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 2 

Abstract:  17 

Abiotic environmental conditions play a key role in driving the size and shape of organisms. 18 

Quantifying environment-morphology relationships is important not only for understanding the 19 

fundamental processes driving phenotypic diversity within and among species (1), but also for 20 

predicting how species will respond to ongoing global change (2). Despite a clear set of 21 

expectations motivated by ecological theory (3), broad evidence in support of generalizable 22 

effects of abiotic conditions, such as temperature (4), on spatial and temporal intraspecific 23 

morphological variation has been limited. Using standardized data from over 250,000 captures of 24 

105 landbird species, we assessed intraspecific shifts in bird morphology since 1989 while 25 

simultaneously measuring spatial morphological gradients across the North American continent. 26 

Across bird species, we found strong spatial and temporal trends in body size, with warmer 27 

temperatures associated with smaller body sizes both at more equatorial latitudes and in more 28 

recent years. The magnitude of these thermal effects varied both across and within species, with 29 

results suggesting it is the warmest, rather than the coldest, temperatures driving both spatial and 30 

temporal trends. Across elevation, we found that body size declines as relative wing length 31 

increases, likely due to the benefits that longer wings confer for flight in thin air environments. 32 

Our results provide support for both existing and new large-scale ecomorphological gradients 33 

and highlight how the response of functional tradeoffs to abiotic variation drives morphological 34 

change. 35 

 36 

Significance Statement:  37 

Characterizing how the size and shape of organisms varies over space and time is key to 38 

understanding the processes that create ecological communities and for predicting how species 39 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 19, 2022. ; https://doi.org/10.1101/2022.02.17.480905doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.17.480905
http://creativecommons.org/licenses/by-nc-nd/4.0/


 3 

will respond to climate change. Across more than 100 species of North American birds, we show 40 

that within species the size and shape of individuals varies substantially across space and time. 41 

Warmer temperatures are associated with smaller body sizes, likely due to the importance of 42 

body size for thermoregulation. As the climate continues to warm, these species will likely 43 

continue to shrink. We also provide the first large-scale evidence of an increase in wing length 44 

with elevation, a pattern that could be attributed to thinner air in high elevation environments. 45 

 46 

Main text:  47 

INTRODUCTION 48 

Morphology is both a cause (5) and a consequence (6) of how organisms interact with their 49 

environment. Assessing patterns in morphological variation both across and within (7) species 50 

provides a means to better understand these interactions, and consequently, predict ecological 51 

responses to environmental change. Ecological theory suggests that both the sizes and shapes of 52 

organisms should vary across latitude [e.g., Bergmann’s (3) and Allen’s (8) Rules] and also 53 

possibly elevation, particularly for flying organisms [due to lower temperatures and lower air 54 

density at high elevations (9)]. These ecogeographic expectations are commonly used to 55 

motivate hypotheses for how species will respond to climate change (10), such as the suggestion 56 

that declining body size may be a generalized response of endotherms to warming temperatures 57 

(2). However, broad evidence in support of generalizable effects of abiotic conditions on 58 

intraspecific spatial and temporal morphological variation has been limited by a lack of 59 

taxonomic and spatial replication (2, 11–13), yielding conflicting results. For birds in particular, 60 

which have precipitously declined in North America over a period coincident with modern 61 
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anthropogenic warming (14), much remains unknown regarding how abiotic factors may shape 62 

morphological traits over space and time. 63 

We evaluated spatiotemporal morphological variation in 105 North American bird 64 

species over 30 years (1989–2018), across more than 43 degrees of latitude and nearly 3,000 m 65 

of elevation, using data from more than 250,000 live birds, primarily passerines or near-66 

passerines, captured during the breeding season using standardized methods (15) (Fig. 1A, S1, 67 

Table S1). These measurements comprise a dataset on bird morphology that is unparalleled in 68 

size, taxonomic diversity, and spatiotemporal scope. Combining field measures of body mass 69 

and wing length (i.e., length of the unflattened, closed wing) with allometric scaling theory (16), 70 

we derived two morphological indices, a Size Index (𝑆𝐼) and a Wing Index (𝑊𝐼)(Fig. 1B, 1C). 71 

𝑆𝐼 and 𝑊𝐼 reflect overall bird body size and "wingyness" (wing length relative to body mass), 72 

respectively (Fig. S2), and were used to account for the fact that mass and wing length are 73 

intrinsically linked (i.e., that changes in mass may be due to changes in wing length and vice 74 

versa). Using a hierarchical Bayesian approach to estimate species-specific responses, we 75 

modeled these indices as a function of year, latitude, and elevation, and estimated the impact of 76 

spatial and temporal variation in temperature on bird body size. 77 

 78 

RESULTS 79 

Across the wide spatial and taxonomic breadth of sampling, avian body size decreased over time 80 

(𝑆𝐼 𝜇!!"# [Eq 10] = -0.03 𝑆𝐼 per 10 years, 89% CI: [-0.04, -0.01], 𝑝(< 0) = 1; Fig. 2A, S3A, 81 

Table S2). Absolute body mass showed range-wide declines of up to 2.78% between 1989 and 82 

2018 (e.g., tree swallow Tachycineta bicolor, 𝜔"$!%& [Eq 25] = -2.78, 89% CI: [-4.98, -0.63], 83 

𝑝(< 0) = 0.98), with a mean decline in mass of 0.56% across all 105 species (𝜇#%$!%&
 [Eq 26] = 84 
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-0.56, 89% CI: [-0.78, -0.34], 𝑝(< 0) = 1; Fig. S7A, Table S3). This temporal trend toward 85 

smaller bodies, replicated across species and over most of a continent, is likely the result of 86 

warming summer temperatures. Specifically, smaller body sizes were associated with elevated 87 

June maximum temperatures in the year of capture (𝜇$%&% lag-0 [Eq 15] = -0.012	𝑆𝐼	per 1° C, 88 

89% CI: [-0.014, -0.009], 𝑝(< 0) = 1), as well as one year prior to capture (𝜇$%&% lag-1 = -89 

