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ABSTRACT
Avian migration has long captured human interest, but the causes of the evolution of migration remain unclear due to limited 
study of the full spectrum of migratory strategies, including short-distance and intratropical movements. We examine the cli-
matic drivers of migration across the roughly 1300 species of suboscine birds, a group containing many intratropical migrants. 
Comparative analyses confirm that migratory behavior in temperate-breeding suboscines evolves in association with tempera-
ture seasonality. The evolution of migration in the tropics, however, has a more complex association with climatic variables in-
cluding precipitation and greenness seasonality. Projections under future climate scenarios show that suboscines will experience 
average lower temperature seasonality, potentially favoring the loss of migration, but higher precipitation seasonality, potentially 
favoring an increase in short-distance migration. The divergent impacts of climate seasonality on the evolution of different 
migratory strategies highlight the complexity of climate-movement associations and the challenges of projecting responses to 
climate change.

1   |   Introduction

Movement is a fundamental part of avian life history, shap-
ing how birds acquire food resources (Gauthreaux  1982; 
Rappole  1995; Berthold  1996; Berthold 1999), avoid predators 
(Alerstam et  al.  2003), and track favorable climate conditions 
(Winger et  al.  2019). Migrations, or regular seasonal move-
ments, are a key strategy for dealing with predictable events in 
many bird species—approximately 1800 of the 10,000 bird spe-
cies worldwide undergo seasonal migration (Sekercioglu 2007; 
Rolland et  al.  2014). Avian migratory behavior is important 
because it can drive geographical range dynamics and popu-
lation expansions (Lester et  al.  2007; Fritz et  al.  2012), shape 
community assembly (MacArthur and Wilson  1967), regulate 

pollination and seed dispersal (Viana et al. 2016), spread zoo-
notic pathogens and diseases (Fèvre et  al.  2006; Jourdain 
et al.  2007; Kobuszewska and Wysok 2024), and mediate spe-
ciation and persistence (Claramunt et al. 2012; Smith et al. 2014; 
Pegan et  al.  2024). The drivers responsible for the evolution 
of migration, and how those drivers might lead to migratory 
changes in the future, are thus of fundamental interest.

The evolutionary acquisition of migration has long been at-
tributed broadly to extrinsic factors such as climate and cli-
mate seasonality (Shaw and Couzin 2013). However, a detailed 
understanding of how climate influences migration is lacking 
(Åkesson and Hedeström  2008; Boyle et  al.  2010; La Sorte 
et al. 2015; Zenzal et al. 2023). Ecological processes including 
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competition for breeding and wintering territories (Cox 1968; 
Lack 1968; Voelker et al. 2013; Somveille et al. 2019), avoid-
ance of predation (Boyle  2006), seasonally fluctuating food 
availability (Winger et  al.  2019), and avoidance of climatic 
extremes (Nolan and Ketterson  1990) have been invoked to 
link migration to seasonal climates. However, progress in 
this area has been hampered by two challenges. First, both 
climatic and ecological drivers are difficult to parse because 
of high covariation among variables across species and geo-
graphic regions (Tablado et al. 2014; Zhang et al. 2017; Walker 
et  al.  2020; Krenhardt et  al.  2024). In addition, migration is 
not a simple binary variable but represents a complex array of 
movement strategies that may differ in their nature and ori-
gins (Boyle 2017; Evans and Bearhop 2022; Flack et al. 2022). 
Parsing this complexity may be key to distinguishing the rela-
tive roles of different drivers.

Long-distance seasonal migrations represent one of the best-
studied phenomena in avian biology (Egevang et  al.  2010; 
Winger et  al.  2014; Conklin et  al.  2021) and typically involve 
movement between a temperate breeding range and tropical 
wintering range. Short-distance migratory movements, although 
widespread in birds, are comparatively poorly understood. 
Short-distance migration might represent seasonal latitudi-
nal movements between breeding and wintering grounds that 
are less distant than in long-distance migrations, but an array 
of other forms exist (Hayes 1995; Barçante et al. 2017; Hsiung 
et al. 2018). Intratropical migrations include seasonal movement 
of birds that spend the entire year within the tropical latitudes 
(Stutchbury et  al.  2016; Koleček et  al.  2018; Jahn et  al.  2019) 
or the movement of temperate-breeding migrants between 
tropical sites during their non-breeding period (Heckscher 
et al. 2011; Koleček et al. 2016; Stutchbury et al. 2016). They in-
clude latitudinal, longitudinal, elevational, and more complex 
patterns of movement (Gómez-Bahamón et  al.  2020). These 
forms of migration have been documented within Neotropical 
(Fraser et al. 2012; Heckscher et al. 2015), Afrotropical (Lemke 
et  al.  2013), and Indomalayan/Australasian (Yong et  al.  2015) 
migratory systems. Because many of these migratory strategies 
involve shorter and perhaps less conspicuous movements than 
long-distance migrations and most migration research has taken 
place in the Global North, their diversity and distribution across 
the avian tree of life are incompletely known (Jahn et al. 2012). 
However, knowledge is improving, thanks in large part to local 
researchers and indigenous knowledge (Jahn et al. 2020; Jessen 
et al. 2022).

The suboscine passerines are a uniquely suited group of birds in 
which to study the interactions between climate and migratory 
complexity. Suboscines (Aves; Tyranni) comprise over 1300 spe-
cies of perching birds distributed across both the Americas and 
the Old World tropics. Importantly, they exhibit a wide range 
of migratory strategies, including a high proportion of species 
that undergo intra-tropical and short-distance movements 
(Chesser 1994). We also know that suboscines occur in a wide 
array of climates and environments (Stotz 1996), and there is ev-
idence that this climatic diversity has shaped the evolutionary 
success and diversity of the group (Harvey et al. 2020).

Here, we test how climatic seasonality factors influence subos-
cine bird species with different migratory behaviors. We ask the 

following: (1) How frequently have different migratory strate-
gies been gained or lost across the evolutionary history of sub-
oscines? and (2) Do different climatic regimes explain different 
migratory strategies? We use a comprehensive phylogeny of 1323 
suboscines, data on migratory strategy, and high-resolution 
climate data to conduct association tests and model causal re-
lationships in a phylogenetic comparative framework. The re-
sults of these tests are key both to illuminating the mechanisms 
responsible for the evolution of migration and for providing a 
foundation for understanding how migration will continue to 
change under future climate scenarios.

2   |   Materials and Methods

2.1   |   Phylogenetic and Migration Data

For phylogenetic information, we used the primary, time-
calibrated tree from Harvey et  al.  (2020). This phylogeny was 
estimated using data from ultraconserved elements (UCEs) 
and conserved exons in a maximum-likelihood framework and 
time-calibrated using a penalized likelihood approach. It is well 
resolved and contains 97% of suboscine species, including both 
New World and Old World species.

Migratory behavior for each suboscine was extracted from the 
AVONET database (Tobias et al. 2022), in which migratory be-
havior for each species is coded as resident, partially migratory, 
or fully migratory. In AVONET, birds are classified as partially 
migratory if a minority of the population migrates long distances, 
if most of the population undergoes short-distance migration, or 
if they undergo only nomadic movements or distinct altitudinal 
migration. Birds are classified as fully migratory if most of the 
population undertakes long-distance migration, which is de-
fined as having fully disjunct breeding and wintering grounds. 
We hereafter refer to this distance-based strategy for coding mi-
gration as the “distance-based coding”. We spot-checked migra-
tory information from AVONET to ensure accuracy.

Birds with temperate-tropical migrations may differ in im-
portant ways from intratropical migrants. We therefore also 
classified migratory species as either temperate-breeding or 
tropical-breeding by determining whether the centroid of the 
breeding range of each migratory species was outside of the 
tropics (above 23.44° or below −23.44° latitude) or within the 
tropics. We refer to this strategy for coding migrants as the “lat-
itudinal coding”. Bird species distribution maps were obtained 
from BirdLife International and Handbook of the Birds of the 
World (2022) and were used to analyze the geographic species 
densities of birds with different migratory strategies and to ex-
amine the climate histories experienced by each suboscine spe-
cies. Only native distributions of birds were used.

2.2   |   Climate and Habitat Data

To measure historical climate trends across the globe, we ob-
tained 18 bioclimatic variables and took the 2.5-min resolution 
averages of data from 1970 to 2000 from WorldClim (Fick and 
Hijmans 2017). To understand the indirect effects of climate on 
migration, we obtained imagery for the monthly normalized 
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difference vegetation indices (NDVI) for 2001, which were 
produced by the NASA Earth Observations (NEO) using data 
provided by the MODIS Land Science Team (NEO and MODIS 
Land Science Team 2001). We calculated an additional climate 
variable, “greenness seasonality”, by taking the normalized dif-
ference vegetation index (NDVI) values from 2001 and calculat-
ing the average annual range of NDVI over the distribution of 
each suboscine species.

We measured the 18 WorldClim Bioclimatic variables and 
greenness seasonality for all suboscine species by overlaying 
shapefiles of each breeding range onto the climate maps and 
calculating the mean, median, and standard deviation of each 
climate variable over the breeding distribution of each species. 
We conducted a suite of preliminary analyses of the WorldClim 
variables and greenness (Appendix  S1, Table  S1). Ultimately, 
we proceeded with BIO4 (temperature seasonality), BIO15 (pre-
cipitation seasonality), and greenness seasonality in focused 
association tests and causal modeling. These three variables 
best capture the climate variation thought to influence the 
evolution of migration (Studds and Marra  2011; Klinner and 
Schmaljohann 2020), and thus, their interpretation is relatively 
straightforward.

2.3   |   Evolutionary Reconstruction of Migration

Although migration in birds is quite plastic (Zink 2002, 2011), 
each re-emergence of this trait reflects a potential independent 
response to extrinsic conditions that is a critical context for com-
parative analysis. We evaluated the history of migratory behav-
ior in suboscines using an ancestral character estimation using 
the “ace” function in ape (Paradis and Schliep 2019). Using both 
distance-based and latitudinal coding, we plotted the migration 
status onto the tips of the phylogeny using ggtree (Yu et al. 2017) 
and conducted stochastic character mapping of ancestral states 
using the “plotTree.wBars” function in phytools (Revell 2012). 
From these ancestral states, we quantified the number of inde-
pendent origins and losses of migration on the suboscine tree, 
with partial and long-distance migrants both classified as mi-
grants (i.e., transitions between resident and migratory states 
across the tree). We also evaluated the phylogenetic signal in 
migratory behavior using Blomberg's K and Pagel's lambda in 
phytools (Revell 2012).

