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Abstract

Tracking climatic conditions throughout the year is often assumed to be an
adaptive behaviour underlying seasonal migration patterns in animal populations.
We investigate this hypothesis using genetic markers data to map migratory
connectivity for 27 genetically distinct bird populations from 7 species. We found
that the variation in seasonal climate tracking across our suite of populations
at a continental scale is more likely a consequence, rather than a direct driver,
of migratory connectivity, which is primarily shaped by energy efficiency—i.e.,
optimizing the balance between accessing available resources and movement
costs. However, our results also suggest that regional-scale seasonal precipitation
tracking affects population migration destinations, thus revealing a potential
scale dependency of ecological processes driving migration. Our results have
implications for the conservation of these migratory species under climate change,
as populations tracking climate seasonally are potentially at higher risk if they
adapt to a narrow range of climatic conditions.
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MIGRATORY CONNECTIVITY AND CLIMATE TRACKING

INTRODUCTION

Migratory birds are declining fast (Rosenberg et al.,
2019), and climate change is suspected to be one of
the leading causes of this decline (Both et al., 2010;
Rosenberg et al., 2019; Saino et al., 2011). Climate
constitutes an important constraint on species distri-
butions (Pigot et al., 2010; Tingley et al., 2009), and un-
derstanding how it shapes seasonal migration patterns
is crucial to anticipate better how migratory species
respond to ongoing anthropogenic climate change.
Previous studies have found that the migratory avi-
fauna is composed of both species that track favourable
climatic conditions throughout the year (climate niche
trackers) and species that switch climatic conditions
seasonally (climate niche switchers) (Boucher-Lalonde
et al., 2014; Gomez et al., 2016; Laube et al., 2015;
Martinez-Meyer et al., 2004; Nakazawa et al., 2004;
Somveille et al., 2019). However, patterns at the species
level could be misleading if the drivers of bird migra-
tion operate at the population level.

Bird migration is a phenomenon that exhibits a
great diversity of individual behaviours and strategies
(Newton, 2008). Within species, migratory movements
shape patterns of spatiotemporal linkages of popula-
tions between seasons, referred to as migratory connec-
tivity (Webster et al., 2002), which are being increasingly
revealed by novel technologies documenting differences
in migratory behaviour (DeSaix et al., 2023; Faaborg
et al., 2010; Finch et al., 2017; Gomez et al., 2021; Ruegg
et al., 2014). These migratory patterns have import-
ant consequences for a species' broader ecology and
evolution as they can affect population dynamics via
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seasonal carry-over effects (Marra et al., 1998; Sillet
& Holmes, 2002; Taylor & Norris, 2010). Seasonal cli-
mate tracking is often assumed to be an adaptive be-
haviour underlying migration patterns (e.g., Gutiérrez
Illan et al., 2022; Thorup et al., 2021; Figure 1), and
previous population-specific studies found evidence of
seasonal climate tracking at population level (Fandos
et al., 2020; Fandos & Telleria, 2020; Gutiérrez Illan
et al., 2022). If seasonal climate tracking is a driver of
migration patterns, migratory populations are expected
to modify their migration patterns to track changing
climate, which has been suggested in some migratory
species (Dufour et al., 2021; Thorup et al., 2021; Van
Doren et al., 2021), and climate change would thus be a
direct driver of the evolution of migration routes within
species. Under this scenario, migratory populations
might be less vulnerable to climate change as they are
more likely to track it by modifying their migratory be-
haviour and routes (Thorup et al., 2021).

An alternative hypothesis is that the variation in sea-
sonal climate tracking among populations might result
from how other processes shape migration patterns. A
recent study found that migratory connectivity is broadly
driven by optimizing the balance between accessing re-
sources available in the environment and the cost of move-
ment without directly using climate information (Somveille
et al.,, 2021). Migratory connectivity resulting from re-
source availability and migration cost could then result in
a mixture of climate-tracking and climate-switching pop-
ulations whose distribution is shaped by geographical ac-
cident rather than direct causality (Figure 1). The question
of whether migratory connectivity shapes the variation in
seasonal climate tracking in migratory birds has, to our
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FIGURE 1 Conceptual plots showing the different expectations under the two main hypotheses regarding the causal relationship between
seasonal climate tracking and migratory connectivity. (a) Hypothesis 1: Energy efficiency drives migratory connectivity, which then shapes

the variation in seasonal climate tracking across populations; (b) Hypothesis 2: Seasonal climate tracking is a direct driver of migratory
connectivity. The background colour scheme of the maps indicates the geographical variation of a hypothetical climate variable; oval shapes
indicate the seasonal distribution of populations of a given migratory species; arrows indicate the connectivity of seasonal populations via
migration; and the diagrams on the right of the maps indicate the expected distribution of seasonal climate tracking (i.e. climate overlap) across

populations.
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knowledge, never been investigated despite its important
evolutionary and conservation implications. If the varia-
tion in seasonal climate tracking across populations is a
consequence of migratory connectivity, then populations
that, by chance, track climate could have adapted over
time to a narrow climatic niche and, therefore, be highly
vulnerable to changing climate.

