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Abstract (200 words) 1 

Climatic gradients are thought to shape animal body size, with larger species often occurring in 2 

colder environments. Yet trait-climate relationships may reflect current climatic exposure as well 3 

as the evolutionary and biogeographic histories that shaped species’ traits. Bergmann’s rule 4 

illustrates this challenge, and birds provide a useful test because seasonal migration decouples 5 

body size from climatic exposure across breeding and non-breeding seasons. We asked whether 6 

migration weakens the interspecific Bergmann’s rule pattern by reducing the negative temperature-7 

body mass slope, or whether migrants instead differ mainly in average body mass. We analysed 8 

body mass and seasonal range-climate data for over 10,000 bird species with phylogenetic linear 9 

models, comparing resident and migratory species under breeding- and non-breeding-season 10 

climate assignments. Body mass declined with temperature in both residents and migrants under 11 

both assignments. Migrants showed a slightly shallower slope, but support for a migrant-resident 12 

slope difference was limited. Instead, migrants were consistently smaller than residents after 13 

accounting for seasonal climatic exposure, and body mass was lower in migrants with larger 14 

seasonal temperature shifts. Thus, migration does not appear to erase Bergmann's rule in birds - 15 

migratory species retain a negative temperature-body mass relationship while showing a distinct 16 

shift toward smaller body size. 17 

(199/200) 18 
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Introduction 22 

Understanding how climate shapes species’ traits is central to explaining global biodiversity 23 

patterns and predicting biological responses to warming (Millien et al., 2006; Radchuk et al., 2019; 24 

Urban et al., 2024). Trait-climate relationships are often used to infer adaptation to environmental 25 

gradients, but such inference depends on how climatic exposure is assigned to species. This issue 26 

is especially important for species that experience different climates across the annual cycle, 27 

because climate summarized from breeding ranges, non-breeding ranges, or year-round ranges 28 

may carry different ecological or evolutionary meanings. Ecogeographical rules, including Allen’s 29 

rule (Allen, 1877), Bergmann’s rule (Bergmann, 1847), and Gloger’s rule (Delhey, 2019), provide 30 

well-known examples of morphology-climate relationships and have been revisited in the context 31 

of global climate change (Millien et al., 2006). The key question is not only whether morphology 32 

is associated with climate, but which climatic exposure is biologically relevant. 33 

Bergmann’s rule highlights this challenge. At the interspecific level, it describes a tendency for 34 

larger-bodied species to occur in colder or higher-latitude environments, yet its scope and 35 

mechanistic interpretation have long been debated (Bergmann, 1847; Blackburn et al., 1999; 36 

Salewski & Watt, 2017). The difficulty is that a temperature-body mass relationship among 37 

species does not necessarily imply independent adaptation to current thermal conditions, as closely 38 

related species may resemble one another in body size, climatic distributions, or both (Blomberg et 39 

al., 2003; Crisp & Cook, 2012; Peterson et al., 1999; Wiens & Graham, 2005). 40 

Birds have been a major focus of empirical tests of Bergmann’s rule, with studies investigating 41 

Bergmann’s rule-like temperature-body mass relationships across different taxonomic, geographic, 42 

and analytical scales (Frӧhlich et al., 2023; Meiri & Dayan, 2003; Olson et al., 2009). Yet seasonal 43 

movement complicates the interpretation of temperature-body mass associations in birds. 44 

Comparative studies often assign climate using annual range-wide summaries or breeding-range 45 

summaries (Frӧhlich et al., 2023; Mainwaring & Street, 2021; Oskyrko et al., 2026), but these 46 

choices can assume different evolutionary or ecological pressures when species experience 47 

different climates across the annual cycle.  48 

Recent global analyses of avian thermoregulatory morphology illustrate this problem: migratory 49 

species have sometimes been excluded from analyses because breeding-range climate alone does 50 

not capture temperatures experienced throughout the year (Baldwin et al., 2023). This matters as 51 

almost one in five bird species migrate (Somveille et al., 2013). Resident species generally occupy 52 

similar geographic ranges year-round, whereas migratory species move between breeding and non-53 

breeding ranges and can experience different climatic conditions across seasons. Particularly in 54 
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non-tropical regions, seasonal migration can allow species to avoid harsh conditions in their 55 

breeding ranges (Eyres et al., 2020; Somveille et al., 2019). This contrast provides a test of 56 

whether temperature-body mass associations primarily reflect current seasonal climatic exposure 57 

or broader evolutionary processes.  58 

59 
Figure 1. Hypothetical scenarios for using seasonal migration to interpret the interspecific 60 
temperature-body mass relationship. (A) If the temperature-body mass relationship is retained 61 
despite seasonal movement, migratory species are expected to show a negative relationship 62 
similar to that of resident species. Based on previous findings that migratory birds tend to be 63 
smaller than non-migratory birds, migratory species may also show a downward shift in average 64 
body mass relative to resident species at a given temperature (an average body-mass difference 65 
rather than part of the slope-based Bergmann’s rule pattern). (B) If the temperature-body mass 66 
relationship is weakened by seasonal movement, migratory species are expected to show a 67 
shallower negative relationship than resident species because migration can reduce exposure to 68 
cold conditions during part of the year. 69 

The resident-migrant contrast provides a way to test whether seasonal movement weakens the 70 

temperature-body mass relationship or whether the relationship is retained despite seasonal shifts 71 

in climatic exposure (Figure 1). Previous studies have examined whether migratory status is 72 

associated with conformity to Bergmann’s rule, but have produced mixed results (He et al., 2023; 73 

Mainwaring & Street, 2021; Meiri & Dayan, 2003). However, to our knowledge, no previous 74 

study has explicitly tested whether the inferred temperature-body mass relationship depends on 75 

whether climatic exposure for migratory species is derived from breeding or non-breeding 76 

distributions. In our framework, weaker conformity to Bergmann’s rule refers specifically to a 77 

shallower negative temperature-body mass slope in migratory species. At the same time, migratory 78 

birds may retain a similar slope to residents while differing in average body mass. Such an offset 79 
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in average body mass would not itself represent weaker conformity to Bergmann’s rule, but would 80 

indicate a migration-associated difference in body size independent of the temperature-body mass 81 

slope. This possibility is consistent with findings that migratory birds tend to be smaller than non-82 

migratory birds, a pattern often interpreted in relation to energetic, aerodynamic, and life-history 83 

constraints associated with sustained flight and seasonal movement (Alerstam et al., 2003; 84 

Hedenström, 2008; Soriano-Redondo et al., 2020). Separating these two possibilities allows us to 85 

ask whether migration weakens the temperature-body mass slope itself and whether it is also 86 

associated with an offset in average body mass independent of that slope. 87 

Temperature is the primary climatic axis in Bergmann’s rule, but it may not act in isolation. 88 

Precipitation can also contribute to body-size variation by reflecting broader ecological conditions 89 

such as water availability, productivity, habitat structure, and resource conditions (Ongman et al., 90 

2026; Yom-Tov & Geffen, 2011). Considering precipitation alongside temperature can clarify 91 

whether the temperature-body mass relationship is expressed consistently across wetter and drier 92 

climatic contexts or is modified by a second environmental axis. 93 

Here, we extend previous work on migration as a moderator of Bergmann’s rule by analysing 94 

more than 10,000 primarily terrestrial bird species under separate breeding- and non-breeding-95 

season climate assignments. This design allows us to ask whether the interspecific temperature-96 

body mass relationship depends on the seasonal climatic exposure assigned to migratory species or 97 

is retained despite seasonal movement. We ask (1) whether seasonal temperature is negatively 98 

associated with body mass, (2) whether migratory species show a shallower temperature-body 99 

mass slope than resident species and whether they differ in average body mass after accounting for 100 

seasonal climatic exposure, and (3) whether precipitation modifies the temperature-body mass 101 

relationship. If migration weakens the slope, this would support the view that seasonal exposure 102 

contributes to the observed Bergmann pattern. If the slope is retained in migratory species, this 103 

would suggest that current seasonal exposure alone is insufficient to explain the interspecific 104 

pattern. 105 
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Materials and methods 106 

This study follows a pre-registered protocol (https://doi.org/10.17605/OSF.IO/DSH2A). All data 107 

handling and analyses were conducted in R v. 4.6.0 (R Core Team, 2026), and the full datasets and 108 

analysis scripts are archived on Zenodo (https://doi.org/10.5281/zenodo.21687158). The main 109 

analytical workflow is summarized below, with full procedural details provided in the 110 

Supplementary Methods S1-S4. 111 

The biological comparison was between resident and migratory species. To assess whether this 112 

comparison depended on the seasonal climate assigned to migratory species, we created two 113 

climate-assignment datasets that differed in the seasonal climate given to migratory species. We 114 

then applied the same model structure to each dataset separately. In the breeding-season 115 

assignment, resident species were assigned climate from their year-round resident ranges, whereas 116 

migratory species were assigned climate from breeding ranges during the breeding-season 117 

window. In the non-breeding-season assignment, resident species retained the same year-round 118 

climate values, whereas migratory species were assigned climate from non-breeding ranges during 119 

the non-breeding-season window. Thus, the two datasets used the same species-level body-mass 120 

response and the same resident climate values; they differed only in the seasonal species 121 

distribution range and months used to summarize climate for migratory species. 122 

 123 

Data and species classification 124 

We obtained adult body mass from AVONET (Tobias et al., 2022). Species distribution polygons 125 

and their seasonal range categories, classified as resident, breeding, or non-breeding, were 126 

obtained from the Bird species distribution maps of the world, Version 2025.2 (BirdLife 127 

International & Handbook of the Birds of the World, 2025), accessed on 1 February 2026. 128 

Phylogenetic trees were obtained from McTavish et al. (2025) via the clootl package v.0.1.4 129 

(Miller et al., 2026). All data sources were standardized to the BirdLife International taxonomy 130 