2.4   |   Comparative Analyses of Climate Seasonality 
and Migration

To evaluate potential causal factors responsible for the evo-
lution of migration, we performed phylogenetic generalized 
least squares (PGLS) regressions on migration status (res-
ident, temperate-breeding, tropical-breeding) versus BIO4 
temperature seasonality, BIO15 precipitation seasonality, and 
greenness seasonality. For this PGLS, we utilized a Brownian 
correlation structure in Caper (Orme  2013), which performs 
a linear regression while accounting for phylogenetic covari-
ation among species. R-squared values for each regression 
were measured using the “R2_pred” function in rr2 (Ives and 
Li 2018).

We then used a phylogenetic ANOVA to determine the signifi-
cance of the relationship between alternative migratory strate-
gies and temperature seasonality, precipitation seasonality, and 
greenness seasonality using the “aov.phylo” function in geiger 
(Pennell et al. 2014). We used a phylogenetic path analysis (PPA) 
to analyze the relative direct and indirect contributions of these 
seasonality variables on the evolution of migration. PPA esti-
mates the importance of alternative causal relationships among 
variables (Gonzalez-Voyer and von Hardenberg 2014). A model 
set with 51 models describing possible interactions between en-
vironmental variables and partial and full migration was gener-
ated using the “define_model_set” function in phylopath (van 
der Bijl 2018). We then tested the fit of these models to our data 
and identified the model that best fit our data to produce a di-
rected acyclic graph of the relative strength of the correlation 
between each of the three focal climate variables and short- 
(tropical-breeding) versus long-distance (temperate-breeding) 
migration.

We also visualized the climatic niche of species according to 
their migratory behavior by plotting temperature seasonal-
ity versus precipitation seasonality across species. To simplify 
visualization, we categorized species as resident, temperate-
breeding migrants, and tropical-breeding migrants for this anal-
ysis. We then explored the taxonomic variation in climate by 
species in each category.

2.5   |   Evaluation of Current Breeding Range 
Climates Under Future Climate Projections

To evaluate the influence of future climate change on species 
with different migratory strategies, we measured projected 
temperature seasonality and precipitation seasonality over 
the current breeding distributions of all suboscine species. We 
chose the MIROC 6 global climate model (GCM) and obtained 
2.5-min resolution maps of the 2 WorldClim Bioclimatic vari-
ables (BIO4 Temperature Seasonality and BIO15 Precipitation 
Seasonality), with the monthly values of each variable aver-
aged over a 20-year period: 2081 to 2100 (Eyring et  al.  2016). 
These variables were measured over each distribution for two 
shared socio-economic pathway (SSP)-based climate scenarios 
(SSP 126 and SSP 370), which belong to a collection of one of 
five shared socio-economic pathways that describe alternative 
socioeconomic developments that contribute different land use 
and carbon emissions (Pörtner  2002; Meinhausen et  al.  2020; 
Gidden et al. 2019). SSP 126 is a climate scenario that assumes 
that global warming is limited to below 2°C, while SSP 370 is 
a climate scenario that assumes that global warming surpasses 
2°C (Meinhausen et al. 2020). These climate datasets were cho-
sen because they are heavily researched and depict the future 
global climate at a high resolution. We calculated the difference 
between historical and future WorldClim temperature season-
ality and precipitation seasonality experienced by each species 
across their breeding distribution. Future greenness seasonality 
projections of the same resolution and for the same global cli-
mate model were not available.

All analyses were conducted in the R programming language (R 
Core Team 2021).
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3   |   Results

In an ancestral state reconstruction with partial migrants clas-
sified as migratory, we identified 37 independent gains and 64 
losses of migration on the suboscine phylogeny (Figure  1). This 
high number of gains and losses suggests that there are enough 
independent emergences of the behavior to provide power to test 
the causes of those shifts. We also found evidence that migratory 
behavior shows a strong phylogenetic signal (Blomberg's K = 0.16, 
Pagel's lambda = 0.47), which suggests that controlling evolution-
ary history is important in the comparative analysis of this trait.

In the following results from comparative tests, we focus on those 
using the latitudinal coding of migration (temperate-breeding ver-
sus tropical-breeding). Results from the distance-based coding 
were similar and are presented in Figures S1 and S2.

3.1   |   Climate Seasonality and Migration

We found that residents, tropical breeders, and temperate breed-
ers each live in areas with different degrees of temperature 
seasonality (TS), precipitation seasonality (PS), and greenness 
seasonality (GS), based on nonoverlapping 95% confidence inter-
vals of phylogenetic ANOVAs (Figure 2). In particular, we found 
that temperate-breeding migrants live in climates with the 

highest degree of TS (mean = 6.24°C), as compared to residents 
(mean = 1.26°C) and tropical-breeding migrants (mean = 1.61°C) 
and in climates with the greatest degree of GS (mean = 72.84), 
as compared to residents (mean = 40.51) and tropical-breeding 
migrants (mean = 48.39) (Figure 2). In an ANOVA, TS showed 
a significant positive relationship with migration in residents 
(p = 2.00E-16), tropical-breeding migrants (p = 3.12E-02), and 
temperate-breeding migrants (p = 2.00E-16), while GS showed 
a significant relationship with migration in residents (p = 2.00E-
16), tropical-breeding migrants (p = 1.40E-03), and temperate-
breeding migrants (p = 2.00E-16). In contrast, tropical-breeding 
migrants live in climates with the greatest degree of PS 
(mean = 65.00 mm), as compared to residents (mean = 55.20 mm) 
and temperate-breeding migrants (mean = 49.10 mm; Figure 2). 
In an ANOVA, PS showed a significant relationship with mi-
gration in residents (p = 2.00E-16), tropical-breeding migrants 
(p = 1.55E-04), and temperate-breeding migrants (p = 0.026). 
Other WorldClim variables aside from PS and TS also showed 
correlations with migratory behavior, which are presented in 
Appendix S1.

3.2   |   Causal Links Between Climate and Migration

The PPA identified strong relationships between TS and 
temperate-breeding migrants (0.74) and between TS and GS 

FIGURE 1    |    Ancestral state reconstruction of migration on the suboscine phylogeny. Migratory behavior of every suboscine species is character-
ized as resident (gray), tropical-breeding migrant (orange), or temperate-breeding migrant (purple). Colored branches indicate migratory species. 
The transition from resident to migratory is marked by the point at which the branches transition from gray to purple or orange. The ancestral state 
of migration is resident, and this map depicts 37 independent origins of migration and 64 losses.
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(0.63; Figure 3B). The PPA identified moderate relationships be-
tween PS and GS (0.29), TS and tropical-breeding birds (−0.16), 
PS and temperate-breeding birds (−0.12), and GS and tropical-
breeding birds (0.12). Weak links were present between PS and 
tropical-breeding birds (0.06) and GS and temperate-breeding 
birds (−0.03). Overall, migratory behavior in temperate breeders 
had a causal chain dominated by a direct link with TS, whereas 
in tropical breeders, the causal chain was complex with mod-
erate direct impacts from both PS and TS and indirect effects 
mediated by GS (Figure 3A).

3.3   |   Geography of Seasonality

Maps of TS and PS and species density plots for tropical- and 
temperate-breeding migrants reveal differences in the cli-
mates that birds inhabit depending on their migratory strat-
egy (Figure  4). Temperate-breeding migrants have breeding 
ranges concentrated in the highest latitudes and in moun-
tainous areas of western North America and southern South 
America and experience the highest TS (Figure  4A,D). 
Tropical-breeding migrants in the Americas are most con-
centrated in the “Dry Triangle” of eastern South America 
and north-central South America, an area with high PS 
(Figure 4B,C). These results corroborate those from the phy-
logenetic ANOVA (Figure 2), showing that PS is relatively low 
where both tropical- and temperate-breeding migratory birds 

reside, is higher where tropical-breeding birds are concen-
trated, and is variable in areas with many temperate breeders 
but much lower than TS in those zones.

3.4   |   Taxonomic Variation in Climate-Migration 
Associations

We found that suboscine species experience annual fluctuations 
in precipitation across their breeding distribution that range 
from 17.88 to 143.74 mm and annual fluctuations in tempera-
ture that range from 0.36°C to 12.45°C (Figure 5). Climates with 
particularly low TS (seasonality less than 1°C) contained both 
residents and tropical-breeding migrants, but the species that 
experiences the lowest degree of TS (0.363°C) is the tropical-
breeding resident Elaenia brachyptera of the Andean foothills. 
We did not detect any general taxonomic trends or dominant 
genera in these stable climates. In regions of high TS, where 
seasonality is greater than 7.5°C, only temperate-breeding 
birds occurred. The long-distance, temperate-breeding migrant 
Empidonax flaviventris experiences the highest TS in its breed-
ing grounds of 12.45°C. Of the 17 species living in high-TS cli-
mates, eight belong to the genus Empidonax.

Climates with low PS, where seasonality is less than 50 mm, were 
home to residents and both tropical- and temperate-breeding 
birds. The tropical-breeding Pitta anerythra, one of the relatively 

FIGURE 2    |    Temperature seasonality, precipitation seasonality, and greenness seasonality vary depending on migratory behavior. Left: Birds 
with different migratory strategies live in climates with different degrees of temperature seasonality. Temperature seasonality is significantly asso-
ciated with migration, regardless of migratory behavior (resident p = 2.00E-16, tropical-breeding migrant p = 3.12E-02, temperate-breeding migrant 
p = 2.00E-16). Average temperature seasonality, in degrees Celsius, of breeding-resident range is plotted on the vertical axis. Middle: Birds with dif-
ferent migratory strategies live in climates with statistically different degrees of precipitation seasonality. Precipitation seasonality is significantly 
associated with migration strategy, regardless of their behavior (resident p = 2.00E-16, tropical-breeding migrants p = 1.55E04, temperate-breeding 
migrants p = 0.0259). Average precipitation seasonality, in millimeters, of each bird's breeding-resident range is plotted on the vertical axis. Right: 
Birds with different migratory strategies live in climates with statistically different degrees of greenness seasonality. Greenness seasonality is sig-
nificantly associated with migration, regardless of migratory behavior (resident p = 2.00E-16, tropical-breeding migrant p = 1.40E-03, temperate-
breeding migrant p = 2.00E-16). Average greenness seasonality, unitless, of breeding-resident ranges is plotted on the vertical axis.

