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C L I M A T O L O G Y

Morphological consequences of climate change 
for resident birds in intact Amazonian rainforest
Vitek Jirinec1,2*, Ryan C. Burner3†, Bruna R. Amaral2,4,5, Richard O. Bierregaard Jr.2, 
Gilberto Fernández-Arellano2,4,6, Angélica Hernández-Palma1,2,7, Erik I. Johnson1,2,8,  
Thomas E. Lovejoy2,9, Luke L. Powell1,2,10,11, Cameron L. Rutt1,2,12, 
 Jared D. Wolfe1,2,11,13, Philip C Stouffer1,2

Warming from climate change is expected to reduce body size of endotherms, but studies from temperate sys
tems have produced equivocal results. Over four decades, we collected morphometric data on a nonmigratory 
understory bird community within Amazonian primary rainforest that is experiencing increasingly extreme climate. 
All 77 species showed lower mean mass since the early 1980s—nearly half with 95% confidence. A third of species 
concomitantly increased wing length, driving a decrease in mass:wing ratio for 69% of species. Seasonal precip
itation patterns were generally better than temperature at explaining morphological variation. Shortterm climatic 
conditions affected all metrics, but time trends in wing and mass:wing remained robust even after controlling for 
annual seasonal conditions. We attribute these results to pressures to increase resource economy under warming. 
Both seasonal and longterm morphological shifts suggest response to climate change and highlight its pervasive 
consequences, even in the heart of the world’s largest rainforest.

INTRODUCTION
Human-caused climate change is one of the key agents of ecosystem 
transformation in the Anthropocene (1, 2), yet inadequate sampling 
obscures its impacts in tropical biodiversity hotspots (3, 4). Assess-
ing the consequences of climate change requires long-term moni-
toring of populations, data that are available for some plants (5, 6) 
but are rare for vertebrates. For birds, which are good indicators 
of environmental change (7), limited datasets are available in the 
Neotropics, where birds reach the peak of their global diversity (8). 
Amazonia, the world’s largest tropical forest, is represented by two 
such datasets—in Brazil and Ecuador—both of which have recently 
revealed substantial abundance declines in multiple species over 
several decades within intact rainforest experiencing little to no 
local disturbance (9, 10). Given the absence of apparent local stressors, 
regional trends in temperature and rainfall (11), and theoretical 
support that tropical species are especially sensitive to environ-
mental change (12, 13), these findings raise the possibility that 

climate change is altering the avifauna in the vast rainforests of low-
land Amazonia.

Are birds responding to climate change? Trends in abundance, 
coupled with large-scale climate patterns, provide one line of cor-
relative evidence. Another postulated response to climate change—
and warming especially—is reduction of body size (14). This 
expectation often stems from Bergmann’s rule for latitudinal varia-
tion whereby individuals tend to be smaller at lower latitudes 
(15, 16). Up to 76% of birds follow this pattern, particularly seden-
tary species (17). Although Bergmann originally framed the rule as 
heat conservation with lower body surface:volume ratio in cooler 
climates (18), its corollary applies to heat loss in warm and warming 
conditions (14). This led to the expectation that, along with shifts in 
distribution (19) and phenology (20), decreasing body size could be 
the third universal response to warming (21). Yet, studies reported 
both decreasing and increasing body sizes in birds through time 
(14, 22). This lack of consistency may stem from the focal systems to 
date—birds almost exclusively at temperate latitudes, in landscapes 
that were often altered, and primarily migratory species. In these 
systems, the effects of warming are challenging to disentangle from 
competing pressures on bird morphology. For example, smaller 
bird size was associated with habitat degradation (23) while wild 
landscapes are increasingly transformed for anthropogenic use 
(24). For migratory birds, shifts in distribution and phenology may 
affect individuals observed at a specific monitoring point, while 
links to climate are further complicated by the fact that migrants are 
exposed to conditions in a wide (and often unknown) geographic 
area with possibly disparate climate trends (25). Still, remarkably 
consistent decreases in body size were detected in a large dataset of 
migratory birds passing through Chicago (USA) with reduction evi-
dent in several metrics of body size across 52 species (26). Reduc-
tions were correlated with broadly increasing summer temperatures. 
Curiously, however, wing length also concurrently increased in 
most species, a phenomenon interpreted as compensatory offset for 
smaller size to maintain migration (26). Current knowledge thus 
indicates a shift in body size and shape in a diverse and widely 

