. Thus, the leapfrog migration pattern noted

in the autumnal segment of the annual migratory cycle is likely

driven by ecological processes. Environmental cues in northern

Europe (e.g., Scandinavia), such as photoperiod, temperature,

and host plant phenology, change earlier in the late summer

and autumn (i.e., September) and could prompt migratory

behavior.66,75,76 Although there are expected to be additional

costs associated with the long-distance migration from northern

Europe to sub-Saharan Africa, such as decreased survival dur-

ing migration,77 these drawbacks may be outweighed by the

advantages of being early arrivals to the region, as has been pro-

posed in the context of birds.78 This advantageous position may

bring benefits such as a release from parasites, access to a high

abundance of larval host plants, and reduced competition.

Migratory patterns in the eastern Sahara
The broad spatiotemporal coverage of our sampling on thewest-

ern side of the range, particularly for the early autumn, facilitated

the identification of a leapfrogmigration. In contrast,weonly have

samples from November and December for the easternmost

samples, limitingour ability to identify early autumn long-distance

movements in that part of the range (Figures 4C and 4D). Addi-

tional studies with higher spatiotemporal sampling in central

and eastern Africa, as well as in the Arabian Peninsula, will be

required to detect potential northern Palearctic origins and test

the possibility of a leapfrog migration in the east. However, we

were able to detect long-distance migrations from the Eastern

Mediterranean to Kenya in November and December, providing

the first empirical evidence of direct migration from the eastern

Palearctic to eastern tropical Africa (Figures 4C and 4D). The dis-

tribution of painted ladies in the Palearctic region extends from

Portugal to Japan. The migratory patterns of the easternmost

butterflies in our study highlight the role of the Arabian Peninsula

as a crucial stepping-stone connecting Europe, Africa, and Asia

(Figures 3B and 3D).79,80 Connections between East Africa and

Asia have been proposed for other migratory insects, such as

the globe skimmerPantala flavescens.81,82 Subsequent research

should delineate themigratory patterns of painted lady butterflies

across the entire Palearctic and quantify the extent of east-west

connections between Europe/Africa and Asia, which could be

partially achieved by examining east-west patterns of genetic

isolation by geographic distance.

Future work
Although we have begun to characterize the broad-scale migra-

tion patterns of painted lady butterflies across the Sahara, many

other questions regarding the ecology and behavioral adapta-

tions of insects navigating this challenging terrain persist. These

questions include the following: what environmental cues

prompt insects to either embark on desert crossings or halt their

migration, what is the survival rate of desert crossings, and how

do insects adjust their physiology, flight altitude, or diurnal

migration timing to successfully traverse the Sahara. Many

trans-Saharan migratory birds have been observed changing

their behavior while crossing the desert (e.g.,53), and it is possible

that insects do the same. For example, numerous songbirds

switch from migrating during the day to migrating at night and

resting in the shade of sand dunes or rocks during the day.83

Painted ladies are able to stay airborne for several days, as evi-

denced by their accidental crossings of the Atlantic Ocean.56

However, a knowledge gap remains concerning the fuel usage

and recharge strategies of painted ladies. Little is known about
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the extent to which they exploit floral and water resources in oa-

ses, wadis, and mountain ranges, such as the Ahaggar and Ti-

besti Mountains. The impact of migratory painted ladies and

other insects on the delicate ecosystems of desert regions, the

Sahel, and the sub-Saharan savanna is virtually unknown. Given

anthropogenic climate change andwidespread habitat degrada-

tion, delineating insect migratory patterns and understanding the

ecological importance of migratory insects in the Sahara are

important for ensuring the preservation of critical ecosystem

services.