 20457758, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.71745 by U

niversity O
f T

exas E
l Paso, W

iley O
nline L

ibrary on [15/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 of 14 Ecology and Evolution, 2025

FIGURE 3    |    Phylogenetic path analysis. (A) Plot depicting the standardized associations (effect magnitudes) of greenness seasonality, precipita-
tion seasonality, and temperature seasonality with respect to migrants breeding in tropical and temperate climate zones. Of the three climate vari-
ables, temperature seasonality has an overwhelmingly strong association (0.74) with migration in temperate-breeding birds. Precipitation season-
ality and greenness seasonality have moderate (−0.12) and weak (−0.03) negative relationships with migration in temperate-breeding migrants, 
respectively. All three climate variables show weak to moderate relationships with migration in tropical-breeding birds (temperature seasonality: 
−0.16, precipitation seasonality: 0.06, greenness seasonality: 0.12). (B) Phylogenetic path analysis illustrating the interactions between climate 
variables and different migratory behaviors. Thicker lines represent stronger associations. The association between temperature seasonality and 
migration in temperate-breeding birds is the strongest. The association between greenness seasonality and migration in temperate-breeding birds 
is the weakest.

FIGURE 4    |    Species density plots for tropical- and temperate-breeding migrants with maps of temperature and precipitation seasonality. (A) 
Temperature seasonality, in degrees Celsius, is plotted over the world map. (B) Precipitation seasonality, in millimeters, is plotted over the world 
map. (C) Species density of tropical-breeding birds. (D) Species density of temperate-breeding birds. In C and D, the red lines represent the Tropic of 
Cancer (23° 26′ 22″ North) and Tropic of Capricorn (23° 26′ 22″ South). Bound between the tropics is the tropical climate breeding zone. The northern 
temperate zone begins above the top red line, or the Tropic of Cancer. Temperate-breeding birds are depicted to live in areas with a broader range of 
temperature seasonality, and, on average, higher temperature seasonality than tropical-breeding birds. The area with the highest density of tropical-
breeding species, east-central South America, has a relatively higher degree of precipitation seasonality than those areas where temperate-breeding 
migrant species are most abundant.
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few Eastern Hemisphere suboscines, experiences the lowest PS 
(17.88 mm). Of the 49 temperate- and tropical-breeding birds 
living in areas with low PS, 10 belong to the rather large genus 
Empidonax. Climates with high PS (where seasonality is over 
100 mm) contain tropical- and temperate-breeding birds. Unlike 
in climates with high TS, several resident species exist in areas 
with high PS. Interestingly, the species that experiences the 
highest degree of PS (143.74 mm) is Ochthoeca salvini, a resident 
species or nearly so (Farnsworth and Langham 2022). The only 
temperate-breeding bird in high PS climates is Pitta brachyura, 
which occurs in areas with an average PS of 129.88 mm and a 
moderate TS of 5.08°C. There were no clear taxonomic patterns 
or dominant genera of birds in climates with high PS.

3.5   |   The Influence of Climate Change on Breeding 
Range Climate

When we evaluated the changes in TS and PS under two differ-
ent future climate scenarios, we found that while TS, on average, 
is expected to decrease across breeding distributions regardless 
of migratory strategy or climate scenario (Figure 6A), PS is less 
predictable (Figure  6B). Under SSP 126, TS is expected to de-
crease by an average of 3.63°C, 4.35°C, and 7.30°C across the 
breeding distributions of residents, tropical-breeding migrants, 
and temperate-breeding migrants, respectively (Table S2).

Under SSP 370, TS is expected to decrease by an average of 
17.47°C, 16.95°C, and 5.61°C across the breeding distributions of 
residents, tropical-breeding migrants, and temperate-breeding 
migrants, respectively (Table S2).

PS across the breeding ranges of suboscine birds may increase 
or decrease depending on both the migratory strategy and fu-
ture climate scenario. Under SSP 126, residents are expected 
to experience an average increase in PS by 0.29 mm across 
their breeding distributions, while tropical-breeding migrants 

and temperate-breeding migrants will experience, on aver-
age, a small decrease in PS by 0.25 and 0.71 mm, respectively 
(Table S2). Under SSP 370, PS will decrease to a much greater 
degree for all suboscine species, regardless of migratory strat-
egy (Figure  6B). On average, PS will decrease by 39.79, 8.50, 
and 39.54 mm across the breeding ranges of residents, tropical-
breeding migrants, and temperate-breeding migrants, respec-
tively (Table  S2). Based on these results, it is evident that the 
migratory behavior of suboscines vulnerable to PS is expected 
to differ based on the severity of climate change. Under a less 
severe scenario, while residents may evolve migration, current 
migratory species are expected to respond accordingly. Under 
more severe climate change, a decrease in PS is expected to 
cause a trend toward shorter-distance migratory movements in 
suboscines, regardless of their current behavior.

4   |   Discussion

We found that the evolution of long-distance, temperate-tropical 
migration in suboscine birds is strongly associated with tempera-
ture seasonality on the breeding grounds. This supports prior 
findings that long-distance migratory movements are a strat-
egy to avoid the seasonal resource depletion that occurs within 
breeding territories during the harsh winter months (Bell 2000; 
Bell 2011; Alerstam et  al.  2003; Cresswell et  al.  2011; Winger 
et al.  2019). Temperature is recognized as a primary driver of 
natural history and behavior, with strong effects on population 
growth rates (Neate-Clegg et  al.  2021), distribution (Avalos 
and Hernández 2015; Somveille et al. 2015; Tellería et al. 2016; 
Rushing et al. 2020; Carrera et al. 2022), and the timing of mi-
gration (Zaifman et al.  2017; Koleček et al.  2020). Changes in 
temperature have been shown to be a proximate mediating cue 
in many of these behaviors, including long-distance migration 
(Klinner and Schmaljohann  2020), which corroborates our 
finding that longer-distance migrations are tied to temperature 
seasonality.

FIGURE 5    |    Temperate- and tropical-breeding migrants and resident bird species are concentrated in different areas when plotted on axes rep-
resenting both temperature and precipitation seasonality. Temperate-breeding migrants live in climates with high temperature seasonality but low 
precipitation seasonality, whereas tropical-breeding migrants live in climates with low temperature seasonality and varying but generally higher 
precipitation seasonality. There is extensive overlap between residents and tropical-breeding migrants, but areas of lower precipitation seasonality 
are enriched for residents relative to migrants.
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However, there is no clear consensus on the mechanism by 
which temperature influences migratory behavior. Although 
increasing spring temperatures have been directly correlated 
to the timing and rate of migration in several long-distance mi-
gratory species, stronger correlations have been found between 
first budburst in the plants upon which these species rely and 
their spring arrival dates (Marra et al. 2005). This suggests that 
changes in temperature are influencing bird phenology indi-
rectly via changes in plant phenology (Reid et  al.  2022). Our 
path analysis results, however, seem to indicate that tempera-
ture seasonality is directly influencing migratory behavior in 
temperate-breeding migrants rather than indirectly through 
vegetation greenness seasonality (Figure 3B), potentially impli-
cating physiological tolerance. Clearly, more work is needed to 
understand the mechanism by which temperature seasonality 
influences the evolution of migration.

In contrast, we found that short-distance, intratropical migra-
tion is influenced by a broader variety of factors. Precipitation 
seasonality is an especially important predictor of intratropical 

movements. This may not be surprising given that movements 
in several well-studied intratropical migrants appear to track 
rainfall (Jahn et  al.  2010; MacPherson et  al.  2018) and pop-
ulations of some tropical birds are associated with fluctua-
tions in seasonal rainfall (Brawn et al. 2016; Liang et al. 2021; 
Brlík et  al.  2022). Further, rainfall, like temperature, influ-
ences the behavior, life history, physiology, and morphology of 
birds (McGowan et  al.  2004; Skagen and Adams  2012; Öberg 
et al. 2014; Mainwaring et al. 2021) and impacts both the tim-
ing and location of breeding (Aranzamendi et al. 2019; Fogarty 
et al. 2020). The effect of precipitation seasonality on intratrop-
ical migration likely co-varies also with greenness seasonality. 
The seasonal movements of animals have long been associated 
with variation in ecological productivity (Dingle 2014; Milner-
Gulland et al. 2011; Buchanan et al. 2016). Rainfall has a sub-
stantial influence on plant phenology (Both et al. 2010; Currier 
and Sala  2022) and the abundance of arthropods (Pinheiro 
et al. 2002), but shifting rainfall dynamics brought on by climate 
change are influencing the timing, quality, and quantity of flo-
ral resources upon which both birds and their invertebrate food 

FIGURE 6    |    (A) The difference was calculated between historical and future temperature seasonality values for two different Shared 
Socioeconomic Pathways, SSP 126 and SSP 370. Change in temperature seasonality, in degrees Celsius, is plotted on the horizontal axis, and each 
species is plotted on the vertical axis. On average, temperature seasonality is expected to decline across the breeding ranges of suboscine species, re-
gardless of migratory strategy or Shared Socioeconomic Pathway. (B) The difference was calculated between historical and future precipitation sea-
sonality values for two different Shared Socioeconomic Pathways, SSP 126 and SSP 370. Change in precipitation seasonality, in millimeters, is plotted 
on the horizontal axis, and each species is plotted on the vertical axis. Under SSP 126, residents will experience a slight increase in precipitation 
seasonality across their breeding ranges, while tropical-breeding and temperate-breeding migrants will experience a slight decrease in precipitation 
seasonality. Under SSP 370, residents, tropical-breeding migrants, and temperate-breeding migrants will experience moderate to large decreases in 
precipitation seasonality across their breeding ranges. Color to the left of the x = 0 indicates a decrease in climate seasonality, while color to the right 
of x = 0 indicates an increase in climate seasonality.
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sources rely (Geissler et al. 2023; Thuma et al. 2023). Our results 
suggest that there are important indirect effects of temperature 
and precipitation on migratory strategy via their influence on 
greenness seasonality, supporting the idea that primary produc-
tivity is an important driver of the migration dynamics of birds 
(Studds and Marra 2011; Illán et al. 2014; Koshelev et al. 2021). 
Our confirmation of the importance of precipitation seasonality 
on the evolution of migration emphasizes the important role of 
wet-dry cycles on bird movements in tropical regions.