Previous studies investigating seasonal climate
tracking at the population level (Fandos et al., 2020;
Fandos & Telleria, 2020; Gutiérrez Illan et al., 2022)
have used tracking and banding data, which makes
it difficult and somewhat arbitrary to define distinct
populations. In contrast, advances in genomics make
it possible to delineate genetically distinct popula-
tions across a species and map their seasonal destina-
tions (DeSaix et al., 2023; Ruegg et al., 2014). A recent
study using genetic markers for the Willow Flycatcher,
Empidonax traillii, for example, found a combination
of climate tracking and climate switching across pop-
ulations of the species (Ruegg et al., 2021) but did not
explore whether such tracking was a cause or conse-
quence of migratory connectivity.

Here, we use data on population-level migratory
connectivity derived from genetic markers for geneti-
cally distinct populations from seven different migra-
tory species to investigate how these populations track
climate throughout the annual cycle. We test whether
population-level seasonal climate tracking is a driver
or a consequence of broad-scale migratory connectiv-
ity by first examining if simulation models of migratory
connectivity based on (i) the balance between access to
available energy and the cost of migratory movements
(a process hereafter called energy efficiency) or (ii) op-
timizing the tracking of climatic conditions throughout
the year, can explain empirical variations in seasonal
climate tracking across populations (Figure 1). As mi-
gratory connectivity patterns are scale-dependent
(Gonzalez-Prieto et al., 2016) and the underlying drivers
might be as well—e.g., seasonal climate tracking could
be affecting migration destinations at one scale but not
at another—we also examine whether migratory popula-
tions track climate conditions at a regional scale better
than if they re-distributed randomly around the most
energy efficient destinations. Overall, this work provides
an explicit test of whether seasonal climate tracking is a
consequence or driver of migratory connectivity at both
broad and regional geographic scales, contributing key
insights for the conservation of migratory species.

METHODS
Bird data
We collated data for seven North American migra-

tory species for which analysis has been previously
conducted to identify genetically distinct populations:

Willow Flycatcher (Empidonax traillii; WIFL), Yellow
Warbler (Setophaga petechia; YEWA), Wilson's Warbler
(Cardellina pusilla; WIWA), Common Yellowthroat
(Geothlypis  trichas; COYE), American Redstart
(Setophaga ruticilla; AMRE), Painted Bunting (Passerina
ciris; PABU) and Hermit Thrush (Catharus guttatus;
HETH). These species exhibit a variety of migration pat-
terns, ranging from the relatively short-distance migra-
tion of HETH and PABU to the intermediate-distance
migration of WIFL and COYE to the long-distance
migration of YEWA, which are typical migration pat-
terns for North American migratory birds where the
bulk of migratory species breed between 30° and 60°
North and spend the nonbreeding season in Mexico and
Central America (Somveille et al., 2015). A total of 3829
genetic samples were available and distributed widely
across these species' breeding and wintering ranges
(Figures S1-S7).

Migratory connectivity was estimated using high-
resolution genetic markers data compiled by the Bird
Genoscape Project (www.birdgenoscape.org). Data
and methodology for mapping migratory connectiv-
ity using genetic markers are described in detail in a
set of species-specific papers (Alvarado et al., 2022;
Bay et al., 2021; Bobowski et al., in review; DeSaix
et al., 2023; Rueda-Hernandez et al., 2023; Ruegg
et al., 2014, 2020, 2021). Briefly, for each species,
DNA was sampled from individuals across the spe-
cies' breeding ground, and RAD-seq (WIFL, YEWA,
PABU, and WIWA) or whole genome sequencing data
(COYE, AMRE, and HETH) were used for an ini-
tial estimate of population structure. For all species
except AMRE, a subset of 96-158 SNPs were iden-
tified for each species that could accurately assign
individuals to the breeding population using popu-
lation assignment tests (Moran & Anderson, 2018).
These subsets of SNPs were used to genotype addi-
tional birds from the breeding grounds and individ-
uals sampled across the wintering grounds. For the
whole genome sequencing, genome-wide SNPs were
identified that could accurately assign individuals to
breeding populations, and the genotype likelihoods
of these data were used for population assignment
(DeSaix et al., 2024). Taking advantage of the popula-
tion structure and isolation by distance signals on the
breeding ground, we estimated the breeding location
for each wintering sample.

