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Abiotic conditions shape spatial and 
temporal morphological variation in  
North American birds

Casey Youngflesh    1  , James F. Saracco    2, Rodney B. Siegel2 and 
Morgan W. Tingley    1

Quantifying environment–morphology relationships is important not only 
for understanding the fundamental processes driving phenotypic diversity 
within and among species but also for predicting how species will respond 
to ongoing global change. Despite a clear set of expectations motivated 
by ecological theory, broad evidence in support of generalizable effects 
of abiotic conditions on spatial and temporal intraspecific morphological 
variation has been limited. Using standardized data from >250,000 captures 
of 105 landbird species, we assessed intraspecific shifts in the morphology 
of adult male birds since 1989 while simultaneously measuring spatial 
morphological gradients across the North American continent. We found 
strong spatial and temporal trends in average body size, with warmer 
temperatures associated with smaller body sizes both at more equatorial 
latitudes and in more recent years. The magnitude of these thermal effects 
varied both across and within species, with results suggesting it is the 
warmest, rather than the coldest, temperatures that drive both spatial and 
temporal trends. Stronger responses to spatial—rather than temporal—
variation in temperature suggest that morphological change may not be 
keeping up with the pace of climate change. Additionally, as elevation 
increases, we found that body size declines as relative wing length increases, 
probably due to the benefits that longer wings confer for flight in thin air 
environments. Our results provide support for both existing and new 
large-scale ecomorphological ‘rules’ and highlight how the response of 
functional trade-offs to abiotic variation drives morphological change.

Morphology is both a cause1 and a consequence2 of how organisms 
interact with their environment. Assessing patterns in morphological 
variation both across and within3 species provides a means to better 
understand these interactions and, consequently, predict ecological 
responses to environmental change. Ecological theory suggests that 
both the sizes and shapes of organisms should vary across latitude (for 
example, Bergmann’s4 and Allen’s5 rules) and also possibly elevation, 

particularly for flying organisms (due to lower temperatures and lower 
air density at high elevations6). These ecogeographic expectations are 
commonly used to motivate hypotheses for how species will respond 
to climate change7, such as the suggestion that declining body size may 
be a generalized response of endotherms to warming temperatures8. 
However, an holistic understanding of generalizable spatiotemporal 
effects of abiotic conditions on intraspecific morphological variation 
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(−0.022, −0.016), P(μγTVT lag0 < 0) = 1), as well as 1 year before capture 
(μγTVT lag 1 = −0.007, 89% CI (−0.010, −0.004), P(μγTVT lag1 < 0) = 1 ); 
posterior mean estimates for the species-specific effect of temperature 
on body size (γTVT (equation (15))) were negative for 100% of species 
for temperature in the year of capture and for 92% of species for tem-
perature in the year before capture (Supplementary Table 4 and 
Extended Data Fig. 5a). Temperatures 2 years before capture were not 
strongly related to body size (μγTVT lag 2 = 0.001, 89% CI (−0.002, 0.004), 
P(μγTVT lag 2 < 0) = 0.26; Fig. 2b, Extended Data Fig. 5 and Supplemen-
tary Table 4). Temperatures 1 and 2 years before capture correspond 
to environmental conditions likely experienced during ontogenesis, 
although postnatal dispersal limits the strength of this inference from 
banding data. Nevertheless, our findings align with expectations, given 
that smaller-bodied individuals—having larger surface-area-to-volume 
ratios—tend to have lower cooling costs compared to larger-bodied 
individuals. This also agrees with previous work that observed changes 
in both bird mass11,15 and surface area in response to rising tempera-
tures16 and provides strong support for the hypothesis that shrinking 
body size is a generalized response to climate change7,8.

Temperature-mediated size-dependent mortality (which may 
result in directional selection, conditional on the heritability of body 
size; for example ref. 17) and/or developmental plasticity during early 
life stages18 may be the most likely proximate drivers of our finding of 
an association between warmer temperatures and smaller bodies. 
Although widespread evidence for adaptive evolutionary responses 
to climate change is somewhat limited19,20, the rate of morphological 
change reported here is within the range that might be expected via 
evolutionary change (Extended Data Fig. 9). The lack of a strong rela-
tionship with temperatures 2 years before capture could suggest that 
a large portion of measured individuals were in their second year of life 
and never experienced the conditions 24 months before. Greater 
effects of temperature on body size in the warmer portions of species’ 
ranges (μθTVT lag 0 (equation (15)) = −0.012 unit change in effect of 
temperature per 10 °C change in mean site temperature, 89% CI 
(−0.023, −0.001), P(μθTVT lag0 < 0) = 0.96; Fig. 2c) suggests that it is 
the hottest experienced temperatures—rather than the coldest—that 
are driving this body size–temperature association21. This effect  
was less pronounced for temperatures in the year before and 2 years 
before capture ( μθTVT lag 1 = −0.010, (89% CI −0.021, 0.001), 
P (μθTVT lag1 < 0) = 0.93; μθTVT lag 2 = −0.004, 89% CI (−0.014, 0.006), 
P (μθTVT lag 2 < 0) = 0.75; Fig. 2c). Although poleward range shifts of 
species could also result in directional change in morphology at a given 
location, declines in body size in even the warmest portions of species’ 

has been limited by a lack of taxonomic and spatial replication, with 
studies yielding conflicting results8–11. Understanding the role that abi-
otic factors play in shaping morphological traits, as well as how and why 
this varies over space and time, is of particular importance for North 
American birds, which have precipitously declined in abundance over 
a period coincident with modern anthropogenic warming12.

We evaluated spatiotemporal morphological variation in 105 
North American bird species over 30 years (1989–2018), across more 
than 43° of latitude and nearly 3,000 m of elevation, using data from 
more than 250,000 live birds, primarily passerines or near-passerines, 
captured during the breeding season using standardized methods13 
(Fig. 1a, Extended Data Fig. 1 and Supplementary Table 1). Using field 
measures of body mass and wing length (length of the unflattened, 
closed wing) in conjunction with allometric scaling theory14, we derived 
two morphological indices, a size index (SI) and a wing index (WI)  
(Fig. 1b,c). SI and WI reflect overall bird body size and ‘wingyness’ (wing 
length relative to body mass), respectively (Extended Data Fig. 2)  
and were used to account for the fact that mass and wing length are 
intrinsically linked (that changes in mass may be due to changes in 
wing length and vice versa). Using a hierarchical Bayesian approach 
to estimate species-specific responses, we modelled these indices as 
a function of year, latitude and elevation and estimated and compared 
the impact of spatial and temporal variation in temperature on adult 
male bird body size.

Results and discussion
Morphological variation over time
On average, across the wide spatial and taxonomic breadth of  
sampling, avian body size decreased over time (SI μηIDX (equation (10)) =  
−0.03 SI per 10 years, 89% confidence interval (CI) (−0.04, −0.01), 
P(μηIDX < 0) = 1; Fig. 2a and Supplementary Table 2). Some variation 
in this trend existed across species, with decreases observed for 80 of 
the 105 focal species (Supplementary Table 2 and Extended Data  
Fig. 3a). Absolute body mass showed range-wide declines of up to  
2.78% between 1989 and 2018 (for example, tree swallow Tachycineta 
bicolor, ωMTIME  (equation (25)) = −2.78, 89% CI (−4.98, −0.63), 
P(ωMTIME < 0) = 0.98), with a mean decline in mass of 0.56% across all 
species (μωMTIME

 (equation (26)) = −0.56, 89% CI (−0.78, −0.34), 
P(μωMTIME

< 0) = 1; Extended Data Fig. 7a, Supplementary Table 3). This 
temporal trend toward smaller bodies for most species and over most 
of a continent is likely the result of warming temperatures. Specifically, 
smaller body sizes were associated with elevated temperatures in the 
year of capture (μγTVT lag 0 (equation (15)) = −0.019 SI per 1 °C, 89% CI 
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Fig. 1 | The MAPS dataset provides a large spatial-, temporal- and taxonomic-
scale resource for studying avian morphological variation over time and 
space. a, Data on individual birds come from 1,124 MAPS banding stations (black 
points) spanning the latitudinal and elevational extent of North America.  
b, Measurements were taken for both wing length (chord of the unflattened 
wing) and mass for each captured bird. On the basis of allometric scaling 
principals and empirical measurements across species, wing length is expected 
to be proportional to mass to the one-third power (the scaling exponent in the 

power law equation); logging both variables linearizes this relationship. Points 
represent individuals from a single hypothetical species. c, The scaling exponent 
was used to create a rotation matrix which was applied to logged wing length and 
logged mass for each species, to derive two independent morphological indices: 
size index (SI) and wing index (WI), denoting the overall size of each individual 
bird and the degree to which wing length deviates from its expected value given 
the body mass of the individual, respectively. For additional details on this 
mathematical transformation, see Extended Data Fig. 2.
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ranges (where individuals are generally smallest) suggests that disper-
sal is not the primary mechanism driving these observed changes.

In contrast to shrinking body size in North American birds,  
we found that the wingyness (wing length relative to body mass) of 
birds has increased over time (WI μηIDX (equation (10)) = 0.02 WI per 
10 years, 89% CI (0.00, 0.03), P(μηIDX > 0) = 0.95; Extended Data Fig. 4a 
and Supplementary Table 2). Although this pattern could be due to 
changing migratory patterns in response to ongoing range shifts22, 
constraints on the rate at which wing length can change over time 
compared to body size23,24 might also play a role. Specifically,  
we observed no change in absolute wing length over time—temporal 
changes in wingyness were the result of declining mass ( μωMTIME

  
(equation (26)) = −0.56% change over study period, 89% CI  
(−0.78, −0.34), P(μωMTIME

< 0) = 1) with relatively stable wing length 
(μωWTIME

 (equation (26)) = −0.01% change over study period, 89% CI 
(−0.13, 0.12), P (μωWTIME

< 0) = 0.54; Extended Data Figs. 7a and 8a and 
Supplementary Table 3). That is, while birds have, on average, become 
smaller, their wings have stayed relatively the same size, in agreement 
with research from the Middle East16. Other North and South American 
studies, however, have observed increases in wing length over time11,15. 
In the case of ref. 11—the closest comparison to this study—the discrep-
ancy in findings may be due to the limitations of sampling at a single 
location during the breeding season, which might result in sampling 
different populations over time. However, these differences might also 
reflect the complexities of morphological variation and how these 
patterns might vary over time and space. For example, the rate at which 
morphology changes might vary over space (i.e., exhibit spatial 
non-stationarity25), leading similar studies to come to different conclu-
sions on the basis of their study area of interest.

Morphological variation over latitude
Why is it so critical to control for geography when assessing temporal 
trends in phenotypes? Bird morphology shows strong and 

generalizable trends in morphology over space. As illustrated by our 
dataset across 105 bird species and most of a continent, body size 
strongly increases with latitude (SI μγIDX (equation (11)) = 0.37 SI per 
10° of latitude, 89% CI (0.29, 0.45), P(μγIDX > 0) = 1; Fig. 3a, Extended 
Data Fig. 3b and Supplementary Table 2), supporting the intraspecific 
interpretation of Bergmann’s rule4, despite decades of debate on its 
relevance26. On average, body mass increases 5.72% (μωMLAT

 (equation 
(26)) = 5.72%, 89% CI (5.39, 6.04), P(μωMLAT

> 0) = 1 ; Extended Data  
Fig. 7b and Supplementary Table 3) over the sampled latitudinal range 
of a given species. Larger body sizes are associated with regions with 
cooler average temperatures (SI μβSVT (equation (20)) = −0.37 SI per 
10 °C of change in mean site temperature, 89% CI (−0.46, −0.29), 
P(μβSVT < 0) = 1; Fig. 3b and Extended Data Fig. 6) that are generally 
found at higher latitudes, supporting the notion that thermal factors 
play a substantial role in governing body size not only over time but 
also over space21. Additionally, we found that this relationship between 
temperature and spatial variation in body size is stronger for species 
that experience warmer conditions (θSR (equation (22)) = −0.29 unit 
change in effect of temperature per 10 °C of change in mean range-wide 
temperature, 89% CI (−0.49, −0.09), P(θSR < 0) = 0.99; Fig. 3b), illus-
trating—as with findings of temporal associations between body size 
and temperature—that the warmest, rather than the coldest, temper-
atures probably drive intraspecific adherence to Bergmann’s rule.