0.004, 89% CI: [-0.007, -0.001], 𝑝(< 0) = 0.99). Temperatures two years prior to capture were 90 

not strongly related to body size (𝜇$%&% lag-2 = -0.001, 89% CI: [-0.003, 0.001], 𝑝(< 0) = 0.73; 91 

Fig. 2B, S5, Table S4). Temperatures one and two years prior to capture correspond to 92 

environmental conditions likely experienced during ontogenesis, although post-natal dispersal 93 

limits the strength of this inference from banding data. However, these findings align with 94 

expectations, given that smaller-bodied individuals – having larger surface-area-to-volume ratios 95 

– tend to have lower cooling costs compared to larger-bodied individuals, and provide strong 96 

support for the hypothesis that shrinking body size is a generalized response to climate change 97 

(2, 10).  98 

Temperature-mediated size-dependent mortality [which may result in directional 99 

selection, conditional on the heritability of body size; e.g., (17)] and/or developmental plasticity 100 

during early life stages (18) may be the most likely proximate drivers of our finding of an 101 

association between warmer summers and smaller bodies. While widespread evidence for 102 

adaptive evolutionary responses to climate change is somewhat limited (19), the rate of 103 

morphological change reported here is within the range that might be expected via evolutionary 104 

change (Fig. S10). The fact that conditions in the year of capture have the strongest effect on 105 

body size may indicate that temperature impacts morphology most strongly via size-dependent 106 

mortality of adult birds. The lack of a strong relationship with temperatures two years prior to 107 
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capture could suggest that a large portion of measured individuals were in their second year of 108 

life and never experienced the conditions 24 months prior. Greater effects of temperature on 109 

body size in the warmer portions of species’ ranges (𝜇'$'$ lag-0 [Eq 15] = -0.011 unit change in 110 

effect of temperature per 10° C change in mean site temperature, 89% CI: [-0.020, -0.002], 𝑝(<111 

0) = 0.97; Fig. 2C) suggests that it is the hottest experienced temperatures – rather than the 112 

coldest – driving this body size-temperature association (20). This effect was less pronounced for 113 

temperatures in the year prior and two years prior to capture (𝜇'$'$ lag-1 = -0.007, [89% CI: -114 

0.017, 0.002], 𝑝(< 0) = 0.90; 𝜇'$'$ lag-2 = -0.004, 89% CI: [-0.014, 0.005], 𝑝(< 0) = 0.75; Fig. 115 

2C). While poleward range shifts of species could also result in directional change in 116 

morphology at a given location, declines in body size in even the warmest portions of species' 117 

ranges (where individuals are generally smallest) suggests that dispersal is not the primary 118 

mechanism driving these observed changes. 119 

In contrast to shrinking body size in North American birds, we found that the wingyness 120 

(wing length relative to body mass) of birds has increased over time (𝑊𝐼 𝜇!!"# [Eq 10] = 121 

0.02	𝑊𝐼	per 10 years, 89% CI: [0.00, 0.03], 𝑝(> 0) = 0.95; Fig. S4A, Table S2). While this 122 

pattern could be due to changing migratory patterns in response to ongoing range shifts (21), 123 

constraints on the rate at which wing length can change over time compared to body size (22, 23) 124 

might also play a role. Specifically, in contrast to previous findings that relied on bird specimens 125 

derived from a single migratory bottleneck (13), we observed no change in absolute wing length 126 

over time – temporal changes in wingyness were the result of declining mass (𝜇#%$!%&
 [Eq 26] = 127 

-0.56% change over study period, 89% CI: [-0.78, -0.34], 𝑝(< 0) = 1) with relatively stable wing 128 

length (𝜇#($!%&
 [Eq 26]  = -0.01% change over study period, 89% CI: [-0.13, 0.12], 𝑝(< 0) = 129 
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0.54; Fig. S7A, S8A, Table S3). That is, while birds have overall gotten smaller, their wings 130 

have stayed relatively the same size. 131 

Why is it so critical to control for geography when assessing temporal trends in 132 

phenotypes? Bird morphology shows strong and generalizable trends in morphology over both 133 

latitude and elevation. As illustrated by our dataset across 105 bird species and most of a 134 

continent, body size strongly increases with latitude (𝑆𝐼 𝜇$!"# [Eq 11] = 0.37	𝑆𝐼	per 10° latitude, 135 

89% CI: [0.29, 0.45], 𝑝(> 0) = 1; Fig. 3A, S3B, Table S2), supporting the intraspecific 136 

interpretation of Bergmann’s Rule (3), despite decades of debate on its relevance (4). Across 137 

species’ latitudinal ranges, body mass increases 5.72% (𝜇#%)*$
 [Eq 26] = 5.72%, 89% CI: [5.39, 138 

6.04], 𝑝 > 0) = 1; Fig. S7B, Table S3). Larger body sizes are associated with regions with cooler 139 

average temperatures (𝑆𝐼 𝜇()&% [Eq 20] = -0.36	𝑆𝐼	per 10° C change in mean site temperature, 140 

89% CI: [-0.44, -0.27], 𝑝(< 0) = 1; Fig. 3B, S6) that are generally found at higher latitudes, 141 

supporting the notion that thermal factors play a substantial role in governing body size not only 142 

over time, but also over space (20). Additionally, we found that this relationship between 143 

temperature and spatial variation in body size is stronger for species that experience warmer 144 

conditions (𝜃)* [Eq 22] = -0.30 unit change in effect of temperature per 10° C change in mean 145 

range-wide temperature, 89% CI: [-0.49, -0.10], 𝑝(< 0) = 0.99; Fig. 3B), illustrating – as with 146 

findings of temporal associations between body size and temperature – that the warmest, rather 147 

than the coldest, temperatures likely drive intraspecific adherence to Bergmann's Rule.  148 

Factors other than temperature may also be important in driving morphological variation. 149 

For example, some evidence exists for an increase in wingyness with latitude (𝑊𝐼 𝜇$!"# [Eq 11] 150 