1School of Renewable Natural Resources, Louisiana State University and LSU AgCenter, 
Baton Rouge, LA 70803, USA. 2Biological Dynamics of Forest Fragments Project, 
Instituto Nacional de Pesquisas da Amazônia (INPA), Manaus, Amazonas, Brazil. 
3Faculty of Environmental Sciences and Natural Resource Management, Norwegian 
University of Life Sciences, 1435 Aas, Norway. 4Department of Ecology, Instituto 
de Biociências, Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil. 
5Department of Ecosystem Science and Management, Pennsylvania State University, 
University Park, PA 16802, USA. 6Departamento de Botânica e Ecologia, Universidade 
Federal de Mato Grosso, Cuiabá, Brazil. 7Instituto de Investigación de Recursos 
Biológicos Alexander von Humboldt, Avenida Paseo Bolívar 16-20, Bogotá, Colombia. 
8National Audubon Society, 5615 Corporate Blvd., Baton Rouge, LA 70808, USA. 
9Department of Environmental Science and Policy, George Mason University, 
Fairfax, VA 22030, USA. 10CIBIO-InBIO, Research Centre in Biodiversity and Genetic 
Resources, University of Porto, Campus de Vairão, 4485-661 Vairão, Portugal. 
11Biodiversity Initiative, Houghton, MI 49931, USA. 12Department of Biology, 
George Mason University, Fairfax, VA 22030, USA. 13College of Forest Resources 
and Environmental Science, Michigan Technological University, Houghton, MI 
49931, USA.
*Corresponding author. Email: vjirin1@lsu.edu
†Present address: U.S. Geological Survey, Upper Midwest Environmental Sciences 
Center, 2630 Fanta Reed Road, La Crosse, WI 54603, USA.

Copyright © 2021 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

D
ow

nloaded from
 https://w

w
w

.science.org on N
ovem

ber 12, 2021

mailto:vjirin1@lsu.edu


Jirinec et al., Sci. Adv. 7, eabk1743 (2021)     12 November 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 12

distributed group of migratory birds, a pattern consistent with 
expectations under climate warming. However, the broad breeding 
and wintering distributions of the species sampled, coupled with 
landscape change on the breeding and wintering grounds, make 
it difficult to assess how climatic conditions align with morpholog-
ical change.

Conversely, primary forests in equatorial lowlands of Amazonia 
hold an avifauna that consists almost exclusively of year-round res-
ident species not subject to demands of migration, ingression of 
individuals from other regions or elevations, or, in some settings, 
landscape disturbance. In this system, the link between bird mor-
phology and climate can be explicitly evaluated under known con-
ditions throughout the measurement time series. Furthermore, 
estimated abundance trends of the same populations from an earlier 
study (9)—including the role of ecological traits—provide a rare 
opportunity to leverage abundance trends to test for the adaptive 
capacity of morphological shifts under climate change. South America 
faces the greatest extinction risks due to climate change (27), in 
part because resident species in equatorial lowlands—often 
with small ranges delineated by rivers (28)—are not equipped to adapt 
to changing conditions through distant latitudinal or elevational 
shifts (29). For these species, population trends are likely propor-
tional to their adaptive capacity (either through microevolution 
or plasticity) to respond to unusual conditions (30). Here, we test 
for climate-related reduction in body size in a community of under-
story birds in intact rainforests of central Amazonia. We then compare 
morphological shifts with abundance trends across four decades, 
expecting less morphological change in species with higher abun-
dance declines.