Factors other than temperature may also be important in driving 
morphological variation. For example, some evidence exists for an 
increase in wingyness with latitude (WI μγIDX (equation (11)) = 0.04 WI 
per 10° of latitude, 89% CI (0.00, 0.07), P (μγIDX > 0) = 0.92; Extended 
Data Fig. 4b and Supplementary Table 2). While thermal factors might 
suggest that appendages should be smaller towards the poles to limit 
heat loss—known as Allen’s rule5,27—the length of the closed bird wing 
is primarily a function of flight feather length. This may obscure the 
relationship between appendage size and temperature in this case, a 
relationship that is well supported for bird bill size (an anatomical 
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Fig. 2 | North American birds show an average decline in body size (SI) over 
time and in response to temporal fluctuations in temperature. a, Change in 
SI over time for 105 species, controlling for changes over latitude and elevation. 
Each thin grey line represents the trend for one species and the thick black line 
represents the mean trend across all species. b, Change in SI across species in 
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Ribbons represent 89% CIs. c, Effect of 1 °C change in temperature on SI at 
capture locations for a representative species, the red-eyed vireo Vireo olivaceus, 
showing stronger effects of temperature on SI in warmer areas. Darker, orange 
hues represent a stronger negative effect of temperature on SI. The black polygon 
represents the range of the species and white lines (and associated white text) 
represent isoclines for May–July maximum temperature in a single year, 2018.
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structure which readily dissipates heat)27. Relatively longer wings at 
higher latitudes may reflect the longer distances that breeding birds 
from more northerly populations tend to travel to complete their 
migration. Longer and more pointed wings are thought to increase the 
efficiency of long flights and are generally found in populations that 
migrate longer distances28–30. For some species, populations breeding 
at higher latitudes migrate farther than southern populations, yielding 
‘leapfrog’ migration patterns; for other species, equatorward popula-
tions of an otherwise migratory species remain non-migratory31. 
Indeed, species known to exhibit leapfrog migrations (for example, 
Wilson’s warbler Cardellina pusilla32 and fox sparrow Passerella ili-
aca33), as well as migratory species with resident populations in the 
southern portions of their ranges (for example, Eastern towhee Pipilo 
erythrophthalmus34 and white-eyed vireo Vireo griseus34), here show 
pronounced increases in wingyness with latitude (Extended Data  
Fig. 4b and Supplementary Table 2). Smaller or even negative effects 
of latitude for other species might be indicative of alternative migration 
strategies—in which northerly populations do not migrate longer 
distances than southerly populations31—as well as the importance of 
other factors, such as variation in habitat structure35 and/or preda-
tion36, that might also drive variation in wing length.

Morphological variation over elevation
Less well understood is how morphology varies over elevation. Given 
decreasing temperatures at high elevations, body size might be 
expected to increase (Bergmann’s rule applied to elevation). However, 
we find that body size generally decreases with elevation (SI μθIDX (equa-
tion (11)) = −0.06 SI per 1,000 m, 89% CI (−0.12, 0.00), 
P (μθIDX < 0) = 0.96 ; Extended Data Fig. 3c and Supplementary  
Table 2), indicating that, contrary to the general associations found 
between body size and temperature over space, pressures unrelated to 
thermoregulation dominate over this gradient (potentially reflecting 

lower resource availability at higher elevations37). Species with wide 
elevational gradients may therefore rely on a variety of behavioural 
adaptations, such as facultative altitudinal migration38,39 and even nightly 
torpor40, to cope with lower temperatures at higher elevations.

In contrast to body size, wingyness strongly increases with eleva-
tion (WI μθIDX (equation (11)) = 0.32 WI per 1,000 m, 89% CI (0.28, 0.37), 
P (μθIDX > 0) = 1 ; Fig. 4, Extended Data Fig. 4c and Supplementary  
Table 2). Elevational trends in both indices are due to countervailing 
changes in absolute morphology: body mass decreases (μωMELEV

 (equa-
tion (26)) = −1.15% change over species’ elevational range, 89% CI (−1.42, 
−0.89), P (μωMELEV

< 0) = 1; Extended Data Fig. 7c and Supplementary 
Table 3) while wing length increases with elevation (μωWELEV

 (equation 
(26)) = 2.15% change, 89% CI (2.00, 2.30), P (μωWELEV

> 0) = 1; Extended 
Data Fig. 8c and Supplementary Table 3). These elevational ecogeo-
graphic relationships for birds are likely due to the key role that air 
pressure plays in flight performance. Air density, a key determinant in 
the amount of lift that a wing produces, is lower at higher elevations, 
necessitating some compensatory measures to maintain flight (i.e., 
more relative power output via larger wings and/or lower mass, larger 
wing stroke amplitude or increased wingbeat frequency6,41).

While large-scale increases in wing size with elevation have been 
documented previously, this pattern was (incorrectly) taken to be 
indicative of an increase in the size of individuals42. Our results illus-
trate a clear increase in wing length with elevation independent of any 
changes in body size (Fig. 4), providing large-scale, cross-taxonomic 
evidence for this heretofore unrecognized ecomorphological gradient. 
This intraspecific pattern of increased wing length with elevation har-
monizes observations in some insects43, among specific groups of bird 
species, including hummingbirds (family Trochilidae44) and white-eyes 
(Zosterops spp.41) and from a limited number of single-species studies 
(for example, song sparrow Melospiza melodia45 and Eurasian tree 
sparrow Passer montanus46).
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the estimated effect of latitude and elevation. Yellow hues represent average, red 
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Implications for understanding the impacts of global change
While intraspecific morphological differences are often disregarded 
in macroecological and functional studies, this important element of 
biodiversity has major implications for understanding how organisms 
are shaped by their environments, how they are likely to respond to 
future global change and for the conservation of natural systems47. For 
example, the degree to which species can respond to the thermoregu-
latory pressures caused by warming temperatures may impact their 
ability to persist in their current ranges21. More frequent extreme 
weather events that may result in large-scale thermoregulatory-related 
mortality events48 and chronic sublethal effects of increased temper-
ature may have pronounced effects on populations49. While body size 
in North American birds has responded to warming temperatures over 
time, larger responses to temperature variation over space compared 
to temperature variation over time suggest that the rate of morpho-
logical change over time may be evolutionarily and/or plastically con-
strained. Specifically, the average SI response to spatial variation in 
temperature was almost twice as large as the average SI response to 
temporal variation in temperature in the year of capture (spatial: μβSVT 
(equation (20)) = −0.37; temporal: μγTVT (equation (15)) = −0.19;  
Fig. 5a)—this effect would be even more pronounced for temperature 
in the year before capture. Overall, 69% of species responded more 
strongly to temperature variation over space compared to variation 
over time (Fig. 5b). This raises concern that species may not be respond-
ing rapidly enough over time to keep pace with ongoing climatic 
change50 The potential for mismatch between species and their envi-
ronments is especially concerning for some bird species—including 
those living in hot, arid environments, such as lesser goldfinch (Spinus 
psaltria) and chipping sparrow (Spizella passerina)—that may lack 
suitable microrefugia in portions of their ranges to buffer them from 
especially warm temperatures51.

Conclusions
Morphological responses to thermoregulatory pressures, as well as 
the importance of flight efficiency, illustrate how interacting func-
tional trade-offs contribute to observed morphological variation 
(Extended Data Fig. 10). Other factors not directly considered in this 
study, including additional thermoregulatory factors (for example, 
minimum rather than maximum temperatures), habitat characteris-
tics and conditions experienced on overwintering grounds, likely act 
in concert with these processes to shape variation within and among 
species. Characterizing the interplay between these various factors, 
operating over space and time, is key to understanding how morphol-
ogy is likely to change into the future, in response to continued abiotic 
environmental change. Although the ecological consequences of mor-
phological change and how morphology interacts with other climate 
change responses—including shifts in species’ ranges52 and the timing 

of seasonal events53—are currently unknown8, the importance of body 
size for life history traits54, physiology55 and both cross-trophic56 and 
intra-trophic57 interactions, suggests that the implications of these 
changes could be far reaching. Given projected changes in climatic 
conditions, continued morphological change and its associated con-
sequences can be expected.

Methods
Morphological data
Bird morphology data were collected as part of the Monitoring Avian 
Productivity and Survivorship (MAPS) programme, a collaborative 
long-term bird-banding project operating across North America13. Data 
were obtained from 1,124 banding stations (Fig. 1), each consisting of 
6–20 mist nets, over the period 1989–2018 (although most stations 
operated during only a subset of this period). Banding stations were 
operated 6–12 times per year, from 1 May to 28 August13, encompass-
ing the breeding season for most birds in North America. Only records 
obtained within species’ breeding ranges were used (as determined 
annually by banding station operators). While our dataset does not span 
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the entire breeding range of every species, this lack of complete cover-
age is unlikely to bias results given the flexible analytical framework we 
use, which allows us to account for spatiotemporal heterogeneity in 
these data. Limited sampling at very high latitudes, however, prevents 
us from making inference in these areas. For each captured bird, wing 
length (distance between the carpal joint and the wing tip, commonly 
referred to as unflattened wing chord) was measured to the nearest 
millimetre following ref. 58 and body mass was recorded to the nearest 
0.5 g (ref. 13). Birds were aged following criteria summarized by ref. 58.

We restricted our analyses to male birds classified as 'after hatch 
year' (captured at least one breeding season after the hatch year of the 
bird) to avoid any confounding morphological variation among age 
classes and between sexes and changes in female bird mass through-
out the season that may be due to egg production and laying. Other 
factors, such as variation in food availability across the season, the 
energetic demands of nesting or moult status, might contribute to 
noise in these data, although should not bias measures in any way. 
All records with body mass or wing length measurements that were 
more than five median absolute deviations (MAD59) away from the 
median were excluded, as these probably represented measurement 
or data entry errors. If an individual was captured more than once in 
a season, only measurements taken during the initial capture were 
considered. Only species for which data were available for at least 375 
captures (after data filtering) were analysed. In total, morphological 
data from 253,488 captures of 105 species, representing two orders 
and 18 taxonomic families were used from banding stations spanning 
more than 43° of latitude (26.1° N to 69.4° N) and 2,996 m of elevation 
(Supplementary Table 1).

Elevation data
Elevation data for each banding station were obtained from the 30 arc-
sec resolution (~1 km at the equator) global multi-resolution terrain 
elevation data 2010 data product60.

Temperature data
Daily maximum temperature data for each banding station were 
obtained over the study period from the 1 km gridded Daymet sur-
face weather data product61. For each year at each site, we calculated 
the average maximum temperature from ordinal day (day of year) 
121 to ordinal day 212 (1 May to 31 July in a non-leap year). We refer to 
this annual metric as ‘May–July maximum temperature’. We use this 
time window as it generally encompasses the incubation and nest-
ling stages for these species34, where birds are generally constrained 
to be at or near their nests. During this period, there may be fewer 
opportunities to take advantage of microrefugia that might buffer 
individuals from the effects of temperature. We calculated the mean 
May–July maximum temperature across years at each station as well 
as year-specific values for temperature at each station to evaluate the 
effect of temperature on morphological variation across space and 
time, respectively. Species-wide mean temperature values were cal-
culated by taking the mean May–July maximum temperature across 
all stations for each species.

Derivation of morphological indices
Two morphological indices were derived from data collected on body 
mass and wing length for each bird. The size index (SI) corresponds to 
the overall size of an individual, while the wing index (WI) corresponds 
to the relative (to body mass) wing length, or ‘wingyness’, of each indi-
vidual. These indices were derived using the expected power law62,63 
relationship between these two traits,

W = bMc, (1)

where W is wing length, M is body mass, b is a scalar and c is the scaling 
exponent (Fig. 1b,c and Extended Data Fig. 2), denoting how rapidly 

wing length increases as a function of mass. This relationship is lin-
earized when taking the log of both sides of the equation,

log (W) = log (b) + c × log(M). (2)

Using species-level mean values for both log(W) and log(M), we 
estimated the scaling exponent by applying a phylogenetic regression 
(to control for the effect of phylogenetic relatedness on parameter 
estimates64) using the ‘caper’ package65 in R (ref. 66) to the linearized 
form of the power law relationship (equation (2)). Species-level mean 
values were used because we were interested in understanding the 
general relationship between wing length and body mass and in validat-
ing theoretical expectations of the relationship between these traits. 
This scaling exponent represents the null expectation for how wing 
length covaries with mass, whether that be within or across species. 
We use this null expectation to derive wing and size indices to then 
explore how the relationship between these traits varies within species 
across time and space. We estimated the scaling exponent for each of 
100 phylogenetic trees for the species of interest obtained from Bird-
Tree67 (www.birdtree.org) to account for uncertainty in the phyloge-
netic relatedness of these species. The mean of the 100 estimates 
(mean = 0.333, s.d. = 0.002) of the empirical relationship between wing 
length and body mass (the scaling exponent) was nearly identical to 
the theoretical expectation, given isometric scaling principles (where 
c = 1

3
; mass is expected to be proportional to volume, which scales as 

the cube of a linear dimension, such as wing length) and similar to 
estimates from other studies68,69 (Extended Data Fig. 2).