This procedure resulted in 30 genetically distinct
breeding populations, whose seasonal distributions
are shown in Figures S1-S7. We removed populations
with low-quality data (i.e., with fewer than 10 sampled
individuals or fewer than 4 distinct locations for sam-
pled individuals), thus removing 3 populations: YEWA
East (Figure S2d), COYE California (Figure S4b) and
PABU Louisiana (Figure S6b). Analyses were per-
formed using the remaining 27 genetically distinct
populations.
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Extracting climate

We obtained mean monthly temperature (in°C) and
total monthly precipitation (in millimetres) data from
CHELSA version 2.1 (raster of data of ~1 km resolution;
Karger et al., 2021) between 2000 and 2018. Seasonal
temperature and precipitation were obtained by averag-
ing the climate data for each ~1 km pixel over the breed-
ing (June—July) and wintering (December—February)
seasons over the 19years of climate data. We focused on
the core months of the breeding and wintering periods
for our migratory species, as this is when their geograph-
ical ranges are most likely to be seasonally static. We
averaged climate over a multi-year period to best cap-
ture the predictable seasonal variation in climate that
migratory birds are susceptible to track, and we chose
these 19 years as they approximate the temporal extent of
the eBird citizen-science program (Sullivan et al., 2014),
whose data is used in the estimation of species' climate
niches (see ‘Methods’ below). Seasonal temperature and
precipitation were normalized using the z-score across
the entire study region (i.e., Western Hemisphere).

Because most bioclimatic variables are specific to
particular times of the year and we wanted our analysis
to be generally applicable across seasons in temperate
and tropical areas (Ruegg et al., 2021), we selected more
general temperature and precipitation variables. These
variables, i.e., mean seasonal temperature and accumu-
lated precipitation over a season, are linked to physio-
logical limitations for birds and are highly correlated
with bioclimatic variables derived from temperature
and precipitation data (Ruegg et al., 2018). Furthermore,
these variables were previously used together to estimate
both species-level and population-level seasonal climate
overlap (Ruegg et al., 2021; Zurell et al., 2018).

We overlaid the locations of genetic samples onto a
dataset of terrestrial ecoregions covering the Americas
(Dinerstein et al., 2017; Figure S8) to estimate the sea-
sonal, geographic distributions of genetically distinct
populations and minimize spatial biases due to the
specific sampling locations. Ecoregions are areas con-
taining distinct assemblages of species and biotic char-
acteristics (Dinerstein et al., 2017, Smith et al., 2018),
and birds have been shown to exhibit strong fidelity to
ecoregion boundaries (Smith et al., 2018). We assumed
that if an ecoregion contains at least one sample, it is oc-
cupied seasonally (depending on whether it is a breeding
or a wintering sample) by the population indicated by
the sample's population assignment result. As the real-
ized climate niche of a population is the combination of
the climate experienced by all its individuals, and that
we assumed that all individuals contributed equally, we
weighted the contribution of ecoregions to a given pop-
ulation j based on the relative abundance of the species
and how much of this relative abundance belongs to this
population. We assigned for each ecoregion k occupied
by population j of a given species the following weight:

S.
W, = A, —15
J.k k l,;l Si’k
where A4, is the relative abundance of the species in ecore-
gion k; S, is the number of individual samples in ecore-
gion k that are assigned to population j; and p is the total
number of populations of the species.

Species' relative abundance in ecoregions across the
study region was estimated using predictions from spa-
tiotemporal exploratory models (STEMs) based on ob-
servation data from the eBird citizen-science program
(Fink, Auer, Johnston, Strimas-Mackey, et al., 2020;
Sullivan et al., 2014). The survey completeness of
eBird is particularly good in the broad region where
the species used in the study are located (La Sorte &
Somveille, 2020). Estimates of relative abundance for
the breeding and wintering seasons were obtained from
eBird Status and Trends products (Fink, Auer, Johnston,
Ruiz-Gutierrez, et al., 2020; 2022 version), downloaded
in raster format of 9km resolution via the R package
ebirdst. For each ecoregion, we extracted relative abun-
dance values within the geographical boundaries of the
ecoregion and then summed them to obtain ecoregion-
level relative abundance estimates.

Estimating species' climatic niches

For each season (i.e., breeding and wintering) and each
population (i.e., using only individuals genetically as-
signed to that population), we estimated the realized cli-
mate niche by projecting the occurrences into a climate
space defined by temperature and precipitation, thus
obtaining a cloud of points. Temperature and precipita-
tion values for population j and for a given season were
obtained by sampling 10,000 points randomly across
the seasonally occupied ecoregions, each ecoregion k
weighted by W ;.

Following Broennimann et al. (2012), we then used a
kernel density function on a 50x 50 pixel grid superim-
posed onto the two-dimensional climate space to esti-
mate niche density. This analysis was conducted using
the ‘kde2d’ function in R, with a bandwidth of 1 and
only keeping the top 95% of the density kernel, setting
the rest of the pixels to 0. Niche overlap across seasons
for a given population was computed using Schoener's D
metric, which varies between 0 (no overlap) and 1 (com-
plete overlap; Broennimann et al., 2012).