(HBW and BirdLife Taxonomic Checklist v.10).  131 

We classified species as migratory or resident using the seasonal range categories in the BirdLife 132 

distribution polygons. A species was classified as migratory if at least one of its range polygons 133 

was designated as breeding or non-breeding. Species whose distributions contained only resident 134 

polygons were classified as resident. Species with both resident and season-specific polygons were 135 

classified as migratory at the species level because the main comparison asked whether any 136 

mapped seasonal movement was associated with the temperature-body mass relationship. Their 137 

resident polygons were nevertheless retained when estimating climatic exposure, as described 138 
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below. This classification identifies seasonal range movement represented in the BirdLife 139 

distribution maps, but does not distinguish partial migration, altitudinal migration, migration 140 

distance, or population-level variation in migratory behavior. 141 

We focused primarily on terrestrial and freshwater birds and excluded Procellariiformes and 142 

Sphenisciformes since the WorldClim dataset used does not cover marine areas and could not 143 

adequately characterize the climatic environments experienced by these predominantly marine 144 

orders. Freshwater and coastal waterbirds outside these orders were retained when they could be 145 

matched across data sources. We also excluded species that could not be matched across body 146 

mass, range, and phylogenetic sources, or for which seasonal climatic exposure could not be 147 

summarized under the rules described below. 148 

After these filters, the analytical datasets comprised 10,438 species under the breeding-season 149 

climate assignment and 10,431 species under the non-breeding-season climate assignment. Both 150 

analytical datasets included the same 8,624 resident species, with climate summarized from their 151 

year-round resident ranges. The breeding-season analytical dataset included 1,814 migratory 152 

species, and the non-breeding-season analytical dataset included 1,807 migratory species. Of these, 153 

1,805 migratory species had both breeding- and non-breeding-season climate summaries and were 154 

used in the within-migrant seasonal-shift analyses. Small differences in migratory sample size 155 

between the two analytical datasets resulted from the seasonal-window and overlap-handling rules, 156 

which are described in Supplementary Methods S1.2-S1.4. Further details on body-mass data, 157 

taxonomic standardisation, phylogenetic matching, species classification, and construction of the 158 

analytical datasets are provided in Supplementary Methods S2.1-S2.3. 159 
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 160 
Figure 2. Schematic overview of species-level seasonal climatic exposure assignment. (A) 161 
Construction of the breeding-season and non-breeding-season climate-assignment datasets for 162 
resident and migratory species. For resident species, both datasets were based on resident range 163 
polygons and climate values across all 12 months. For migratory species, the breeding-season 164 
dataset was based on breeding range polygons and the corresponding hemisphere-specific 165 
breeding-season window, whereas the non-breeding-season dataset was based on non-breeding 166 
range polygons and the corresponding non-breeding-season window. (B) Relevant range polygons 167 
were rasterized to occupied 0.2° cells. Climate values were aggregated to 1° grid-cell summaries 168 
and then combined into species-level summaries using the occupied 0.2° cells as area-based 169 
weights. (C) Seasonal windows used for resident and migratory species in the Northern and 170 
Southern Hemispheres. For migratory species whose distribution maps also included resident 171 
polygons, those polygons were retained and contributed year-round climate values to both 172 
climate-assignment datasets. 173 
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 174 

Seasonal climatic exposure 175 

For each species, we estimated seasonal climatic exposure as a range-area-weighted summary of 176 

monthly temperature and precipitation over the range polygons occupied during a specified 177 

seasonal window. Climate data came from WorldClim v2.1 (Fick & Hijmans, 2017), and spatial 178 

operations on range polygons and raster layers used the sf v.1.1-1 (Pebesma, 2018; Pebesma & 179 

Bivand, 2023) and terra v.1.9-27 (Hijmans et al., 2026) packages. 180 

The two climate assignments determined which range polygons and months contributed to each 181 

species-level climate summary (Figure 2). Under the breeding-season assignment, climate for 182 

resident species was summarized from resident ranges across all 12 months, whereas climate for 183 

migratory species was summarized from breeding ranges during the breeding-season window. 184 

Under the non-breeding-season assignment, climate for resident species was again summarized 185 

from resident ranges across all 12 months, whereas climate for migratory species was summarized 186 

from non-breeding ranges during the non-breeding-season window. Thus, the two assignments 187 

differed only in whether climatic exposure for migratory species was calculated from breeding 188 

ranges during the breeding-season window or from non-breeding ranges during the non-breeding-189 

season window. 190 

Some species classified as migratory also contained resident range polygons. For these species, 191 

resident polygons contributed year-round climate under both climate assignments, whereas 192 

breeding polygons contributed only under the breeding-season assignment, and non-breeding 193 

polygons contributed only under the non-breeding-season assignment. When range categories 194 

overlapped within the same grid cell, resident range occupancy was given precedence to avoid 195 

counting the same occupied area more than once. 196 

Seasonal windows were developed specifically for this study using WorldClim v2.1 monthly mean 197 

temperature data. Within each hemisphere, we examined monthly temperature profiles for the 198 

latitude bands listed in Table S1 and assigned a common breeding-season window to each band 199 

that approximately corresponded to the contiguous months with above-freezing mean 200 

temperatures. The remaining months were assigned to the complementary non-breeding-season 201 

window. Because above-freezing conditions occurred over fewer months at higher latitudes, the 202 

breeding-season windows became shorter toward the poles. These climate-based windows provide 203 

an operational approximation of broad seasonal exposure rather than species-specific breeding 204 

phenology. 205 
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Within each climate assignment, the relevant resident, breeding, or non-breeding range polygons 206 

were rasterised to occupied 0.2° cells (Figure 2B). For each occupied 1° grid cell, we first 207 

calculated monthly climate values across the occupied 0.2° cells contained within it. We then 208 

calculated each species-level climate summary as a weighted mean across its occupied 1° grid 209 

cells, where the weight assigned to each 1° cell was the number of occupied 0.2° cells it contained. 210 

Thus, 1° cells containing a larger proportion of the species’ mapped range contributed more to the 211 

species-level climate summary than partially occupied cells.  212 

For temperature, we summarized WorldClim monthly mean temperature within each seasonal 213 

window as three metrics: the lowest, average, and highest monthly mean temperature. The average 214 

of monthly mean temperature values within the seasonal window was the focal temperature metric, 215 

whereas the lowest and highest monthly mean values were examined in alternative candidate 216 

models. Mean monthly precipitation was included in all models. Full details of rasterization, 217 

range-overlap handling, seasonal-window definitions, and occupied-area weighting are provided in 218 

Supplementary Methods S1.1-S1.5.   219 

 220 

Statistical analysis  221 

We fitted species-level phylogenetic linear models using the phylolm package v.2.6.5 (Ho et al., 222 

2020; Ho & Ané, 2014), with Pagel’s λ used to model phylogenetic non-independence. The 223 

response variable was adult body mass, which was natural-log-transformed before analysis. Before 224 

model fitting, log body mass and all climatic predictors were z-standardized on a common scale 225 

across the two analytical datasets. 226 

The main models compared resident and migratory species separately under the breeding- and 227 

non-breeding-season climate assignments. These models tested whether body mass declined with 228 

seasonal temperature, whether the temperature-body mass slope differed between migratory and 229 

resident species, and whether migratory species differed from resident species in average body 230 

mass after accounting for seasonal climate. In these models, predictors were seasonal temperature, 231 

precipitation, migratory status, and their interactions, where specified. Resident species were the 232 

reference category. 233 

For each climate assignment, we fitted six pre-specified candidate models comparing resident and 234 

migratory species. These models used the three seasonal temperature metrics described above, 235 

each fitted either as a main-effects model or with all two-way interactions among temperature, 236 

precipitation, and migratory status. Under each climate assignment, the model with the lowest AIC 237 
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was used to report coefficients. Full candidate-model definitions are provided in Supplementary 238 

Methods S3.1-S3.2. 239 

All candidate models were fitted across 50 phylogenetic trees sampled from a pool of 100 trees. 240 

We compared models using AIC averaged across the 50 trees to account for phylogenetic 241 

uncertainty. Coefficients were pooled across trees using Rubin’s rules (Nakagawa & De 242 

Villemereuil, 2019) and summarized with Wald-Rubin 95% confidence intervals. Uncertainty in 243 

Pagel’s λ and in the variance components was estimated by parametric bootstrapping within each 244 

tree. Estimates were then pooled across trees on the logit scale for λ and on the log scale for 245 

variance components before back-transformation. Group-specific slopes for resident and migratory 246 

species were obtained from an equivalent nested re-parameterization. For interpretation, 247 

coefficients were converted from the standardized model scale to percentage change in body mass 248 

per 1 °C increase in temperature and per 100 mm/month increase in precipitation. Details are 249 

provided in Supplementary Methods S3.3-S3.5. Results under the alternative fixed seasonal-250 

window scenario are reported as a sensitivity analysis in Table S8. 251 

 252 

Seasonal-shift analyses within migratory species 253 

We conducted two additional analyses restricted to migratory species with both breeding- and non-254 

breeding-season climate summaries. First, we assessed how closely the two seasonal climate 255 

summaries corresponded within the same species. For each climate variable, we compared the 256 

non-breeding-season value with the breeding-season value and reported the raw Pearson 257 

correlation and a phylogenetically corrected slope of the non-breeding-season value on the 258 

breeding-season value, estimated under the same Pagel’s λ framework. We also summarised the 259 

mean seasonal shift in each climate variable as the non-breeding-season value minus the breeding-260 

season value. 261 

Second, we tested whether body mass was associated with the magnitude of seasonal climatic 262 

shifts experienced by migratory species. These analyses were restricted to migratory species 263 

because resident species were assigned the same year-round climate values under both climate 264 

assignments and therefore had no corresponding seasonal shift. For each migratory species, we 265 

calculated seasonal temperature shift as non-breeding-season mean temperature minus breeding-266 

season mean temperature, and seasonal precipitation shift as non-breeding-season mean 267 

precipitation minus breeding-season mean precipitation. We then fitted phylogenetic models of 268 

body mass including breeding-season temperature, breeding-season precipitation, seasonal 269 

temperature shift, and seasonal precipitation shift. We also fitted a shift-interaction model that 270 
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added the interaction between breeding-season temperature and seasonal temperature shift. These 271 

analyses used the same species-level seasonal climatic exposure summaries and phylogenetic 272 

modeling framework described in Supplementary Methods S1.5 and S3.1. 273 

 274 

Variance-decomposition check 275 

Finally, we conducted a variance-decomposition check to help interpret how much residual body-276 

mass variation remained phylogenetically structured after accounting for the fixed effects. Using 277 

the primary model fitted on a single consensus tree rescaled to unit tip height, we partitioned 278 

residual body-mass variance into phylogenetically structured, σ²λ, and non-phylogenetic, σ²(1 − λ), 279 

components based on Pagel’s λ (Freckleton et al., 2002; Pagel, 1999). We then compared nested 280 

models with and without the temperature-by-migration interaction, asking whether adding the 281 

interaction reduced either component of residual body-mass variation. Full details of the rationale, 282 

variance decomposition, and nested comparison are provided in Supplementary Methods S4.1-283 