Due to the highly complex effects of precipitation seasonal-
ity, we expect the responses of intratropical migrants to be 
species-specific and context-dependent. Santillán et  al.  (2018) 
concluded that birds at different elevations were impacted by 
climate uniquely due to their different physiological constraints 
under their respective climatic niches. Further, the influence of 
climatic seasonality is less dependent on a bird's migratory be-
havior and more on geography (Both et al. 2010; de la Fuente 
et al. 2023) or dietary guild (MacPherson et al. 2018). Further 
work characterizing the migratory strategies of intratropical mi-
grants and linking them to environmental and climatic variation 
is urgently needed to understand the complexities of species re-
sponses to past and future change. Interestingly, all suboscines 
in regions of high temperature seasonality are migratory, while 
regions of high precipitation seasonality exhibit a mixture of mi-
gratory and resident species. This suggests that, in this group at 
least, migration is an obligate response to temperature season-
ality, while migration due to precipitation seasonality is faculta-
tive. Although resident birds from other passerine groups occur 
in areas experiencing high fluctuations in temperature, most 
high-latitude suboscines are flycatchers (Tyrannidae). These 
are sallying insectivores that rely on insect activity for foraging 
and likely have no alternate strategies for surviving cold winters 
when insects are dormant (Sherry et al. 2020). In these species, 
therefore, migration serves as the best evolutionary strategy 
for avoiding the cold and barren winter conditions lacking in-
sects (Lack 1968; Chesser and Levey 1998; Bell 2000; Alerstam 
et al. 2003; Cresswell et al. 2011). This is consistent with the idea 
that, for birds with specialized diets, dietary guild may be a key 
predictor to understanding how migration evolves (Chesser and 
Levey 1998; Benson and Winker 2001). It also supports theoret-
ical frameworks positing that long-distance migration allows 
birds to experience the benefits associated with maintaining a 
consistent breeding territory while avoiding seasonal resource 
droughts (Winger et al. 2019), thereby maximizing their overall 
fitness.

In contrast, suboscines breeding in areas of high precipitation 
seasonality are more taxonomically diverse, belonging to 10 
families (Tyannidae, Pittidae, Rhinocryptidae, Grallariidae, 
Melanopareiidae, Furnariidae, Eurylaimidae, Thamnophilidae, 
Cotingidae, and Tityridae). They have a wider array of diets 
(Correa et al. 1990; Sillett et al. 1997; Zubkova and Korzun 2014; 
Buainain et  al.  2015; Greeney and Vargas-Jiménez  2017; 
Cataudela and Palacio  2021) and may have more options for 
coping with resource depletion in dry seasons, without under-
taking risky migrations. For example, opportunistic and inno-
vative foraging strategies give residents the ability to exploit 
dry environments by rapidly locating and obtaining resources, 
which improve their chances of survival during food shortages, 
without migrating (Sol et  al.  2005). Additionally, many birds 

have evolved behavioral and physiological adaptations to maxi-
mize their fitness in dry conditions, which range from avoiding 
strenuous activity during the heat of the day to reduce their heat 
load and water loss (Davies  1982) and the nonparticipation in 
aggressive or competitive interactions with other individuals 
(Thomas 1981), to adaptive heterothermy (Smit et al. 2013) and 
a tight regulation of metabolic pathways (Ribeiro et  al.  2019). 
Notably, however, all migrant species in areas of high precipi-
tation seasonality again belong to the Tyrannidae, which may 
be more dependent on insect activity than other suboscines. 
Representatives of the other families are all residents, indicat-
ing that there are other means for surviving dry conditions for 
these species. Regardless, avian responses to changes in climate, 
and in particular to changes in precipitation, are likely more 
granular than might be explained by breeding zone, migration 
strategy, location, or dietary guild alone. The evolution of migra-
tion in many cases may therefore be driven by combinations of 
species-specific factors.

To explore the sensitivity of our results, we coded migration 
using two methods (1) a categorical measure based on whether a 
species bred in temperate or tropical latitudes and (2) a categor-
ical measure of migration distance. The Tropics of Cancer and 
Capricorn provide clear thresholds for grouping taxa for the lati-
tudinal coding, while the migration distance measurement does 
not. Additionally, the distance-based coding method groups 
species that experience drastically different climates. Therefore, 
our analyses primarily examined migrants coded as either 
temperate-tropical or intratropical. However, the latitude-based 
method has some disadvantages. The range centroid might place 
species with wide latitudinal distributions in the tropics even if 
a majority of their range is in the temperate zone. We confirmed 
this was not an issue here, however, by manually examining 
the ranges of each species. Using a latitudinal categorization 
to test the effect of climate may also be somewhat circular be-
cause climate changes with latitude. However, we found highly 
concordant results using the two methods of coding migratory 
behavior (Figures S1 and S2), indicating that our results are ro-
bust to the different methodologies. The phylogenetic ANOVAs 
demonstrated all the same relationships between each climatic 
variable and migratory behavior, with only a few relationships 
showing weaker associations when using distance-based cod-
ing. Specifically, long-distance migrants did not differ from 
residents or short-distance migrants with the distance-based 
coding, whereas all three groups (residents, temperate-breeding 
migrants, tropical-breeding migrants) differed using the latitu-
dinal coding. This suggests that it is primarily the short-distance 
migrants that are impacted by precipitation seasonality, a result 
that does not conflict with our major conclusions and only adds 
nuance to the dynamics evident in the results from the latitudi-
nal coding. Key results, like a strong link between long-distance 
migrants and temperature seasonality versus the complex causal 
links to shorter-distance migrants in the PPA (Figure S2) were 
consistent with those from the latitudinal coding. We acknowl-
edge that migratory strategies are diverse, and any categoriza-
tion might conflate disparate movements (see Figure S3). Future 
work should focus on improved approaches to categorizing di-
verse behaviors into biologically meaningful groups.

The different environmental drivers of migration in temper-
ate- versus tropical-breeding suboscines implies that these 
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species may have different responses to future climatic change. 
Although migration in birds is generally plastic and evolution-
arily labile (Zink  2002, 2011), long-distance migration often 
involves highly specialized morphologies (Klaassen et al. 2012; 
Handby et  al.  2022) and may require a constrained set of ge-
netic variants at key genes (Gu et al. 2021), which could make 
it less flexible than shorter-distance migrations. Because of 
their more varied environmental drivers, migration in tropical 
systems could be more plastic in the face of changing climatic 
conditions. Perhaps tropical-breeding migrants might be able to 
switch more readily between migratory and resident strategies, 
given the high rate of loss of migration across the suboscine phy-
logeny and the large number of resident species already present 
in these areas.

Forecasting changes in migratory behavior is critical to pro-
tecting birds and the natural phenomenon that is avian migra-
tion. Our analysis of breeding range climate under two future 
climate change scenarios revealed that temperature seasonality 
is expected to decline for all suboscine species, regardless of mi-
gratory strategy. Greater temperature stability across the breed-
ing distribution will likely favor a decrease in the propensity to 
migrate and, on a longer evolutionary timescale, could promote 
the loss of migration in temperate-breeding migratory birds 
(Heldbjerg and Fox 2008).

Interestingly, changes in precipitation seasonality are much 
less uniform. Under the more optimistic climate scenario, SSP 
126, resident species will experience an increase in precipitation 
seasonality across their breeding distribution, while temper-
ate- and tropical-breeding migratory species will experience a 
slight decrease. Further, under SSP 370, a more severe climate 
scenario, precipitation seasonality is expected to decrease sub-
stantially across the breeding ranges of all suboscine species, 
regardless of migratory strategy. The projected increase in pre-
cipitation seasonality that will be experienced by resident spe-
cies under SSP 126 may favor an increase in migratory behavior, 
with some current resident, tropical-breeding species shifting 
to at least short-distance, intratropical migration (Williams and 
Middleton 2008; Sekercioglu 2010; Sekercioglu et al. 2012), as-
suming that they can evolve this migration strategy. In contrast, 
large decreases in precipitation seasonality could favor an over-
all decrease in migratory behavior. The divergent response of 
precipitation seasonality to different climate scenarios corrob-
orates our conclusion that shorter-distance, intratropical move-
ments are complex, making responses to future climate change 
challenging to predict.

Overall, it is evident that we expect to see changes in migratory 
behavior in response to climate change. The trajectories that 
migratory avifauna take in response to future climatic change 
will shape not only their outcomes, but also overall community 
structure (Carey 2009), ecosystem function (Morante-Filho and 
Faria 2020; Wilson et al. 2022; Zhang et al. 2023), and ecosystem 
services (Jourdain et  al.  2007; Pejchar et  al.  2018; Dvořáková 
et  al.  2023). While there are many unanswered questions re-
garding what thresholds of climatic change will trigger a change 
in migratory behavior and on what timescales these changes 
may occur, this work provides a foundation for our understand-
ing of how climate seasonality influences migration in a rapidly 
changing world.

Author Contributions

Emily X. Johns: conceptualization (equal), data curation (equal), for-
mal analysis (equal), investigation (equal), methodology (equal), project 
administration (equal), software (equal), validation (equal), visualization 
(equal), writing – original draft (lead), writing – review and editing (lead). 
Oscar Johnson: conceptualization (equal), data curation (equal), for-
mal analysis (equal), investigation (equal), methodology (equal), project 
administration (equal), resources (equal), software (equal), supervision 
(equal), validation (equal), visualization (equal), writing – review and 
editing (equal). Michael G. Harvey: conceptualization (equal), funding 
acquisition (equal), methodology (equal), project administration (equal), 
supervision (lead), validation (equal), writing – review and editing (equal).