We also estimated the population's realized niche
along single climate axes, i.e., the thermal and pre-
cipitation niches. To estimate these one-dimensional
niche densities, we used Gaussian density kernels with
a bandwidth of 0.25 (see Figures S1-S7). Niche overlap
for a population was calculated as the area of overlap
between the breeding and wintering density kernels
divided by the total combined area of these kernel
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densities, which varies between 0 (no overlap) and 1
(complete overlap).

Migration distance

Migration distance for population j was calculated in a
similar way to previous studies as the great circle dis-
tance between the centroids of occupied ecoregions dur-
ing the breeding and wintering seasons (Gilroy et al.,
2016; La Sorte et al., 2013; Somveille et al., 2019). As the
relative abundance of populations is not homogeneously
distributed spatially, we calculated the seasonal cen-
troids as the weighted mean latitude and weighted mean
longitude of occupied ecoregions, given weights W, . (the
weight of ecoregion k occupied by population j).

Simulating energetically optimal wintering
destinations

We used the optimal redistribution simulator (ORSIM)
to simulate species' migratory connectivity based on en-
ergy optimization (Somveille et al., 2021). This model was
developed to simulate an ideal optimal redistribution of
individuals between a species' breeding and wintering
grounds, balancing the minimization of energetic costs
associated with relocating between seasonal grounds and
the maximization of energy assimilation given the distri-
bution of resources and intraspecific competition. Model
predictions were found to accurately capture empirical mi-
gratory connectivity patterns for 25 avian species across
the Americas. Here, ORSIM is calibrated using species'
relative abundance in ecoregions over the study region
(see details above), and the energetic cost was solely based
on migration distance between sites. Thus, no climate in-
formation was used in the model. ORSIM uses a solution
to the transportation problem from linear programming
to simulate migratory connectivity, which is implemented
in a Python wrapper of the FastEMD algorithm (Pele &
Werman, 2008, 2009). A detailed description of the model
can be obtained in Somveille et al. (2021).

For each population, we kept the empirical breeding
destinations (i.e., occupied ecoregions during the breeding
season), and ORSIM generates a simulated set of occupied
ecoregions during the wintering season. Seasonal climate
overlap and migration distance were calculated similarly
for the observed wintering distributions, except that the
weight assigned to each ecoregion was the relative number
of individuals predicted to arrive there by ORSIM.

Simulating wintering destinations based on
seasonal climate tracking

To simulate species' migratory connectivity based on
optimizing population tracking of climatic conditions

throughout the year, we selected for each breeding ecore-
gion occupied by the species the wintering ecoregion oc-
cupied by the species that is the most similar in terms
of climate. We estimated climate similarity as the dis-
tance between the mean climate of the ecoregions based
on two-dimensional climate, temperature only, and pre-
cipitation only. For each population, we kept the em-
pirical breeding destinations (i.e., ecoregions occupied
by the population during the breeding season), and the
model generates a simulated set of occupied ecoregions
during the wintering season. Seasonal climate overlap
and migration distance were calculated similarly for the
observed wintering distributions without weighing the
ecoregions.

Null model

To test whether migratory populations track climate
conditions at a finer scale (i.e., regionally), we devised
a null model against which seasonal climate overlaps
(two-dimensional, thermal, and precipitation) were com-
pared. This null model consists of randomized sampling
around energetically optimal wintering destinations.
For each genetically distinct population, we kept the em-
pirical breeding destinations (i.e., occupied ecoregions
during the breeding season) and sampled wintering des-
tinations as follows. We randomly sampled N distinct
ecoregions among the set of ecoregions satisfying the
condition: d, < %dmax, where d, is the geographic dis-
tance to the centroid of the set of occupied ecoregions
during the wintering season simulated by ORSIM (the
centroid was calculated as the weighted mean latitude
and weighted mean longitude of occupied ecoregions,
with weights based on the species' relative abundance in
ecoregions), and d,, is the maximum distance separat-
ing any pair of ecoregions occupied by the population
during the wintering season simulated by ORSIM, and
N is the observed number of ecoregions occupied by the
population during the wintering season. If N = 1, which
is only the case for two populations, then d,,,, was set
to 1500 km. The distance separating pairs of ecoregions
was calculated as the great circle distance between the

ecoregions' centroids.

Statistical analysis

The random sampling procedure in the null model was
repeated 1000 times, thus generating 1000 simulated
wintering distributions for each population. Each time,
climate was extracted, and seasonal niche overlap was
calculated similarly for the observed wintering distribu-
tions. We then calculated the observed seasonal niche
overlap rank among the 1000 simulated ones. Ranks
were rescaled between 0 and 1, and their distribution
was tested for skewness towards low values (indicating
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seasonal niche tracking) using one-sample Kolmogorov—
Smirnov tests against a uniform distribution.