S4.3. 284 

 285 

Pre-registered protocol and amendments 286 

We changed the analytical unit from species-cell observations to species-level observations to 287 

align the analysis with the registered interspecific question. In the registered species-cell design, 288 

the same species-level body-mass value would have been repeated across all occupied grid cells of 289 

a species. This would have created a mismatch between the level of the response variable and the 290 

level of climatic exposure, and could have conflated within-species spatial climate variation with 291 

between-species climate-body size associations. Aggregating cell-level exposure to species-level 292 

summaries aligned the unit of analysis with the interspecific estimand. The underlying seasonal 293 

range and climate processing were unchanged: cell-level exposure was still derived from the same 294 

BirdLife range polygons and WorldClim layers, then aggregated to the species level before model 295 

fitting. Consequently, we used a maximum-likelihood phylogenetic model instead of the originally 296 

planned Bayesian model. The biological aims, predictions, taxonomic scope, data sources, and 297 

seasonal-exposure framework were unchanged. The rationale for this amendment and its 298 

implications for the analytical framework are described in Supplementary Methods S4.4.  299 
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Results 300 

Mean monthly temperature was the best-supported temperature metric under both climate 301 

assignments. In both cases, the lowest-AIC model included mean monthly temperature, 302 

precipitation, migratory status, and all two-way interactions among these predictors (Table S2). 303 

Because the two assignments yielded similar estimates of direction, magnitude, and statistical 304 

support, we present the breeding-season assignment in the main text and in Figure 3. The 305 

corresponding non-breeding-season results are reported in Figure S1 and Tables S3-S5. 306 

 307 

Figure 3. Relationships between body mass and climatic exposure under the breeding-season climate 308 
assignment. Panels show mean monthly temperature exposure (A) and mean monthly precipitation 309 
exposure (B). Under this assignment, resident species were assigned climatic exposure from resident 310 
range polygons across all 12 months. Migratory species were assigned climatic exposure from 311 
breeding-range polygons during the breeding-season window; for migratory species that also had 312 
resident-range polygons, those resident polygons were retained and contributed year-round climatic 313 
exposure. Points show species-level body mass against each climatic predictor on its original scale, 314 
with body mass shown on a logarithmic scale. Point size is proportional to each species' phylogenetic 315 
weight in the model, so that large-bodied, evolutionarily isolated lineages, which carry most of the 316 
independent information in the phylogenetic fit, are emphasized, while species in densely sampled 317 
clades are de-emphasized. Solid lines show fitted relationships from the primary phylogenetic linear 318 
model for resident and migratory species, with the other climatic predictor held at its species-level 319 
mean. Dashed lines and shaded wedges show 95% confidence intervals for the fitted relationships. 320 
Colours indicate resident species in green and migratory species in yellow. 321 
 322 
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Temperature, migration, and body mass 323 

In resident species, each 1 °C higher mean temperature exposure corresponded to an estimated 324 

1.02% lower body mass (β = -0.040, 95% confidence interval [-0.049, -0.030]; Figure 3A; Table 325 

S3). In migratory species, each 1 °C higher temperature exposure corresponded to an estimated 326 

0.74% lower body mass (β = -0.029, 95% CI [-0.041, -0.016]; Figure 3A; Table S3). The migrant-327 

resident difference in the temperature-body mass slope was not significant (β = 0.011, 95% CI [-328 

0.002, 0.024]; Table S4). Adding the temperature-by-migration term alone to the corresponding 329 

main-effects model also did not improve model support (ΔAIC = 0.90; Table S2). Migratory 330 

species differed more clearly from residents in average body mass. When temperature and 331 

precipitation were held at their overall species-level means, migratory species were estimated to be 332 

4.57% smaller than resident species (β = -0.030, 95% CI [-0.049, -0.011]; Table S3). 333 

 334 

Precipitation 335 

Body mass increased with mean precipitation in resident species, by an estimated 3.18% per 100 336 

mm/month increase in precipitation exposure (β = 0.014, 95% CI [0.008, 0.021]; Figure 3B; Table 337 

S3). In migratory species, the corresponding precipitation slope was close to zero, with a 95% CI 338 

spanning both negative and positive values (0.63%; β = 0.003, 95% CI [-0.015, 0.021]; Figure 3B; 339 

Table S3). The 95% CI for the temperature-by-precipitation interaction narrowly included zero (β 340 

= 0.007, 95% CI [-0.00003, 0.014]; Tables S3 and S4), and the precipitation-by-migration 341 

interaction also had a confidence interval spanning zero (β = -0.012, 95% CI [-0.031, 0.008]; Table 342 

S4). 343 

 344 

Phylogenetic structure 345 

After accounting for seasonal climate, migratory status, and their interactions, residual body-mass 346 

variation remained strongly phylogenetically structured. Under the breeding-season climate 347 

assignment, Pagel's λ was 0.989 (95% CI [0.980, 0.994]; Table S5). The phylogenetic standard 348 

deviation was 0.904 (95% CI [0.680, 1.202]), whereas the non-phylogenetic standard deviation 349 

was 0.095 (95% CI [0.086, 0.105]) on the standardized scale. The non-phylogenetic component 350 

accounted for approximately 1% of the residual variance. 351 

 352 

Seasonal-shift analyses within migratory species 353 

The breeding- and non-breeding-season climate summaries were correlated within migratory 354 

species. For mean monthly temperature, the Pearson correlation between the two climate 355 

summaries was 0.75 (95% CI [0.73, 0.77]), and the phylogenetically corrected slope of the non-356 
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breeding-season climate summary on the breeding-season climate summary was 0.70 (Table S6). 357 

For mean monthly precipitation, the Pearson correlation was 0.72 (95% CI [0.70, 0.74]), and the 358 

corresponding phylogenetically corrected slope was 0.71 (Table S6). 359 

On average, migratory species experienced warmer temperatures during the non-breeding season 360 

than during the breeding season. Mean monthly temperature increased from 14.74 °C to 16.76 °C, 361 

giving a mean seasonal shift of +2.03 °C. Coldest-month temperature increased from 4.38 °C to 362 

11.07 °C, giving a mean seasonal shift of +6.68 °C. Mean monthly precipitation changed from 363 

76.98 to 74.04 mm/month, giving a mean seasonal shift of -2.95 mm/month (Table S6). Seasonal 364 

shifts were calculated only for migratory species, as resident species had identical climate values 365 

under both assignments. The analysis does not compare shifts or climatic extremes between 366 

resident and migratory species.  367 

Within migratory species, seasonal temperature shift was associated with body mass. In the within-368 

migrant mean-temperature model, species whose non-breeding ranges were warmer relative to 369 

their breeding ranges had lower body mass after accounting for breeding-season temperature and 370 

precipitation (β = -0.038, 95% CI [-0.054, -0.023]; Table S7). The coldest-month sensitivity model 371 

showed the same pattern, with a larger estimated magnitude (β = -0.057, 95% CI [-0.075, -0.039]; 372 

Table S7). Seasonal precipitation shift was not clearly associated with body mass in either model 373 

(mean-temperature model: β = 0.003, 95% CI [-0.011, 0.016]; coldest-month model: β = 0.0003, 374 

95% CI [-0.013, 0.013]; Table S7).  375 

 376 

Discussion 377 

Seasonal migration did not clearly weaken the interspecific avian Bergmann's rule pattern. Body 378 

mass declined with increasing seasonal temperature in both resident and migratory species, and 379 

this negative temperature-body mass relationship was retained under both the breeding- and non-380 

breeding-season climate assignments. Although the estimated slope was slightly shallower in 381 

migratory species, the migrant-resident difference in slope was small and weak, and the 382 

temperature-by-migration term did not improve model support when added on its own. 383 

Precipitation provided a secondary climatic context: body mass tended to increase with 384 

precipitation in resident species, and there was weak support that precipitation modified the 385 

temperature-body mass association. Yet, precipitation did not alter the main conclusion that 386 

migratory species retained a negative temperature-body mass relationship. Thus, precipitation 387 

should not be interpreted as an alternative explanation for the persistence of the temperature-body 388 

mass relationship, but as a variable that captures broader environmental conditions associated with 389 
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that pattern. Precipitation is unlikely to represent a single mechanism, because it can covary with 390 

water availability, productivity, habitat structure, and resource availability, each of which may 391 

influence body size through different pathways (Nwaogu et al., 2018; Ongman et al., 2026; Yom-392 

Tov & Geffen, 2011; Watson & Kerr, 2025). 393 

Migration was associated more clearly with average body size than with a flattening of the 394 

temperature-body mass relationship. Previous studies have reached different conclusions about 395 

whether migratory birds show weaker or stronger conformity to Bergmann’s rule. A worldwide 396 

review of intraspecific patterns and a regional interspecific analysis both suggested weaker 397 

conformity among migratory than sedentary birds, whereas a global interspecific analysis found 398 

stronger conformity among migratory species (He et al., 2023; Mainwaring & Street, 2021; Meiri 399 