= 0.04	𝑊𝐼	per 10° latitude, 89% CI: [0.00, 0.07], 𝑝(> 0) = 0.92; Fig. S4B, Table S2). While 151 

thermal factors might suggest that appendages should be smaller towards the poles to limit heat 152 
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loss – known as Allen’s rule (8) – bird wings are not thermoregulatory organs. The length of the 153 

closed bird wing is primarily a function of flight feather length. Relatively longer wings at higher 154 

latitudes may reflect the longer distances that breeding birds from more northerly populations 155 

tend to travel to complete their migration. Longer and more pointed wings are thought to 156 

increase the efficiency of long flights and are generally found in populations that migrate longer 157 

distances (24). For some species, populations breeding at higher latitudes migrate farther than 158 

southern populations, yielding ‘leapfrog’ migration patterns; for other species, equatorward 159 

populations of an otherwise migratory species remain non-migratory (25). Indeed, species known 160 

to exhibit leapfrog migrations [e.g., Wilson’s warbler Cardellina pusilla: (26), fox sparrow 161 

Passerella iliaca: (27)], as well as migratory species with resident populations in the southern 162 

portions of their ranges [e.g., Eastern towhee Pipilo erythrophthalmus: (28), white-eyed vireo 163 

Vireo griseus: (28)], here show pronounced increases in wingyness with latitude (Fig. S4B, 164 

Table S2). Smaller or even negative effects of latitude for other species might be indicative of 165 

alternative migration strategies – in which northerly populations do not migrate longer distances 166 

than southerly populations (25) – as well as the importance of other factors, such as variation in 167 

habitat structure (29) and/or predation (30), that might also drive variation in wing length. 168 

Less well understood is how morphology varies over elevation. Given decreasing 169 

temperatures at high elevations, body size might be expected to increase (i.e., Bergmann's Rule 170 

applied to elevation). However, we find that body size generally decreases with elevation (𝑆𝐼 171 

𝜇'!"# [Eq 11] = -0.06	𝑆𝐼	per 1000m, 89% CI: [-0.12, 0.00], 𝑝(< 0) = 0.96; Fig. S3C, Table S2), 172 

indicating that, contrary to the general associations found between body size and temperature 173 

over space, pressures unrelated to thermoregulation dominate over this gradient [potentially 174 

reflecting lower resource availability at higher elevations (31)]. Species with wide elevational 175 
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gradients may therefore rely on a variety of behavioral adaptations, including altitudinal 176 

migration (32) and even nightly torpor (33), to cope with lower temperatures at higher 177 

elevations.  178 

In contrast to body size, wingyness strongly increases with elevation (𝑊𝐼 𝜇'!"# [Eq 11] = 179 

0.32	𝑊𝐼	per 1000m, 89% CI: [0.28, 0.37], 𝑝(> 0) = 1; Fig. 4, S4C, Table S2). Elevational trends 180 

in both indices are due to countervailing changes in absolute morphology: body mass decreases 181 

(𝜇#%&)&'
 [Eq 26] = -1.15% change over species’ elevational range, 89% CI: [-1.42, -0.89], 182 

𝑝(< 0) = 1; Fig. S7C, Table S3) while wing length increases with elevation (𝜇#(&)&'
 [Eq 26] = 183 

2.15% change, 89% CI: [2.00, 2.30], 𝑝(> 0) = 1; Fig. S8C, Table S3). These elevational 184 

ecogeographic relationships for birds are likely due to the key role that air pressure plays in flight 185 

performance. Air density, a key determinant in the amount of lift that a wing produces, is lower 186 

at higher elevations, necessitating some compensatory measures to maintain flight [i.e., more 187 

relative power output via larger wings and/or lower mass, larger wing stroke amplitude, or 188 

increased wingbeat frequency (9, 34)]. 189 

While large-scale increases in wing size with elevation have been documented 190 

previously, this pattern was (incorrectly) taken to be indicative of an increase in the size of 191 

individuals (35). Our results illustrate a clear increase in wing length with elevation independent 192 

of any changes in body size (Fig. 4), providing large-scale, cross-taxonomic evidence for a new 193 

ecomorphological gradient. This intraspecific pattern of increased wing length with elevation 194 

harmonizes observations in some insects (36), among specific groups of bird species, including 195 

hummingbirds [family Trochilidae (37)] and white-eyes [Zosterops spp. (34)], and from a limited 196 

number of single-species studies [e.g., song sparrow Melospiza melodia (38), Eurasian tree 197 

sparrow Passer montanus (39)]. 198 
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 199 

DISCUSSION 200 

While intraspecific morphological differences are often disregarded in macroecological and 201 

functional studies [e.g., (40)], this important element of biodiversity has important implications 202 

for understanding how organisms are shaped by their environments, how they are likely to 203 

respond to future global change, and for the conservation of natural systems (41). For example, 204 

the degree to which species can respond to the thermoregulatory pressures caused by warming 205 

temperatures may impact their ability to persist in their current ranges (42). More frequent 206 

extreme weather events that may result in large-scale thermoregulatory-related mortality events 207 

(43) and chronic sub-lethal effects of increased temperature may have pronounced effects on 208 

populations (44). While body size in North American birds has responded to warming 209 

temperatures over time, larger responses to temperature variation over space compared to 210 

temperature variation over time (change in	𝑆𝐼	per 1° C was more than three times as large over 211 

space compared to temperatures over time at Lag 0) suggests that the rate of morphological 212 

change over time may be evolutionarily and/or plastically constrained – species may not be 213 

responding rapidly enough over time to keep pace with ongoing climatic change (45). The 214 

potential for mismatch between species and their environments is especially concerning for some 215 

bird species – such as those found in desert environments – that may lack suitable microrefugia 216 

to buffer them from especially warm temperatures (46).  217 

Morphological responses to thermoregulatory pressures, as well as the importance of 218 

flight efficiency, illustrate how interacting functional tradeoffs contribute to observed 219 

morphological variation. Other factors not directly considered in this study, including conditions 220 

experienced on overwintering grounds, likely act in concert with these processes. Characterizing 221 
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the interplay between these various factors, operating over space and time, is key to 222 

understanding how morphology is likely to change into the future, in response to continued 223 

abiotic environmental change. Although the ecological consequences of morphological change 224 

and how morphology interacts with other climate change responses – including shifts in species’ 225 

ranges (47) and the timing of seasonal events (48) – are currently unknown (2), the importance 226 

of body size for life history traits (49), physiology (50), and both cross- (51) and intra-trophic 227 