RESULTS
First, we used >50 years of model-based reanalyses of climate data 
to quantify in situ climate trends at the Biological Dynamics of For-
est Fragments Project (BDFFP) in Brazilian Amazonia, where birds 
were sampled (Fig. 1A). We found that, since 1966, mean precipita-
tion increased by 13% in the wet season and fell by 15% in the dry 
season (Fig. 1B). In contrast, mean temperature increased linearly 
in both seasons, with temperatures increasing by 1.00°C in the wet 
season and 1.65°C in the dry season (Fig. 1B). These results repre-
sent climate change that overlaps spatiotemporally with our bird 
morphometric data.

We then compiled measurements of body mass (n = 14,842 indi-
viduals), wing length (n = 11,582 individuals), and of mass-to-wing 
ratio (n = 11,009 individuals) for 77 resident bird species from 
22 families captured over 40 years across 43 km of primary terra firme 
forest. Birds were sampled within undisturbed, unfragmented pri-
mary forest in a landscape that remained >90% forested overall (31). 
We used body mass to represent body size (26), but we also includ-
ed wing length and mass-to-wing length ratio (mass:wing) to help 
resolve the role of factors unrelated to size, such as body shape and 
condition (26, 32). If morphological change represents adaptation 
to climate change, we hypothesized that morphology and abun-
dance would be correlated. We analyzed morphological data using 
hierarchical Bayesian joint species models that incorporated ef-
fects of traits and phylogenetic relationships (33) and conducted a 
parallel analysis with linear mixed models (LMMs) without traits 
and phylogeny. We found declines in mass across the commu-
nity: 95% Bayesian credible intervals (CIs) for the effect of year on 

mass were entirely negative for 36 (47%) species, thus providing 
strong evidence that these birds decreased in mass—up to 1.8% 
per decade of their baseline mass in 1980 (Fig. 1, C and D). More-
over, our results indicated with at least 90% probability that 44 
(57%) species declined in mass, with all 77 examined species show-
ing mean decreases. Accompanying mass changes, 61 (79%) species 
showed mean increases in wing length through time, with 22 (30%) 
having 95% CIs that were entirely positive (Fig. 1, C and D). Only 
one species—a hummingbird—had a negative wing trend at 95% 
probability. Community-wide reduction in mass coupled with a 
general increase in wing length resulted in widespread decreases in 
mass:wing over time, with 53 (69%) and 60 (78%) species having 
95% and 90% CIs, respectively, that were entirely negative (Fig. 1, 
C and D). All 77 species showed mean reduction in mass:wing. 
These morphological shifts did not differ across foraging guilds, de-
spite guild-linked differences in abundance trends. Terrestrial and 
near-ground insectivores declined in abundance (9) but did not un-
dergo more morphological change relative to other guilds (fig. S1). 
Overall, we found no relationship between abundance and mor-
phology (fig. S2), and all 12 foraging guilds showed broadly com-
parable morphological changes in our phylogenetically informed 
analyses (fig. S1). However, models identified vertical niche as an 
important factor—mass:wing 95% CIs were entirely negative for 
midstory species (Fig. 2 and fig. S1). LMMs were congruent with the 
Bayesian analysis—mass and mass:wing have decreased, while wing 
has increased through time across the community (table S1).