Limitations of the study
Although isotope-based estimates of natal origin allowed us to

explore the trans-Saharanmigratory patterns andmigratory con-

nectivity of painted lady butterflies in remarkable detail, some

caveats remain. The combination of d2H and 87Sr/86Sr for

geographic assignment provided more specific estimates of

natal origin than using a single isotope. However, some individ-

uals exhibited particularly broad estimated areas of natal origin

(4 million km2 on average), often from fragmented and distant

areas, due to the redundancy of certain isotopic compositions

across the landscape. These nonspecific estimates of natal

origin can potentially introduce inaccuracies in downstreammet-

rics, such as estimates of migration distance.18,84 In order to

overcome this limitation, we mainly interpreted our results at

the population level by overlaying the posterior probability sur-

faces of multiple individuals and presenting a conservative esti-

mate of migration distance (i.e., minimum distance) for many

individuals. Future studies could combine d2H and 87Sr/86Sr geo-

location with additional isotopes, such as sulfur isotopes, or

other geolocation techniques, like wind trajectory analysis or

pollen metabarcoding, to further refine the estimates of natal

origin (e.g.,56). Additionally, in contrast to the findings of Talavera

et al.,21 which relied solely on d2H, our approach combining d2H

and 87Sr/86Sr was unable to detect definitive trans-Saharan mi-

grants northwest of the Sahara. Nevertheless, northward move-

ments from sub-Saharan Africa are likely to occur, given the

larger spatial extent of painted lady breeding areas present in

sub-Saharan Africa, compared to North Africa, from December

to February.19 To complete the northward migration and con-

nectivity model of painted ladies across the Sahara, future

research should concentrate on sampling during late winter

(e.g., February) and in locations closer to the northern edge of

the Sahara (e.g., Tunisia, Libya), or in the Sahara, to capture

complete northward trans-Saharan migrants.
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M., Lemâıtre, J., and Katzner, T. (2015). Stable hydrogen isotopes iden-

tify leapfrog migration, degree of connectivity, and summer distribution

of Golden Eagles in eastern North America. Condor 117, 414–429.

https://doi.org/10.1650/CONDOR-14-209.1.

73. Hobson, K.A., Kusack, J.W., andMora-Alvarez, B.X. (2021). Origins of six

species of butterflies migrating through Northeastern Mexico: New in-

sights from stable isotope (d2H) analyses and a call for documenting but-

terfly migrations. Diversity 13, 102–112. https://doi.org/10.3390/

d13030102.

74. Holmgren, N., and Lundberg, S. (1993). Despotic behaviour and the evo-

lution ofmigration patterns in birds. Ornis Scand. 24, 103. https://doi.org/

10.2307/3676359.

75. Ethier, D.M., andMitchell, G.W. (2023). Effects of climate on fall migration

phenology of monarch butterflies departing the northeastern breeding

grounds in Canada. Glob. Chang. Biol. 29, 2122–2131. https://doi.org/

10.1111/gcb.16579.

76. Guerra, P.A., and Reppert, S.M. (2013). Coldness triggers northward

flight in remigrant monarch butterflies. Curr. Biol. 23, 419–423. https://

doi.org/10.1016/j.cub.2013.01.052.

77. Newton, I. (2007). Weather-related mass-mortality events in migrants.

Ibis 149, 453–467. https://doi.org/10.1111/j.1474-919X.2007.00704.x.

78. Morrison, C.A., Alves, J.A., Gunnarsson, T.G., þórisson, B., and Gill, J.A.
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Painted lady sample collection
The multi-generational annual migratory cycle of the painted lady butterfly is characterised by spatiotemporally overlapping gener-

ations, and thus trans-Saharan migrants do not necessarily migrate at the same time; instead, painted ladies arrive on the far side of

the Sahara over a period of weeks or months, the local-scale destinations of which vary between years4,60. The Butterfly Migration

Monitoring Scheme, a global citizen science effort (butterflymigration.org), monitors and collects painted lady butterflies and archives

the samples in a scientific collection hosted at the Institut Botànic de Barcelona and the Institut de Biologia Evolutiva. Samples are

processed upon arrival at the collection by separating wings from bodies and storing the wings in glassine envelopes in a dry location
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at room temperature. From this collection, some samples have had hydrogen isotopes analyzed as part of previous studies21,22; from

this subset of samples, we chose to analyze strontium isotope ratios for individuals whose hydrogen isotope values indicated migra-

tory movement. We chose additional samples from the collection to give the best possible coverage of the length of the Sahara,

both north and south of the Sahara. The collection did not yield synchronously collected samples, so samples from a range of dates

were chosen to give us the best chance of selecting trans-Saharan migrants. In total, 118 painted ladies were included in this study