RESULTS

The genetically distinct bird populations analysed in
this study exhibit a wide variation in seasonal climate
overlap. For the two-dimensional climatic niche (tem-
perature+precipitation), overlap varies between 0.11
and 0.83 (Figure 2c). Some geographical pattern is ap-
parent in the distribution of seasonal climate overlap:
populations with the lowest overlap are distributed in the
north-west of North America and populations with the
highest niche overlap are distribution in the south-west
and south-central parts of North America (Figure 2c).
Similar variation is obtained for seasonal overlaps in
temperature and precipitation separately, albeit with
a smaller extent of overall variation (Figure 2d,e). For
temperature, seasonal overlap is lower for populations
migrating either short or long distances, and it is higher

(b) (c)
(a) Empirical migratory connectivity 20
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for intermediate migration distances (Figure 2d). For
precipitation, no peak in overlap is observed at interme-
diate migration distance but overlap tends to decrease
with distance (Pearson's correlation: »=-0.506; p=0.007;
Figure 2e). Populations migrating short distances and
having relatively high precipitation overlap tend to be
distributed in south-west of North America, while popu-
lations migrating long distances and having relatively
low precipitation overlap tend to be distributed in the
north-west of North America (Figure 2e).

ORSIM-—the model simulating migratory connectiv-
ity based on energy efficiency—captures the broad mi-
gratory connectivity pattern formed by the populations
considered in this study (Figure 2a vs. Figure 2f). The
model explains the distribution of migration distances
across populations with very high predictive power
(Pearson's correlation: r=0.937; p<0.005; Figure 3a). In
addition, model predictions for the frequency distribu-
tion of seasonal climate overlap across populations, and
how this varies with migration distance. Both match
the observed patterns (Figure 2). Specifically, ORSIM
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FIGURE 2 Patterns of empirical and simulated migratory connectivity and seasonal climate tracking. Empirical migratory connectivity
and variation in seasonal climate tracking is better captured by a model based on energy efficiency than by the simulation model based on
climate tracking. Top row: Empirical patterns; middle row: Patterns simulated by ORSIM; bottom row: Patterns simulated by the climate
tracking model. Panels (a), (f) and (k) show the connections between population migration destinations (i.e. migratory connectivity); panels
(b), (g) and (1) show the density distributions of climate overlap across populations; and the other panels show the relationship between
migration distance and (c, h, m) two-dimensional climate overlap (temperature+ precipitation), (d, i, n) thermal overlap (temperature only),
and (e, j, 0) precipitation overlap (precipitation only). Population acronyms are a combination of a latitudinal region: N=north and S=south;
and a longitudinal region: W=west, R=Rockies, C=central and E=east. If no latitudinal letter is indicated in an acronym, it means that

the population somewhat spans both north and south. If two longitudinal letters are indicated in an acronym, it means that the population
somewhat spans both regions. Black curves are loess smooth splines with a span of 1.5.

85U80|7 SUOWWIOD aAeaID 8|qeo!(dde a3 Aq pausenob are sajolie YO ‘SN JO Se|n. 10} ArIqiT8UIUO 48] UO (SUORIPUCO-PUe-SWR/W0D" A3 M Afelq1jBU1UO//:SANY) SUORIPUOD pue SWwie 1 8ys &8s *[7202/TT/L2] uo AriqiTauliuo A1 elifuy 15e3 JO Aisieaun Aq 9611 T 8B/TTTT 0T/I0p/W00 A8 1w AreIq1 Ul UO//SdRY WOy papeojumoq ‘g ‘vZ0Z ‘8720TorT



SOMVEILLE ET AL. 7 of 12
(@ (b)
§, 6000 °
Q (.75
(0]
o ° =
§ ° g )
o o '
T 4000 3
c © 4
§ L} £ 0.50
o © b
2 ' ) b &
S ) =
4 ©
3 2000 ° S 0.254
g ° g
© ® £
S n
£
%) °
01 0.00
0 2000 4000 6000 0.00 0.25 0.50 0.75
Empirical migration distance (km) Empirical climate overlap
(c) (d)
0.51 0.51
&
g % .
T 041 > 044
g o
S S ®
(] @ = ¢
©
E 031 £ 034
[} S
= ®
9 o
]
T 027 o 021
3 -~
E 3
n S
0.1 P 0.1
0.1 0.2 0.3 0.4 0.5 0.1 0.2 0.3 0.4 05
Empirical thermal overlap Empirical precipitation overlap
1-rank * 000 @ 025 @ 050 @ 075 @ 1.00 AMRE HETH WIFL YEWA
COYE PABU WIWA