(52) interactions, suggests the implications of these changes could be far reaching. Given 228 

projected changes in climatic conditions, continued morphological change and its associated 229 

consequences can be expected into the foreseeable future. 230 

 231 

MATERIALS AND METHODS 232 

Morphological data 233 

Bird morphology data were collected as part of the Monitoring Avian Productivity and 234 

Survivorship (MAPS) program, a collaborative long-term bird-banding project operating across 235 

North America (15). Data were obtained from 1124 banding stations (Fig. 1), each consisting of 236 

6–20 mist nets, over the period 1989–2018 (though most stations operated during only a subset 237 

of this period). Banding stations were operated 6–12 times per year, from May 1 to August 28 238 

(15), encompassing the breeding season for most birds in North America. Only records obtained 239 

within species’ breeding ranges were used (as determined annually by banding station operators). 240 

For each captured bird, wing length (distance between the carpal joint and the wing tip, 241 

commonly referred to as unflattened wing chord) was measured to the nearest millimeter 242 

following (53) and body mass was recorded to the nearest 0.5 grams (15). Birds were aged 243 

following criteria summarized by (53). 244 
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We restricted our analyses to male birds classified as After Hatch Year (captured at least 245 

one breeding season after the hatch year of the bird) to avoid any confounding morphological 246 

variation among age classes and between sexes and changes in female bird mass throughout the 247 

season that may be due to egg production and laying. All records with body mass or wing length 248 

measurements that were more than five median absolute deviations [MAD (54)] away from the 249 

median were excluded, as these likely represented measurement or data entry errors. If an 250 

individual was captured more than once in a season, only measurements taken during the initial 251 

capture were considered. Only species for which data were available for at least 375 captures 252 

(post data filtering) were analyzed. In total, morphological data from 253,488 captures of 105 253 

species, representing two orders and 18 taxonomic families were used from banding stations 254 

spanning more than 43 degrees of latitude (26.1°N – 69.4°N) and 2996 meters of elevation 255 

(Table S1). 256 

 257 

Elevation Data 258 

Elevation data for each banding station were obtained from the 30-arcsecond resolution 259 

(approximately 1-km at the equator) Global Multi-resolution Terrain Elevation Data 2010 (55) 260 

data product.  261 

 262 

Temperature Data 263 

Daily maximum temperature data for each banding station were obtained over the study period 264 

from the 1-km gridded Daymet surface weather data product (56). For each year at each site, we 265 

calculated the average maximum temperature from ordinal day (day of year) 152 to ordinal day 266 

181 (June 1 to June 30 in a non-leap year). We refer to this annual metric as ‘June maximum 267 
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temperature’. We calculated the mean June maximum temperature across years at each station as 268 

well as year-specific values for temperature at each station to evaluate the effect of temperature 269 

on morphological variation across space and time, respectively. Species-wide mean temperature 270 

values were calculated by taking the mean June maximum temperature across all stations for 271 

each species. 272 

 273 

Derivation of morphological indices 274 

Two morphological indices were derived from data collected on body mass and wing length for 275 

each bird. The Size Index (𝑆𝐼) corresponds to the overall size of an individual, while the Wing 276 

Index (𝑊𝐼) corresponds to the relative (to body mass) wing length, or “wingyness”, of each 277 

individual. These indices were derived using the expected power law (57, 58) relationship 278 

between these two traits,  279 

𝑊 = 𝑏𝑀+, [1] 280 

where 𝑊 is wing length, 𝑀 is body mass, 𝑏 is a scalar, and 𝑐 is the scaling exponent (Fig. 1B, 281 

1C, S2), denoting how rapidly wing length increases as a function of mass. This relationship is 282 

linearized when taking the log of both sides of the equation,  283 

log(𝑊) = log(𝑏) + 𝑐 × log	(𝑀). [2] 284 

Using species-level mean values for both log(𝑊) and log(𝑀), we estimated the scaling exponent 285 

by applying a phylogenetic regression [to control for the effect of phylogenetic relatedness on 286 

parameter estimates (59)] using the ‘caper’ package (60) in R (61) to the linearized form of the 287 

power law relationship (Eq. 2). Species-level mean values were used because we were interested 288 

in understanding the general relationship between wing length and body mass. This represents 289 

the null expectation for how wing length covaries with mass. We estimated the scaling exponent 290 
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for each of 100 phylogenetic trees for the species of interest obtained from BirdTree [(62) 291 

www.birdtree.org] to account for uncertainty in the phylogenetic relatedness of these species. 292 

The mean of the 100 estimates (mean = 0.333, standard deviation = 0.002) of the empirical 293 

relationship between wing length and body mass (i.e., the scaling exponent) was nearly identical 294 

to the theoretical expectation, given isometric scaling principles (where 𝑐 = 	 ,
-
; mass is expected 295 

to be proportional to volume, which scales as the cube of a linear dimension, such as wing 296 

length), and similar to estimates from other studies (63, 64) (Fig. S2).  297 

 For each species, measurements of body mass and wing length of individual bird captures 298 

were then reprojected onto new axes using a rotation matrix derived from the estimated scaling 299 

exponent (i.e., the rate at which wing length is expected to change with body mass). The rotation 300 

matrix was specified as, 301 

𝑅 = 8cos	(𝜃) −𝑠𝑖𝑛	(𝜃)
𝑠𝑖𝑛	(𝜃) 𝑐𝑜𝑠	(𝜃) @,[3] 302 

where 𝜃 is the amount (in radians) the data are to be rotated. We specified 𝜃 as the negative arc-303 

tangent of 𝑐 (as applying the arc-tangent function to the tangent of a triangle [the tangent being 304 

equivalent to the slope of a line] produces the angle in radians). For each species, we applied the 305 

rotation matrix to logged body mass (𝐿𝑀) and logged wing length (LW), to reproject the data 306 

onto new axes (Fig. S2), 307 

8𝑥′𝑦′@ = 𝑅 E𝐿𝑀𝐿𝑊F. [4] 308 

These reprojected data (𝑥′ and 𝑦′) were standardized within species (i.e., centered and divided by 309 

the standard deviation) to create two relative indices (𝑆𝐼 = size index; 𝑊𝐼 = wing index) that 310 

represent the overall size of the individual, and the degree to which wing length deviates from its 311 

expected value given the body mass of the individual, respectively, 312 
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.+,
- /.,