(Figure 1 and Table S2). The effect of sex on migratory patterns was not assessed, but previous studies have found no sex-based

differences in the migratory behavior of painted ladies.18

METHOD DETAILS

Hydrogen isotope analysis
Of the 118 samples, the d2H of 69 samples have already been reported in the literature.18,21,22 However, some of these samples were

analyzed using older standard d2H values (ORX: �35.4&, DS: �172.7& and KHS: �54.1&, CBS: �197&, respectively). To ensure

that these measurements were compatible with the hydrogen isoscape37 and with the other samples analyzed in this study, the d2H

values were converted back to the international standard scale, Vienna Standard Mean OceanWater - Standard Light Antarctic Pre-

cipitation (VSMOW-SLAP), using the reftrans function in the assignR package in R.86,87

The non-exchangeable d2H of the remaining 49 samples were measured at the Ján Veizer Stable Isotope Laboratory at the Uni-

versity of Ottawa, Canada. Prior to d2H analysis, a forewing from each butterfly was soaked, with agitation, in three successive baths

(1 h, 30 min, 10 min) of 2:1 chloroform:methanol solution to remove surficial dust and lipids, which are known to introduce error into

d2H measurements,88,89 then dried in the laboratory oven at 50�C for over 24 h. Samples were carefully cut from the wing to reduce

intra-individual variation from differing pigmentation88 and the presence of wing veins.32 Samples were then weighed (0.150 ±

0.010 mg) into silver capsules and loaded into a zero-blank autosampler (Thermo, Germany). All measurements were taken using

high temperature (1,400�C) flash pyrolysis (TCEA, Thermo Finnigan, Germany) with a helium carrier passed through a chromium-filled

reactor and, after separation, introduced via a Conflow IV interface (Thermo Finnigan, Germany) into a Delta V Plus IRMS (Thermo

Finnigan, Germany).

Two different analytical methods were used. The first 41 samples were subjected to the equilibration with dual waters approach,

following themethodology outlined inMeier-Augenstein et al.90 Briefly, two aliquots of each wing sample and isotope standards were

weighed into silver capsules One aliquot was placed in a dessicator with isotopically ‘‘light’’ water (�398 ± 2.0&) and the other was

placed in a dessicator with isotopically ‘‘heavy’’ water (15.6 ± 2.0&) for 4 days to equilibrate with their respective waters. Then the

capsules were placed under vacuum for at least 7 days at room temperature (20�C) to dry. Sampleswere then loaded onto a Pyrolysis

Elemental Analyser with a zero-blank autosampler (TC/EA, Thermo, Germany) interfaced with a ConFlo IV (Thermo, Germany) to an

IRMS (DeltaPlus XP, Thermo, Germany). The d2H values were normalized to two referencematerials with non-exchangeable H: IAEA-

CH-7 (�100.3&), and an in-house kaolinite (�58.0&). The production of HCN was not accounted for.91 All reported d2H values are

reported to the international scale VSMOW-SLAP. Analytical precision for d2H was ±2.0&.

The non-exchangeable d2H of the final 8 samples were determined using the comparative equilibrium approach,92 as in Bataille

et al.93 To maintain uniformity and ensure consistency across these analytical protocols, we selected 20 insect samples for duplicate

analysis using both protocols (i.e., comparative equilibrium and equilibration with dual waters). Through this comparative analysis, a

calibration equation was developed between the two methods (Figure S9) and used to ensure all d2H values were on the same scale.

All new sample d2H are reported based on a three-point calibration using: CBS (caribou hoof; �157 ± 0.9&94), KHS (kudu horn;

�35.3 ± 1.1&94), and USGS43 (human hair;�44.4 ± 2.0&95). To assess the quality of themeasurements, one keratin reference stan-

dard, USGS42 (human hair; measured: �75.3 ± 0.5&, n = 4; standard: �72.9 ± 2.2&95), as well as two in-house chitin standards,

ground and homogenised Lymantria dispar (measured: �64.4 ± 1.8&, n = 6; long-term average: �64 ± 0.8&) and Alfa Aesar chitin

(measured: �22.8 ± 0.7&, n = 4; long-term average: �22 ± 1.2&), were measured as internal standards. Based on within-run rep-

licates of the internal standards and repeated sample measurements, the precision of all measurements is estimated to be

about ±2&. All reported d2H values are normalised to the VSMOW-SLAP standard scale.