& Dayan, 2003). These findings are not directly comparable because they differ in analytical scale, 400 

the level of biological variation examined, and the climatic or geographic predictors used. Our 401 

analysis distinguishes two conceptually separate quantities: the temperature-body mass slope and 402 

the average body-mass difference between migratory and resident species. Migratory species 403 

retained a negative temperature-body mass relationship but were smaller than resident species after 404 

accounting for seasonal climatic exposure. The smaller average size of migratory species is 405 

consistent with energetic and aerodynamic constraints on sustained flight, annual-cycle 406 

scheduling, and broader life-history differences between migratory and resident birds (Alerstam et 407 

al., 2003; Hedenström, 2008; Soriano-Redondo et al., 2020). 408 

Among migratory species, those whose non-breeding-season temperatures were warmer relative to 409 

their breeding-season temperatures also had lower body mass. This seasonal contrast is broadly 410 

consistent with Dufour et al. (2020), who found that long-distance migrants tended to occupy 411 

warmer thermal niches during the non-breeding season than during the breeding season. Our result 412 

suggests that the seasonal climate experienced by migratory species is relevant to body-size 413 

variation, although the underlying mechanism remains unclear. Nevertheless, the retention of the 414 

Bergmann pattern in migratory species suggests that current seasonal exposure alone is unlikely to 415 

explain the temperature-body mass relationship. If body size remains associated with climate even 416 

when migratory species alter their seasonal exposure, the interspecific pattern may reflect a 417 

broader historical link among body size, climatic niches, and migration. 418 

One possibility is that climate-associated body-size variation predates the present migratory 419 

regimes of at least some avian lineages. Under this Bergmann-first scenario, an association 420 

between colder climatic occupation and larger body size evolved first, and subsequent changes in 421 

migratory behaviour altered annual-cycle exposure without erasing that older association. The 422 
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temporal sequence may differ among clades, however, since migratory behaviour has arisen and 423 

been lost repeatedly across avian evolution (Dufour et al., 2020). This Bergmann-first scenario is 424 

consistent with phylogenetic niche conservatism and temperate-origin scenarios for the evolution 425 

of migration (Crisp & Cook, 2012; Peterson et al., 1999; Wiens & Graham, 2005; Winger et al., 426 

2014). A second possibility is evolutionary lag or inertia. In this scenario, the temperature-body 427 

mass association also predates the current seasonal exposure of migratory species, but the 428 

emphasis is on delayed trait tracking: seasonal migration or range shifts changed the climates 429 

experienced across the annual cycle, while body size retained an inherited association because its 430 

evolution was constrained by stabilizing selection, developmental architecture, or correlated 431 

ecological traits (Blomberg et al., 2003; Hansen, 1997; Revell et al., 2008). A third possibility is 432 

that there was no simple temporal sequence, because body size, climatic niche, geographic range, 433 

and migration evolved together as lineages encountered and persisted in seasonal environments 434 

(Cox, 1985; Winger et al., 2019). Together, these results suggest that seasonal climate contributes 435 

to avian body-size variation, but that present-day seasonal exposure alone is unlikely to explain the 436 

persistence of the interspecific temperature-body mass relationship. 437 

Several limitations qualify these conclusions. First, our seasonal exposure contrast was coarse. 438 

Breeding- and non-breeding-season exposure estimates were correlated among migratory species, 439 

and migratory species shifted only partially toward milder conditions outside the breeding season. 440 

The agreement between the two climate assignments should be interpreted as robustness to a 441 

partial change in exposure, rather than as two independent tests of a fully distinct exposure 442 

contrast. In addition, climatic exposure was summarised differently for residents and migrants 443 

within each assignment: annual exposure for residents, but season-specific exposure for migrants. 444 

This difference follows from the biological contrast we aimed to test, but it also means that 445 

resident and migratory species were not assigned climatic exposure in exactly the same way. 446 

Second, the temperature-by-migration interaction was difficult to resolve. High phylogenetic 447 

dependence in body mass and the binary treatment of migration limited the independent 448 

information available for estimating migrant-resident differences in slope. The confidence interval 449 

for the slope difference was compatible with both negligible and modest migrant-resident 450 

differences, and should not be interpreted as evidence that resident and migratory species have 451 

identical slopes. Migration was also treated as a binary species-level category, which cannot 452 

capture partial migration, altitudinal migration, migration distance, population-level variation in 453 

migratory behaviour, migratory routes, stopover conditions, or the climates experienced by 454 

individual birds. Finally, each species was represented by an average adult body-mass estimate, 455 

whereas climatic exposure was summarised from long-term climate data over species’ seasonal 456 
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ranges. The body-mass and climate data were therefore not temporally matched, which may have 457 

introduced additional variation into the estimated climate-body mass relationships. A more direct 458 

test would combine migration distance, annual-cycle timing, tracking data, population-level body-459 

size data, and temporally matched morphological and climate data to assess whether migration 460 

modifies body-size responses at finer spatial, temporal, and biological scales than global range-461 

level summaries can capture. 462 

 463 

Conclusion 464 

We found that migratory species retained a negative temperature-body mass relationship under 465 

both breeding- and non-breeding-season climate assignments, but differed from residents more 466 

clearly in average body size. Migratory species were smaller than residents after accounting for 467 

seasonal climatic exposure, and within the migratory group, body mass was lower in species 468 

experiencing larger seasonal temperature shifts. Precipitation provided a secondary climatic 469 

context, but did not alter the main conclusion. Thus, seasonal climate helps define the relevant 470 

ecological context, but the persistence of the temperature-body mass relationship in migratory 471 

species indicates that this pattern is not solely attributable to current seasonal exposure. This 472 

distinction is important in the context of climate change, because spatial trait-climate associations 473 

are often used to infer how traits may respond to warming (Radchuk et al., 2019; Urban et al., 474 

2024). Our results suggest that such inferences should be made cautiously: even when body size is 475 

associated with current climate, the pattern may also reflect seasonal exposure, shared 476 

evolutionary history, historical biogeography, and life history. 477 
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Supplementary materials 

Supplementary Methods S1. Detailed protocol for assigning seasonal climatic exposure 

This section provides the detailed protocol used to assign seasonally explicit climatic exposure to 

each species. The protocol follows the pre-registered seasonal-exposure framework, with one 

amendment: cell-level climatic exposure was aggregated to species-level summaries before model 

fitting, because the response variable, adult body mass, was available at the species level. 

 

S1.1 Spatial domain and rasterisation 

Geographic range polygons were obtained from BirdLife International Datazone (accessed on 1 

February 2026) and rasterised separately for each species and seasonality category.  

Vector and raster operations used the sf v.1.1-1 (Pebesma, 2018; Pebesma & Bivand, 2023) and 

terra v.1.9-27 (Hijmans et al., 2026) packages. We used native resident, breeding, and 

non-breeding range categories to define the seasonal spatial domains. Introduced, reintroduced, 

and passage areas were excluded. 

 

Range polygons were rasterised to a common 0.2° analysis grid. These fine-scale occupied cells 

were then aggregated to 1° cells as an intermediate processing step for constructing species-level 

climatic exposure summaries. The 1° aggregation reduced the number of spatial units by 

approximately 25-fold while retaining information on the spatial distribution of occupied range 

area. For reference, 1° corresponds to approximately 111 km in latitude, although the east-west 

distance represented by 1° longitude decreases with latitude. 

 

Hemisphere was assigned at the 0.2° cell level based on latitude. Cells with latitude ≥ 0 were 

assigned to the Northern Hemisphere, and cells with latitude < 0 were assigned to the Southern 

Hemisphere. 

 

S1.2 Seasonal time windows 

The primary analyses used a variable temporal scenario in which breeding and non-breeding 

windows varied among latitude bands within each hemisphere. These windows were developed 

specifically for this study using WorldClim v2.1 monthly mean temperature data. For each latitude 

band listed in Table S1, we examined the monthly temperature profile and identified an 

approximate contiguous period with above-freezing mean temperatures. This period was assigned 

as the common breeding-season window for records within that latitude band, and the remaining 
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months were assigned as the complementary non-breeding-season window. This procedure 

resulted in shorter breeding-season windows at higher latitudes, where above-freezing conditions 

occurred over fewer months. 

 

We also retained an alternative fixed temporal scenario as a sensitivity analysis. In this scenario, 

breeding and non-breeding windows were constant within each hemisphere. Results under this 

scenario are reported in Table S8. Resident records were assigned the annual window, that is, all 

12 months, under both temporal scenarios. The month sets used under the primary variable 

temporal scenario and the alternative fixed temporal scenario are reported in Supplementary Table 

S1. 

 

Monthly climatic data were obtained from WorldClim v2.1 (Fick & Hijmans, 2017), which 

represents long-term climatic averages for 1970 to 2000. For temperature, we used monthly mean 

temperature values. Within each assigned seasonal window, we derived three alternative 

temperature summaries: the lowest, average, and highest monthly mean temperatures. These 

summaries describe the coldest, average, and warmest monthly mean conditions within the 

seasonal window, rather than the monthly minimum or maximum air temperature. The average 

monthly mean temperature was the focal metric in the main text, whereas the lowest and highest 

monthly mean temperature summaries were examined in alternative candidate models. For 

precipitation, we calculated mean monthly precipitation across the assigned monthly window and 

included this precipitation summary in all candidate models. 

 

S1.3 Overlap-handling rules 

BirdLife International range polygons may assign multiple seasonality categories to the same 

species and grid cell. For example, a species-cell may contain resident and breeding records, or 

breeding and non-breeding records. Overlap resolution was performed at the species × 1° cell level 

after climate filtering, using the following pre-specified rules. 

 

Resident precedence: If at least one resident record was present within a species and 1° cell, that 

species-cell was classified as resident, regardless of whether breeding and/or non-breeding records 

were also present. 

 

Breeding and non-breeding overlap without resident: If resident records were absent but both 

breeding and non-breeding records were present within the same species and 1° cell, the 

species-cell was classified as an overlapping breeding and non-breeding cell. These cells were 
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assigned according to the focal seasonal model set. They were treated as breeding cells in the 

breeding-season model set and as non-breeding cells in the non-breeding-season model set. 

 

Breeding only: If breeding records were present but resident and non-breeding records were 

absent, the species-cell was classified as breeding. 