Next, we tested for relationships between morphology and vari-
ation in rainfall and temperature during the season of bird sampling 
and at two time lags. We found robust links between bird mass and 
seasonal climate (Figs. 3 and 4). Time trend (year) in mass disap-
peared after controlling for lagged temperature (Fig. 3A). Time 
trend remained after controlling for lagged precipitation for mass 
and for wing and mass:wing ratio after controlling for either tem-
perature or precipitation (Fig. 3, B to F). Birds were lighter when 
hotter and drier conditions occurred during the season of measure-
ment (dry season; lag 0), but this relationship was even stronger at 
lag 2—conditions in the dry season of the preceding year (Fig. 3, 
A and D). The inverse was true for the effect of lag 1, with heavier 
birds after the previous wet season was hotter and drier (Fig. 3, 
A and D). The general effect of climate was similar for wing length—
although lag 0 CIs overlapped zero, birds were shorter-winged with 
hotter and drier dry seasons at lag 2, and longer-winged after hotter 
and drier wet seasons (Fig. 3, B and E). The effect of seasonal varia-
tion on mass:wing generally matched mass and wing, but most spe-
cies declined with year even after controlling for lagged temperature 
and precipitation (Figs. 3 and 4). As in year-only models, bird mor-
phology did not vary by foraging guild in climate models (fig. S3), 
but temporal declines in mass:wing remained for species in the 
midstory stratum after controlling for lagged climate (fig. S4). As in 
the year-only analysis, LMMs agreed with Bayesian joint species 
models (fig. S5 and tables S2 and S3).

Precipitation models performed better than temperature models. 
Temperature and precipitation were modeled separately because 
they were highly inversely correlated. In the nine cases where we 
examined the separate effect of precipitation and temperature on 
morphology using identical model structures, coefficient of determi-
nation (R2) was higher in the equivalent precipitation model (table S4). 
In the parallel analysis with LMMs with climate covariates (tables S2 
and S3), precipitation models of mass, wing, and mass:wing had 
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Akaike information criterion (AIC) values lower by 27.6, 19.0, and 
6.1 units relative to the equivalent temperature model.

DISCUSSION
Community-wide declines in mass follow the expectation of smaller 
body sizes under warming climate and suggest that even understory birds 
in lowland tropical forests are responding to a changing environment. 

In endotherms, birds are more exposed to climate change than 
mammals (34), and tropical birds are theoretically most vulnerable 
according to Janzen’s seasonality hypothesis (13, 35). The temporal 
analog of Bergmann’s rule for latitudinal variation indicates that 
smaller body size is favored under warming world (14), especially 
given strong, negative correlations of body size with wet-bulb tempera-
ture (36). Over four decades at our equatorial site, birds experienced 
gradually warmer temperatures throughout their annual cycle (Fig. 1B). 
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Fig. 1. Bird body change and climate trends within undisturbed Amazonia. (A) Capture locations (crosses) in primary forest within the Amazon rainforest ecoregion, 
showing forest extent in 2020 derived from Landsat 8 imagery (map includes sites sampled before forest clearing). (B) Mean temperature and total precipitation (points) 
per season using climate reanalysis tiles [crosshatch in (A) inset] overlapping capture data. Lines and confidence intervals are outputs from generalized additive mixed 
models showing in situ climate change. Black squares on the x axis highlight recent widespread droughts (82–84). (C) Mass, wing length, and mass:wing ratio trends of 
77 bird species measured in 1979–2019. To obtain overall trend, species were pooled and designated as a random effect in Bayesian hierarchical models. Points are medians 
with 90% and 95% credible intervals (CIs). Estimates are colored orange if 95% CIs are entirely negative, blue if entirely positive, or black if overlapping zero. Results cor-
respond to models 19, 22, and 25 (table S4). (D) Morphological trends of individual species, ordered by declining mass. Numbers on the right correspond to the same 
species in Fig. 4. Results correspond to models 1, 7, and 13 (table S4).
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Time-trend models of mass indicated that all 77 species decreased 
in mean mass, with nearly half the sampled community declining at 
95% probability (Fig. 1D). However, the effect of the time trend on 
mass largely disappeared after controlling for lagged temperature 
(Fig. 3A), matching another study that included lagged climate co-
variates (37). This suggests that bird mass is linked to shorter-term 
fluctuations in climatic conditions, and an increasingly extreme en-
vironment thus results in lighter birds over time. Notably, we found 
that the effects of climate on morphology generally differed by sea-
sonal lags (Figs. 3 and 4). Because the seasonal cycle is itself defined 
by precipitation and temperature (i.e., less precipitation and higher 
temperature in the dry season and vice versa), the result that mass 
increased not only after cooler, wetter dry seasons but also after hot-
ter, drier wet seasons signals that intermediate conditions are in-
deed optimal for tropical birds, as the seasonality hypothesis posits 
(35). Directional climate change—particularly hotter and drier dry 
seasons (Fig. 1B)—was associated with lighter birds, but extremes 
in either season appear to contribute to the observed morphologi-
cal trends.