For each species, measurements of body mass and wing length of 
individual bird captures were then reprojected onto new axes using 
a rotation matrix derived from the estimated scaling exponent (the 
rate at which wing length is expected to change with body mass). The 
rotation matrix was specified as,

R = [
cos(θ) −sin(θ)

sin(θ) cos(θ)
] , (3)

where θ is the amount (in radians) the data are to be rotated. We speci-
fied θ as the negative arc-tangent of c (as applying the arc-tangent 
function to the tangent of a triangle (the tangent being equivalent to 
the slope of a line) produces the angle in radians). For each species, we 
applied the rotation matrix to logged body mass (LM) and logged wing 
length (LW), to reproject the data onto new axes (Extended Data Fig. 2),

[
x′

y′
] = R [

LM

LW
] . (4)

These reprojected data (x′ and y′) were standardized within species 
(centred and divided by the standard deviation) to create two relative 
indices (SI and WI) that represent the overall size of the individual and 
the degree to which wing length deviates from its expected value given 
the body mass of the individual, respectively,

x′ik−x
′
k

σx′k
= SIik

y′ik−y
′
k

𝜎𝜎y′k

=WIik
(5)

where x′ and y′ represent the mean and σx′ and σy′ represent the standard 
deviation of x′ and y′, respectively, for each species, k, and i represents 
each bird capture. This approach allowed us to account for the expected 
nonlinear relationship among these traits when assessing spatiotem-
poral change and provides a means by which to assess morphological 
deviations from an expectation that is rooted in scaling theory and 
validated with empirical estimates14. Because of this, we were able to 
make inference on changes in the overall size and wingyness of these 
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species directly, without the use of additional metrics. This approach 
also accounts for variation in morphological change among species of 
different sizes (modelling proportional rather than absolute change), 
as these indices are standardized within each species. SI values were 
closely correlated with logged mass (mean correlation coefficient 
across species = 0.99, range 0.98–1). WI values showed a strong correla-
tion to logged wing length (mean correlation coefficient across spe-
cies = 0.75, range 0.49–0.88), although not as strong as the relationship 
between SI and logged mass.

Morphology as a function of time, latitude and elevation
We used a hierarchical Bayesian approach to determine how SI and WI 
varied within species as a function of time, latitude and elevation. We 
fit separate models for each index, that were identical in structure. In 
each case, the index (yIDX) for capture i, at banding station j, for species 
k was modelled as t-distributed, as a linear function of time,

yIDXijk ∼ t(νIDX,μIDKijk ,σIDXk ),

μIDXijk = αIDXk + βIDXjk × yearijk + ξIDXjk ,
(6)

where αIDX is the species-level intercept term, βIDX is the effect of year 
on the response variable, ξIDX is the species-station intercept term, 
σIDX is the species-specific process error, νIDX represents the degrees 
of freedom, controlling the normality of the distribution (resulting 
in a Cauchy distribution when νIDX = 1 and approaching a normal dis-
tribution as νIDX approaches infinity) and the IDX subscript denotes 
the association of that parameter with this model (to help distinguish 
these parameters from those in other models). The degrees of free-
dom parameter of the t-distribution allows for additional flexibility 
(compared with the normal distribution) in modelling the structure 
of the residuals (for instance when there are ‘extreme observations’70). 
Parameter αIDX was modelled as normally distributed,

αIDXk ∼ N(μαIDX ,σαIDX ), (7)

where μαIDX and σαIDX represent the mean and standard deviation of αIDX 
across all species, respectively. Parameter βIDX was modelled as nor-
mally distributed,

βIDXjk ∼ N(ηIDXk ,σβIDX ), (8)

where ηIDX represents the mean effect of year on the response for each 
species and σβIDX represents the process error. Parameter σIDX was mod-
elled as half-normal (normal but with support only over positive 
values),

σIDXk ∼ HN(τσIDX , κσIDX ), (9)

where τσIDX and κσIDX represent the mean and standard deviation of σIDX, 
respectively. Process error was modelled hierarchically, as the degree 
to which these explanatory variables explain that variation in the data 
may vary by species. Parameter ηIDX was modelled as normally 
distributed,

ηIDXk ∼ N(μηIDX ,σηIDX ), (10)

where μηIDX and σηIDX represent the mean and standard deviation of ηIDX 
across all species, respectively. The species-station intercept term, ξIDX, 
was modelled as a linear function of latitude and elevation,

ξIDXjk ∼ N(μξIDXjk
,σξIDXk )

μξIDXjk
= γIDXk × latjk + θIDXk × elevjk

[
γIDXk

θIDXk

] ∼ MVN ([
μγIDX

μθIDX

] ,ΣIDX) ,

(11)

where γIDX is the species-specific effect of latitude (lat) on ξIDX, θIDX is the 
species-specific effect of elevation (elev) on ξIDX and σξIDX is the 
species-specific process error. Parameters γIDX and θIDX were modelled 
as multivariate normal, with means μγIDX and μθIDX, respectively, and 
covariance ∑IDX (a 2 × 2 covariance matrix). Parameter σξIDX was modelled 
as half-normal

σξIDXk ∼ HN(τσξIDX , κσξIDX ), (12)

where τσξIDX and κσξIDX represent the mean and standard deviation of σξIDX, 
respectively. We fit all Bayesian models in this study using the R package 
‘rstan’71 to interface with Stan72 in R (ref. 66). R package ‘MCMCvis’73 was 
used to summarize, visualize and manipulate all Bayesian model out-
put. General data manipulation and processing was done using the 
‘tidyverse’ family of R packages74. For each model, we ran four chains 
for 8,000 iterations each with a warmup of 4,000 iterations. For all 
models, Rhat ≤ 1.01 and the number of effective samples was >400 for 
all parameters. No models had divergent transitions72. Weakly informa-
tive priors were given for all parameters. Stan files with full model 
specifications can be found in the archived Github repository associ-
ated with this manuscript. For each parameter that required a prior, 
the overlap between the prior and posterior distribution was visualized 
and calculated to ensure that the priors were not having an outsized 
effect on the posterior distribution. Graphical posterior predictive 
checks were used to check that data generated by the model were 
similar to the data used to fit the model75. Data simulated from the 
posterior predictive distribution were similar to the observed data 
(Supplementary Fig. 1).

For all model results in the main text, we present posterior mean 
estimates for parameters as well as the 89% CI, following ref. 76. The 
choice of 89% is arbitrary but serves to quantify parameter uncertainty 
while avoiding any suggestion that Bayesian credible intervals are 
analogous to tests of statistical significance (as might be assumed if 
using 95% cutoffs). For each parameter, we also present the probability 
that a given parameter is positive (calculated as the proportion of the 
posterior that is >0) as P(PARAMETER > 0), or negative (the proportion 
of the posterior that is <0) as P(PARAMETER < 0). Scenarios in which 
P(PARAMETER > 0) or P(PARAMETER < 0) are near 0.5 indicate that a 
positive relationship is equally likely as a negative relationship.

To create species maps for Figs. 2c, 3c and 4b, we used range maps 
obtained from ref. 77. Estimated effects of latitude and elevation were 
used to predict values for SI and WI across the range of these species. 
For Fig. 3c, we excluded all areas >2,000 m when making predictions 
for the SI for red-eyed vireo (V. olivaceus). This was done to avoid 
making predictions outside the elevational range of this species 
in the Rocky Mountains—the range maps used did not incorporate 
elevation information and 2,000 m is the elevational range limit for 
this species78.

Body size as a function of temporal variation in temperature
To quantify how intraspecific variation in size across time is influenced 
by temperature, we modelled SI as a function MT (May–July maximum 
temperature at each station). The response variable (yTVT) for capture 
i, banding station j and species k was modelled as t-distributed, as a 
function of MT,

yTVTijk ∼ t(νTVT,μTVTijk ,σTVTk )

μTVTijk = αTVTjk + βTVTjk ×MTijk,
(13)

where αTVT is the species-station-specific intercept term, βTVT is the 
species-station-specific effect of temperature on the response vari-
able, σTVT is the species-specific process error, νTVT represents the 
degrees of freedom and the TVT subscript denotes the association 
of that parameter with this model. Parameter αTVT was modelled 
normally distributed, as a function of MST (deviations of May–July 
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maximum temperature from species-specific range-wide temperature at  
each station),

αTVTjk ∼ N(μαTVTjk
,σαTVT )

μαTVTjk
= ρTVTk + ζTVTk ×MSTjk

[
ρTVTk
ζTVTk

] ∼ MVN ([
μρTVT

μζTVT

] ,ΣαTVT)

(14)

where ρTVT is the species-specific intercept term, ζTVT is the 
species-specific effects of MST on αTVT and σαTVT represents the process 
error. Parameters ρTVT and ζTVT were modelled as multivariate normal, 
with means μρTVT and μζTVT, respectively, and covariance ΣαTVT (a 2 × 2 covari-
ance matrix). Parameter βTVT was similarly modelled as a function of MST.

βTVTjk ∼ N(μβTVTjk
,σβTVT )

μβTVTjk
= γTVTk + θTVTk ×MSTjk

[
γTVTk
θTVTk

] ∼ MVN ([
μγTVT

μθTVT

] ,ΣβTVT)

(15)

Both the intercept (αTVT) and slope (βTVT) at each species-station 
were modelled as a function of mean station temperature because both 
the overall size and the effect of temporal variation in temperature 
might be expected to vary across this gradient. Parameter σTVT was 
modelled as half-normal,

σTVTk ∼ HN(τσTVT , κσTVT ), (16)

where τσTVT and κσTVT represent the mean and standard deviation of σTVT, 
respectively.

We fit three identical versions of this model, using temperature 
data in the year that the morphological data were collected (lag 0), as 
well as temperature 1 year (lag 1) and 2 years (lag 2) before data collec-
tion, to explore the effect of temperature on morphology (that is, the 
effect of temperature in year t, t − 1 and t − 2 on morphology in year t) 
during the potential hatching summer and subsequent summers and 
to account for the uncertainty and variability in the ages of these birds 
(all of which were known to be adults). For each model, we ran four 
chains for 6,000 iterations each with a warmup of 3,000 iterations.

Body size as a function of spatial variation in temperature
To quantify how intraspecific variation in size across space is influenced by 
temperature, we modelled SI as a function of MT (mean May–July maximum 
temperature at each station across all years). The response variable (ySVT) 
for capture i, banding station j and species k was modelled as t-distributed,

ySVTijk ∼ t(νSVT,μSVTijk ,σSVTk )

μSVTijk = αSVTk + ξSVTjk ,
(17)

where αSVT is the species-specific intercept term, ξSVT is the 
species-station-specific intercept, σSVT is the species-specific pro-
cesses error, νSVT represents the degrees of freedom and SVT denotes 
the association of each parameter with this model. Parameter αSVT was 
modelled as normally distributed,

αSVTk ∼ N(μαSVT ,σαSVT ), (18)

where μα and σα represent the mean and standard deviation of αSVT, 
respectively. Parameter ξSVT was modelled as normally distributed, as 
a function of MT,

ξSVTjk ∼ N(μξSVTjk
,σξSVT )

μξSVTjk
= βSVTk ×MT,

(19)

where βSVTk is the species-specific effect of MT and σξSVT is the process 
error. Parameter βSVT was modelled as normally distributed,

βSVTk ∼ N(μβSVT ,σβSVT ), (20)

where μβSVT and σβSVT represent the mean and standard deviation of βSVT, 
respectively. We ran four chains for this model for 8,000 iterations 
each with a warmup of 4,000 iterations.