 

Non-breeding only: If non-breeding records were present but resident and breeding records were 

absent, the species-cell was classified as non-breeding. 

 

These rules were designed to keep the seasonal classification deterministic and reproducible. 

Resident records were given precedence because they indicate year-round occupancy of the cell. 

Breeding and non-breeding overlap was retained only when resident records were absent, and such 

cells were resolved according to the focal seasonal model set. 

 

S1.4 Species classification and seasonal model sets 

Species-level migratory status was assigned from the original BirdLife International seasonality 

categories before cell-level overlap resolution. Species with any range polygon categorised as 

breeding or non-breeding were classified as migratory, whereas species represented only by 

resident range polygons were classified as resident. 

 

We constructed two seasonal model sets. In the breeding-season model set, resident species 

contributed annual climatic exposure from resident cells, whereas migratory species contributed 

breeding-season exposure from breeding cells, including overlapping breeding and non-breeding 

cells resolved as breeding. In the non-breeding-season model set, resident species again 

contributed annual climatic exposure from resident cells, whereas migratory species contributed 

non-breeding-season exposure from non-breeding cells, including overlapping breeding and 

non-breeding cells resolved as non-breeding. 

 

This structure allowed residents and migrants to be compared within the same seasonal model sets 

while assigning climatic exposure according to each group’s range use. Resident species were 

represented by their year-round resident range in both seasonal model sets. Migratory species were 

represented by their breeding range in the breeding-season model set and by their non-breeding 

range in the non-breeding-season model set. 
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S1.5 Aggregation to species-level climatic exposure summaries 
Before model fitting, cell-level climatic exposure values were aggregated to species-level 

summaries. Aggregation was performed separately for each species, seasonal climate dataset, 

temporal scenario, and temperature metric. 

 

For each species and seasonal climate dataset, aggregation was based on the retained occupied 1° 

cells after applying the seasonal-window and overlap-handling rules described above. 

Species-level climatic exposure was calculated as a weighted mean across retained 1° cells, using 

the number of contributing occupied 0.2° cells within each 1° cell as weights. Thus, 1° cells 

representing a larger underlying occupied range area contributed proportionally more to the 

species-level climatic exposure estimate. 

 

This weighting was intended to approximate climatic exposure across the occupied range area 

while keeping the final statistical analysis at the species level. For each species and seasonal 

climate dataset, temperature summaries were calculated separately for the lowest, average, and 

highest monthly mean temperature metrics. Precipitation was represented as mean monthly 

precipitation. 

Supplementary Methods S2. Species matching, phylogeny, and analytical datasets 

S2.1 Body mass data and taxonomic standardisation 

Adult body mass data were obtained from AVONET and treated as species-level estimates of adult 

body size. Body mass was natural-log transformed before analysis. Taxonomic names were 

harmonized across the body mass, geographic range, and phylogenetic data sources before the 

analytical datasets were assembled. Because climatic exposure was derived from BirdLife 

International range polygons, the HBW and BirdLife Taxonomic Checklist v10 served as the 

reference taxonomy. Body mass and phylogenetic records were first matched automatically to this 

taxonomy. Records that could not be matched automatically were then reviewed manually against 

Avibase (https://avibase.bsc-eoc.org/avibase.jsp). This manual review involved 1,230 of the 

10,970 species and primarily addressed recent changes in generic classification. Original and 

resolved taxonomic keys are archived with the data, providing a traceable record of each manual 

decision. Species without a unique match across the body mass, range, and phylogenetic data after 

this procedure were excluded from the final analytical datasets. 

 

We focused on extant, primarily terrestrial bird species. Predominantly marine species were 

excluded because their ecology and the selective pressures shaping body-size variation may differ 
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from those of primarily terrestrial birds. Specifically, species in Procellariiformes and 

Sphenisciformes were excluded. After excluding these species and species that could not be 

matched across data sources, the final analytical datasets comprised 10,438 species in the 

breeding-season set and 10,431 species in the non-breeding-season set, of which 8,624 were 

resident and 1,814 and 1,807 were migratory in the breeding- and non-breeding-season sets, 

respectively. Of these, 1,805 migratory species had valid exposure summaries in both seasonal sets 

and were used in the within-migrant analyses. Nine migratory species occurred in the 

breeding-season set, but not the non-breeding-season set, and two occurred in the 

non-breeding-season set but not the breeding-season set, after applying the seasonal-window and 

overlap-handling rules. 

 

S2.2 Phylogenetic data 

To account for shared evolutionary history and phylogenetic uncertainty, we used avian 

phylogenetic trees from McTavish et al. (McTavish et al., 2025), obtained through the clootl 

package v.0.1.4 (Miller et al., 2026). Trees were pruned to match the final species set in each 

seasonal model dataset. 

 

For the comparative analyses, we generated an initial pool of 100 trees and reproducibly sampled 

50 trees from this pool. Each candidate model was fitted separately across these 50 trees. This 

procedure allowed fixed effects, model support, and phylogenetic parameters to reflect both 

statistical uncertainty within each fitted model and phylogenetic uncertainty across alternative 

trees. 

 

S2.3 Analytical unit and species-level datasets 

The final analytical unit was the species. For each seasonal climate dataset, each species 

contributed a single species-level record if it had valid climatic exposure, body mass, and 

phylogenetic information. The breeding-season and non-breeding-season climate datasets were 

analysed separately, using the same body-mass response but different seasonal climatic exposure 

summaries for migratory species. This species-level structure differs from the originally registered 

species-cell analytical unit; the rationale for this amendment is described in Supplementary 

Methods S4.4. 
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Supplementary Methods S3. Phylogenetic comparative models and uncertainty propagation 

S3.1 Model structure 

We fitted species-level phylogenetic linear models using the phylolm package v.2.6.5, with Pagel's 

λ used to model phylogenetic non-independence among species. The response variable was 

standardized log-transformed adult body mass. The explanatory variables were species-level 

temperature exposure, species-level precipitation exposure, and species-level migratory status. 

Migratory status was coded as a two-level factor, with resident species as the reference category. 

 

Models were fitted separately for the breeding-season and non-breeding-season climatic exposure 

datasets. Continuous predictors were centred and standardized before model fitting. For each 

temporal scenario, we used common species-level scaling constants across the breeding-season 

and non-breeding-season datasets. This allowed coefficients from the two seasonal model sets to 

be compared on a common standardized scale. 

 

S3.2 Candidate model set 

For each seasonal model set, we compared six pre-specified candidate models. Three models 

included the main effects of temperature, precipitation, and migratory status. These models 

differed only in the temperature metric used: lowest, average, or highest monthly mean 

temperature within the assigned seasonal window. 

 

The other three models used the same three temperature metrics but additionally included all 

two-way interactions among temperature, precipitation, and migratory status. Thus, the interaction 

models included the temperature × precipitation interaction, the temperature × migratory status 

interaction, and the precipitation × migratory status interaction. 

 

The main-effects model can be written as: 

 

and the interaction model can be written as: 

 

 

where y_i is the standardized log-transformed body mass of species i, T_i is species-level seasonal 

temperature exposure, P_i is species-level seasonal precipitation exposure, and M_i indicates 

migratory status. In the phylogenetic models, the residual covariance structure was modified by 

Pagel’s λ according to the phylogenetic correlation matrix. 
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Each candidate model was fitted across the 50 phylogenetic trees using maximum likelihood. 

Model support was evaluated using AIC within each tree, and AIC summaries were then 

aggregated across the 50 trees. Model selection was based on the overall AIC support for each 

candidate model. Individual interaction terms were interpreted from their pooled coefficient 

estimates and confidence intervals rather than from model selection alone. 

 

S3.3 Pooling across phylogenetic trees 

Fixed-effect estimates were pooled across the 50 phylogenetic trees using Rubin’s rules. For fixed 

effects, we report Rubin-pooled point estimates and Wald-Rubin 95% confidence intervals. 

 

In the standard reference-coded interaction model, the resident slope and the 

migratory-versus-resident slope difference are estimated directly. The migratory slope, however, is 

a linear combination of the resident slope and the interaction coefficient. To present group-specific 

slopes with directly estimated standard errors, we refitted the selected interaction model using an 

equivalent nested parameterisation in which resident and migratory slopes were estimated as 

separate coefficients. 

 

This re-parameterisation does not change the fitted values, likelihood, AIC, Pagel’s λ, or variance 

parameters. It only changes the fixed-effect contrasts. We used the nested parameterisation to 

summarise group-specific temperature and precipitation slopes directly for resident and migratory 

species. 

 

S3.4 Parametric bootstrap for phylogenetic and variance parameters 

To quantify uncertainty in phylogenetic and variance parameters, we used the parametric bootstrap 

implemented in phylolm for each fitted model on each phylogenetic tree. Bootstrap replicates were 

used to estimate within-tree uncertainty for Pagel’s λ and variance components. 

 

For variance-related parameters, Rubin’s rules were applied on transformed scales before 

back-transformation. Pagel’s λ was pooled on the logit scale, and variance parameters were pooled 

on the log scale. This transformation was used because λ is bounded between 0 and 1, whereas 

variance parameters are positive and often right-skewed. Back-transformed estimates and 

confidence intervals are reported on the original scale. 
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S3.5 Conversion to natural units 

To facilitate biological interpretation, selected coefficients were converted from the standardized 

model scale to natural units. For temperature, we report the estimated percentage change in body 

mass per 1 °C increase. For precipitation, we report the estimated percentage change in body mass 

per 100 mm/month increase. 

 

The conversion was performed by first rescaling the standardized coefficient to the chosen 

natural-unit change in the predictor. The resulting change in standardized log body mass was then 

converted back to the log-body-mass scale using the standard deviation of log body mass. Finally, 

the value was exponentiated and expressed as a percentage change in body mass. 

 

For a continuous predictor x, a coefficient beta_x, a natural-unit change Delta x, the standard 

deviation of the predictor $s_x$, and the standard deviation of log body mass $s_y$, the 

percentage change in body mass was calculated as: 

 

 

For the migratory-status main effect, which is a binary contrast, the same transformation was 

applied with the predictor change equal to one unit. For the temperature × precipitation interaction, 

the interaction coefficient was rescaled to the joint natural-unit change of 10 °C and 100 

mm/month before conversion to percentage body-mass change beyond the additive expectation. 