-0000

1.-,
= 	𝑆𝐼23 [5] 313 

4+,
- /4,

-0000

5/-,
= 	𝑊𝐼23, 314 

where 𝑥′G  and 𝑦′G  represent the mean and 𝜎.6 and 𝜎46 represent the standard deviation of 𝑥′ and 𝑦′, 315 

respectively, for each species, 𝑘, and 𝑖 represents each bird capture. This approach allowed us to 316 

account for the expected non-linear relationship among these traits when assessing 317 

spatiotemporal change and provides a means by which to assess morphological deviations from 318 

an expectation derived from empirical estimates rooted in scaling theory (16). 𝑆𝐼 values were 319 

closely correlated with logged mass (mean correlation coefficient across species = 0.99, range = 320 

0.98 – 1). 𝑊𝐼 values showed a strong correlation to logged wing length (mean correlation 321 

coefficient across species = 0.75, range = 0.49 – 0.88), though not as strong as the relationship 322 

between 𝑆𝐼 and logged mass. 323 

 324 

Morphology as a function of time, latitude, and elevation 325 

We used a hierarchical Bayesian approach to determine how 𝑆𝐼 and 𝑊𝐼 varied within species as 326 

a function of time, latitude, and elevation. We fit separate models for each index, that were 327 

identical in structure. In each case, the index (𝑦789) for capture 𝑖, at banding station 𝑗, for species 328 

𝑘 was modeled as t-distributed, as a linear function of time, 329 

𝑦789+0, ∼ 𝑡(𝜈789 , 𝜇78:2;3 , 𝜎789,), [6] 330 

𝜇7892;3 =	𝛼7893 +	𝛽789;3 	× 𝑦𝑒𝑎𝑟2;3 +	𝜉789;3, 331 

where 𝛼789 is the species-level intercept term, 𝛽789 is the effect of 𝑦𝑒𝑎𝑟 on the response 332 

variable, 𝜉789 is the species-station intercept term, 𝜎789 is the species-specific process error, 𝜈789 333 

represents the degrees of freedom, controlling the normality of the distribution (resulting in a 334 
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Cauchy distribution when 𝜈789 = 1 and approaching a normal distribution as 𝜈789 approaches 335 

infinity), and the 𝐼𝐷𝑋 subscript denotes the association of that parameter with this model (to help 336 

distinguish these parameters from those in other models). The degrees of freedom parameter of 337 

the t-distribution allows for additional flexibility (compared with the normal distribution) in 338 

modeling the structure of the residuals [for instance when there are ‘extreme observations’ (65)]. 339 

Parameter 𝛼789 was modeled as normally distributed, 340 

𝛼7893 ∼ 𝑁(𝜇<!"# , 𝜎<!"#), [7] 341 

where 𝜇<!"# and 𝜎<!"# represent the mean and standard deviation of 𝛼789 across all species, 342 

respectively. Parameter 𝛽789 was modeled as normally distributed,  343 

𝛽789;3 ∼ 𝑁(𝜂7893 , 𝜎(!"#), [8] 344 

where 𝜂789 represents the mean effect of year on the response for each species, and 𝜎(!"# 345 

represents the process error. Parameter 𝜎789 was modeled as half-normal (normal but with 346 

support only over positive values), 347 

𝜎7893 ∼ 𝐻𝑁(𝜏1789 , 𝜅1789), [9] 348 

where 𝜏1789 and 𝜅1789 represent the mean and standard deviation of 𝜎789, respectively. Process 349 

error was modeled hierarchically, as the degree to which these explanatory variables explain 350 

variation in the data may vary by species. Parameter 𝜂789 was modeled as normally distributed,  351 

𝜂7893 ∼ 𝑁(𝜇!!"# , 𝜎!!"#), [10] 352 

where 𝜇!!"# and 𝜎!!"# represent the mean and standard deviation of 𝜂789 across all species, 353 

respectively. The species-station intercept term, 𝜉789, was modeled as a linear function of 354 

latitude and elevation, 355 

𝜉789;3 ∼ 𝑁(𝜇=!"#0, , 𝜎=!"#,) [11] 356 
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𝜇=!"#0, =	𝛾7893 × 𝑙𝑎𝑡;3 +	𝜃7893 × 𝑒𝑙𝑒𝑣;3 357 

!!!"#$"!"#$
" ∼ 𝑀𝑉𝑁 '!#%!"##&!"#

" , Σ$%&*, 358 

where 𝛾789 is the species-specific effect of latitude (𝑙𝑎𝑡) on 𝜉789, 𝜃789 is the species-specific 359 

effect of elevation (𝑒𝑙𝑒𝑣) on 𝜉789, and 𝜎=!"# is the species-specific process error. Parameters 360 

𝛾789 and 𝜃789 were modeled as multivariate normal, with means 𝜇$!"# and 𝜇'!"#, respectively, 361 

and covariance Σ>?@ (a 2 x 2 covariance matrix). Parameter 𝜎=!"# was modeled as half-normal 362 

𝜎=!"#, ∼ 𝐻𝑁(𝜏11!"# , 𝜅11!"#), [12] 363 

where 𝜏11789 and 𝜅11789 represent the mean and standard deviation of 𝜎=789, respectively. We 364 

fit all Bayesian models in this study using the R package ‘rstan’ (66) to interface with Stan (67) 365 

in R (61). R package ‘MCMCvis’ (68) was used to summarize, visualize, and manipulate all 366 

Bayesian model output. General data manipulation and processing was done using the 367 

‘tidyverse’ family of R packages (69). For each model, we ran four chains for 8000 iterations 368 

each with a warmup of 4000 iterations. For all models, Rhat <= 1.01 and the number of effective 369 

samples was > 400 for all parameters. No models had divergent transitions (67). Weakly 370 

informative priors were given for all parameters. Graphical posterior predictive checks were used 371 

to check that data generated by the model were similar to the data used to fit the model (70). 372 