To assess how responses to temperature varied across species, we 
modelled the species-specific effect of spatial variation of temperature 
on SI ( β̂SVT; the posterior mean of βSVT (equation (19)), derived from the 
above model) and associated uncertainty as a function of ST (mean 
cross-station temperature within each species’ range). Parameter β̂SVT 
was modelled as normally distributed, with mean πSR and standard 
deviation σβ̂SVT (the posterior standard deviation of βSVT (equation (19)), 
derived from the above model),

β̂SVTk ∼ N (πSRk ,σβ̂SVTk ) , (21)

where SR denotes the association of each parameter with this model. In 
this way, the uncertainty in the species-specific estimates of the spatial 
temperature effect is propagated through these analyses. Parameter 
πSVT was modelled as multivariate normal, as a linear function of ST, 
in a manner that accounts for the phylogenetic non-independence 
between species (following refs. 79,80),

πSRk ∼ MVN (μπSRk
,ΣSR × σπSR )

μπSRk
= γSR + θSR × STk

ΣSR = λSR × Σdis + (1 − λSR) × I,

(22)

where γSR is the intercept term, θSR is the effect of ST on the response vari-
able and σπSR is the process error. Parameter ∑dis is a phylogenetic covari-
ance matrix, standardized such that the diagonal elements have a value 
of 1. The off-diagonal elements of ∑dis describe the pair-wise phylogenetic 
distances between the 105 species included in this study. The phyloge-
netic covariance matrix was calculated from a consensus phylogenetic 
tree (using the ‘phytools’ package81 in R) on the basis of 100 trees for the 
species of interest obtained from BirdTree67. Parameter λSR is Pagel’s 
lambda82, which represents the degree to which phylogenetic relatedness 
contributes to variation in πSR, where values near 0 (the lower bound of 
the parameter) indicate low phylogenetic signal and values near 1 (the 
upper bound of the parameter) correspond to variation following a 
Brownian motion model of evolution80 and I is an identity matrix. We ran 
this model for 1,000 iterations with a warmup of 500 iterations.

Back-transformation of effect sizes to trait space
Steps outlined by equations (1)–(5) were implemented in reverse, to 
calculate the response of absolute morphological measurements (body 
mass and wing length) to variation over time, latitude and elevation, 
using posterior estimates for the effects of these predictors on SI and 
WI. That is, for each species the effect sizes (posterior estimates) of 
these covariates on SI and WI were multiplied by the standard deviation 
of x′ and y′ (σx′ and σy′, respectively),

ϕx′k
= ϕSIk × σx′k

ϕy′k
= ϕWIk × σy′k ,

(23)

where ϕSI and ϕWI are the effect of a given covariate on SI and WI, respec-
tively, for each species (k) and ϕx′ and ϕy′ represent the unstandardized 
effects of the covariate for each species. Parameters ϕx′ and ϕy′ were 
then rotated using the transpose of R (equation (3)),

[
ϕLMk

ϕLWk

] = RT [
ϕx′k

ϕy′k
] , (24)
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where ϕLM and ϕLW represent the effect of a given covariate on the 
logged absolute morphological metrics, LM (logged mass) and LW 
(logged wing length), for each species. This transformation has the 
effect of rotating data in the opposite direction of the rotation per-
formed in equation (4). Since ϕLM and ϕLW represent an effect size in log 
space, when exponentiated, these metrics represent the multiplicative 
change in (unlogged) mass and wing length for each one-unit change 
in a given covariate. Subtracting one from this value and multiplying 
by 100 gives the percentage change in that metric. To determine the 
percentage change in mass (ωM) and wing length (ωW) over the tempo-
ral, latitudinal and elevational range at which data were collected for 
each species, we exponentiated the product of ϕLM and L (for mass) 
and the product of ϕLW and L (for wing length), subtracted one and 
multiplied by 100,

ωMCOVk
= ((eϕLMk×Lk ) − 1) × 100

ωWCOVk
= ((eϕLWk×Lk ) − 1) × 100,

(25)

where L represents the total number of covariate units (that is, 30 years, 
the latitudinal range in degrees for a given species or the elevational 
range in metres for a given species) and COV represents time (ωMTIME or 
ωWTIME), latitude (ωMLAT or ωWLAT) or elevation (ωMELEV or ωWELEV). This was 
done at each iteration of the posterior for the estimated effect of year 
(βIDX; equation (6)), latitude (γIDX; equation (11)) and elevation (θIDX; 
equation (11)), providing a posterior distribution for ωMCOV and ωWCOV. 
To calculate the cross-species mean percentage change in mass and 
wing length, we calculated the mean of ωMCOV and ωWCOV across all species 
at each posterior iteration, represented by μωMCOV

 and μωWCOV
, 

respectively,

μωMCOV
=

∑N
k=1 ωMCOVk

N

μωWCOV
=

∑N
k=1 ωWCOVk

N
,

(26)

where N is the number of species.

Rate of morphological change
To compare the observed rates of phenotypic change in this study to 
observed rates of evolutionary change in other taxa, we calculated 
change in logged mass in terms of haldanes (h),

h =
( x2
sp
) − ( x1

sp
)

g , (27)

where x2 and x1 are the mean values for a morphological trait of inter-
est at two time points, sp is the standard deviation of the traits (pooled 
across time) and g is the number of generations that are likely to have 
occurred between the two time points83. This measure, first proposed 
by ref. 84, represents the magnitude of phenotypic change in standard 
deviations per generation.

For each species, we predicted logged mass at the beginning (x1) 
and end (x2) of the 30-yr study period by subtracting and adding 
ϕLMTIME × 15 (where ϕLMTIME is from equation (24), representing change in 
logged mass per year), respectively, from mean logged mass. We cal-
culated the within-population standard deviation across all years at 
each station and took the mean value of this standard deviation across 
stations (sp) for each species. We used information on generation length 
from ref. 85 to calculate the number of generations (generation 
length/30) for a particular species over this time period (g).

Previous work has suggested that rates of evolutionary change of 
|h| = 0.1–0.3 standard deviations per generation are rapid86 and that the 
maximal rate of phenotypic change that can be sustained indefinitely 

is ~0.1 phenotypic standard deviations per generation87. For all spe-
cies in this study, |h| < 0.1. Rates of phenotypic change were similar to 
those observed in other taxa undergoing anthropogenic disturbance 
(Extended Data Fig. 9)88.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this article.

Data availability
Data from the MAPS programme are curated and managed by The Insti-
tute for Bird Populations and were queried from the MAPS database on 
16 October 2019. MAPS data used here are available on Dryad (https://
doi.org/10.5068/D1DT2T).

Code availability
All code used to produce analyses are freely available on Github (https://
github.com/caseyyoungflesh/MAPS_morph_changes) and archived on 
Zenodo (https://doi.org/10.5281/zenodo.6977666).
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Extended Data Fig. 1 | Morphological data availability over time. Each horizontal line represents one of 1124 MAPS stations. Stations are ordered by latitude, from 
north (top) to south (bottom).
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Extended Data Fig. 2 | Derivation of morphological indices.  (A) Logged 
wing length as a function of logged mass for the 105 bird species considered in 
this study. Points represent mean values for each species. (B) The relationship 
between wing length (W) and mass (M) can be described by a power law, where  
c represents the scaling exponent. Logging both sides of the equation linearizes 
this model. Using a phylogenetic regression, c was estimated to be approximately 
1/3 across species, as predicted by scaling theory. The negative arc tangent of this 

estimate (to convert the slope to radians) was used to create a rotation matrix.  
(C) For each species, the rotation matrix was used to reproject logged wing 
length and logged mass onto a new coordinate plane (top panel). Values for both 
the x and y axes were standardized to have a standard deviation of 1, to create a 
size index and wing index, representing the overall size of each individual bird 
and the degree to which wing length deviates from its expected value given the 
body mass of the individual, respectively (bottom panel).
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Extended Data Fig. 3 | Posterior estimates for (A) SI βIDX (Eq. 6), (B) SI γIDX  
(Eq. 11), and (C) SI θIDX (Eq. 11), denoting the change in size index for each 
species per 10 years, 10 degrees latitude, and 1000 m elevation, respectively. 

Points represent the posterior medians, while thick and thin lines represent the 
50% and 89% credible intervals, respectively. The dashed grey line represents 
zero in all cases.
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Extended Data Fig. 4 | Posterior estimates for (A) WI βIDX (Eq. 6), (B) WI γIDX  
(Eq. 11), and (C) WI θIDX (Eq. 11), denoting the change in wing index for each 
species per 10 years, 10 degrees latitude, and 1000 m elevation, respectively. 

Points represent the posterior medians, while thick and thin lines represent the 
50% and 89% credible intervals, respectively. The dashed grey line represents 
zero in all cases.
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Extended Data Fig. 5 | Posterior estimates for (A) Lag 0 γTVT (Eq. 15), (B) Lag 1 
γTVT (Eq. 15), and (C) Lag 2 γTVT (Eq. 15), denoting the change in Size Index for 
each species per 1C change in temperature at lag 0, lag 1, lag 2, respectively 

(i.e., the effect of change in temperature over time). Points represent the 
posterior medians, while thick and thin lines represent the 50% and 89% credible 
intervals, respectively. The dashed grey line represents zero in all cases.
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Extended Data Fig. 6 | Posterior estimates for βSVT (Eq. 19) denoting the 
change in size index for each species per 10 °C change in mean station 
temperature (i.e., the effect of change in temperature over space). Points 

represent the posterior medians, while thick and thin lines represent the 50% 
and 89% credible intervals, respectively. The dashed grey line represents zero in 
all cases.
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Extended Data Fig. 7 | Posterior estimates for (A) MTIME
 (Eq. 25), (B) MLAT

  
(Eq. 25), and (C) MELEV

 (Eq. 25), denoting the percent change in mass for each 
species over the 30-year study period, the latitudinal range across which 
each species was sampled, and the elevational range across which each 

species was sampled, respectively. Points represent the posterior medians, 
while thick and thin lines represent the 50% and 89% credible intervals, 
respectively. The dashed grey line represents zero in all cases.
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Extended Data Fig. 8 | Posterior estimates for (A) WTIME
 (Eq. 25), (B) WLAT

 
(Eq. 25), and (C) WELEV

 (Eq. 25), denoting the percent change in wing length 
for each species over the 30-year study period, the latitudinal range across 
which each species was sampled, and the elevational range across which each 

species was sampled, respectively. Points represent the posterior medians, 
while thick and thin lines represent the 50% and 89% credible intervals, 
respectively. The dashed grey line represents zero in all cases.
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Extended Data Fig. 9 | Absolute value of the estimate rate of change 
(represented in units of haldanes [standard deviations per generation]) 
for body mass (|h|) for focal species in this study (red) and for species and 

traits presented in (79) (blue). Traits considered by (79) varied by species and 
only species undergoing anthropogenic disturbance [as defined by (79)] were 
considered. The x-axis of the plot is truncated at 0.2 to facilitate visualization.
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Extended Data Fig. 10 | General trends (decrease in SI over time, increase in 
SI over latitude, and increase in WI over elevation) observed in this study as 
exhibited by Turdus migratorius (American robin). (a) Observed size index 
measures at one MAPS banding station (located at 39.3°N, 84.8°W) plotted over 

time. (b) Observed size index measures plotted across latitude. (c) Observed 
wing index measures plotted across elevation. In all cases, each black point 
represents one individual, the posterior mean of the linear predictor is plotted in 
red, while the red ribbon represents the 89% CI.
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Study description We evaluated how the intraspecific morphology of 105 bird species varies across the North American continent and over a period of 
30 years (1989-2018), and how the overall size of birds varies in response to fluctuations in temperature. 

Research sample We used morphological data from 253,488 captures of 105 bird species, representing two orders and 18 taxonomic families at 
locations spanning approximately 43 degrees of latitude and 2996 meters of elevation. These data were derived from the Monitoring 
Avian Productivity and Survivorship (MAPS) program, a large-scale bird banding program. Only species with at least 375 MAPS 
capture records were used for analyses in order to make statistical inference on intraspecific morphological variation, as described in 
the Methods section. Species included in the study, sample sizes, and latitudinal and elevation sampling ranges as presented in the 
supplementary materials.

Sampling strategy Data collection was performed as a part of the MAPS program. See 'Research sample' for more information on the data used.

Data collection All data were collected according the MAPS program protocols, as part of the MAPS program.

Timing and spatial scale We used all MAPS data from 1989-2018 from all MAPS banding stations. The temporal sampling for each station is presented in the 
supplementary materials, as are the samples sizes and spatial sampling ranges for each species.