 

Supplementary Methods S4. Focused variance-decomposition check and protocol amendment 

S4.1 Rationale for the variance-decomposition check 

The primary interaction model tests whether the temperature-body mass slope differs between 

resident and migratory species. However, because body mass is expected to be strongly 

phylogenetically structured, a small or uncertain temperature × migration interaction could arise 

for two different reasons. First, migration may not explain much variation in body mass beyond 

shared evolutionary history. Second, migration may explain some variation, but that variation may 

be embedded in the phylogenetic component of the model rather than in the residual, 

non-phylogenetic component. 

 

To examine this issue, we performed a focused variance-decomposition check for the temperature 

× migration interaction. This check was not used for primary model selection. Instead, it was used 
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to assess whether adding the temperature × migration interaction changed the phylogenetic or 

non-phylogenetic components of modeled body-mass variation. 

 

S4.2 Variance decomposition under Pagel’s λ 

For this focused check, we fitted the primary Pagel’s λ model on a single consensus tree rather 

than across the full 50-tree set used for confirmatory inference. The consensus tree was rescaled to 

unit tip height. This rescaling allowed the fitted variance parameter and Pagel’s λ to be interpreted 

as a partition of modeled variance in standardized log body mass. 

 

Under this representation, the modeled variance was partitioned into a phylogenetic component 

and a non-phylogenetic component: 

 

 

Here, sigma^2 is the fitted variance parameter and lambda is Pagel’s λ. Because Pagel’s λ is 

invariant to uniform rescaling of branch lengths, rescaling the consensus tree to unit tip height 

affects sigma^2 but not λ. 

 

S4.3 Nested comparison of models with and without the temperature × migration interaction 

We compared nested models with and without the temperature × migration interaction. The model 

without the temperature × migration interaction retained the remaining fixed-effect structure 

needed for the focused comparison. We then asked whether adding the temperature × migration 

interaction reduced the phylogenetic component, the non-phylogenetic component, or neither. We 

also recorded the associated change in AIC. 

 

This analysis was intended to answer a narrow question: whether the temperature × migration term 

explained appreciable variation in body mass beyond the phylogenetic structure already captured 

by Pagel’s λ. So, the results are interpreted as a descriptive variance-decomposition check rather 

than as an alternative primary inferential model. 

 

S4.4 Amendment to the pre-registered analytical unit 

This study follows a pre-registered protocol, with one amendment introduced before model fitting. 

The original protocol specified a species-cell analytical dataset, with one row per species per 
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occupied 1° grid cell, and a Bayesian hierarchical model. We amended the analytical unit to 

species-level observations, with one row per species per seasonal model set. 

 

The reason for this amendment was that the registered biological question concerns interspecific 

variation in adult body mass. Adult body mass was available as a species-level trait, not as a 

cell-level or population-level response. In the originally registered species-cell model, the same 

species-level body-mass value would have been repeated across multiple occupied grid cells for 

each species. This structure creates a mismatch between the level of the response variable and the 

level of climatic exposure, and risks conflating within-species spatial variation in climate with 

between-species associations between climate and body mass. 

 

The amended species-level analysis aligns the statistical unit of analysis with the level of the 

response variable and with the registered interspecific question. The underlying seasonal range and 

climate processing remained unchanged. Cell-level climatic exposure was still constructed from 

the same BirdLife International range polygons and WorldClim monthly climate layers, but it was 

aggregated to species-level summaries before model fitting. 

 

Following this amendment, the primary inference was carried out using maximum-likelihood 

phylogenetic linear models in phylolm. This implementation was appropriate because each final 

model-specific dataset contained one row per species and because phylolm efficiently 

accommodates Pagel’s λ models across multiple phylogenetic trees. 

 

The amendment did not change the biological aims, predictions, focal taxonomic scope, data 

sources, or seasonally explicit climate-processing framework. The original species-cell model was 

not retained as a confirmatory analysis because it no longer matched the amended estimand. Any 

analyses using alternative climatic summaries or temporal scenarios should therefore be 

interpreted as sensitivity analyses around the species-level comparative framework, not as tests of 

the original species-cell model.  
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Supplementary figures and tables 

Table S1. Month sets assigned to records under the primary variable temporal scenario and the 

alternative fixed temporal scenario. The variable scenario allows breeding and non-breeding 

windows to vary with latitude within each hemisphere to reflect broad geographic shifts in 

seasonal temperature regimes. Resident records retain all 12 months under both temporal 

scenarios. 

Temporal 

scenario 

Hemisphere Latitude band Seasonality Start month End month 

Fixed North 0 to 90° Breeding 3 10 

Fixed North 0 to 90° Non-breedin

g 

11 2 

Fixed North 0 to 90° Resident 1 12 

Fixed South 0 to 90° Breeding 9 4 

Fixed South 0 to 90° Non-breedin

g 

5 8 

Fixed South 0 to 90° Resident 1 12 

Variable North 0 to 50° Breeding 3 10 

Variable North 50 to 70° Breeding 4 9 

Variable North 70 to 90° Breeding 5 8 

Variable North 0 to 50° Non-breedin

g 

11 2 

Variable North 50 to 70° Non-breedin

g 

10 3 

Variable North 70 to 90° Non-breedin

g 

9 4 

Variable North 0 to 90° Resident 1 12 
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Variable South 0 to -30° Breeding 9 4 

Variable South -30 to -60° Breeding 10 3 

Variable South -60 to -90° Breeding 11 2 

Variable South 0 to -30° Non-breedin

g 

5 8 

Variable South -30 to -60° Non-breedin

g 

4 9 

Variable South -60 to -90° Non-breedin

g 

3 10 

Variable South 0 to -90° Resident 1 12 
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Table S2. AIC model comparison across 50 trees (variable scenario) 

Temperature metric: min/mean/max = lowest/average/highest monthly mean temperature within 

the seasonal window. Interaction = all three two-way interactions present. mean_dAIC and Akaike 

weight are averaged across trees; best_frequency is the proportion of trees in which the model had 

the lowest AIC. Values are for the primary variable temporal scenario; the corresponding 

fixed-scenario values are given in Table S8. 

 

Season Model Temp metric Interactions mean AIC mean dAIC mean Akaike w 

% of trees with 

lowest AIC 

BR M5 mean yes 125.4 0.05 0.751 0.96 

BR M2 mean no 128.1 2.71 0.233 0.04 

BR M6 max yes 139.5 14.18 0.016 0 

BR M3 max no 149.2 23.83 0 0 

BR M4 min yes 167.1 41.76 0 0 

BR M1 min no 174.4 49.06 0 0 

NR M5 mean yes 121.4 0.01 0.91 0.98 

NR M2 mean no 126.8 5.38 0.09 0.02 

NR M6 max yes 143.3 21.92 0 0 

NR M3 max no 153 31.62 0 0 

NR M4 min yes 153.7 32.32 0 0 

NR M1 min no 169.4 48.02 0 0 
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Table S3. Primary model (M5) effects in natural units (variable scenario). Resident and migratory 

temperature/precipitation slopes are from the nested re-parameterisation; interaction and migration 

main-effect terms are from the standard parameterisation. Temperature effects are per +1 °C; 

precipitation effects per +100 mm month-1; the temperature × precipitation term is the body-mass 

change beyond the additive expectation for a joint +1 °C and +100 mm month-1; the migration 

main effect is the migratory-minus-resident difference at the species-level common-mean climate. 

Effect 
Breeding beta (std)​

 [95% CI] 
Breeding % change 

[95% CI] 
Non-breeding beta (std)​

 [95% CI] 

Non-breeding % 
change​

 [95% CI] 

Temperature slope (resident), per 
+1 C -0.040 [-0.049, -0.030] -1.02% [-1.27, -0.77] -0.040 [-0.050, -0.031] -1.04% [-1.29, -0.79] 

Temperature slope (migratory), 
per +1 C -0.029 [-0.041, -0.016] -0.74% [-1.05, -0.43] -0.029 [-0.041, -0.018] -0.76% [-1.05, -0.47] 

Temperature x Migration (slope 
difference), per +1 C 0.011 [-0.002, 0.024] 0.29% [-0.05, 0.62] 0.011 [-0.001, 0.023] 0.29% [-0.02, 0.60] 

Precipitation slope (resident), per 
+100 mm/mo 0.014 [0.008, 0.021] 3.18% [1.65, 4.74] 0.014 [0.007, 0.021] 3.08% [1.56, 4.63] 

Precipitation slope (migratory), 
per +100 mm/mo 0.003 [-0.015, 0.021] 0.63% [-3.27, 4.69] -0.0003 [-0.016, 0.016] -0.07% [-3.48, 3.46] 

Precipitation x Migration (slope 
difference), per +100 mm/mo -0.012 [-0.031, 0.008] -2.47% [-6.46, 1.68] -0.014 [-0.031, 0.003] -3.06% [-6.58, 0.59] 

Temperature x Precipitation 
(joint +1 C & +100 mm/mo) 0.007 [-0.00003, 0.014] 0.25% [-0.00, 0.50] 0.007 [0.0005, 0.014] 0.26% [0.02, 0.51] 

Migration main effect (migratory 
vs resident, at mean climate) -0.030 [-0.049, -0.011] -4.57% [-7.32, -1.73] -0.026 [-0.045, -0.007] -3.93% [-6.67, -1.10] 
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Table S4. Full fixed-effect coefficients on the standardized scale (variable scenario) 

mean-temperature model with all two-way interactions (primary). Estimates are Rubin-pooled 

across 50 trees; brackets are Wald-Rubin 95% CIs. Values are for the primary variable temporal 

scenario; the corresponding fixed-scenario values are given in Table S8. 