FIGURE 3 Relationship between empirical and simulated patterns. Expectation from energy efficiency simulated by ORSIM versus
empirical (a) migration distance, and seasonal overlap of (b) two-dimensional climate, (c) temperature and (d) precipitation. Black lines indicate
the 1:1 lines. Points below the 1:1 line in (b)—(d) indicate populations that seasonally track climate more than expected by ORSIM. Point size

in (b)—(d) indicates the rank among values for the null model randomizing wintering destinations in regions around ORSIM expectation (1
minus scaled rank between 0 and 1) : The bigger points indicate populations that are empirically tracking regional climate better than random
(active regional climate trackers), the smaller points indicate populations that are empirically tracking regional climate worse than random
(active regional climate switchers), and points of intermediate size indicate populations whose empirical tracking of regional climate is not
different from random. The figure shows that a model based on energy efficiency explains most of the empirical variation in migration distance
and in season climate overlap, which is particularly the case for temperature while for precipitation it seems to be also affected by regional

precipitation tracking.

predicts a relatively wide frequency distribution of
seasonal climate tracking that peaks in the middle
(Figures la and 2g), which closely matches the observed
data (two-sample K-S test: D=0.148, p=0.936). ORSIM
also predicts that seasonal climate and thermal overlaps
peak at intermediate migration distance (Figure 2h,i)
and that populations from northwest North America

tend to have long migration distances and low climate
overlap. In contrast, populations from south-west and
south-central North America tend to migrate short dis-
tances and have relatively high climate overlap (with
a notable exception for the south-west population of
Hermit Thrush; Figure 2h). For seasonal precipitation
overlap, ORSIM prediction matches the observation
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only for populations migrating intermediate to long dis-
tances (Figure 2j).

ORSIM predictions for the variation in seasonal cli-
mate overlap arestatistically significant or marginally sig-
nificant, and with relatively high correlation coefficients
when compared to observations (Pearson's correlations:
two-dimensional climate: »=0.377, p=0.052, Figure 3b;
temperature only: r=0.481, p=0.011, Figure 3c; precipi-
tation only: r=0.386; p=0.047; Figure 3d). Deviation of
empirical seasonal climate overlap from ORSIM predic-
tions is not significantly skewed to the right of a nor-
mal distribution centred around 0 and with a standard
deviation equal to the observed distribution of errors
(one-sample K-S test for two-dimensional climate niche:
p=0.334; thermal tracking: p=0.674; precipitation track-
ing: p=0.345), indicating that populations do not tend to
have a higher seasonal climate overlap than predicted by
ORSIM.

Contrary to ORSIM, the model simulating migratory
connectivity based on tracking two-dimensional climatic
conditions does not capture the observed frequency dis-
tribution of seasonal climate tracking (Figures 1b and
2b,l; two-sample K-S test: D=0.778, p<0.005), nor does
it capture the pattern of variation in climate overlap
(two-dimensional, thermal only, and precipitation only)
with migration distance (Figure 2). In addition, correla-
tions between the empirical variation in seasonal climate
overlap and the one predicted by the two-dimensional
climatic tracking model were not statistically signifi-
cant (Pearson's correlations: two-dimensional climate:
p=0.123; temperature only: p=0.221; precipitation only:
p=0.076). The model simulating migratory connectivity
based on seasonal thermal tracking only could not cap-
ture the empirical variation in seasonal thermal tracking
(Pearson's correlation: p=0.545; Figure S9k). However,
the model simulating migratory connectivity based on
seasonal precipitation tracking only was able to cap-
ture well the empirical variation in seasonal precipita-
tion tracking (Pearson's correlation: r=0.591; p<0.005;
Figure S9p) but not the empirical variation in sea-
sonal thermal tracking (Pearson's correlation: p=0.172;
Figure S90).

The distribution of the ranks of seasonal climate over-
lap among simulated values for the null model random-
izing wintering destinations around ORSIM expectation
is significantly skewed towards low values compared to a
uniform distribution for precipitation only (one-sample
K-S test; p<0.005) but not significantly different from
the uniform expectation for the two-dimensional climate
niche (one-sample K-S test; p=0.064) and temperature
only (one-sample K-S test; p=0.107). The variation in
seasonal tracking of climate variables seems to be driven
by a set of populations that are tracking climate partic-
ularly well (i.e., relatively high overlap, underestimated
by ORSIM and low rank among null values) versus a
few populations that appear to be climate switchers (i.e.,

relatively low overlap, overestimated by ORSIM and
high rank among null values; Figure 3b,d).