Strontium isotope analysis
Of the 118 samples, the 87Sr/86Sr of 18 samples have already been reported in the literature.18 The 87Sr/86Sr analyses for the remain-

ing samples were performed in three analytical batches at different facilities. To prepare the first batch of 25 samples, a single fore-

wing was washed in a 2:1 v/v chloroform:methanol solution in two successive washes. This solution-based cleaning protocol re-

moves surficial dust similarly to cleaning with pressurized nitrogen gas36 but has a higher risk of Sr contamination.33 Therefore,

the nitrogen gas protocol was chosen for future batches. Three of these samples were digested in 4 mL of 16 M HNO3 using a

MARS 6microwave digestion system (CEMCorporation, USA). The rest of the samples were digested at 100�C for 48 h on a hot plate

using 1 mL 16MHNO3. All samples had 1mL 10MH2O2 added to complete digestion. Sample preparation was performed in a fume

hood providing class 100 conditions. The separation of strontium was performed in microcolumns loaded with 125 mL of Sr-spec

Resin (Eichrom Technologies, LLC). The matrix was rinsed out twice using 800 mL 7 M HNO3 and Sr was collected with two passes

of 800 mL H2O. The first batch was measured at the Queen’s Facility for Isotope Research at Queen’s University, Canada, in January

2019 using a Neptune multi-collector inductively coupled plasma mass spectrometer (MC-ICP-MS; ThermoScientific, Bremen,
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Germany) coupled to a Micro-FAST syringe injection system. The reproducibility of the 87Sr/86Sr measurement was 0.71020 ±

0.00006 (1 SD, n = 29) for 1 ppb NIST SRM987.

To prepare the second and third batch for 87Sr/86Sr analysis, a single forewing from each butterfly was cleaned using pressurized

nitrogen gas for 2 min at 69 kPa to remove any surface contaminants (e.g., dust).36 The wings were then digested using microwave

digestion (Anton Paar Multiwave 7000; Austria) in 1 mL HNO3 (16M; distilled TraceMetal Grade; Fisher Chemical, Canada). The sep-

aration of Sr was processed using a protocol described in Hu et al.96 The remaining steps, including temperature adjustment and

duration, aliquot preparation, and analysis for Sr content via inductively coupled plasma mass spectrometry (ICP-MS; Agilent

8800 ICP-QQQ, Agilent Technologies Inc., CA, USA), were consistent with the procedures outlined in Reich et al.33 Calibration stan-

dards were prepared using single-element certified standards obtained from SCP Science (Montreal, Canada). After separation, el-

uates were dried and re-dissolved in 200 mL 2% v/v HNO3 for 87Sr/86Sr analysis. The second batch (n = 16) was measured at

GEOTOP-UQAM in Montreal, Canada in July 2021 with a Nu-Plasma II MC-ICP-MS (Nu Instruments) coupled to a desolvating nebu-

lizer (Aridus II, CETAC Technologies). The reproducibility of the 87Sr/86Sr measurement was 0.71022 ± 0.00006 (n = 6) for 5 ppb NIST

SRM987 and 0.71022 ± 0.00002 (n = 14) for 25 ppb NIST SRM987. The reproducibility of an in-house pure Sr standard was 0.70815 ±

0.00002 (n = 4). The third batch (n = 59 plus the 18 samples presented in Reich et al.18) wasmeasured at the Pacific Center for Isotopic

and Geochemical Research at the University of British Columbia, Canada, in December 2021 using a Nu-Plasma II MC-ICP-MS (Nu

Instruments) coupled to a desolvating nebulizer (Aridus II, CETAC Technologies). The reproducibility of the 87Sr/86Srmeasurement for

5 ppb NIST SRM987 was 0.71025 ± 0.00009 (n = 138) and 0.71019 ± 0.00011 (n = 48) for 1.4 ppb NIST SRM987. A matrix-matched

chitin internal standard, 5 ppb Alfa Aesar chitin, was also used (0.713959 ± 0.00009; n = 3).