 

Season Term beta SE 95% CI 

BR Intercept 2.339 0.462 [1.433, 3.245] 

BR Temperature -0.04 0.005 [-0.049, -0.030] 

BR Precipitation 0.014 0.004 [0.008, 0.021] 

BR Migration (migratory vs resident) -0.03 0.01 [-0.049, -0.011] 

BR Temperature x Precipitation 0.007 0.003 [-0.000, 0.014] 

BR Temperature x Migration 0.011 0.007 [-0.002, 0.024] 

BR Precipitation x Migration -0.012 0.01 [-0.031, 0.008] 

NR Intercept 2.338 0.462 [1.432, 3.244] 

NR Temperature -0.04 0.005 [-0.050, -0.031] 

NR Precipitation 0.014 0.004 [0.007, 0.021] 

NR Migration (migratory vs resident) -0.026 0.01 [-0.045, -0.007] 

NR Temperature x Precipitation 0.007 0.003 [0.000, 0.014] 

NR Temperature x Migration 0.011 0.006 [-0.001, 0.023] 

NR Precipitation x Migration -0.014 0.009 [-0.031, 0.003] 
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Table S5. Variance components and Pagel's lambda for the primary model M5 (variable scenario) 

Lambda and sigma^2 are model parameters; sigma_phylo and sigma_E are derived standard 

deviations on the standardized scale (sigma_phylo = sqrt(sigma^2·lambda·H), sigma_E = 

sqrt(sigma^2·(1−lambda)) on the unit-height consensus tree). Brackets are parametric-bootstrap 

95% CIs pooled across trees. Values are for the primary variable temporal scenario; the 

corresponding fixed-scenario values are given in Table S8. 

Season Component Estimate 95% CI 

BR Pagel's lambda 0.989 [0.980, 0.994] 

BR sigma^2 0.008 [0.007, 0.008] 

BR sigma_phylo 0.904 [0.680, 1.202] 

BR sigma_E 0.095 [0.086, 0.105] 

NR Pagel's lambda 0.989 [0.980, 0.994] 

NR sigma^2 0.008 [0.007, 0.008] 

NR sigma_phylo 0.904 [0.680, 1.203] 

NR sigma_E 0.095 [0.086, 0.104] 
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Table S6. Breeding vs non-breeding climatic exposure within migratory species (n = 1805). (A) 

reports the raw Pearson correlation (with 95% CI) and a phylogenetically corrected slope of NR on 

BR exposure estimated under a Pagel's λ model across 50 trees (median and 2.5–97.5% range 

across trees), together with the median λ. (B) reports the mean breeding and non-breeding 

exposure, the mean seasonal shift (NR − BR), and the percentage of species that were milder 

(temperature) or wetter (precipitation) in the non-breeding season. The variable seasonal scenario 

is the primary analysis; the fixed scenario is shown as a sensitivity analysis. The two seasonal 

assignments are strongly correlated, and migrants shift only partially toward milder non-breeding 

conditions, so the agreement between the seasonal model sets reflects robustness to a partial 

change in exposure rather than two independent contrasts. 

A. Correspondence between breeding- (BR) and non-breeding-season (NR) exposure 

Scenario Climate variable Pearson r [95% CI] 

Phylogenetic slope NR~BR ​

(median [2.5-97.5% across trees]) 

Pagel's lambda 

(median) 

variable (primary) 

Coldest-month 

temperature 0.65 [0.62, 0.68] 0.59 [0.59, 0.60] 0.86 

variable (primary) Mean temperature 0.75 [0.73, 0.77] 0.70 [0.69, 0.70] 0.81 

variable (primary) 

Warmest-month 

temperature 0.76 [0.74, 0.78] 0.72 [0.71, 0.73] 0.68 

variable (primary) Mean precipitation 0.72 [0.70, 0.74] 0.71 [0.71, 0.72] 0.61 

fixed (sensitivity) 

Coldest-month 

temperature 0.58 [0.55, 0.61] 0.53 [0.52, 0.54] 0.87 

fixed (sensitivity) Mean temperature 0.72 [0.69, 0.74] 0.68 [0.67, 0.68] 0.81 

fixed (sensitivity) 

Warmest-month 

temperature 0.76 [0.74, 0.78] 0.72 [0.71, 0.72] 0.68 

fixed (sensitivity) Mean precipitation 0.72 [0.69, 0.74] 0.71 [0.71, 0.71] 0.61 
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B. Seasonal shift in exposure (non-breeding minus breeding) 

Scenario Climate variable Mean BR Mean NR Mean shift (NR - BR) % species milder/wetter in NR 

variable (primary) 

Coldest-month 

temperature (C) 4.38 11.07 +6.68 83.3 

variable (primary) Mean temperature (C) 14.74 16.76 +2.03 60.4 

variable (primary) 

Warmest-month 

temperature (C) 22.47 22.32 -0.15 40.2 

variable (primary) 

Mean precipitation 

(mm/month) 76.98 74.04 -2.95 40.7 

fixed (sensitivity) 

Coldest-month 

temperature (C) 2.36 11.07 +8.71 88 

fixed (sensitivity) Mean temperature (C) 13.88 16.69 +2.81 64.2 

fixed (sensitivity) 

Warmest-month 

temperature (C) 22.47 22.11 -0.36 38.8 

fixed (sensitivity) 

Mean precipitation 

(mm/month) 76.1 74.06 -2.04 41.6 
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Table S7. Within-migrant phylogenetic regression of standardized log body mass on seasonal 

climatic exposure and on the seasonal shift in exposure, fitted within migratory species (n = 1805) 

across 50 trees. (A) Rubin-pooled coefficients (Wald-Rubin 95% CIs) for a shift-main model 

(breeding temperature and precipitation plus their non-breeding-minus-breeding seasonal shifts) 

and a shift-interaction model (adding a breeding-temperature × temperature-shift term); intercepts 

are omitted. (B) Mean change in AIC relative to a base model (breeding climate only). All 

predictors are standardized (z); mean monthly temperature is the focal metric and coldest-month 

temperature is a sensitivity analysis. In the shift-main models, the seasonal-shift effect was 

consistently negative across temperature metrics, with comparable estimates for mean and 

coldest-month temperature. Adding the breeding-temperature × seasonal-shift interaction changed 

AIC by approximately one unit or less relative to the corresponding shift-main model (ΔAIC = 

0.87 and 1.00, respectively), providing little evidence that the interaction improved model fit. The 

estimated interaction was sensitive to the seasonal-window definition: its 95% confidence interval 

overlapped zero under the variable scenario but not under the alternative fixed scenario (Table S8). 

Because breeding and non-breeding temperatures were correlated at approximately 0.75, the 

interaction was weakly identified and is not interpreted further. 

 

A. Regression coefficients (standardized scale) 

Temperature metric Model Term beta [95% CI] 

Mean temperature (focal) shift-main Breeding temperature -0.051 [-0.065, -0.036] 

Mean temperature (focal) shift-main Seasonal temperature shift (NR-BR) -0.038 [-0.054, -0.023] 

Mean temperature (focal) shift-main Breeding precipitation -0.012 [-0.037, 0.013] 

Mean temperature (focal) shift-main Seasonal precipitation shift (NR-BR) 0.003 [-0.011, 0.016] 

Mean temperature (focal) shift-interaction Breeding temperature -0.045 [-0.061, -0.029] 

Mean temperature (focal) shift-interaction Seasonal temperature shift (NR-BR) -0.017 [-0.048, 0.014] 

Mean temperature (focal) shift-interaction Breeding precipitation -0.013 [-0.038, 0.012] 

Mean temperature (focal) shift-interaction Seasonal precipitation shift (NR-BR) 0.003 [-0.011, 0.016] 

Mean temperature (focal) shift-interaction Breeding temperature x seasonal shift 0.010 [-0.002, 0.023] 

Coldest-month temperature (sensitivity) shift-main Breeding temperature -0.065 [-0.082, -0.049] 

Coldest-month temperature (sensitivity) shift-main Seasonal temperature shift (NR-BR) -0.057 [-0.075, -0.039] 

Coldest-month temperature (sensitivity) shift-main Breeding precipitation -0.015 [-0.040, 0.011] 

Coldest-month temperature (sensitivity) shift-main Seasonal precipitation shift (NR-BR) 0.000 [-0.013, 0.013] 

Coldest-month temperature (sensitivity) shift-interaction Breeding temperature -0.057 [-0.076, -0.037] 

Coldest-month temperature (sensitivity) shift-interaction Seasonal temperature shift (NR-BR) -0.029 [-0.068, 0.010] 

Coldest-month temperature (sensitivity) shift-interaction Breeding precipitation -0.014 [-0.040, 0.011] 

Coldest-month temperature (sensitivity) shift-interaction Seasonal precipitation shift (NR-BR) 0.002 [-0.011, 0.015] 
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Coldest-month temperature (sensitivity) shift-interaction Breeding temperature x seasonal shift 0.013 [-0.003, 0.028] 
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B. Model comparison (mean dAIC relative to the base model; more negative = better fit) 

Temperature metric Model Terms 
mean dAIC vs 
base 

Mean temperature (focal) base breeding temp + breeding precip 0 

Mean temperature (focal) shift-main + seasonal temp & precip shift -21.1 

Mean temperature (focal) shift-interaction + breeding temp x shift -22 

Coldest-month temperature (sensitivity) base breeding temp + breeding precip 0 

Coldest-month temperature (sensitivity) shift-main + seasonal temp & precip shift -39.2 

Coldest-month temperature (sensitivity) shift-interaction + breeding temp x shift -40.2 
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Table S8. Sensitivity of the primary results to the definition of the  seasonal windows. The 

variable temporal scenario is the primary, pre-registered analysis, in which breeding and 

non-breeding windows shorten toward the poles; the fixed scenario applies the same months at all 

latitudes within a hemisphere (Table S1). All estimates are Rubin-pooled across the same 50 

phylogenetic trees, with Wald-Rubin 95% confidence intervals; the two scenarios differ only in 

which months contribute to each species' climatic exposure. (A) AIC model comparison across the 

six candidate models. (B) Standardised fixed-effect coefficients. (C) Variance components and 

Pagel's λ. (D) Within-migrant seasonal-shift models (n = 1,805). Three results differ between 

scenarios and are noted here. First, in the breeding season the best-supported model under the 

fixed scenario is M6 (warmest-month temperature; lowest AIC in 70% of trees) rather than M5 

(average monthly temperature), whereas the non-breeding season selects M5 under both scenarios. 