Data exclusions For each species, morphological records more than five median absolute deviations away from the median (considered extreme 
outliers) were excluded, as these records likely represented measurement or data entry errors. 

Reproducibility No experiments were conducted. All code is available on Gihub and will be archived on Zenodo upon acceptance. All data will be 
archived on Dryad upon acceptance.

Randomization No experiments or randomizations were conducted.

Blinding No treatment group was used, so no blinding was necessary.

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods
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Materials & experimental systems
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Methods
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ChIP-seq
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Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals No laboratory animals were used in this study.

Wild animals Birds were captured in accordance with protocols set forth by the United States Geological Survey Bird Banding Laboratory and data 
collected in accordance with MAPS protocols.
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Ethics oversight All birds were captured and banded by MAPS participants under bird banding permits issued by the United States Geological Survey 
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Supplementary Fig. 1. Density plots for observed response variable data (y) and response 11 

data simulated from the posterior predictive distribution (yrep). These plots were used for 12 

graphical posterior predictive checks, to ensure that data simulated from the model were similar 13 

to the observed data for models examining (A) how Size Index varies in response to time, 14 

latitude, and elevation (Eqs. 6–12), (B) how Wing Index varies in response to time, latitude, and 15 

elevation (Eqs. 6–12), (C) how Size Index varies in response to temporal variation in 16 



 3 

temperature at lag 0 (Eqs. 13–16), (D) how Size Index varies in response to temporal variation in 17 

temperature at lag 1 (Eqs. 13–16), (E) how Size Index varies in response to temporal variation in 18 

temperature at lag 2 (Eqs. 13–16), (F) how Size Index varies in response to spatial variation in 19 

temperature (Eqs. 17–20), and (G) how the effect of spatial variation in temperature on Size 20 

Index varies in response to the mean (range-wide) temperature experienced by that species (Eqs. 21 

21–22). Curves in black are a representation of the density of all response data used to fit each 22 

model. Curves in red are a representation of the density of data simulated from the posterior 23 

predictive distribution. In some cases, black curves are obscured by the overlapping red curves. 24 

Each iteration of the posterior chain yields a simulated dataset. Here 100 datasets simulated from 25 

the posterior predictive distribution are displayed (100 separate red lines). The general 26 

similarities between the red lines and black lines demonstrate that the models simulate data 27 

similar to the observed data. 28 

 29 



Supplementary Table 1 : For all species considered in this study, the scientific species name, English common name, family, order, number of captures
(N), number of stations, latitudinal range of sampling, elevational range of sampling.

Species Common name Family Order N N stations Lat range (degrees) Elev range (m)
Acanthis flammea Common Redpoll Fringillidae Passeriformes 898 37 14.2 1032
Agelaius phoeniceus Red-winged Blackbird Icteridae Passeriformes 2078 189 37.9 2511

Ammodramus savannarum Grasshopper Sparrow Emberizidae Passeriformes 741 28 4.9 360
Baeolophus bicolor Tufted Titmouse Paridae Passeriformes 666 188 16.7 1140

Bombycilla cedrorum Cedar Waxwing Bombycillidae Passeriformes 3625 229 22.3 2156
Cardellina canadensis Canada Warbler Parulidae Passeriformes 718 36 21.4 1581
Cardellina pusilla Wilson’s Warbler Parulidae Passeriformes 8543 184 33.7 2996

Cardinalis cardinalis Northern Cardinal Cardinalidae Passeriformes 8580 422 19.6 1432
Catharus fuscescens Veery Turdidae Passeriformes 3303 137 17.4 2439
Catharus guttatus Hermit Thrush Turdidae Passeriformes 2274 192 29.3 2783
Catharus ustulatus Swainson’s Thrush Turdidae Passeriformes 10780 267 35.4 2996
Colaptes auratus Northern Flicker Picidae Piciformes 382 178 28.7 2763

Dolichonyx oryzivorus Bobolink Icteridae Passeriformes 458 20 3.3 577
Dryobates nuttallii Nuttall’s Woodpecker Picidae Piciformes 383 58 7.6 928
Dryobates pubescens Downy Woodpecker Picidae Piciformes 2011 442 32.6 2601
Dryobates villosus Hairy Woodpecker Picidae Piciformes 451 194 30.6 2783

Dumetella carolinensis Gray Catbird Mimidae Passeriformes 12187 304 22.9 2447
Empidonax minimus Least Flycatcher Tyrannidae Passeriformes 673 53 18.8 1525
Empidonax traillii Willow Flycatcher Tyrannidae Passeriformes 401 57 18.3 2511

Empidonax virescens Acadian Flycatcher Tyrannidae Passeriformes 871 122 13.0 612
Geothlypis formosa Kentucky Warbler Parulidae Passeriformes 3536 142 10.6 515

Geothlypis philadelphia Mourning Warbler Parulidae Passeriformes 584 38 15.5 648
Geothlypis tolmiei MacGillivray’s Warbler Parulidae Passeriformes 7306 185 19.5 2996
Geothlypis trichas Common Yellowthroat Parulidae Passeriformes 13947 483 32.1 2511

Haemorhous mexicanus House Finch Fringillidae Passeriformes 1687 128 20.6 2211
Haemorhous purpureus Purple Finch Fringillidae Passeriformes 3075 120 23.6 2331
Helmitheros vermivorum Worm-eating Warbler Parulidae Passeriformes 566 58 9.5 756
Hylocichla mustelina Wood Thrush Turdidae Passeriformes 5251 260 16.1 1136

Icteria virens Yellow-breasted Chat Parulidae Passeriformes 5031 214 24.0 2153
Icterus bullockii Bullock’s Oriole Icteridae Passeriformes 1328 105 21.0 2083
Icterus galbula Baltimore Oriole Icteridae Passeriformes 729 96 20.7 1301
Junco hyemalis Dark-eyed Junco Emberizidae Passeriformes 6385 237 33.7 2996



Supplementary Table 1 : For all species considered in this study, the scientific species name, English common name, family, order, number of captures
(N), number of stations, latitudinal range of sampling, elevational range of sampling. (continued)

Species Common name Family Order N N stations Lat range (degrees) Elev range (m)
Limnothlypis swainsonii Swainson’s Warbler Parulidae Passeriformes 675 31 6.4 102
Melospiza georgiana Swamp Sparrow Emberizidae Passeriformes 835 60 16.7 1198
Melospiza lincolnii Lincoln’s Sparrow Emberizidae Passeriformes 3606 141 32.2 2981
Melospiza melodia Song Sparrow Emberizidae Passeriformes 15640 466 26.9 2511
Melozone crissalis California Towhee Emberizidae Passeriformes 519 67 9.9 1616
Mniotilta varia Black-and-white Warbler Parulidae Passeriformes 1148 165 27.1 1593
Molothrus ater Brown-headed Cowbird Icteridae Passeriformes 1051 226 26.8 2511

Oreothlypis celata Orange-crowned Warbler Parulidae Passeriformes 3169 151 35.4 2763
Oreothlypis luciae Lucy’s Warbler Parulidae Passeriformes 656 23 5.9 1506

Oreothlypis peregrina Tennessee Warbler Parulidae Passeriformes 1772 58 12.4 1161
Oreothlypis ruficapilla Nashville Warbler Parulidae Passeriformes 1095 77 16.7 1877
Oreothlypis virginiae Virginia’s Warbler Parulidae Passeriformes 437 23 6.5 797
Parkesia motacilla Louisiana Waterthrush Parulidae Passeriformes 536 78 12.3 650

Parkesia noveboracensis Northern Waterthrush Parulidae Passeriformes 469 64 28.3 2440
Passerculus sandwichensis Savannah Sparrow Emberizidae Passeriformes 787 44 31.4 2729

Passerella iliaca Fox Sparrow Emberizidae Passeriformes 782 72 35.1 2996
Passerina amoena Lazuli Bunting Emberizidae Passeriformes 1440 116 16.7 2153
Passerina caerulea Blue Grosbeak Emberizidae Passeriformes 888 78 15.9 1853
Passerina ciris Painted Bunting Emberizidae Passeriformes 1944 56 8.8 573

Passerina cyanea Indigo Bunting Emberizidae Passeriformes 5458 288 16.6 1594
Pheucticus ludovicianus Rose-breasted Grosbeak Cardinalidae Passeriformes 869 119 21.4 1579

Pheucticus melanocephalus Black-headed Grosbeak Cardinalidae Passeriformes 3935 242 19.7 2763
Pipilo erythrophthalmus Eastern Towhee Emberizidae Passeriformes 1238 222 16.5 1597

Pipilo maculatus Spotted Towhee Emberizidae Passeriformes 3450 209 21.0 2341
Piranga ludoviciana Western Tanager Cardinalidae Passeriformes 1867 167 25.9 2782
Piranga olivacea Scarlet Tanager Cardinalidae Passeriformes 554 136 15.2 1033
Piranga rubra Summer Tanager Cardinalidae Passeriformes 1145 154 11.3 1499

Poecile atricapillus Black-capped Chickadee Paridae Passeriformes 1369 266 27.6 2511
Poecile carolinensis Carolina Chickadee Paridae Passeriformes 419 135 12.2 1033
Poecile gambeli Mountain Chickadee Paridae Passeriformes 606 89 17.0 2291
Poecile rufescens Chestnut-backed Chickadee Paridae Passeriformes 597 81 23.2 1574
Polioptila caerulea Blue-gray Gnatcatcher Polioptilidae Passeriformes 414 104 13.2 2379



Supplementary Table 1 : For all species considered in this study, the scientific species name, English common name, family, order, number of captures
(N), number of stations, latitudinal range of sampling, elevational range of sampling. (continued)

Species Common name Family Order N N stations Lat range (degrees) Elev range (m)
Protonotaria citrea Prothonotary Warbler Parulidae Passeriformes 1531 71 13.8 268

Psaltriparus minimus Bushtit Aegithalidae Passeriformes 1334 131 17.0 2341
Quiscalus quiscula Common Grackle Icteridae Passeriformes 707 75 25.2 1885
Regulus calendula Ruby-crowned Kinglet Reguliidae Passeriformes 787 77 33.5 2989
Regulus satrapa Golden-crowned Kinglet Reguliidae Passeriformes 666 83 27.1 2443

Seiurus aurocapilla Ovenbird Parulidae Passeriformes 4775 284 23.6 1539
Setophaga americana Northern Parula Parulidae Passeriformes 391 72 19.2 654
Setophaga citrina Hooded Warbler Parulidae Passeriformes 3130 122 12.8 1029
Setophaga coronata Yellow-rumped Warbler Parulidae Passeriformes 3774 215 33.7 2996
Setophaga discolor Prairie Warbler Parulidae Passeriformes 742 57 10.1 592
Setophaga magnolia Magnolia Warbler Parulidae Passeriformes 938 64 16.1 1212

Setophaga occidentalis Hermit Warbler Parulidae Passeriformes 617 46 7.8 2243
Setophaga pensylvanica Chestnut-sided Warbler Parulidae Passeriformes 1101 61 17.5 1589
Setophaga petechia Yellow Warbler Parulidae Passeriformes 12301 336 37.8 2996
Setophaga ruticilla American Redstart Parulidae Passeriformes 3507 167 27.1 1397
Setophaga townsendi Townsend’s Warbler Parulidae Passeriformes 577 31 15.6 1556
Setophaga virens Black-throated Green Warbler Parulidae Passeriformes 383 43 21.1 953
Sitta canadensis Red-breasted Nuthatch Sittidae Passeriformes 398 127 26.9 2779
Sitta carolinensis White-breasted Nuthatch Sittidae Passeriformes 498 161 19.6 2779

Sphyrapicus nuchalis Red-naped Sapsucker Picidae Piciformes 530 69 16.8 2505
Sphyrapicus varius Yellow-bellied Sapsucker Picidae Piciformes 417 81 21.2 1167

Spinus pinus Pine Siskin Fringillidae Passeriformes 1406 102 29.7 2996
Spinus psaltria Lesser Goldfinch Fringillidae Passeriformes 1391 96 11.0 2210
Spinus tristis American Goldfinch Fringillidae Passeriformes 7665 333 24.5 2511

Spiza americana Dickcissel Cardinalidae Passeriformes 947 46 10.5 559
Spizella pallida Clay-colored Sparrow Emberizidae Passeriformes 1151 39 12.0 1104