Acknowledgements

We would like to thank Valentina Gómez-Bahamón, Ben Winger, 
Terry Chesser, and Marguerite Mauritz for their insight, feedback, 
and continued support during the development of this project. We also 
sincerely thank the reviewers for their constructive comments, which 
have significantly enhanced this manuscript. This research is funded 
by the National Science Foundation Division of Environmental Biology 
Grant No. 2203216 and the National Science Foundation Postdoctoral 
Research Fellowship in Biology No. DBI-2109841.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

All code and data are available on GitHub. After acceptance, all code 
will be archived at Zenodo and data will be archived at Dryad. https://​
doi.​org/​10.​5061/​dryad.​xgxd2​54s4.

References

Åkesson, S., and A. Hedeström. 2008. “How Migrants Get There: 
Migratory Performance and Orientation.” Bioscience 57, no. 2: 123–133.

Alerstam, T., A. Hedenström, and S. Åkesson. 2003. “Long-Distance 
Migration: Evolution and Determinants.” Oikos 103, no. 2: 247–260.

Aranzamendi, N. H., M. L. Hall, S. A. Kingma, M. van de Pol, and A. 
Peters. 2019. “Rapid Plastic Breeding Response to Rain Matches Peak 
Prey Abundance in a Tropical Savanna Bird.” Journal of Animal Ecology 
88: 1799–1811.

Avalos, V. d. R., and J. Hernández. 2015. “Projected Distribution Shifts 
and Protected Area Coverage of Range-Restricted Andean Birds Under 
Climate Change.” Global Ecology and Conservation 4: 459–469.

Barçante, L., M. M. Vale, and M. A. S. Alves. 2017. “Altitudinal Migration 
by Birds: A Review of Literature and a Comprehensive List of Species.” 
Journal of Field Ornithology 88, no. 4: 321–335.

Bell, C. P. 2000. “Process in the Evolution of Bird Migration and Pattern 
in Avian Ecogeography.” Journal of Avian Biology 31, no. 2: 258–265.

Bell, C. P. 2011. “Resource Buffering and the Evolution of Bird 
Migration.” Evolutionary Ecology 25, no. 1: 91–106.

Benson, A., and K. Winker. 2001. “Timing of Breeding Range Occupancy 
Among High-Latitude Passerine Migrants.” Auk 118, no. 2: 513–519.

Berthold, P. 1996. Control of Bird Migration. Chapman and Hall.

Berthold, P. 1999. “A Comprehensive Theory for the Evolution, Control 
and Adaptability of Avian Migration.” Ostrich 70, no. 1: 1–11.

BirdLife International and Handbook of the Birds of the World. 2022. 
“Bird Species Distribution Maps of the World. Version 2022.1.” http://​
dataz​one.​birdl​ife.​org/​speci​es/​reque​stdis​.

 20457758, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.71745 by U

niversity O
f T

exas E
l Paso, W

iley O
nline L

ibrary on [15/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.5061/dryad.xgxd254s4
https://doi.org/10.5061/dryad.xgxd254s4
http://datazone.birdlife.org/species/requestdis
http://datazone.birdlife.org/species/requestdis


11 of 14

Both, C., C. A. M. Van Turnhout, R. G. Bijlsma, H. Siepel, A. J. Van 
Strien, and R. P. B. Foppen. 2010. “Avian Population Consequences 
of Climate Change Are Most Severe for Long-Distance Migrants in 
Seasonal Habitats.” Proceedings of the Royal Society B 277: 1259–1266.

Boyle, W. A. 2006. “Why Do Birds Migrate? The Role of Food, Habitat, 
Predation and Competition.” ProQuest Dissertations & Theses Global; 
SciTech Premium Collection (305353870). https://​utep.​idm.​oclc.​org/​
login?​url=​https://​www.​proqu​est.​com/​disse​rtati​onsth​eses/​why-​do-​
birds​-​migra​te-​role-​food-​habit​at-​preda​tion/​docvi​ew/​30535​3870/​se-​2.

Boyle, W. A. 2017. “Altitudinal Bird Migration in North America.” Auk 
134, no. 2: 443–465.

Boyle, W. A., D. R. Norris, and C. G. Guglielmo. 2010. “Storms Drive 
Altitudinal Migration in a Tropical Bird.” Proceedings of the Royal 
Society B 277: 2511–2519.

Brawn, J. D., T. J. Benson, M. Stager, N. D. Sly, and C. E. Tarwater. 2016. 
“Impacts of Changing Rainfall Regime on the Demography of Tropical 
Birds.” Nature Climate Change 7: 133–136.

Brlík, V., V. Pakanen, T. Jaakkonen, et al. 2022. “Survival Fluctuation 
Is Linked to Precipitation Variation During Staging in a Migratory 
Shorebird.” Nature Scientific Reports 12: 19830. https://​doi.​org/​10.​1038/​
s4159​8-​022-​24141​-​5.

Buainain, N., M. L. Gaspar, and C. P. de Assis. 2015. “Detailed 
Description and Seasonal Variation in the Diet of the Silvery-Cheeked 
Antshrike Sakesphorus cristatus (Wied, 1831) (Aves: Thamnophilidae) 
in a Brazilian Semi-Arid Forest.” Revista Brasileira de Ornitologia 23, 
no. 4: 405–416.

Buchanan, M. L., R. A. Askins, and C. C. Jones. 2016. “Response of Bird 
Populations to Long-Term Changes in Local Vegetation and Regional 
Forest Cover.” Wilson Journal Of Ornithology 128, no. 4: 704–718.

Carey, C. 2009. “The Impacts of Climate Change on the Annual Cycles 
of Birds.” Philosophical Transactions of the Royal Society, B: Biological 
Sciences 364: 3321–3330.

Carrera, L., M. Pavia, and S. Varela. 2022. “Birds Adapted to Cold 
Conditions Show Greater Changes in Range Size Related to Past 
Climatic Oscillations Than Temperate Birds.” Scientific Reports 12: 
10813. https://​doi.​org/​10.​1038/​s4159​8-​022-​14972​-​7.

Cataudela, J. F., and F. X. Palacio. 2021. “Habitat and Phylogeny, but Not 
Morphology, Are Linked to Fruit Consumption in the Most Ecologically 
Diverse Bird Family, the Furnariidae.” Emu – Austral Ornithology 121, 
no. 4: 340–347.

Chesser, R. T. 1994. “Migration in South America: An Overview of the 
Austral System.” Bird Conservation International 4: 91–107.

Chesser, R. T., and D. J. Levey. 1998. “Austral Migrants and the 
Evolution of Migration in New World Birds: Diet, Habitat, and Migration 
Revisited.” American Naturalist 152, no. 2: 311–319.

Claramunt, S., E. P. Derryberry, J. V. Remsen Jr., and R. T. Brumfield. 
2012. “High Dispersal Ability Inhibits Speciation in a Continental 
Radiation of Passerine Birds.” Proceedings of the Royal Society B: 
Biological Sciences 279, no. 1733: 1567–1574.

Conklin, J. R., S. Lisovski, and P. F. Battley. 2021. “Advancement 
in Long-Distance Bird Migration Through Individual Plasticity in 
Departure.” Nature Communications 12: 4780. https://​doi.​org/​10.​1038/​
s4146​7-​021-​25022​-​7.

Correa, A., J. J. Armesto, R. P. Schlatter, R. Rozzi, and J. C. Torres-Mura. 
1990. “La Dieta Del Chucao (Scelorchilus rubecula), un Passeriforme 
Terrícola Endémico Del Bosque Templado Húmedo de Sudamérica 
Austral.” Revista Chilena de Historia Natural 63: 197–202.

Cox, G. W. 1968. “The Role of Competition in the Evolution of 
Migration.” Evolution 22, no. 1: 180–192.

Cresswell, K. A., W. H. Satterthwaite, and G. A. Sword. 2011. 
“Understanding the Evolution of Migration Through Empirical 

Examples.” In Animal Migration: A Synthesis, edited by E. J. Milner-
Gulland, J. M. Fryxell, and A. R. E. Sinclair, 6–16. Oxford University 
Press.

Currier, C. M., and O. E. Sala. 2022. “Precipitation Versus Temperature 
as Phenology Controls in Drylands.” Ecology 103, no. 11: e3793. https://​
doi.​org/​10.​1002/​ecy.​3793.

Davies, S. J. J. F. 1982. “Behavioral Adaptations of Birds to Environments 
Where Evaporation Is High and Water Is in Short Supply.” Comparative 
Biochemistry and Physiology 7, no. 4: 557–566.

de la Fuente, A., A. Navarro, and S. E. Williams. 2023. “The Climatic 
Drivers of Long-Term Population Changes in Rainforest Montane 
Birds.” Global Change Biology 29: 2132–2140.

Dingle, H. 2014. Migration: The Biology of Life on the Move. Oxford 
University Press.

Dvořáková, D., J. Šipoš, and J. Suchomel. 2023. “Impact of Agricultural 
Landscape Structure on the Patterns of Bird Species Diversity at a 
Regional Scale.” Avian Research 14: 100147. https://​doi.​org/​10.​1016/j.​
avrs.​2023.​100147.

Egevang, C., I. J. Stenhouse, R. A. Phillips, A. Petersen, J. W. Fox, and 
J. R. D. Silk. 2010. “Tracking of Arctic Terns Sterna paradisaea Reveals 
Longest Animal Migration.” Proceedings of the National Academy of 
Sciences of the United States of America 107, no. 5: 2078–2081.

Evans, S. R., and S. Bearhop. 2022. “Variation in Movement Strategies: 
Capital Versus Income Migration.” Journal of Animal Ecology 91: 
1961–1974.

Eyring, V., S. Bony, G. A. Meehl, et al. 2016. “Overview of the Coupled 
Model Intercomparison Project Phase 6 (CMIP6) Experimental Design 
and Organization.” Geoscientific Model Development 9, no. 5: 1937–1958.