Instrumental mass fractionation was corrected by normalising 86Sr/88Sr to 0.1194 using the exponential law.97 The isotopes
84Sr, 86Sr, and 87Sr have isobaric interferences from 84Kr, 86Kr, and 87Rb, respectively, and, in all cases, were corrected for using

the 85Rb and 83Kr signals. Procedural blanks contained 200 pg of strontium, on average (maximum = 335 pg). The uncertainty intro-

duced by the preparation procedure was quantified as the product of the uncertainty of the 87Sr/86Sr measurement of a represen-

tative procedural blank and the ratio between the signal intensity of the blank and the sample.98 This uncertainty was then propagated

with the measurement uncertainty and is reported in Table S2; for samples with low strontium mass, the bias introduced by proce-

dural blanks contributed substantially to the uncertainty (maximum = 50% increase).

Bioavailable strontium isoscape for the Afro-Palearctic
Strontium isotope compilation for the Afro-Palearctic region

We compiled 8,755 bioavailable ⁸⁷Sr/⁸⁶Srmeasurements from Europe, theMiddle East, and Africa from 308 literature studies (see key

resources table). Our literature compilation encompasses 35more studies specific to the Afro-Palearctic range compared to Bataille

et al.38 In the majority of cases, geographic coordinates were reported by the authors in the publication. When geographic coordi-

nates were not included, we used Google Earth to georeference geographic information for each sample by using locality names and

maps. When needed, authors were contacted for clarification purposes regarding sample locality. We converted all data to decimal

degrees for consistency.

We contributed an additional 45 plant ⁸⁷Sr/⁸⁶Sr measurements from 12 countries across Africa, Europe, and the Middle East to the

literature compilation. Using the compilation from the literature, we identified critical spatial data gaps and filled them by procuring

plant samples from the collection of the Institut Botànic de Barcelona (IBB, CSIC) with precise georeferencing and metadata

(Figure S1). Plant samples were selected to maximise geological variability over the study area. The selected plants are from various

taxa (mostly the Asteraceae family with some Malvaceae and Urticaceae) and were sampled from 12 countries in Africa between

2014 and 2021. We subsampled �1 g of plant tissue per sample location, pooling 2 to 5 plants for each location. We cleaned the

plants to remove all surface mineral dust by placing the cut sample in distilled deionized (DDI) water in the ultrasonic bath for

15 min. The plants were then rinsed another 2 times with DDI water and with ultrapure deionized H2O (18.2 MU cm @ 25�C). Plant
samples were then dried in the oven at 70�C. We digested the plant samples using microwave digestion, analyzed their Sr concen-

trations, isolated their Sr, and determined their ⁸⁷Sr/⁸⁶Sr using preparation protocols and analytical approaches identical to those

described for the painted lady butterfly samples. All our plant samples underwent ⁸⁷Sr/⁸⁶Sr analysis at the Pacific Center for Isotopic

and Geochemical Research at the University of British Columbia.

Altogether, the compiled dataset greatly improves the number of samples available for Africa, relative to Bataille et al.38 (n = 1820

vs. n = 939). Although the coverage is greatly improved, the sampling density still varies across the study area with a higher density of

bioavailable ⁸⁷Sr/⁸⁶Sr data in Europe (Figure S1). The dataset displays a wide range of ⁸⁷Sr/⁸⁶Sr spanning from 0.7025 to 0.8264 with

bioavailable ⁸⁷Sr/⁸⁶Sr ranging between 0.7040 and 0.7885 in Africa.