Spizella passerina Chipping Sparrow Emberizidae Passeriformes 2292 217 34.8 2783
Spizella pusilla Field Sparrow Emberizidae Passeriformes 2690 142 16.5 646

Tachycineta bicolor Tree Swallow Hirundinidae Passeriformes 594 62 33.6 2090
Thryomanes bewickii Bewick’s Wren Troglodytidae Passeriformes 1102 158 22.2 2098

Thryothorus ludovicianus Carolina Wren Troglodytidae Passeriformes 1754 216 17.3 649



Supplementary Table 1 : For all species considered in this study, the scientific species name, English common name, family, order, number of captures
(N), number of stations, latitudinal range of sampling, elevational range of sampling. (continued)

Species Common name Family Order N N stations Lat range (degrees) Elev range (m)

Toxostoma rufum Brown Thrasher Mimidae Passeriformes 554 109 22.0 953
Troglodytes aedon House Wren Troglodytidae Passeriformes 2867 241 23.8 2996

Troglodytes hiemalis Winter Wren Troglodytidae Passeriformes 460 64 21.2 1893
Turdus migratorius American Robin Turdidae Passeriformes 8649 581 37.4 2996

Vermivora cyanoptera Blue-winged Warbler Parulidae Passeriformes 1015 64 9.8 594
Vireo gilvus Warbling Vireo Vireonidae Passeriformes 2029 196 25.8 2996
Vireo griseus White-eyed Vireo Vireonidae Passeriformes 2649 178 16.1 649
Vireo olivaceus Red-eyed Vireo Vireonidae Passeriformes 2954 362 27.6 1597

Zonotrichia albicollis White-throated Sparrow Emberizidae Passeriformes 2250 100 16.3 1397
Zonotrichia leucophrys White-crowned Sparrow Emberizidae Passeriformes 1147 77 35.2 2996



Supplementary Table 2 : Change in Size Index and Wing Index per 10 years (βIDX ; Eq 6), 10 degrees latitude (γIDX ; Eq 11), and 1000 m elevation
(θIDX ; Eq 11) for each species.

Species SI βIDX SI γIDX SI θIDX WI βIDX WI γIDX WI θIDX

Acanthis flammea 0.075 -0.042 -0.203 -0.040 -0.007 0.174
Agelaius phoeniceus 0.025 0.581 0.240 0.010 -0.131 0.385

Ammodramus savannarum -0.001 0.307 -0.192 -0.008 0.066 0.375
Baeolophus bicolor -0.021 0.892 -0.185 0.002 0.279 0.370

Bombycilla cedrorum -0.071 0.216 -0.038 0.109 -0.088 0.052
Cardellina canadensis -0.012 0.014 0.162 -0.014 -0.045 0.383
Cardellina pusilla -0.044 0.314 0.028 0.077 0.233 0.309

Cardinalis cardinalis 0.073 0.665 0.091 -0.112 0.150 0.909
Catharus fuscescens -0.047 -0.206 0.277 0.031 -0.028 0.197
Catharus guttatus 0.041 -0.453 -0.283 -0.038 -0.033 0.737
Catharus ustulatus -0.044 -0.036 -0.065 0.008 0.485 0.409
Colaptes auratus 0.017 0.558 0.431 -0.018 0.029 0.459

Dolichonyx oryzivorus -0.022 0.416 -0.124 -0.026 0.028 0.280
Dryobates nuttallii -0.026 0.177 -0.245 0.006 -0.191 0.547
Dryobates pubescens -0.085 1.014 0.101 0.057 0.454 0.790
Dryobates villosus -0.031 1.563 0.229 0.023 -0.038 0.739

Dumetella carolinensis -0.067 0.258 -0.314 0.026 0.101 0.355
Empidonax minimus -0.048 0.237 -0.097 0.117 0.061 0.207
Empidonax traillii -0.022 -0.018 0.059 0.020 0.055 0.274

Empidonax virescens -0.084 0.972 -0.703 0.017 0.230 0.345
Geothlypis formosa -0.065 1.211 -0.240 0.037 0.204 0.110

Geothlypis philadelphia 0.027 0.286 0.006 -0.050 0.021 0.293
Geothlypis tolmiei -0.061 0.809 0.273 -0.002 0.088 0.324
Geothlypis trichas -0.025 0.343 0.078 0.040 0.049 0.209

Haemorhous mexicanus 0.020 0.542 -0.348 -0.034 -0.095 0.447
Haemorhous purpureus -0.066 0.946 -0.426 0.063 0.135 0.366
Helmitheros vermivorum -0.082 0.556 -0.134 -0.016 0.271 0.173
Hylocichla mustelina -0.085 1.607 -0.237 -0.001 -0.065 0.124

Icteria virens -0.065 0.530 -0.100 -0.044 0.162 0.594
Icterus bullockii -0.100 0.657 0.236 0.057 -0.094 0.269
Icterus galbula -0.015 0.261 0.268 -0.048 0.149 0.445
Junco hyemalis -0.059 0.040 0.222 0.022 0.276 0.497



Supplementary Table 2 : Change in Size Index and Wing Index per 10 years (βIDX ; Eq 6), 10 degrees latitude (γIDX ; Eq 11), and 1000 m elevation
(θIDX ; Eq 11) for each species. (continued)

Species SI βIDX SI γIDX SI θIDX WI βIDX WI γIDX WI θIDX

Limnothlypis swainsonii 0.013 0.657 -0.457 0.026 0.053 0.229
Melospiza georgiana -0.024 -0.247 -0.260 -0.016 0.155 0.334
Melospiza lincolnii -0.055 -0.463 0.137 0.005 -0.248 0.091
Melospiza melodia -0.044 0.946 0.181 0.078 0.176 0.508
Melozone crissalis -0.010 1.832 -0.581 -0.009 -0.013 0.070
Mniotilta varia -0.056 -0.037 0.235 0.069 -0.235 0.207
Molothrus ater 0.033 0.723 -0.239 0.055 0.140 0.342

Oreothlypis celata -0.050 0.265 0.123 0.059 0.218 0.721
Oreothlypis luciae -0.074 0.437 0.051 0.034 0.115 0.428

Oreothlypis peregrina -0.033 -0.142 -0.037 0.087 0.056 0.398
Oreothlypis ruficapilla -0.048 0.131 0.172 0.032 0.064 0.152
Oreothlypis virginiae -0.013 0.377 0.022 0.042 -0.055 0.142
Parkesia motacilla -0.028 -0.171 -0.262 -0.008 0.282 0.310

Parkesia noveboracensis -0.092 0.081 0.036 0.034 0.005 0.281
Passerculus sandwichensis -0.069 0.033 -0.223 -0.006 0.353 0.378

Passerella iliaca 0.012 0.265 -0.371 -0.010 0.277 0.391
Passerina amoena 0.019 0.008 -0.099 0.021 0.102 0.007
Passerina caerulea -0.055 0.133 0.081 0.091 0.088 0.216
Passerina ciris 0.309 0.052 0.707 -0.362 -0.148 0.592

Passerina cyanea -0.021 0.506 0.092 0.027 -0.041 -0.093
Pheucticus ludovicianus -0.057 0.735 -0.012 0.016 -0.196 0.271

Pheucticus melanocephalus -0.022 0.425 0.268 0.047 0.224 0.254
Pipilo erythrophthalmus -0.043 -0.288 -0.115 0.104 0.550 0.253

Pipilo maculatus -0.011 -0.069 -0.353 0.007 -0.065 0.581
Piranga ludoviciana -0.062 -0.023 -0.028 -0.001 -0.039 0.275
Piranga olivacea -0.042 0.514 -0.097 0.045 0.116 0.053
Piranga rubra 0.034 -0.294 1.091 -0.067 0.135 0.456

Poecile atricapillus -0.076 -0.064 0.078 0.005 0.114 0.328
Poecile carolinensis -0.037 0.701 0.099 0.028 0.230 0.278
Poecile gambeli -0.051 -0.560 -0.052 0.025 0.060 0.300
Poecile rufescens -0.018 0.191 -0.196 0.067 0.227 0.471
Polioptila caerulea 0.005 0.833 -0.540 -0.051 -0.128 -0.007



Supplementary Table 2 : Change in Size Index and Wing Index per 10 years (βIDX ; Eq 6), 10 degrees latitude (γIDX ; Eq 11), and 1000 m elevation
(θIDX ; Eq 11) for each species. (continued)

Species SI βIDX SI γIDX SI θIDX WI βIDX WI γIDX WI θIDX

Protonotaria citrea -0.009 0.938 -0.547 -0.018 -0.051 0.173
Psaltriparus minimus -0.064 0.527 0.364 0.064 -0.061 0.694
Quiscalus quiscula -0.009 0.435 -0.388 0.029 0.050 0.290
Regulus calendula 0.011 0.230 0.046 0.052 -0.204 0.553
Regulus satrapa -0.089 0.000 -0.252 0.057 -0.161 0.101

Seiurus aurocapilla -0.051 0.280 -0.293 0.045 -0.002 0.180
Setophaga americana -0.072 0.472 -0.126 0.091 0.252 0.345
Setophaga citrina -0.002 0.994 -0.232 0.029 0.266 0.383
Setophaga coronata -0.115 0.338 0.449 -0.057 -0.067 0.559
Setophaga discolor -0.021 0.704 -0.645 0.007 -0.028 0.256
Setophaga magnolia -0.012 -0.106 -0.121 0.043 -0.078 0.357

Setophaga occidentalis -0.069 1.396 -0.115 0.077 -0.048 0.106
Setophaga pensylvanica -0.077 -0.075 -0.054 0.035 -0.099 0.132
Setophaga petechia -0.055 0.166 -0.327 0.098 -0.073 0.095
Setophaga ruticilla -0.073 0.014 -0.007 0.112 -0.307 -0.047
Setophaga townsendi -0.078 0.278 -0.177 0.045 0.058 0.279
Setophaga virens 0.005 0.574 0.098 0.028 0.013 0.411
Sitta canadensis -0.052 0.095 -0.134 0.102 -0.069 0.161
Sitta carolinensis -0.018 0.588 -0.423 0.028 -0.179 0.567

Sphyrapicus nuchalis 0.048 0.217 -0.193 -0.019 -0.096 0.215
Sphyrapicus varius -0.061 0.339 -0.469 0.004 -0.083 0.239

Spinus pinus 0.010 0.282 -0.149 -0.037 -0.046 0.401
Spinus psaltria 0.012 0.059 -0.229 -0.010 -0.122 0.287
Spinus tristis 0.000 0.755 0.257 0.012 -0.095 0.287

Spiza americana 0.008 0.431 0.127 0.035 -0.147 0.180
Spizella pallida -0.098 0.225 0.185 0.043 -0.033 0.223

Spizella passerina -0.057 0.281 0.274 0.083 0.267 0.423
Spizella pusilla -0.045 0.219 0.223 -0.094 -0.461 0.253

Tachycineta bicolor -0.118 0.804 -0.163 0.037 0.041 0.367
Thryomanes bewickii -0.042 0.277 -0.045 -0.023 -0.523 0.552

Thryothorus ludovicianus 0.036 0.558 -0.402 -0.012 -0.041 0.453



Supplementary Table 2 : Change in Size Index and Wing Index per 10 years (βIDX ; Eq 6), 10 degrees latitude (γIDX ; Eq 11), and 1000 m elevation
(θIDX ; Eq 11) for each species. (continued)

Species SI βIDX SI γIDX SI θIDX WI βIDX WI γIDX WI θIDX

Toxostoma rufum -0.024 0.442 0.095 -0.050 -0.014 0.230
Troglodytes aedon 0.072 0.396 -0.104 -0.001 -0.118 0.277

Troglodytes hiemalis -0.056 0.276 -0.474 0.104 0.095 0.205
Turdus migratorius -0.058 0.364 0.272 -0.001 0.030 0.490

Vermivora cyanoptera 0.019 1.247 -0.315 0.028 -0.118 0.209
Vireo gilvus -0.051 0.194 -0.189 0.016 -0.208 0.372
Vireo griseus 0.068 0.614 -0.575 -0.021 0.254 0.419
Vireo olivaceus -0.022 0.439 -0.208 -0.048 0.001 0.169

Zonotrichia albicollis -0.056 0.281 -0.188 0.026 -0.025 0.153
Zonotrichia leucophrys 0.038 -0.241 0.288 0.067 0.621 0.632



Supplementary Table 3 : Percent change in mass and wing length over 30 year period of study (ωMT IME
and ωWT IME

, respectively; Eq 25) and across
the latitudal (ωMLAT

and ωWLAT
, respectively; Eq 25) and elevational range (ωMELEV

and ωWELEV
, respectively; Eq 25) sampled for each species.