Farnsworth, A., and G. Langham. 2022. “Tumbes Chat-Tyrant 
(Ochthoeca salvini), Version 1.1.” In Birds of the World, edited by S. M. 
Billerman. Cornell Lab of Ornithology. https://​doi.​org/​10.​2173/​bow.​
tumty​r2.​01.​1.

Fèvre, E. M., B. M. C. Bronsvoort, K. A. Hamilton, and S. Cleaveland. 
2006. “Animal Movements and the Spread of Infectious Diseases.” 
Trends in Microbiology 14, no. 3: 125–131.

Fick, S. E., and R. J. Hijmans. 2017. “WorldClim 2: New 1-Km Spatial 
Resolution Climate Surfaces for Global Land Areas.” International 
Journal of Climatology 37, no. 12: 4302–4315.

Flack, A., E. O. Aikens, A. Kölzsch, et al. 2022. “New Frontiers in Bird 
Migration Research.” Current Biology 32, no. 20: R1187–R1199.

Fogarty, F. A., D. R. Cayan, L. L. DeHaan, and E. Fleishman. 2020. 
“Associations of Breeding-Bird Abundance With Climate Vary Among 
Species and Trait-Based Groups in Southern California.” PLoS One 15, 
no. 3: e0230614. https://​doi.​org/​10.​1371/​journ​al.​pone.​0230614.

Fraser, K. C., B. J. M. Stutchbury, C. Silverio, et al. 2012. “Continent-
Wide Tracking to Determine Migratory Connectivity and Tropical 
Habitat Associations of a Declining Aerial Insectivore.” Proceedings of 
the Royal Society B: Biological Sciences 279, no. 1749: 4901–4906.

Fritz, S. A., K. A. Jønsson, J. Fjeldså, and C. Rahbek. 2012. 
“Diversification and Biogeographic Patterns in Four Island Radiations 
of Passerine Birds.” Evolution 66, no. 1: 179–190.

Gauthreaux, S. A. 1982. “Chapter 2: The Ecology and Evolution of Avian 
Migration Systems.” In Avian Biology, edited by D. S. Farner, J. R. King, 
and K. C. Parkes, 93–168. Academic Press.

Geissler, C., A. Davidson, and R. A. Niesenbaum. 2023. “The Influence 
of Climate Warming on Flowering Phenology in Relation to Historical 
Annual and Seasonal Temperature and Plant Functional Traits.” PeerJ 
11: e15188. https://​doi.​org/​10.​7717/​peerj.​15188​.

Gidden, M. J., K. Riahi, S. J. Smith, et  al. 2019. “Global Emissions 
Pathways Under Different Socioeconomic Scenarios for Use in CMIP6: 

 20457758, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.71745 by U

niversity O
f T

exas E
l Paso, W

iley O
nline L

ibrary on [15/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://utep.idm.oclc.org/login?url=https://www.proquest.com/dissertationstheses/why-do-birds-migrate-role-food-habitat-predation/docview/305353870/se-2
https://utep.idm.oclc.org/login?url=https://www.proquest.com/dissertationstheses/why-do-birds-migrate-role-food-habitat-predation/docview/305353870/se-2
https://utep.idm.oclc.org/login?url=https://www.proquest.com/dissertationstheses/why-do-birds-migrate-role-food-habitat-predation/docview/305353870/se-2
https://doi.org/10.1038/s41598-022-24141-5
https://doi.org/10.1038/s41598-022-24141-5
https://doi.org/10.1038/s41598-022-14972-7
https://doi.org/10.1038/s41467-021-25022-7
https://doi.org/10.1038/s41467-021-25022-7
https://doi.org/10.1002/ecy.3793
https://doi.org/10.1002/ecy.3793
https://doi.org/10.1016/j.avrs.2023.100147
https://doi.org/10.1016/j.avrs.2023.100147
https://doi.org/10.2173/bow.tumtyr2.01.1
https://doi.org/10.2173/bow.tumtyr2.01.1
https://doi.org/10.1371/journal.pone.0230614
https://doi.org/10.7717/peerj.15188


12 of 14 Ecology and Evolution, 2025

A Dataset Harmonized Emissions Trajectories Through the End of the 
Century.” Geoscientific Model Development 12, no. 4: 1443–1475.

Gómez-Bahamón, V., R. Márquez, A. E. Jahn, et al. 2020. “Speciation 
Associated With Shifts in Migratory Behavior in an Avian Radiation.” 
Current Biology 30, no. 7: 1312–1321.

Gonzalez-Voyer, A., and A. von Hardenberg. 2014. “An Introduction 
to Phylogenetic Path Analysis.” In Modern Phylogenetic Comparative 
Methods and Their Application in Evolutionary Biology, edited by L. 
Garamszegi, 201–219. Springer.

Greeney, H. F., and J. D. Vargas-Jiménez. 2017. “First Description 
of the Nest and Nestlings of the Thicket Antpitta (Hylopezus dives).” 
Ornitología Neotropical 28: 181–185.

Gu, Z., S. Pan, Z. Lin, et al. 2021. “Climate-Driven Flyway Changes and 
Memory-Based Long-Distance Migration.” Nature 591, no. 7849: 259–264.

Handby, T., J. Slezacek, S. Lupi, K. Colhoun, X. A. Harrison, and S. 
Bearhop. 2022. “Changes in Behaviour and Proxies of Physiology 
Suggest Individual Variation in the Building of Migratory Phenotypes 
in Preparation for Long-Distance Flights.” Frontiers in Ecology and 
Evolution 10: 749543. https://​doi.​org/​10.​3389/​fevo.​2022.​749534.

Harvey, M. G., G. A. Bravo, S. Claramunt, et al. 2020. “The Evolution 
of a Tropical Biodiversity Hotspot.” Science 370, no. 6522: 1343–1348.

Hayes, F. E. 1995. “Definitions for Migrant Birds: What Is a Neotropical 
Migrant?” Auk 112, no. 2: 521–523.

Heckscher, C. M., M. R. Halley, and P. M. Stampul. 2015. “Intratropical 
Migration of a Nearctic-Neotropical Migratory Songbird (Catharus 
fuscescens) in South America With Implications for Migration Theory.” 
Journal of Tropical Ecology 31, no. 3: 285–289.

Heckscher, C. M., S. M. Taylor, J. W. Fox, and V. Afanasyev. 2011. “Veery 
(Catharus fuscescens) Wintering Locations, Migratory Connectivity, 
and a Revision of Its Winter Range Using Geolocator Technology.” Auk 
128, no. 3: 531–542.

Heldbjerg, H., and T. Fox. 2008. “Long-term population declines in 
Danish trans-Saharan migrant birds.” Bird Study 55: 267–279.

Hsiung, A. C., W. A. Boyle, R. J. Cooper, and R. B. Chandler. 2018. 
“Altitudinal Migration: Ecological Drivers, Knowledge Gaps, and 
Conservation Implications.” Biological Reviews 93, no. 4: 2049–2070.

Illán, J. G., C. D. Thomas, J. A. Jones, W. Wong, S. M. Shirley, and M. G. 
Betts. 2014. “Precipitation and Winter Temperature Predict Long-Term 
Range-Scale Abundance Changes in Western North American Birds.” 
Global Change Biology 20: 3351–3364.

Ives, A., and D. Li. 2018. “rr2: An R Package to Calculate R^2s for 
Regression Models.” Journal of Open Source Software 3: 1028.

Jahn, A. E., S. P. Bravo, V. R. Cueto, D. J. Levey, and M. V. Morales. 
2012. “Patterns of Partial Avian Migration in Northern and Southern 
Temperate Latitudes of the New World.” Emu – Austral Ornithology 112, 
no. 1: 17–22.

Jahn, A. E., J. Cereghetti, V. R. Cueto, et al. 2019. “Breeding Latitude 
Predicts Timing but Not Rate of Spring Migration in a Widespread 
Migratory Bird in South America.” Ecology and Evolution 9: 5752–5765.

Jahn, A. E., V. R. Cueto, C. S. Fontana, et  al. 2020. “Bird Migration 
Within the Neotropics.” Auk 137: 1–23.

Jahn, A. E., D. J. Levey, J. A. Hostetler, and A. M. Mamani. 2010. 
“Determinants of Partial Bird Migration in the Amazon Basin.” Journal 
of Animal Ecology 79, no. 5: 983–992.

Jessen, T. D., N. C. Ban, N. X. Claxton, and C. T. Darimont. 2022. 
“Contributions of Indigenous Knowledge to Ecological and Evolutionary 
Understanding.” Frontiers in Ecology and the Environment 20, no. 2: 
93–101.

Jourdain, E., M. Gauthier-Clerc, D. J. Bicout, and P. Sabatier. 2007. 
“Bird Migration Routes and Risk for Pathogen Dispersion Into Western 

Mediterranean Wetlands.” Emerging Infectious Diseases 13, no. 4: 
365–372.

Klaassen, M., B. J. Hoye, B. A. Nolet, and W. A. Buttermer. 2012. 
“Ecophysiology of Avian Migration in the Face of Current Global 
Hazards.” Philosophical Transactions of the Royal Society, B: Biological 
Sciences 367, no. 1596: 1719–1732.

Klinner, T., and H. Schmaljohann. 2020. “Temperature Change Is 
an Important Departure Cue in Nocturnal Migrants: Controlled 
Experiments With Wild-Caught Birds in a Proof-Of-Concept Study.” 
Proceedings of the Royal Society B: Biological Sciences 287: 20201650. 
https://​doi.​org/​10.​1098/​rspb.​2020.​1650.

Kobuszewska, A., and B. Wysok. 2024. “Pathogenic Bacteria in Free-
Living Birds, and Its Public Health Significance.” Animals 14: 968. 
https://​doi.​org/​10.​3390/​ani14​060968.

Koleček, J., P. Adamik, and J. Reif. 2020. “Shifts in Migration Phenology 
Under Climate Change: Temperature vs. Abundance Effects in Birds.” 
Climate Change 159: 177–194.

Koleček, J., S. Hahn, T. Emmenegger, and P. Procházka. 2018. “Intra-Tropical 
Movements as a Beneficial Strategy for Palearctic Migratory Birds.” Royal 
Society Open Science 5, no. 1: 171675. https://​doi.​org/​10.​1098/​rsos.​171675.