Data simulated from the posterior predictive distribution were similar to the observed data (Fig. 373 

S9).  374 

For all model results in the main text, we present posterior mean estimates for parameters 375 

as well as the 89% credible intervals, following (71). The choice of 89% is arbitrary but serves to 376 

quantify parameter uncertainty while avoiding any suggestion that Bayesian credible intervals 377 

are analogous to tests of statistical significance (as might be assumed if using 95% cutoffs). For 378 
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each parameter, we also present the probability that a given parameter is positive (calculated as 379 

the proportion of the posterior that is greater than 0) as 𝑝(> 0), or negative (the proportion of the 380 

posterior that is less than 0) as 𝑝(< 0). Scenarios in which 𝑝(> 0) or 𝑝(< 0) are near 0.5 381 

indicate that a positive relationship is equally likely as a negative relationship. 382 

To create species maps for Fig. 2C, 3C, 4B, we used range maps obtained from (72). 383 

Estimated effects of latitude and elevation were used to predict values for Size Index and Wing 384 

Index across the range of these species. We excluded all areas greater than 2000m of elevation 385 

(73) when deriving predictions for Size Index for red-eyed vireo (Vireo olivaceus) for Fig. 3C, to 386 

avoid making predictions outside the elevational range of this species in the Rocky Mountains. 387 

 388 

Body size as a function of temporal variation in temperature 389 

To quantify how intraspecific variation in size across time is influenced by temperature, we 390 

modeled 𝑆𝐼 as a function 𝑀𝑇 (June maximum temperature at each station). The response 391 

variable (𝑦%&%) for capture 𝑖, banding station 𝑗, and species 𝑘 was modeled as t distributed, as a 392 

function of 𝑀𝑇,  393 

𝑦%&%+0, ∼ 𝑡(𝜈%&% , 𝜇%&%+0, , 𝜎%&%,) [13] 394 

𝜇%&%+0, =	𝛼%&%0, +	𝛽%&%0, ×𝑀𝑇2;3, 395 

where 𝛼%&% is the species-station-specific intercept term, 𝛽%&% is the species-station-specific 396 

effect of temperature on the response variable, 𝜎%&% is the species-specific process error, 𝜈%&% 397 

represents the degrees of freedom, and the 𝑇𝑉𝑇 subscript denotes the association of that 398 

parameter with this model. Parameter 𝛼%&% was modeled normally distributed, as a function of  399 

𝑀𝑆𝑇 (deviations of June maximum temperature from species-specific range-wide temperature at 400 

each station), 401 
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𝛼%&%0, ∼ 𝑁(𝜇<$'$0, , 𝜎<$'$) [14] 402 

𝜇<$'$0, =	𝜌%&%, + 𝜁%&%, ×𝑀𝑆𝑇;3 403 

d
𝜌%&%3
𝜁%&%3

e ∼ 𝑀𝑉𝑁 fd
𝜇A$'$
𝜇B$'$

e , ΣC232g 404 

where 𝜌%&% is the species-specific intercept term, 𝜁%&% is the species-specific effects of MST on 405 

𝛼%&%, and 𝜎<$'$ represents the process error. Parameters 𝜌%&% and 𝜁%&% were modeled as 406 

multivariate normal, with means 𝜇A$'$ and 𝜇B$'$, respectively and covariance ΣC%&% 	(a 2 x 2 407 

covariance matrix). Parameter 𝛽%&% was similarly modeled as a function of 𝑀𝑆𝑇. 408 

𝛽%&%0, ∼ 𝑁(𝜇($'$0, , 𝜎($'$) [15] 409 

𝜇($'$0, =	𝛾%&%, + 𝜃%&%, ×𝑀𝑆𝑇;3 410 

d
𝛾%&%3
𝜃%&%3

e ∼ 𝑀𝑉𝑁fd
𝜇$$'$
𝜇'$'$

e , ΣD232g 411 

Both the intercept (𝛼%&%) and slope (𝛽%&%) at each species-station were modeled as a function of 412 

mean station temperature, because both the overall size and the effect of temporal variation in 413 

temperature might be expected to vary across this gradient. Parameter 𝜎%&% was modeled as half-414 

normal, 415 

𝜎%&%3 ∼ 𝐻𝑁(𝜏1%&% , 𝜅1%&%), [16] 416 

where 𝜏1$'$ and 𝜅1$'$ represent the mean and standard deviation of 𝜎%&%, respectively.  417 

 We fit three identical versions of this model, using temperature data in the year that the 418 

morphological data were collected (lag-0), as well as temperature one- (lag-1) and two-years 419 

(lag-2) prior to data collection, to explore the effect of temperature on morphology (i.e., the 420 

effect of temperature in year t, t - 1, and t - 2 on morphology in year t) during the potential 421 

hatching summer and subsequent summers and to account for the uncertainty and variability in 422 
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the ages of these birds (all of which were known to be adults). For each model, we ran four 423 

chains for 6000 iterations each with a warmup of 3000 iterations. 424 

 425 

Body size as a function of spatial variation in temperature 426 

To quantify how intraspecific variation in size across space is influenced by temperature, we 427 

modeled 𝑆𝐼 as a function of 𝑀𝑇 (mean June maximum temperature at each station across all 428 

years). The response variable (𝑦)&%) for capture 𝑖, banding station 𝑗, and species 𝑘 was modeled 429 

as t-distributed, 430 

𝑦)&%2;3 ∼ 𝑡(𝜈)&% , 𝜇)&%2;3 , 𝜎)&%,) [17] 431 

𝜇)&%2;3 = 𝛼)&%3 +	𝜉)&%;3,  432 

where 𝛼)&% is the species-specific intercept term, 𝜉)&% is the species-station-specific intercept, 433 

𝜎)&% is the species-specific processes error, 𝜈)&% represents the degrees of freedom, and 𝑆𝑉𝑇 434 

denotes the association of each parameter with this model. Parameter 𝛼)&% was modeled as 435 

normally distributed, 436 

𝛼)&%3 ∼ 𝑁(𝜇<4'$ , 𝜎<4'$), [18] 437 

where 𝜇< and 𝜎< represent the mean and standard deviation of 𝛼)&%, respectively. Parameter 438 