Auxiliary variables for the regression models

We assembled a catalog of 28 environmental and climatic geospatial data known to influence bioavailable ⁸⁷Sr/⁸⁶Sr variation accord-

ing to Capo et al.99 and Bataille et al.38 (Table S1). We used the same ensemble of variables as in Bataille et al.38 to represent geology,

soil properties, relief, climate and agricultural activity and introduced new atmospheric deposition variables, including volcanic

ash,100 aerosols,101 and anthropogenic deposition.99 We reprojected and resampled each of these variables into WGS84-Eckert

IV at 1 km resolution. Using the sample locations from our ⁸⁷Sr/⁸⁶Sr metadata compilation, we extracted the local pixel values for

each of these 28 tested predictors.
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We used the VSURF package (Variable Selection Using Random Forest) to optimise and identify the most important predictors of

bioavailable ⁸⁷Sr/⁸⁶Sr from the 28 variables.102 Fourteen dominant variables were identified to predict bioavailable ⁸⁷Sr/⁸⁶Sr across the

Afro-Palearctic range (Figure S3A). These predictors are similar to those selected in previous efforts to map bioavailable ⁸⁷Sr/⁸⁶Sr in

other study areas (e.g.,36,38,39,103,104). As in many other regions, geological variables, including the age of the underlying terranes or

geological units and the predicted bedrock ⁸⁷Sr/⁸⁶Sr, dominate, reflecting the influence of age and lithology,105 with younger andmore

mafic geological units transmitting lower ratios to ecosystems than older, more felsic, units (Figures S2B and S2I). Soil properties,

notably pH and clay content, show a strong relationship with bioavailable ⁸⁷Sr/⁸⁶Sr, with higher soil pH and lower clay content usually

correspond with lower bioavailable ⁸⁷Sr/⁸⁶Sr because more alkaline soils often reflect carbonate-dominated underlying bedrock with

lower ⁸⁷Sr/⁸⁶Sr (Figures S2F and S2H).99 As expected for this desert-dominated region, the deposition of dust aerosols is an important

contributor to bioavailable ⁸⁷Sr/⁸⁶Sr with higher dust inputs corresponding to high bioavailable ⁸⁷Sr/⁸⁶Sr (Figure S2G).38,104 Higher sea

salt aerosol deposition leads bioavailable ⁸⁷Sr/⁸⁶Sr to converge toward the seawater ratios of 0.7092 (Figure S2C).38 Interestingly,

several of the newly incorporated atmospheric deposition variables were selected as important predictors of bioavailable ⁸⁷Sr/⁸⁶Sr

and reflect the key inputs to soils of black carbon (Figure S2D)99,106 and volcanic ash (Figure S2A).100

Machine-learning regressions

We first predicted bioavailable ⁸⁷Sr/⁸⁶Sr across the Afro-Palearctic region using random forest regression (RF) through the caret pack-

age107 using the framework of Bataille et al.38 This framework used the bioavailable ⁸⁷Sr/⁸⁶Sr compilation and the 14 dominant pre-

dictors identified by VSURF to predict bioavailable ⁸⁷Sr/⁸⁶Sr across the Afro-Palearctic. One of the known issues with RF is the

absence of consideration of spatial dependence structure in the data. Several approaches have been proposed to solve this issue

including adding ‘‘geographical features,’’ such as buffer or oblique distances,108 or combining multi-scale RF models.109 Bataille

et al.38 demonstrated how RF produces overly confident predictions and extrapolation in data-poor regions.

To address some of these challenges, we use an innovative framework for modeling bioavailable ⁸⁷Sr/⁸⁶Sr by applying a spatial

interpolation ensemble machine-learning regression (EML) approach through the landmap package.40,110 The landmap framework

accounts for spatial dependency by incorporating buffer distances around each point as covariates in the regression while keeping

computational needs limited by using oblique distances and PCA to summarise those spatial dependencies. To further account

for spatial dependency and geographic sampling biases, the modeling framework applies a spatial cross-validation approach.

Additionally, EML combines a series of machine-learning algorithms, or learners, through the use of a meta learner. This combination

improves the performance and robustness of themodel by limiting the biases of using a single algorithm (e.g., RF). Following Le Corre

et al.,40 we used the training dataset and the predictors selected by the RF regression analysis to apply the spatial interpolation EML.