Species ωMT IME
ωMLAT

ωMELEV
ωWT IME

ωWLAT
ωWELEV

Acanthis flammea 1.521 -0.355 -1.440 0.152 -0.149 0.045
Agelaius phoeniceus 0.560 19.908 3.777 0.307 4.230 5.085

Ammodramus savannarum 0.010 0.877 -0.554 -0.077 0.402 0.287
Baeolophus bicolor -0.510 12.262 -2.174 -0.148 5.908 0.968

Bombycilla cedrorum -1.797 3.629 -0.681 0.471 0.542 0.143
Cardellina canadensis -0.180 0.283 1.003 -0.191 -0.215 2.288
Cardellina pusilla -1.237 7.321 -0.426 0.465 5.477 3.418

Cardinalis cardinalis 1.942 9.444 -0.440 -0.540 4.128 4.535
Catharus fuscescens -0.962 -2.121 3.735 -0.002 -0.877 2.936
Catharus guttatus 1.775 -15.411 -12.408 -0.007 -5.916 6.513
Catharus ustulatus -0.758 -2.512 -2.378 -0.172 5.410 3.635
Colaptes auratus 0.646 18.681 11.765 -0.030 6.262 9.749

Dolichonyx oryzivorus -0.279 0.764 -0.561 -0.368 0.286 0.381
Dryobates nuttallii -0.513 1.022 -1.897 -0.120 -0.076 0.805
Dryobates pubescens -2.151 27.492 -0.196 -0.097 14.468 7.734
Dryobates villosus -0.962 58.304 3.510 -0.028 15.961 10.509

Dumetella carolinensis -1.182 3.056 -4.988 -0.127 1.824 1.322
Empidonax minimus -1.178 2.660 -1.166 0.688 1.234 0.579
Empidonax traillii -0.566 -0.343 0.385 0.047 0.278 2.882

Empidonax virescens -1.931 9.599 -3.433 -0.442 4.369 -0.304
Geothlypis formosa -1.509 9.258 -0.939 -0.054 3.918 -0.081

Geothlypis philadelphia 0.663 2.815 -0.157 -0.275 1.036 0.575
Geothlypis tolmiei -1.150 10.415 4.292 -0.405 3.983 4.944
Geothlypis trichas -0.679 8.142 0.799 0.258 3.306 2.425

Haemorhous mexicanus 0.504 8.074 -5.984 -0.170 1.959 1.216
Haemorhous purpureus -1.555 16.255 -7.482 0.182 6.396 0.567
Helmitheros vermivorum -1.559 3.281 -0.802 -0.695 2.006 0.195
Hylocichla mustelina -1.680 18.882 -1.913 -0.569 5.562 -0.165

Icteria virens -1.200 8.903 -3.085 -0.955 4.587 4.454
Icterus bullockii -2.686 12.625 3.504 -0.191 3.179 3.573
Icterus galbula -0.094 2.964 1.442 -0.598 2.228 2.815
Junco hyemalis -1.243 -0.167 2.728 -0.165 3.606 6.899



Supplementary Table 3 : Percent change in mass and wing length over 30 year period of study (ωMT IME
and ωWT IME

, respectively; Eq 25) and across
the latitudal (ωMLAT

and ωWLAT
, respectively; Eq 25) and elevational range (ωMELEV

and ωWELEV
, respectively; Eq 25) sampled for each species.

(continued)

Species ωMT IME
ωMLAT

ωMELEV
ωWT IME

ωWLAT
ωWELEV

Limnothlypis swainsonii 0.160 2.486 -0.296 0.294 0.927 -0.027
Melospiza georgiana -0.491 -3.389 -2.792 -0.360 -0.106 0.669
Melospiza lincolnii -1.174 -9.196 2.640 -0.337 -6.035 1.906
Melospiza melodia -1.414 22.552 1.986 0.612 9.397 6.825
Melozone crissalis -0.277 21.775 -9.787 -0.202 6.724 -2.939
Mniotilta varia -1.302 0.069 2.111 0.325 -2.300 1.928
Molothrus ater 0.773 20.034 -6.471 0.856 7.733 0.892

Oreothlypis celata -1.274 5.670 -0.266 0.361 5.379 9.098
Oreothlypis luciae -1.654 1.733 -0.260 -0.124 0.861 2.663

Oreothlypis peregrina -0.835 -1.101 -0.692 0.556 -0.148 1.256
Oreothlypis ruficapilla -1.019 1.323 1.802 -0.003 0.821 1.615
Oreothlypis virginiae -0.382 1.651 -0.013 0.356 0.408 0.431
Parkesia motacilla -0.555 -1.795 -1.383 -0.268 0.557 0.209

Parkesia noveboracensis -1.927 1.532 -0.106 -0.289 0.560 2.384
Passerculus sandwichensis -1.476 -0.416 -5.376 -0.560 3.953 1.906

Passerella iliaca 0.503 11.163 -14.143 0.043 7.859 -0.228
Passerina amoena 0.331 -0.063 -1.408 0.309 0.511 -0.427
Passerina caerulea -1.333 1.241 0.552 0.503 0.897 1.586
Passerina ciris 11.037 0.626 3.577 -1.219 -0.358 2.681

Passerina cyanea -0.481 5.618 1.103 0.111 1.611 -0.126
Pheucticus ludovicianus -1.174 11.387 -0.581 -0.210 2.061 1.398

Pheucticus melanocephalus -0.674 6.335 5.199 0.308 3.791 4.441
Pipilo erythrophthalmus -1.298 -4.377 -1.777 0.884 2.343 1.108

Pipilo maculatus -0.237 -0.749 -6.814 0.015 -0.829 3.551
Piranga ludoviciana -1.214 -0.271 -1.319 -0.414 -0.446 2.292
Piranga olivacea -0.970 5.074 -0.705 0.158 2.309 -0.038
Piranga rubra 1.174 -3.165 15.288 -0.388 -0.476 7.686

Poecile atricapillus -1.641 -1.620 0.434 -0.492 0.723 3.531
Poecile carolinensis -1.216 8.684 0.689 -0.037 4.111 1.525
Poecile gambeli -1.023 -5.849 -1.367 -0.108 -1.674 1.716
Poecile rufescens -0.504 1.859 -2.405 0.545 2.504 1.815



Supplementary Table 3 : Percent change in mass and wing length over 30 year period of study (ωMT IME
and ωWT IME

, respectively; Eq 25) and across
the latitudal (ωMLAT

and ωWLAT
, respectively; Eq 25) and elevational range (ωMELEV

and ωWELEV
, respectively; Eq 25) sampled for each species.

(continued)

Species ωMT IME
ωMLAT

ωMELEV
ωWT IME

ωWLAT
ωWELEV

Polioptila caerulea 0.348 10.870 -11.077 -0.512 2.776 -3.908
Protonotaria citrea -0.122 9.645 -1.074 -0.232 2.852 -0.193

Psaltriparus minimus -1.665 7.129 4.438 0.257 1.876 8.689
Quiscalus quiscula -0.322 9.832 -6.657 0.217 3.647 -0.278
Regulus calendula -0.006 6.389 -1.565 0.795 -1.379 8.157
Regulus satrapa -2.108 0.539 -4.636 -0.039 -1.501 -0.615

Seiurus aurocapilla -1.078 4.204 -3.046 0.111 1.365 -0.057
Setophaga americana -1.900 6.365 -0.862 0.425 4.018 0.591
Setophaga citrina -0.139 9.167 -2.125 0.271 4.265 0.734
Setophaga coronata -1.980 7.860 6.831 -1.338 1.637 9.285
Setophaga discolor -0.471 5.445 -2.939 -0.084 1.674 -0.428
Setophaga magnolia -0.339 -0.873 -1.317 0.349 -0.740 1.109

Setophaga occidentalis -1.649 7.858 -1.989 0.222 2.424 0.122
Setophaga pensylvanica -1.729 -0.697 -0.823 -0.185 -0.891 0.524
Setophaga petechia -1.627 5.472 -7.792 0.590 0.709 -1.593
Setophaga ruticilla -1.938 1.272 0.017 0.663 -2.793 -0.250
Setophaga townsendi -1.669 2.827 -2.235 -0.099 1.245 0.744
Setophaga virens 0.012 6.922 0.148 0.274 2.344 1.308
Sitta canadensis -1.204 1.714 -2.566 0.622 -0.059 0.638
Sitta carolinensis -0.685 14.161 -13.943 0.124 2.949 1.757

Sphyrapicus nuchalis 1.211 3.099 -4.235 0.209 0.461 0.417
Sphyrapicus varius -1.251 5.245 -3.907 -0.384 1.189 -0.501

Spinus pinus 0.347 6.593 -4.505 -0.287 1.642 2.880
Spinus psaltria 0.277 0.554 -3.803 -0.005 -0.244 0.739
Spinus tristis -0.032 13.173 3.531 0.116 3.374 3.734

Spiza americana 0.044 3.237 0.363 0.406 0.486 0.496
Spizella pallida -1.877 1.682 0.993 -0.201 0.424 1.160

Spizella passerina -1.295 4.977 3.339 0.486 5.185 5.603
Spizella pusilla -0.580 3.395 0.795 -1.277 -1.811 0.898

Tachycineta bicolor -2.778 22.852 -3.336 -0.547 7.613 1.560
Thryomanes bewickii -0.968 7.412 -2.598 -0.687 -3.690 5.395



Supplementary Table 3 : Percent change in mass and wing length over 30 year period of study (ωMT IME
and ωWT IME

, respectively; Eq 25) and across
the latitudal (ωMLAT

and ωWLAT
, respectively; Eq 25) and elevational range (ωMELEV

and ωWELEV
, respectively; Eq 25) sampled for each species.

(continued)

Species ωMT IME
ωMLAT

ωMELEV
ωWT IME

ωWLAT
ωWELEV

Thryothorus ludovicianus 0.922 8.206 -2.402 0.167 2.397 0.280
Toxostoma rufum -0.262 6.434 0.318 -0.695 1.978 0.996
Troglodytes aedon 1.598 7.566 -3.290 0.521 1.216 2.519

Troglodytes hiemalis -1.481 3.611 -6.091 0.881 2.089 -0.389
Turdus migratorius -1.240 10.102 4.220 -0.424 3.706 7.302

Vermivora cyanoptera 0.324 9.720 -1.517 0.431 2.687 -0.042
Vireo gilvus -1.081 4.139 -5.013 -0.172 -0.759 2.714
Vireo griseus 1.603 7.067 -3.053 0.266 4.059 0.096
Vireo olivaceus -0.259 7.485 -2.205 -0.540 2.444 0.108

Zonotrichia albicollis -1.002 2.634 -1.641 -0.111 0.752 0.057
Zonotrichia leucophrys 0.695 -9.935 4.823 1.211 7.319 11.317



Supplementary Table 4 : Change in SI per 1°C change in May-July max temperature (γT V T ; Eq 15) and the change in this effect per 10°C change
in mean May-July max temperature over space (θT V T ; Eq 15) for each species. The effect of temperature in the year of capture (lag-0), as well as
temperature one (lag-1) and two years (lag-2) prior to capture is presented.