Koleček, J., P. Procházka, N. El-Arabany, et al. 2016. “Cross-Continental 
Migratory Connectivity and Spatiotemporal Migratory Patterns in the 
Great Reed Warbler.” Journal of Avian Biology 47, no. 6: 756–767.

Koshelev, O., V. Koshelev, M. Fedushko, and O. Zhukov. 2021. “Annual 
Course of Temperature and Precipitation as Proximal Predictors of 
Birds' Responses to Climatic Changes on the Species and Community 
Level.” Folia Oecologica 48, no. 2: 118–135.

Krenhardt, K., J. Martinez-Padilla, D. Canal, et  al. 2024. “The Effect 
of Environmental Variation on the Relationship Between Survival and 
Risktaking Behaviour in a Migratory Songbird.” Journal of Evolutionary 
Biology 37: 566–576.

La Sorte, F. A., W. M. Hochachka, A. Farnsworth, A. A. Dhondt, and 
D. Sheldon. 2015. “The Implications of Mid-Latitude Climate Extremes 
for North American Migratory Bird Populations.” Ecosphere 7, no. 3: 
e01261. https://​doi.​org/​10.​1002/​ecs2.​1261.

Lack, D. 1968. “Bird Migration and Natural Selection.” Oikos 19: 1–9.

Lemke, H. W., M. Tarka, R. H. G. Klaassen, et al. 2013. “Annual Cycle 
and Migration Strategies of a Trans-Saharan Migratory Songbird: 
A Geolocator Study in the Great Reed Warbler.” PLoS One 8, no. 10: 
e79209. https://​doi.​org/​10.​1371/​journ​al.​pone.​0079209.

Lester, S. E., B. I. Ruttenberg, S. D. Gaines, and B. P. Kinlan. 2007. “The 
Relationship Between Dispersal Ability and Geographic Range Size.” 
Ecology Letters 10: 745–758.

Liang, J., Y. Peng, Z. Zhu, et  al. 2021. “Impacts of Changing Climate 
on the Distribution of Migratory Birds in China: Habitat Change and 
Population Centroid Shift.” Ecological Indicators 127: 107729. https://​
doi.​org/​10.​1016/j.​ecoli​nd.​2021.​107729.

MacArthur, R., and E. Wilson. 1967. The Theory of Island Biogeography. 
Princeton University Press.

MacPherson, M. P., A. E. Jahn, M. T. Murphy, et al. 2018. “Follow the 
Rain? Environmental Drivers of Tyrannus Migration Across the New 
World.” Auk 135: 881–894.

Mainwaring, M. C., A. Nord, and S. P. Sharp. 2021. “The Impact of 
Weather on the Behavior and Ecology of Birds.” Frontiers in Ecology and 
Evolution 9: 777478. https://​doi.​org/​10.​3389/​fevo.​2021.​777478.

Marra, P. P., C. M. Francis, R. S. Mulvihill, and F. R. Moore. 2005. “The 
Influence of Climate on the Timing and Rate of Spring Bird Migration.” 
Oecologia 142: 307–315.

McGowan, A., S. P. Sharp, and B. J. Hatchwell. 2004. “The Structure and 
Function of Nests of Long-Tailed Tits Aegithalos caudatus.” Functional 
Ecology 18: 578–583.

 20457758, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.71745 by U

niversity O
f T

exas E
l Paso, W

iley O
nline L

ibrary on [15/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.3389/fevo.2022.749534
https://doi.org/10.1098/rspb.2020.1650
https://doi.org/10.3390/ani14060968
https://doi.org/10.1098/rsos.171675
https://doi.org/10.1002/ecs2.1261
https://doi.org/10.1371/journal.pone.0079209
https://doi.org/10.1016/j.ecolind.2021.107729
https://doi.org/10.1016/j.ecolind.2021.107729
https://doi.org/10.3389/fevo.2021.777478


13 of 14

Meinhausen, M., Z. R. J. Nicholls, J. Lewis, et  al. 2020. “The Shared 
Socio-Economic Pathway (SSP) Greenhouse Gas Concentrations and 
Their Extensions to 2500.” Geoscientific Model Development 13, no. 8: 
3571–3605.

Milner-Gulland, E. J., J. M. Fryxell, and A. R. E. Sinclair. 2011. Animal 
Migration: A Synthesis. Oxford University Press.

Morante-Filho, J. C., and D. Faria. 2020. “An Appraisal of Bird-Mediated 
Ecological Functions in a Changing World.” Tropical Conservation 
Science 10, no. 1: 1–12.

NASA Earth Observations, and MODIS Land Science Team. 2001. 
“Vegetation Index [NDVI] (1 Month - Terra/MODIS).” https://​neo.​gsfc.​
nasa.​gov/​view.​php?​datas​etId=​MOD_​NDVI_​M&​year=​2001.

Neate-Clegg, M. H. C., T. R. Stanley, Ç. H. Şekercioğlu, and W. D. 
Newmark. 2021. “Temperature-Associated Decreases in Demographic 
Rates of Afrotropical Bird Species Over 30 Years.” Global Change 
Biology 27: 2254–2268.

Nolan, V., and E. D. Ketterson. 1990. “Timing of Autumn Migration and 
Its Relation to Winter Distribution in Dark-Eyed Juncos.” Ecology 71, 
no. 4: 1267–1278.

Öberg, M., D. Arlt, T. Pärt, A. T. Laugen, S. Eggers, and M. Low. 2014. 
“Rainfall During Parental Care Reduces Reproductive and Survival 
Components of Fitness in a Passerine Bird.” Ecology and Evolution 5, 
no. 2: 345–356.

Orme, D. 2013. “The Caper Package: Comparative Analysis of 
Phylogenetics and Evolution in R.” R Package Version 0.5, 2.

Paradis, E., and K. Schliep. 2019. “Ape 5.0: An Environment for Modern 
Phylogenetics and Evolutionary Analyses in R.” Bioinformatics 35, no. 
3: 526–528.

Pegan, T. M., J. S. Berv, E. Gulson-Castillo, A. A. Kimmitt, and B. M. 
Winger. 2024. “The Pace of Mitochondrial Molecular Evolution Varies 
With Seasonal Migration Distance.” Evolution 78, no. 1: 160–173.

Pejchar, L., Y. Clough, J. Ekroos, et  al. 2018. “Net Effects of Birds in 
Agroecosystems.” Bioscience 68: 896–904.

Pennell, M. W., J. M. Eastman, G. J. Slater, et  al. 2014. “Geiger v2.0: 
An Expanded Suite of Methods for Fitting Macroevolutionary Models to 
Phylogenetic Trees.” Bioinformatics 30, no. 15: 2216–2218.

Pinheiro, F., I. R. Diniz, D. Coelho, and M. P. S. Bandeira. 2002. 
“Seasonal Pattern of Insect Abundance in the Brazilian Cerrado.” 
Austral Ecology 27: 132–136.

Pörtner, H. O. 2002. “Climate Variations and the Physiological Basis of 
Temperature Dependent Biogeography: Systemic to Molecular Hierarchy 
of Thermal Tolerance in Animals.” Comparative Biochemistry and 
Physiology - A Molecular and Integrative Physiology 132, no. 4: 739–761.

R Core Team. 2021. R: A Language and Environment for Statistical 
Computing. R Foundation for Statistical Computing. https://​www.​R-​
proje​ct.​org/​.

Rappole, J. 1995. The Ecology of Migrant Birds: A Neotropical Perspective. 
Smithsonian Institution Scholarly Press.

Reid, T., H. Lada, K. E. Selwood, G. F. B. Horrocks, J. R. Thomson, and 
R. Mac Nally. 2022. “Responses of Floodplain Birds to High-Amplitude 
Precipitation Fluctuations Over Two Decades.” Austral Ecology 47: 
828–840.

Revell, L. J. 2012. “Phytools: An R Package for Phylogenetic Comparative 
Biology (And Other Things).” Methods in Ecology and Evolution 3, no. 
2: 217–233.

Ribeiro, Â. M., L. Puetz, N. B. Pattinson, et al. 2019. “31° South: The 
Physiology of Adaptation to Arid Conditions in a Passerine Bird.” 
Molecular Ecology 28: 3709–3721.

Rolland, J., F. Jiguet, K. A. Jønsson, F. L. Condamine, and H. 
Morlon. 2014. “Settling Down of Seasonal Migrants Promotes Bird 

Diversification.” Proceedings of the Royal Society B 281: 20140473. 
https://​doi.​org/​10.​1098/​rspb.​2014.​0473.

Rushing, C. S., J. A. Royle, D. J. Ziolkowski, and K. L. Pardieck. 2020. 
“Migratory Behavior and Winter Geography Drive Differential Range 
Shifts of Eastern Birds in Response to Recent Climate Change.” 
Proceedings of the National Academy of Sciences of the United States of 
America 117, no. 23: 12897–12903.

Santillán, V., M. Quitián, B. A. Tinoco, et al. 2018. “Spatio-Temporal Variation 
in Bird Assemblages Is Associated With Fluctuations in Temperature and 
Precipitation Along a Tropical Elevational Gradient.” PLoS One 13, no. 5: 
e0196179. https://​doi.​org/​10.​1371/​journ​al.​pone.​0196179.

Sekercioglu, C. H. 2007. “Conservation Ecology: Area Trumps Mobility 
in Fragment Bird Extinctions.” Current Biology 17, no. 8: R283–R286.

Sekercioglu, C. H. 2010. “Partial Migration in Tropical Birds: The 
Frontier of Movement Ecology.” Journal of Animal Ecology 79: 933–936.

Sekercioglu, C. H., R. B. Primack, and J. Wormworth. 2012. “The 
Effects of Climate Change on Tropical Birds.” Biological Conservation 
148: 1–18.

Shaw, A. K., and I. D. Couzin. 2013. “Migration or Residency? The 
Evolution of Movement Behavior and Information Usage in Seasonal 
Environments.” American Naturalist 181, no. 1: 114–124.

Sherry, T. W., C. M. Kent, N. V. Sánchez, and Ç. H. Şekercioğlu. 
2020. “Insectivorous Birds in the Neotropics: Ecological Radiations, 
Specialization, and Coexistence in Species-Rich Communities.” Auk 
137: 1–27.