We used the default setting to make predictions where the meta-learner is generated from the linear model from five independently-

fitted learners including (i) RF, (ii) optimised distributed gradient boosting, (iii) support vector machines, (iv) neural network, and

(v) lasso and elastic-net regularized generalised linear models. The landmap framework generates mean prediction maps, which

represent the best estimate of bioavailable ⁸⁷Sr/⁸⁶Sr, as well as prediction errors. These prediction errors were obtained through

quantile forest regression, implemented in landmap via the forestError package,111 and estimated from the lower and upper 67%

quantile (�1 standard deviation on the Gaussian distribution). To ensure that the uncertainty estimates were conservative, we added

an estimate of intra-site variation (i.e., 0.001) to the prediction errors.

The n-fold cross validation of the spatial interpolation EML demonstrated slightly superior performance to the RF framework

(RSME = 0.0029; R2 = 0.74 vs. RMSE = 0.0031; R2 = 0.73; Figures S3B and S3C). The EML isoscape algorithm incorporates spatial

dependencies and uses an unbiased spatial cross-validation approach leading to more robust uncertainty estimates.40,110 However,

this approach is best applied for local to regional bioavailable ⁸⁷Sr/⁸⁶Sr predictions as computational time becomes prohibitive for

large datasets.40,110

QUANTIFICATION AND STATISTICAL ANALYSIS

Isotope-based geographic assignment
The natal origin of each of the 118 painted lady samples was estimated using continuous-surface isotope-based geographic assign-

ment via the assignR package87 in R v4.3.2.85 First, a growing-season amount-weighted precipitation isoscape, sourced from

waterisotopes.org, using the OIPC v3.2 from Bowen et al.,35 was calibrated to butterfly wing tissue using the linear relationship be-

tween precipitation and a calibration dataset of residential butterflies from across Europe and Africa,37 resulting in a wing chitin

hydrogen isoscape (d2Hwing = �39.80 + 0.80 x d2HGSP, r
2 = 0.53). The hydrogen isoscape was resampled to match the resolution

and extent of the strontium isoscape. The isotopic composition of each unknown-origin painted lady was then compared, using a

normal probability density function, to the butterfly wing tissue hydrogen isoscape and the aforementioned bioavailable strontium

isoscape to estimate the probability that each pixel of the isoscapes was the natal origin.

The resulting posterior probability surfaces were summarised into binary surfaces using the 2:1 odds ratio (0.3 isopleth), wherein

the top third of the probability distribution was re-coded as highly probable (i.e., 1) and the remaining pixels were re-coded as low

probability (i.e., 0). A conservative estimate of migration distance, minimum distance, was measured as the shortest distance from

the capture location to the highly probable area of natal origin (Figure S10).18,84,112 Next, we screened for ‘‘putative locals’’ butterflies

that had a high probability of originating from their capture location or had a minimum distance of less than 100 km. These butterflies

are either (1) local or regional butterflies that have developed in the capture area, or (2) migrants from a far-off location that has the
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same isotopic composition as the capture. Although the inclusion of the putative locals did not change the overall patterns

detected in our analysis (Figure S7), we conservatively assessed migratory connectivity using only 57 unambiguous migrants. Binary

surfaces were summed and then normalised by the number of individuals, resulting in ‘‘stacked maps’’ representing the percentage

of individuals with a high probability of originating from each pixel. Stacked maps were also created by grouping by region of capture

(Figure 2), month of capture (Figure 4), and country of capture (Figure S8). Migrant butterflies from north and south of the Sahara were

also separately grouped by their isotopic composition using centroid clustering (Figure S11). A modification of the wDist function of

the assignR package was used to estimate the direction that was traveled using a distance-weighted probability density function.

Finally, migratory connectivity was quantitively assessed for each season using mantel correlation coefficients by testing for a cor-

relation between the matrix of distances of the capture locations and the centroids of the highly probable natal origin (i.e., the binary

surface; Figure S10). A strong correlation is expected if the distances between the capture locations of painted ladies match the dis-

tances between their natal origins, and would indicate strong migratory connectivity.113 The quantification of migratory connectivity

using mantel tests is typically done using precise geographic locations, which was not possible for the natal origins of the painted

ladies given the imprecision of isotope-based geographic assignment. However, the centroid of the highly probable natal origin

should provide a good estimate of the relative longitude of the actual natal origin (i.e., if the painted lady originated from the east

or west).
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