Second, the temperature × migration interaction in the breeding season is β = 0.019 [0.006, 0.031] 

under the fixed scenario, an interval excluding zero, compared with β = 0.011 [−0.002, 0.024] 

under the variable scenario. Third, the breeding-temperature × seasonal-shift interaction likewise 

excludes zero under the fixed scenario only. We interpret these differences as sensitivity of the 

seasonal-window definition rather than as competing estimates. 
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A. AIC model comparison across 50 trees 

Season Model Temp metric Interactions variable: 

mean AIC 

variable: 

dAIC 

variable: 

Akaike w 

variable: best 

in % of trees 

fixed: mean 

AIC 

fixed: dAIC fixed: 

Akaike w 

fixed: best in 

% of trees 

BR M5 mean_tavg yes 125.4 0.05 0.751 96 142.6 4.5 0.312 30 

BR M2 mean_tavg no 128.1 2.71 0.233 4 147.7 9.59 0.023 0 

BR M6 max_tavg yes 139.5 14.18 0.016 0 140.1 1.92 0.651 70 

BR M3 max_tavg no 149.2 23.83 0 0 148.9 10.72 0.013 0 

BR M4 min_tavg yes 167.1 41.76 0 0 189.8 51.67 0 0 

BR M1 min_tavg no 174.4 49.06 0 0 195.5 57.33 0 0 

NR M5 mean_tavg yes 121.4 0.01 0.91 98 122 0 0.921 100 

NR M2 mean_tavg no 126.8 5.38 0.09 2 127.7 5.7 0.078 0 

NR M6 max_tavg yes 143.3 21.92 0 0 143.5 21.49 0.001 0 

NR M3 max_tavg no 153 31.62 0 0 156.9 34.85 0 0 

NR M4 min_tavg yes 153.7 32.32 0 0 153.8 31.78 0 0 

NR M1 min_tavg no 169.4 48.02 0 0 169.4 47.38 0 0 
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B. Standardised fixed-effect coefficients (beta [95% CI]) 

Season Model Term variable scenario fixed scenario 

BR M5 Intercept 2.339 [1.433, 3.245] 2.339 [1.433, 3.246] 

BR M5 Migration (migratory vs resident) -0.030 [-0.049, -0.011] -0.028 [-0.047, -0.009] 

BR M5 Precipitation 0.014 [0.008, 0.021] 0.015 [0.008, 0.022] 

BR M5 Precipitation × Migration -0.012 [-0.031, 0.008] -0.014 [-0.034, 0.005] 

BR M5 Temperature -0.040 [-0.049, -0.030] -0.041 [-0.051, -0.031] 

BR M5 Temperature × Migration 0.011 [-0.002, 0.024] 0.019 [0.006, 0.031] 

BR M5 Temperature × Precipitation 0.007 [-0.000, 0.014] 0.005 [-0.002, 0.012] 

NR M5 Intercept 2.338 [1.432, 3.244] 2.338 [1.432, 3.244] 

NR M5 Migration (migratory vs resident) -0.026 [-0.045, -0.007] -0.026 [-0.045, -0.007] 

NR M5 Precipitation 0.014 [0.007, 0.021] 0.014 [0.007, 0.021] 

NR M5 Precipitation × Migration -0.014 [-0.031, 0.003] -0.014 [-0.032, 0.003] 

NR M5 Temperature -0.040 [-0.050, -0.031] -0.042 [-0.052, -0.032] 

NR M5 Temperature × Migration 0.011 [-0.001, 0.023] 0.012 [-0.000, 0.024] 

NR M5 Temperature × Precipitation 0.007 [0.000, 0.014] 0.007 [0.000, 0.014] 

BR M2 Intercept 2.341 [1.435, 3.247] 2.341 [1.435, 3.247] 

BR M2 Migration (migratory vs resident) -0.028 [-0.044, -0.012] -0.028 [-0.044, -0.012] 

BR M2 Precipitation 0.015 [0.009, 0.022] 0.015 [0.009, 0.021] 

BR M2 Temperature -0.041 [-0.048, -0.033] -0.038 [-0.045, -0.030] 

NR M2 Intercept 2.339 [1.434, 3.245] 2.340 [1.434, 3.246] 

NR M2 Migration (migratory vs resident) -0.019 [-0.034, -0.004] -0.019 [-0.035, -0.004] 

NR M2 Precipitation 0.014 [0.008, 0.021] 0.014 [0.008, 0.021] 

NR M2 Temperature -0.041 [-0.048, -0.034] -0.042 [-0.049, -0.035] 
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C. Variance components and Pagel's lambda (estimate [95% CI]) 

Season Model Component variable scenario fixed scenario 

BR M5 Pagel's lambda 0.989 [0.980, 0.994] 0.989 [0.980, 0.994] 

BR M5 sigma^2 0.008 [0.007, 0.008] 0.008 [0.007, 0.008] 

BR M5 sigma_E 0.095 [0.086, 0.105] 0.095 [0.086, 0.105] 

BR M5 sigma_phylo 0.904 [0.680, 1.202] 0.905 [0.680, 1.203] 

NR M5 Pagel's lambda 0.989 [0.980, 0.994] 0.989 [0.980, 0.994] 

NR M5 sigma^2 0.008 [0.007, 0.008] 0.008 [0.007, 0.008] 

NR M5 sigma_E 0.095 [0.086, 0.104] 0.095 [0.086, 0.104] 

NR M5 sigma_phylo 0.904 [0.680, 1.203] 0.904 [0.680, 1.203] 

BR M2 Pagel's lambda 0.989 [0.980, 0.994] 0.989 [0.980, 0.994] 

BR M2 sigma^2 0.008 [0.007, 0.008] 0.008 [0.007, 0.008] 

BR M2 sigma_E 0.095 [0.086, 0.105] 0.095 [0.086, 0.105] 

BR M2 sigma_phylo 0.905 [0.680, 1.203] 0.905 [0.681, 1.203] 

NR M2 Pagel's lambda 0.989 [0.980, 0.994] 0.989 [0.980, 0.994] 

NR M2 sigma^2 0.008 [0.007, 0.008] 0.008 [0.007, 0.008] 

NR M2 sigma_E 0.095 [0.086, 0.105] 0.095 [0.086, 0.105] 

NR M2 sigma_phylo 0.904 [0.680, 1.202] 0.904 [0.680, 1.203] 
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D. Within-migrant seasonal-shift models (beta [95% CI], n = 1805) 

Temp 

metric 

Model Term variable scenario fixed scenario 

mean_tavg base Breeding temperature -0.039 [-0.053, -0.025] -0.028 [-0.041, -0.015] 

mean_tavg base Breeding precipitation -0.008 [-0.033, 0.016] -0.009 [-0.033, 0.015] 

mean_tavg shift_main Breeding temperature -0.051 [-0.065, -0.036] -0.047 [-0.061, -0.032] 

mean_tavg shift_main Seasonal temperature shift (NR-BR) -0.038 [-0.054, -0.023] -0.050 [-0.067, -0.033] 

mean_tavg shift_main Breeding precipitation -0.012 [-0.037, 0.013] -0.015 [-0.040, 0.011] 

mean_tavg shift_main Seasonal precipitation shift (NR-BR) 0.003 [-0.011, 0.016] 0.003 [-0.010, 0.017] 

mean_tavg shift_interaction Breeding temperature -0.045 [-0.061, -0.029] -0.039 [-0.054, -0.023] 

mean_tavg shift_interaction Seasonal temperature shift (NR-BR) -0.017 [-0.048, 0.014] -0.014 [-0.045, 0.017] 

mean_tavg shift_interaction Breeding precipitation -0.013 [-0.038, 0.012] -0.016 [-0.041, 0.009] 

mean_tavg shift_interaction Seasonal precipitation shift (NR-BR) 0.003 [-0.011, 0.016] 0.004 [-0.009, 0.018] 

mean_tavg shift_interaction Breeding temperature x seasonal shift 0.010 [-0.002, 0.023] 0.015 [0.004, 0.025] 

min_tavg base Breeding temperature -0.038 [-0.052, -0.024] -0.022 [-0.035, -0.010] 

min_tavg base Breeding precipitation -0.006 [-0.030, 0.019] -0.010 [-0.035, 0.015] 

min_tavg shift_main Breeding temperature -0.065 [-0.082, -0.049] -0.064 [-0.081, -0.047] 

min_tavg shift_main Seasonal temperature shift (NR-BR) -0.057 [-0.075, -0.039] -0.080 [-0.101, -0.059] 

min_tavg shift_main Breeding precipitation -0.015 [-0.040, 0.011] -0.020 [-0.046, 0.005] 

min_tavg shift_main Seasonal precipitation shift (NR-BR) 0.000 [-0.013, 0.013] 0.000 [-0.013, 0.014] 

min_tavg shift_interaction Breeding temperature -0.057 [-0.076, -0.037] -0.053 [-0.071, -0.035] 

min_tavg shift_interaction Seasonal temperature shift (NR-BR) -0.029 [-0.068, 0.010] -0.027 [-0.064, 0.010] 
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min_tavg shift_interaction Breeding precipitation -0.014 [-0.040, 0.011] -0.018 [-0.043, 0.008] 

min_tavg shift_interaction Seasonal precipitation shift (NR-BR) 0.002 [-0.011, 0.015] 0.006 [-0.008, 0.019] 

min_tavg shift_interaction Breeding temperature x seasonal shift 0.013 [-0.003, 0.028] 0.019 [0.008, 0.030] 
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Figure S1. Relationships between body mass and non-breeding-season climatic exposure. Panels 

show non-breeding-season temperature (A) and non-breeding-season precipitation (B). Points, 

lines, shaded wedges, and colours are as in Figure 3. Resident species are assigned year-round 

climatic exposure, so their values are identical to those in the breeding-season figure (Figure 3); 

migratory species are shown at their non-breeding-season climatic exposure. 
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