Species γT V T - lag-0 γT V T - lag-1 γT V T - lag-2 θT V T - lag-0 θT V T - lag-1 θT V T - lag-2
Acanthis flammea -0.016 -0.004 0.002 0.002 0.021 0.032
Agelaius phoeniceus -0.019 -0.004 0.003 0.057 0.060 0.049

Ammodramus savannarum -0.013 -0.002 -0.004 -0.010 -0.008 -0.017
Baeolophus bicolor -0.013 -0.009 0.000 -0.050 -0.063 -0.046

Bombycilla cedrorum -0.016 0.000 0.002 0.007 0.017 0.017
Cardellina canadensis -0.014 -0.006 0.005 -0.022 -0.008 -0.018
Cardellina pusilla -0.012 -0.014 0.004 0.014 0.012 0.027

Cardinalis cardinalis -0.016 -0.012 0.014 -0.005 -0.030 0.020
Catharus fuscescens -0.017 -0.013 -0.001 -0.009 -0.049 -0.006
Catharus guttatus -0.016 -0.001 -0.006 -0.022 -0.049 -0.044
Catharus ustulatus -0.018 -0.014 0.003 -0.042 -0.025 -0.018
Colaptes auratus -0.020 -0.008 0.004 0.044 0.042 0.064

Dolichonyx oryzivorus -0.017 -0.005 0.001 -0.005 -0.009 -0.006
Dryobates nuttallii -0.026 -0.009 0.002 0.053 0.042 0.023
Dryobates pubescens -0.027 -0.013 -0.002 -0.049 -0.056 -0.052
Dryobates villosus -0.026 -0.011 0.000 -0.015 -0.019 -0.009

Dumetella carolinensis -0.025 -0.019 -0.003 -0.071 -0.028 -0.065
Empidonax minimus -0.013 0.000 0.005 -0.036 -0.014 -0.005
Empidonax traillii -0.016 -0.008 0.002 -0.041 -0.043 -0.035

Empidonax virescens -0.018 -0.009 0.003 -0.057 -0.058 -0.042
Geothlypis formosa -0.027 -0.020 -0.002 -0.060 -0.091 -0.001

Geothlypis philadelphia -0.017 -0.007 0.002 -0.031 -0.007 0.001
Geothlypis tolmiei -0.024 -0.009 -0.001 0.013 0.029 -0.006
Geothlypis trichas -0.026 0.000 0.003 0.012 0.026 0.021

Haemorhous mexicanus -0.011 -0.010 0.001 -0.004 -0.015 -0.002
Haemorhous purpureus -0.026 -0.019 -0.003 -0.001 0.007 0.032
Helmitheros vermivorum -0.024 -0.009 -0.002 -0.027 -0.030 -0.032
Hylocichla mustelina -0.031 -0.013 -0.005 -0.090 -0.075 -0.084

Icteria virens -0.019 -0.003 0.000 -0.015 -0.012 -0.012
Icterus bullockii -0.015 -0.010 0.002 -0.016 -0.020 -0.018
Icterus galbula -0.024 -0.007 0.001 0.012 0.011 0.017



Supplementary Table 4 : Change in SI per 1°C change in May-July max temperature (γT V T ; Eq 15) and the change in this effect per 10°C change
in mean May-July max temperature over space (θT V T ; Eq 15) for each species. The effect of temperature in the year of capture (lag-0), as well as
temperature one (lag-1) and two years (lag-2) prior to capture is presented. (continued)

Species γT V T - lag-0 γT V T - lag-1 γT V T - lag-2 θT V T - lag-0 θT V T - lag-1 θT V T - lag-2
Junco hyemalis -0.021 -0.007 -0.007 -0.012 0.008 -0.001

Limnothlypis swainsonii -0.018 -0.006 0.002 -0.026 -0.029 -0.015
Melospiza georgiana -0.010 -0.007 0.001 -0.028 -0.059 -0.041
Melospiza lincolnii -0.004 0.004 0.004 -0.022 0.024 -0.006
Melospiza melodia -0.020 0.001 -0.002 -0.010 -0.013 -0.010
Melozone crissalis -0.014 0.001 0.005 0.127 0.129 0.122
Mniotilta varia -0.018 -0.004 -0.001 -0.034 -0.029 0.000
Molothrus ater -0.004 -0.012 0.001 -0.104 -0.099 -0.092

Oreothlypis celata -0.011 -0.010 0.010 0.036 0.013 0.041
Oreothlypis luciae -0.021 -0.008 0.000 0.012 -0.002 0.012

Oreothlypis peregrina -0.021 -0.004 0.000 -0.013 -0.016 -0.013
Oreothlypis ruficapilla -0.011 -0.003 0.004 -0.026 0.015 0.009
Oreothlypis virginiae -0.018 -0.008 0.002 -0.005 -0.031 0.006
Parkesia motacilla -0.014 -0.006 0.003 -0.006 -0.004 0.017

Parkesia noveboracensis -0.013 -0.005 0.005 -0.013 -0.019 -0.014
Passerculus sandwichensis -0.016 -0.005 0.001 -0.002 0.010 0.039

Passerella iliaca -0.019 -0.008 0.001 0.043 0.023 0.043
Passerina amoena -0.017 -0.005 -0.003 0.013 0.020 -0.003
Passerina caerulea -0.017 -0.006 -0.001 -0.012 -0.014 -0.010
Passerina ciris -0.015 -0.007 0.000 0.016 0.014 0.004

Passerina cyanea -0.024 0.002 0.001 -0.005 0.002 -0.004
Pheucticus ludovicianus -0.028 -0.009 -0.002 -0.026 -0.019 -0.015

Pheucticus melanocephalus -0.027 0.001 0.005 0.007 0.009 0.004
Pipilo erythrophthalmus -0.019 -0.004 0.004 0.036 0.030 0.028

Pipilo maculatus -0.028 -0.017 -0.001 0.073 0.049 0.047
Piranga ludoviciana -0.018 -0.006 0.004 -0.011 -0.011 0.000
Piranga olivacea -0.017 -0.011 0.001 0.000 -0.027 0.008
Piranga rubra -0.025 -0.015 -0.006 0.036 0.023 0.022

Poecile atricapillus -0.020 -0.003 -0.001 -0.019 -0.013 -0.013
Poecile carolinensis -0.018 -0.014 -0.005 -0.048 -0.077 -0.040
Poecile gambeli -0.017 -0.009 0.000 -0.033 -0.020 -0.032



Supplementary Table 4 : Change in SI per 1°C change in May-July max temperature (γT V T ; Eq 15) and the change in this effect per 10°C change
in mean May-July max temperature over space (θT V T ; Eq 15) for each species. The effect of temperature in the year of capture (lag-0), as well as
temperature one (lag-1) and two years (lag-2) prior to capture is presented. (continued)

Species γT V T - lag-0 γT V T - lag-1 γT V T - lag-2 θT V T - lag-0 θT V T - lag-1 θT V T - lag-2
Poecile rufescens -0.018 -0.009 -0.001 -0.023 -0.022 -0.004
Polioptila caerulea -0.014 -0.005 0.001 -0.066 -0.081 -0.049
Protonotaria citrea -0.020 -0.010 0.006 -0.021 -0.050 0.019

Psaltriparus minimus -0.017 -0.006 0.006 0.023 0.023 0.032
Quiscalus quiscula -0.017 -0.002 0.001 -0.037 -0.018 -0.028
Regulus calendula -0.017 -0.010 -0.001 0.022 -0.007 0.000
Regulus satrapa -0.023 -0.009 -0.001 -0.004 -0.009 -0.008

Seiurus aurocapilla -0.029 -0.007 -0.002 -0.083 -0.030 -0.043
Setophaga americana -0.021 -0.009 0.000 -0.017 -0.017 -0.004
Setophaga citrina -0.017 -0.002 0.007 -0.058 -0.032 0.007
Setophaga coronata -0.014 0.002 0.003 0.061 0.076 0.029
Setophaga discolor -0.017 -0.004 -0.001 -0.006 0.022 0.013
Setophaga magnolia -0.020 -0.006 0.004 0.013 0.008 0.011

Setophaga occidentalis -0.024 -0.011 -0.002 0.008 0.013 0.027
Setophaga pensylvanica -0.013 -0.009 0.001 -0.048 -0.022 -0.002
Setophaga petechia -0.027 -0.016 0.004 -0.015 -0.015 -0.010
Setophaga ruticilla -0.010 -0.014 -0.003 -0.035 -0.010 -0.028
Setophaga townsendi -0.018 -0.010 -0.001 0.007 0.004 0.009
Setophaga virens -0.019 -0.008 0.000 -0.017 -0.008 0.003
Sitta canadensis -0.019 -0.004 0.001 -0.001 0.015 0.008
Sitta carolinensis -0.013 -0.008 -0.006 -0.133 -0.138 -0.121

Sphyrapicus nuchalis -0.015 -0.001 0.002 -0.028 0.028 -0.006
Sphyrapicus varius -0.023 -0.007 -0.001 0.000 0.002 -0.008

Spinus pinus -0.021 -0.002 0.004 0.004 0.011 0.023
Spinus psaltria -0.023 -0.006 -0.003 0.029 0.011 0.015
Spinus tristis -0.027 -0.005 -0.002 -0.082 -0.062 -0.064

Spiza americana -0.025 -0.005 0.001 0.001 0.005 -0.008
Spizella pallida -0.024 -0.009 0.003 0.006 -0.005 0.009

Spizella passerina -0.021 -0.009 0.001 -0.030 -0.035 -0.042
Spizella pusilla -0.024 -0.002 0.001 -0.003 0.001 0.003

Tachycineta bicolor -0.019 -0.010 0.002 -0.015 -0.015 -0.004



Supplementary Table 4 : Change in SI per 1°C change in May-July max temperature (γT V T ; Eq 15) and the change in this effect per 10°C change
in mean May-July max temperature over space (θT V T ; Eq 15) for each species. The effect of temperature in the year of capture (lag-0), as well as
temperature one (lag-1) and two years (lag-2) prior to capture is presented. (continued)

Species γT V T - lag-0 γT V T - lag-1 γT V T - lag-2 θT V T - lag-0 θT V T - lag-1 θT V T - lag-2
Thryomanes bewickii -0.018 -0.003 0.007 0.043 0.038 0.043

Thryothorus ludovicianus -0.017 -0.005 0.002 -0.027 -0.044 -0.005
Toxostoma rufum -0.020 -0.012 0.002 0.034 0.017 0.020
Troglodytes aedon -0.018 -0.009 0.007 -0.055 -0.046 -0.033

Troglodytes hiemalis -0.017 -0.006 0.001 -0.017 -0.012 -0.018
Turdus migratorius -0.038 -0.006 0.000 -0.006 -0.003 -0.003

Vermivora cyanoptera -0.027 -0.011 0.001 -0.019 -0.013 -0.019
Vireo gilvus -0.029 -0.011 0.001 0.006 0.011 -0.006
Vireo griseus -0.015 -0.004 0.003 -0.048 -0.018 -0.029
Vireo olivaceus -0.016 -0.005 0.001 -0.037 -0.020 -0.019

Zonotrichia albicollis -0.018 -0.002 0.004 -0.040 -0.020 -0.012
Zonotrichia leucophrys -0.014 -0.007 0.006 -0.023 -0.047 -0.018


	Abiotic conditions shape spatial and temporal morphological variation in North American birds

	Results and discussion

	Morphological variation over time

	Morphological variation over latitude

	Morphological variation over elevation

	Implications for understanding the impacts of global change


	Conclusions

	Methods

	Morphological data

	Elevation data

	Temperature data

	Derivation of morphological indices

	Morphology as a function of time, latitude and elevation

	Body size as a function of temporal variation in temperature

	Body size as a function of spatial variation in temperature

	Back-transformation of effect sizes to trait space

	Rate of morphological change

	Reporting summary


	Acknowledgements

	Fig. 1 The MAPS dataset provides a large spatial-, temporal- and taxonomic-scale resource for studying avian morphological variation over time and space.
	Fig. 2 North American birds show an average decline in body size (SI) over time and in response to temporal fluctuations in temperature.
	Fig. 3 On average, avian body size (SI) increases over latitude and with colder temperatures.
	Fig. 4 Avian wing index (WI) increases with elevation, showing strong continental spatial patterns.
	Fig. 5 Avian body size (SI) shows a stronger response to spatial, compared to temporal, variation in temperature, indicating a failure of species to track temperature increases as much as expected.
	Extended Data Fig. 1 Morphological data availability over time.
	Extended Data Fig. 2 Derivation of morphological indices.
	Extended Data Fig. 3 Posterior estimates for (A) SI βIDX (Eq.
	Extended Data Fig. 4 Posterior estimates for (A) WI βIDX (Eq.
	Extended Data Fig. 5 Posterior estimates for (A) Lag 0 γTVT (Eq.
	Extended Data Fig. 6 Posterior estimates for βSVT (Eq.
	Extended Data Fig. 7 Posterior estimates for (A) (Eq.
	Extended Data Fig. 8 Posterior estimates for (A) (Eq.
	Extended Data Fig. 9 Absolute value of the estimate rate of change (represented in units of haldanes [standard deviations per generation]) for body mass (|h|) for focal species in this study (red) and for species and traits presented in (79) (blue).
	Extended Data Fig. 10 General trends (decrease in SI over time, increase in SI over latitude, and increase in WI over elevation) observed in this study as exhibited by Turdus migratorius (American robin).