𝜉)&% was modeled as normally distributed, as a function of 𝑀𝑇, 439 

𝜉)&%0, ∼ 𝑁(𝜇=4'$0, , 𝜎=4'$) [19] 440 

𝜇=4'$0, =	𝛽)&%, ×𝑀𝑇,  441 

where 𝛽)&%, is the species-specific effect of 𝑀𝑇, and 𝜎=4'$ is the process error. Parameter 𝛽)&% 442 

was modeled as normally distributed, 443 

𝛽)&%, ∼ 𝑁(𝜇(4'$ , 𝜎(4'$), [20] 444 
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where 𝜇(4'$and 𝜎(4'$ represent the mean and standard deviation of 𝛽)&%, respectively. We ran 445 

four chains for this model for 8000 iterations each with a warmup of 4000 iterations. 446 

 To assess how responses to temperature varied across species, we modeled the species-447 

specific effect of spatial variation of temperature on 𝑆𝐼 (𝛽)&%h; the posterior mean of 𝛽)&% [Eq. 448 

19], derived from the above model) and associated uncertainty as a function of 𝑆𝑇 (mean cross-449 

station temperature within each species’ range). Parameter 𝛽)&%h was modeled as normally 450 

distributed, with mean 𝜋)* and standard deviation 𝜎(4'$E  (the posterior standard deviation of 𝛽)&% 451 

[Eq. 19], derived from the above model), 452 

𝛽)&%h
3 ∼ 𝑁 jπFGH, 𝜎(4'$,E l, [21] 453 

where SR denotes the association of each parameter with this model. In this way, the uncertainty 454 

in the species-specific estimates of the spatial temperature effect is propagated through these 455 

analyses. Parameter πFIJ was modeled as multivariate normal, as a linear function of 𝑆𝑇, in a 456 

manner that accounts for the phylogenetic non-independence between species [following (74, 457 

75)], 458 

πFG5 ∼ 𝑀𝑉𝑁 (µK673 , ΣFG × 𝜎K67l [22] 459 

µK673 = 𝛾)* +	𝜃)* × 𝑆𝑇3 460 

ΣFG = 𝜆)* × ΣL2M + (1 − 𝜆)*) × 𝐼, 461 

where 𝛾)* is the intercept term, 𝜃)* is the effect of 𝑆𝑇 on the response variable, and 𝜎N48 is the 462 

process error. Parameter ΣL2M is a phylogenetic covariance matrix, standardized such that the 463 

diagonal elements have a value of 1. The off-diagonal elements of ΣL2M describe the pair-wise 464 

phylogenetic distances between the 105 species included in this study. The phylogenetic 465 

covariance matrix was calculated from a consensus phylogenetic tree [calculated using the 466 
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‘phytools’ package (76) in R] based on 100 trees for the species of interest obtained from 467 

BirdTree [(62) www.birdtree.org]. Parameter 𝜆)* is Pagel’s lambda (77), which represents the 468 

degree to which phylogenetic relatedness contributes to variation in 𝜋)*, where values near 0 469 

(the lower bound of the parameter) indicate low phylogenetic signal and values near 1 (the upper 470 

bound of the parameter) correspond to variation following a Brownian motion model of 471 

evolution (75), and 𝐼 is an identity matrix. We ran this model for 1000 iterations with a warmup 472 

of 500 iterations. 473 

 474 

Back-transformation of effect sizes to trait space 475 

Steps outlined by Eqs. 1-5 were implemented in reverse, to calculate the response of absolute 476 

morphological measurements (body mass and wing length) to variation over time, latitude, and 477 

elevation, using posterior estimates for the effects of these predictors on 𝑆𝐼 and 𝑊𝐼. That is, for 478 

each species the effect sizes (i.e., posterior estimates) of these covariates on 𝑆𝐼 and 𝑊𝐼 were 479 

multiplied by the standard deviation of 𝑥′ and 𝑦′ (𝜎.6 and 𝜎46, respectively), 480 

𝜙.,- = 𝜙)73 × 𝜎.,-  [23] 481 

𝜙4,- = 𝜙O73 × 𝜎4,- , 482 

where 𝜙)7 and 𝜙O7 are the effect of a given covariate on 𝑆𝐼 and 𝑊𝐼, respectively, for each 483 

species (𝑘), and 𝜙.6 and 𝜙46 represent the unstandardized effects of the covariate for each 484 

species. Parameters 𝜙.6 and 𝜙46 were then rotated using the transpose of R (Eq. 3), 485 

8P)%,
P)(,

@ = 𝑅% dP.-,
P9-,

e, [24] 486 

where 𝜙Q" and 𝜙QO represent the effect of a given covariate on the logged absolute 487 

morphological metrics, 𝐿𝑀 (logged mass) and 𝐿𝑊 (logged wing length), for each species. This 488 
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transformation has the effect of rotating data in the opposite direction of the rotation performed 489 

in Eq. 4. Since 𝜙Q" and 𝜙QO represent an effect size in log space, when exponentiated, these 490 

metrics represent the multiplicative change in (unlogged) mass and wing length for each one-unit 491 

change in a given covariate. Subtracting one from this value and multiplying by 100 gives the 492 

percent change in that metric. To determine the percent change in mass (𝜔") and wing length 493 

(𝜔O) over the temporal, latitudinal, and elevational range at which data were collected for each 494 

species, we exponentiated the product of 𝜙Q" and 𝐿 (for mass) and the product of 𝜙QO and 𝐿 (for 495 

wing length), subtracted one, and multiplied by 100, 496 

𝜔":;',
= jq𝑒P)%,×Q,r − 1l × 100 [25] 497 

𝜔O:;',
=	 ((𝑒P)(,×Q,) − 1) × 100, 498 

where 𝐿 represents the total number of covariate units (i.e., 30 years, the latitudinal range in 499 

degrees for a given species, or the elevational range in meters for a given species), and 𝐶𝑂𝑉 500 

represents time (𝜔"$!%& or 𝜔O$!%&), latitude (𝜔")*$ or 𝜔O)*$), or elevation (𝜔"&)&' or 501 