Sillett, T. S., A. James, and K. B. Sillett. 1997. “Bromeliad Foraging 
Specialization and Diet Selection of Pseucolaptes lawrencii 
(Furnariidae).” Ornithological Monographs 48: 733–742.

Skagen, S. K., and A. A. Y. Adams. 2012. “Weather Effects on Avian 
Breeding Performance and Implications of Climate Change.” Ecological 
Applications 22, no. 4: 1131–1145.

Smit, B., C. T. Harding, P. A. R. Hockey, and A. E. McKechnie. 2013. 
“Adaptive Thermoregulation During Summer in Two Populations of an 
Arid-Zone Passerine.” Ecology 94, no. 5: 1142–1154.

Smith, B. T., J. E. McCormack, A. M. Cuervo, et al. 2014. “The Drivers of 
Tropical Speciation.” Nature 515: 406–409.

Sol, D., L. Lefebvre, and J. D. Rodríguez-Teijeiro. 2005. “Brain Size, 
Innovative Propensity and Migratory Behaviour in Temperate 
Palaearctic Birds.” Proceedings of the Royal Society B: Biological Sciences 
272, no. 1571: 1433–1441.

Somveille, M., A. Manica, and A. S. L. Rodrigues. 2019. “Where the 
Wild Birds Go: Explaining the Differences in Migratory Destinations 
Across Terrestrial Bird Species.” Ecography 42: 225–236.

Somveille, M., A. S. L. Rodrigues, and A. Manica. 2015. “Why Do 
Birds Migrate? A Macroecological Perspective.” Global Ecology and 
Biogeography 24: 664–674.

Stotz, D. F. 1996. Neotropical Birds: Ecology and Conservation. 
University of Chicago Press.

Studds, C. E., and P. P. Marra. 2011. “Rainfall-Induced Changes in Food 
Availability Modify the Spring Departure Programme of a Migratory 
Bird.” Proceedings of the Royal Society B 278: 3437–3443.

Stutchbury, B. J. M., R. Siddiqui, K. Applegate, et al. 2016. “Ecological 
Causes and Consequences of Intratropical Migration in Temperate-
Breeding Migratory Birds.” American Naturalist 188, no. Suppl 1: 
S28–S40.

Tablado, Z., P. Fauchald, G. Mabille, A. Stien, and T. Tveraa. 2014. 
“Environmental Variation as a Driver of Predator-Prey Interactions.” 
Ecosphere 5, no. 12: 1–13.

Tellería, J. L., J. Fernández-López, and G. Fandos. 2016. “Effect of 
Climate Change on Mediterranean Winter Ranges of Two Migratory 

 20457758, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.71745 by U

niversity O
f T

exas E
l Paso, W

iley O
nline L

ibrary on [15/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://neo.gsfc.nasa.gov/view.php?datasetId=MOD_NDVI_M&year=2001
https://neo.gsfc.nasa.gov/view.php?datasetId=MOD_NDVI_M&year=2001
https://www.r-project.org/
https://www.r-project.org/
https://doi.org/10.1098/rspb.2014.0473
https://doi.org/10.1371/journal.pone.0196179


14 of 14 Ecology and Evolution, 2025

Passerines.” PLoS One 11, no. 1: e0146958. https://​doi.​org/​10.​1371/​journ​
al.​pone.​0146958.

Thomas, D. H. 1981. “Daily Patterns of Behavior Compared Between 
Two Sand-Grouse Species (Aves: Pteroclididae) in Captivity.” Madoqua 
12, no. 4: 187–198.

Thuma, J. A., C. Duff, M. Pitera, N. Januario, C. M. Orians, and P. T. 
Starks. 2023. “Nutrient Enrichment and Rainfall Affect Plant Phenology 
and Floral Resource Availability for Pollinators.” Frontiers in Ecology 
and Evolution 11: 1150736. https://​doi.​org/​10.​3389/​fevo.​2023.​1150736.

Tobias, J. A., C. Sheard, A. L. Pigot, et al. 2022. “AVONET: Morphological, 
Ecological and Geographical Data for all Birds.” Ecology Letters 25, no. 
3: 581–597.

van der Bijl, W. 2018. “Phylopath: Easy Phylogenetic Path Analysis in 
R.” PeerJ 6: e4718. https://​doi.​org/​10.​7717/​peerj.​4718.

Viana, D. S., L. Gangoso, W. Bouten, and J. Figuerola. 2016. “Overseas 
Seed Dispersal by Migratory Birds.” Proceedings of the Royal Society B: 
Biological Sciences 283, no. 1822: 20152406. https://​doi.​org/​10.​1098/​
rspb.​2015.​2406.

Voelker, G., R. C. K. Bowie, and J. Klicka. 2013. “Gene Trees, Species 
Trees and Earth History Combine to Shed Light on the Evolution of 
Migration in a Model Avian System.” Molecular Ecology 22, no. 12: 
3333–3344.

Walker, R., S. M. Wilder, and A. L. González. 2020. “Temperature 
Dependency of Predation: Increased Killing Rates and Prey Mass 
Consumption by Predators With Warming.” Ecology and Evolution 10: 
9696–9706.

Williams, S. E., and J. Middleton. 2008. “Climatic Seasonality, Resource 
Bottlenecks, and Abundance of Rainforest Birds: Implications for 
Global Climate Change.” Diversity and Distributions 14: 69–77.

Wilson, S., H. Lin, R. Schuster, et  al. 2022. “Opportunities for the 
Conservation of Migratory Birds to Benefit Threatened Resident 
Vertebrates in the Neotropics.” Journal of Applied Ecology 59: 653–663.

Winger, B. M., G. G. Auteri, T. M. Pegan, and B. C. Weeks. 2019. “A 
Long Winter for the Red Queen: Rethinking the Evolution of Seasonal 
Migration.” Biological Reviews 94, no. 3: 737–752.

Winger, B. M., F. K. Barker, and R. H. Ree. 2014. “Temperate Origins 
of Long-Distance Seasonal Migration in New World Songbirds.” PNAS 
111, no. 33: 12115–12120.

Yong, D. L., Y. Liu, B. W. Low, C. P. Española, C.-Y. Choi, and K. 
Kawakami. 2015. “Migratory Songbirds in the East Asian-Australasian 
Flyway: A Review From a Conservation Perspective.” Bird Conservation 
International 25, no. 1: 1–37. https://​doi.​org/​10.​1017/​S0959​27091​
4000276.

Yu, G., D. K. Smith, H. Zhu, Y. Guan, and T. T. Y. Lam. 2017. “Ggtree: An 
r Package for Visualization and Annotation of Phylogenetic Trees With 
Their Covariates and Other Associated Data.” Methods in Ecology and 
Evolution 8, no. 1: 28–36.

Zaifman, J., D. Shan, A. Ay, and A. G. Jimenez. 2017. “Shifts in Bird 
Migration Timing in North American Long-Distance and Short-Distance 
Migrants Are Associated With Climate Change.” International Journal 
of Zoology 2017: 6025646. https://​doi.​org/​10.​1155/​2017/​6025646.

Zenzal, T. J., Jr., D. Johnson, F. R. Moore, and Z. Németh. 2023. “Local 
Weather and Endogenous Factors Affect the Initiation of Migration 
in Short- and Medium-Distance Songbird Migrants.” Journal of Avian 
Biology 2023, no. 3-4: e03029. https://​doi.​org/​10.​1111/​jav.​03029​.

Zhang, L., D. Takahashi, M. Hartvig, and K. H. Andersen. 2017. “Food-
Web Dynamics Under Climate Change.” Proceedings of the Royal Society 
B: Biological Sciences 284, no. 1867: 20171772. https://​doi.​org/​10.​1098/​
rspb.​2017.​1772.

Zhang, W., J. Wei, and Y. Xu. 2023. “Prioritizing Global Conservation 
of Migratory Birds Over Their Migration Network.” One Earth 6: 
1340–1349.

Zink, R. M. 2002. “Towards a Framework for Understanding the 
Evolution of Avian Migration.” Journal of Avian Biology 33: 433–436.

Zink, R. M. 2011. “The Evolution of Avian Migration.” Biological 
Journal of the Linnean Society 104: 237–250.

Zubkova, E. N., and L. P. Korzun. 2014. “Morphofunctional Aspects 
of the Trophic Specialization of the Frugivorous Green Broadbill 
Calyptomena viridis (Passeriformes, Eurylaimidae): A Comparative 
Analysis.” Biology Bulletin 41, no. 9: 788–800.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section.  

 20457758, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.71745 by U

niversity O
f T

exas E
l Paso, W

iley O
nline L

ibrary on [15/08/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1371/journal.pone.0146958
https://doi.org/10.1371/journal.pone.0146958
https://doi.org/10.3389/fevo.2023.1150736
https://doi.org/10.7717/peerj.4718
https://doi.org/10.1098/rspb.2015.2406
https://doi.org/10.1098/rspb.2015.2406
https://doi.org/10.1017/S0959270914000276
https://doi.org/10.1017/S0959270914000276
https://doi.org/10.1155/2017/6025646
https://doi.org/10.1111/jav.03029
https://doi.org/10.1098/rspb.2017.1772
https://doi.org/10.1098/rspb.2017.1772

	Migration Evolves in Response to Distinct Regimes of Climate Seasonality in Tropical Versus Temperate-Breeding Suboscine Birds
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Phylogenetic and Migration Data
	2.2   |   Climate and Habitat Data
	2.3   |   Evolutionary Reconstruction of Migration
	2.4   |   Comparative Analyses of Climate Seasonality and Migration
	2.5   |   Evaluation of Current Breeding Range Climates Under Future Climate Projections

	3   |   Results
	3.1   |   Climate Seasonality and Migration
	3.2   |   Causal Links Between Climate and Migration
	3.3   |   Geography of Seasonality
	3.4   |   Taxonomic Variation in Climate-Migration Associations
	3.5   |   The Influence of Climate Change on Breeding Range Climate

	4   |   Discussion
	Author Contributions
	Acknowledgements
	Conflicts of Interest
	Data Availability Statement
	References