DISCUSSION

Contrary to a commonly held assumption, the results
we obtained across the 27 populations we examined in-
dicate that seasonal climate tracking is not a primary
driver of intraspecific migration patterns on a broader
scale. Instead, our work supports the idea that energy
efficiency, specifically optimizing the balance between
accessing environmental resources and the cost of move-
ment, is mainly responsible for intraspecific variation in
broad-scale patterns of migratory connectivity across
these populations (Figures la, 2, and 3a). In turn, mi-
gratory connectivity underlies the significant variation
in the degree of seasonal climate overlap observed be-
tween populations, with some populations having rela-
tively high overlap while others have almost no overlap
(Figure 2). In addition to energy efficiency at broad scale,
our results also suggest that regional-scale seasonal pre-
cipitation tracking affects migration destinations, thus
revealing a potential scale dependency of ecological pro-
cesses driving migration.

The bird populations we examined have a relatively
broad distribution of empirical climate overlap, which
peaks at intermediate values. In addition, populations
with high thermal overlap tend to migrate intermediate
distances, while populations with high precipitation over-
lap tend to migrate long distances. Overall, these patterns
align more closely with the predictions of a model based
on selecting energetically optimal wintering destinations
rather than climatically similar wintering destinations
(Figures 1 and 2), thus supporting the hypothesis that
seasonal climate tracking is a consequence, rather than
a cause, of migratory connectivity. Additional evidence
supporting this hypothesis is found in the observation
that variation in seasonal climate tracking across popu-
lations can be explained mainly by the model simulating
energetically optimal wintering destinations (Figure 3).
Moreover, populations do not track temperature more
than what would be expected by randomizing wintering
destinations in regions around these energetically opti-
mal sites. Therefore, in contrast to the commonly held
assumption that seasonal climate tracking drives mi-
gration patterns, our findings propose that the seasonal
geographical destinations of the migratory avian pop-
ulations investigated here are not directly shaped by a
similarity in thermal conditions. Instead, the variability
in thermal tracking among populations is primarily de-
termined by migratory connectivity patterns. These con-
nectivity patterns are largely influenced by the delicate
balance between maximizing energy acquisition from the
environment and minimizing the energy costs associated
with migratory movement (Somveille et al., 2021).
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As energy efficiency drives avian migration patterns
at broad scale (Somveille et al., 2018, 2021), our results
also reveal a potential scale dependency of ecological
processes, with precipitation tracking acting at a more
regional scale to shape intraspecific migration patterns.
In contrast with temperature, we found that populations
appear to track precipitation favourably compared to the
null expectation of randomizing wintering destinations
around the energetically optimal wintering destinations.
We also found that the variation in seasonal precipita-
tion tracking is well explained by the model based on
broad-scale tracking of precipitation regimes, but as this
model cannot explain the variation in thermal tracking,
it also suggests a rather complementary role of precipi-
tation tracking to energy efficiency. These results open
up a new avenue for research as a better understanding
of the scale at which the drivers of migration play out
is crucial for predicting how migratory birds will re-
spond to global change. While previous high-resolution
work focusing on a few migratory bird populations
found that population-level seasonal climate tracking
is a bottom-up process that emerges from individual-
level weather-tracking behaviour (Fandos et al., 2020),
we found that population-level seasonal climate track-
ing is also a top-down process shaped by how energy
efficiency drives species' migratory connectivity. These
two processes are not mutually exclusive. We found that
migratory bird populations tend to track precipitation
regionally, meaning that while energy efficiency struc-
tures species' migratory connectivity, individuals might
also be tracking precipitation conditions throughout the
year, leading to population-level seasonal precipitation
tracking. As precipitation regimes shape habitat quality
and the type of available resources for birds (Rockwell
et al., 2017; Smith et al., 2010), precipitation likely deter-
mines habitat selection (Frishkoff et al., 2016; Frishkoff
& Karp, 2019)—potentially more so than temperature
does (Londofio et al., 2016). In turn, precipitation af-
fects the composition of avian communities (Gomez
et al., 2019) and selects for specific traits, such as beak
morphology (Bay et al., 2021), thus potentially leading
natural selection to favour seasonal precipitation track-
ing at regional scales.

There is one particularly noticeable outlier in our re-
sults: the ‘southwest’ population of Hermit Thrush. Our
empirical genetic data indicates that this population
occurs mainly in the coastal and inland mountains of
California and Oregon during the breeding season and
migrates a short distance to spend the winter in north-
western Mexico (Figure S7e). These seasonal grounds
have remarkably similar climatic conditions, and this
population has the second highest climate overlap in our
dataset (Figure 2c). ORSIM, however predicts that this
population stay largely resident on its breeding ground,
which results in very low seasonal climate overlap (the
lowest climate overlap predicted by ORSIM across all
the examined populations; Figure 2h) as these temperate

mountains experience a high degree of climatic season-
ality. Although ORSIM's prediction is reasonably close
to the observation (i.e., wintering in California versus
north-western Mexico, respectively, for this relatively
wide-ranging species), the discrepancy between ob-
served and predicted climate overlap is very high (by far
the highest across the examined populations). Being an
extreme case (i.e., very high empirical climate overlap
but very low predicted overlap), this population has an
outsized influence on the results, and removing it from
the analysis would substantially further increase the
statistical predictive ability of ORSIM (Pearson's cor-
relations: two-dimensional climate: r=0.643, p<0.005;
temperature only: »=0.655, p<0.005; precipitation only:
r=0.595; p<0.005). This population could be tracking
precipitation regionally in addition to energy efficiency,
as a short-distance relocation to track precipitation
could explain its migration pattern.