𝜔O&)&'). This was done at each iteration of the posterior for the estimated effect of year (𝛽789; 502 

Eq. 6), latitude (𝛾789; Eq. 11), and elevation (𝜃789; Eq. 11), providing a posterior distribution for 503 

𝜔":;' and 𝜔O:;'. To calculate the cross-species mean percent change in mass and wing length, 504 

we calculated the mean of 𝜔":;' and 𝜔O:;' across all species at each posterior iteration, 505 

represented by 𝜇#%:;'  and 𝜇#(:;'
, respectively, 506 

𝜇#%:;' =	
∑ #%:;',
<
,=>

T
		[26] 507 

𝜇#(:;'
=	

∑ #(:;',
<
,=>

T
		, 508 

where N is the number of species. 509 
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 510 

Rate of morphological change 511 

To compare the observed rates of phenotypic change in this study to observed rates of 512 

evolutionary change in other taxa, we calculated change in logged mass in terms of haldanes (ℎ), 513 

ℎ = 	
U.?@A

V/U.>@A
V

W
, [27] 514 

where 𝑥X and 𝑥, are the mean values for a morphological trait of interest at two time points, 𝑠Y is 515 

the standard deviation of the traits (pooled across time), and 𝑔 is the number of generations that 516 

are likely to have occurred between the two time points (78). This measure, first proposed by  517 

(79), represents the magnitude of phenotypic change in standard deviations per generation. 518 

For each species, we predicted logged mass at the beginning (𝑥,) and end (𝑥X) of the 30-519 

year study period by subtracting and adding 𝜙Q"%7"Z 	× 15 (where 𝜙Q"%7"Z is from Eq. 24, 520 

representing change in logged mass per year), respectively, from mean logged mass. We 521 

calculated the within-population standard deviation across all years at each station and took the 522 

mean value of this standard deviation across stations (𝑠Y) for each species. We used information 523 

on generation length from (80) to calculate the number of generations (generation length / 30) for 524 

a particular species over this time period (𝑔). 525 

Prior work has suggested that rates of evolutionary change of |ℎ| = 0.1 – 0.3 standard 526 

deviations per generation to be rapid (81), and that the maximal rate of phenotypic change that 527 

can be sustained indefinitely is approximately 0.1 phenotypic standard deviations per generation 528 

(82). For all species in this study, |ℎ| <	0.1. Rates of phenotypic change were similar to those 529 

observed in other taxa undergoing anthropogenic disturbance (Fig. S10) (83). 530 

 531 
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 762 

Fig. 1. The Monitoring Avian Productivity and Survivorship (MAPS) dataset provides an 763 

unparalleled resource for studying avian morphological variation over time and space. (A) 764 

Data on individual birds come from 1124 MAPS banding stations (black points) spanning the 765 

latitudinal and elevational extent of North America. (B) Measurements were taken for both wing 766 

length (chord of the unflattened wing) and mass for each captured bird. Based on allometric 767 

scaling principals and empirical measurements across species, wing length is expected to be 768 

proportional to mass to the 1/3 power (the scaling exponent in the power law equation); logging 769 

both variables linearizes this relationship. Points represent individuals from a single hypothetical 770 

species. (C) The scaling exponent was used to create a rotation matrix which was applied to 771 

logged wing length and logged mass for each species, to derive two independent morphological 772 

indices: a Size Index (SI) and a Wing Index (WI), denoting the overall size of each individual 773 

bird and the degree to which wing length deviates from its expected value given the body mass 774 

of the individual, respectively. For additional details on this mathematical transformation, see 775 

Fig. S2. 776 
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 778 

Fig. 2: Change in Size Index (SI) over time and in response to temporal fluctuations in 779 

temperature. (A) Change in SI over time for 105 species, controlling for changes over latitude 780 

and elevation. Each thin gray line represents the trend for one species, while the thick black line 781 

represents the mean trend across all species. (B) Change in SI across species in response to inter-782 

annual fluctuations in June maximum temperature in the year of capture (Lag 0) as well as one 783 

(Lag 1) and two years (Lag 2) prior to capture. Ribbons represent 89% CIs. (C) Effect of 1°C 784 

change in temperature on SI at capture locations for a representative species, the red-eyed vireo 785 

Vireo olivaceus, showing stronger effects of temperature on SI in warmer areas. Darker, orange 786 

hues represent a stronger negative effect of temperature on SI. The black polygon represents the 787 

range of the species, while white lines (and associated white text) represent isoclines for June 788 

maximum temperature in a single year, 2018.  789 
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 791 

Fig. 3: Change in SI over latitude and in response to spatial variation in temperature. (A) 792 

Change in SI over latitude for 105 species, controlling for changes over time and elevation. Each 793 

thin gray line represents the trend for one species, while the thick black line represents the mean 794 

trend across all species. (B) The effect of spatial variation in temperature on SI within each 795 

species as a function of the mean (range-wide) temperature experienced by that species. Each 796 

point represents a single species. Gray vertical bars represent one posterior standard deviation of 797 

the effect of spatial variation in temperature on SI, the thick black line represents the linear 798 

model fit, and the gray ribbon represents the 89% CI. (C) Predicted body size (SI) over the range 799 

of a representative species, the red-eyed vireo Vireo olivaceus, based on the estimated effect of 800 

latitude and elevation. Yellow hues represent average, red hues represent larger than average, 801 

and blue hues represent smaller than average predicted SI. 802 
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 804 

Fig. 4: Change in WI over elevation and across latitude. (A) Change in WI over elevation for 805 

105 species, controlling for changes over time and latitude. Each thin gray line represents the 806 

trend for one species, while the thick black line represents the mean trend across all species. (B) 807 

Predicted wingyness (WI) over the range of a representative species, the northern parula 808 

Setophaga americana, based on the estimated effect of latitude and elevation. Yellow hues 809 

represent average, red hues represent larger than average, and blue hues represent smaller than 810 

average predicted WI. 811 
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