Our results suggest that migratory bird populations
do not track climate directly and actively at broad scale,
but climate could have an indirect effect by shaping
the spatiotemporal availability of resource and habitat
quality for species. In turn, this is expected to shape
migratory connectivity and the variation in seasonal
climate tracking across populations via energy effi-
ciency as we found in this study. As we indeed observe
some response of species' relative abundance estimates
to climate for many species (Figure S10), and that pre-
vious studies found evidence of indirect climate ef-
fects on resource supply in migratory birds (e.g. Smith
et al., 2010; Studds & Marra, 2011), it suggests that
climate could have some indirect effect on migratory
connectivity. In our analysis, we used seasonal species'
relative abundance predicted by STEMs, which cor-
relate citizen science occurrence data with land cover
descriptors, assuming that it reflects the distribution
of energy available to the species across their seasonal
ranges (Somveille et al., 2021). Still, future studies
using data on the specific distribution of resources
for species (e.g., insect density) could investigate the
extent to which climate shapes resource availability
and thus indirectly affect migration patterns. Another
assumption that might require further scrutiny is that
ecoregions containing at least one sample assigned to a
population are fully occupied by that population. This
assumption was made in part to minimize geograph-
ical and climatic biases due to the specific sampling
locations, and indeed, no evident bias was found in our
sampled climate (Figures S11 and S12). This assump-
tion that populations fully occupy ecoregions is not
unrealistic since ecoregions represent distinct and rel-
atively homogeneous biotic communities (Dinerstein
et al., 2017; Smith et al., 2018), and that the species that
we used in our analysis are relatively widespread and
highly mobile, but it needs further examination.

Due to data availability, our analysis focuses on a
restricted set of species, and as more genetic data is
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becoming available for birds, extending this analysis
to a larger fraction of the migratory avifauna will re-
veal the generalizability of our findings. Yet, the suite
of populations that we used are from species whose
migrations are reasonably well representative of the
patterns of the North American bird migration sys-
tem (Somveille et al., 2015). We therefore hypothesize
that our results are robust and applicable to a broader
range of migratory bird species, particularly ones with
similar life histories to the species used in our anal-
ysis. Between species, the extent of variation in sea-
sonal climate tracking appears relatively consistent in
our analysis, with species typically comprising both
climate-tracking and climate-switching populations.
This apparent lack of species effect additionally sup-
ports a potential generalizability of our results to a
broader migratory avifauna.

The results obtained in this study have implications
for local adaptation and the conservation of migratory
species. Our findings suggest that much of the variation
in seasonal climate tracking is a consequence of how
other ecological processes shape migration patterns,
which could lead populations that track climate to have
evolved traits and behaviours to adapt to a narrow set of
climate conditions. This local adaptation could lead to
genetic differentiation, but it could also make climate-
tracking populations more vulnerable to climate change.
With changing climate, these populations are more likely
to face new climate conditions outside their relatively nar-
row climate niche. Suppose their migration patterns are
not driven by seasonal climate tracking, particularly for
temperature. In that case, these populations might not
be able to adapt to a warming climate via change in their
migration behaviour. A study on the Willow Flycatcher,
one of the species in our dataset, found that populations
closely tracking climate seasonally are experiencing a
faster population decline than climate-switching pop-
ulations with broad climatic niches, potentially due to
their limited ability to adapt to climate change (Ruegg
et al., 2021). Here, we found that populations migrat-
ing intermediate distances tend to have higher thermal
overlap and are potentially at higher risk under climate
change. We also found that precipitation tracking at a
regional scale affects the migration destinations of the
populations that we investigated, which indicates that
these populations might be able to respond and track
future changes in precipitation if there is a sufficient
variation in these changes at a regional scale, but less so
if these precipitation changes occur relatively uniformly
over broader areas across the Americas. In addition, as
migratory connectivity is largely driven by energy effi-
ciency, anthropogenic change in the distribution of re-
sources for migratory birds through land use change is
likely to reshape migratory connectivity patterns, which
would drive populations that are tracking climate sea-
sonally to potentially experience new climate conditions
for which they are not adapted.
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github.com/mgdesaix/amre-mc. For Hermit Thrush,
genomic data have been deposited in the Dryad reposi-
tory https://doi.org/10.5061/dryad.n02v6wx50. Finally,
the computer code used for the analysis in this study is
available at: https://github.com/msomveille/seasonal-
climate-tracking.git.
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