Unlike decreasing mass, elongating wings are more difficult to 
explain using existing theory. Longer wings are interpretable as a 
temporal analog of Allen’s rule (38), where pronounced body ex-
tremities better offload heat, but this explanation assumes that 

longer wings reflect longer wing bones, rather than simply longer 
feathers (which do not dissipate heat). Some studies have considered 
wing length a measure of body size (39), but wing size and shape are 
also inextricably linked to flight performance (40). Near-universal 
declines in several metrics of body size (including mass) were doc-
umented in a large sample of birds collected during migration 
(26), but these populations showed similarly consistent increases 
in wing length. Longer wings were interpreted as compensation 
for demands of migration with smaller bodies, but here we ob-
served the same phenomenon in birds that do not migrate. A re-
lated hypothesis for elongating wings in Amazonian residents is 
that changing landscape configuration (e.g., more natural gaps or 
anthropogenic disturbance) pushes birds to fly more frequently, 
when more pointed wings could be advantageous (40). However, this 
is generally inconsistent with the fact that BDFFP forest cover has 
increased over the study interval (31), thus diminishing the need 
for possible long-distance crossing of nonforest areas. We sampled 
within vast areas of primary forest, and most birds are likely to 
spend their entire lives within this local setting. Moreover, sub-
stantial movement across the small proportion of disturbed land-
scape is unlikely to occur in our system—research from lowland 
forest in Panama (41) as well as our site (42) indicates that many 
understory species are unwilling to cross nonhabitat areas. Our 
dataset broadly overlaps with Stouffer et al. (9), which showed that 
under our protocols, bird capture rates and local bird community 
composition did not change with distance to forest edge. Conversely, 
community composition differed substantially in disturbed forest—
both among sites and relative to undisturbed forest. These results 
do not support more frequent flight in our system owing to anthro-
pogenic disturbance at the landscape scale, but the role of more subtle 
changes of forest structure or composition within primary forest 
should be considered in future studies.

Compared with temperature effects, the role of precipitation is 
seldom considered in temporal studies of bird size. Yet, water ap-
pears to play an important role, at least in combination with tem-
perature (36). Precipitation models fit better relative to analogous 
models with temperature covariates—in every instance, precipitation 
models explained more variation in morphology than temperature. 
Precipitation models outperformed temperature in our main Bayesian 
analysis regardless of whether we incorporated effects of phylogeny 
and species traits (table S4), and similar results emerged in the par-
allel LMMs (tables S2 and S3). These findings support a recent re-
view that highlights the importance of hygric niches for tropical 
endotherms (43), as well as the role of precipitation in bird adaptive 
capacity (30). The relationship between water availability and body 
size could be indirect, such as when drier conditions reduce insect 
or fruit resources. In addition, because physiological thermoregula-
tion of endotherms is inextricably linked with water availability 
(12), diminished access to water may have direct consequences for 
birds, especially when mixed with thermal stress. Notably, precipi-
tation shifts in the tropics under anthropogenic climate change are 
more spatially variable than a more consistent warming trend 
(44, 45). If rainfall indeed plays a prominent role in avian morphol-
ogy, then this spatial heterogeneity may explain the inconsistency in 
temporal size trends (22), especially given that many of the migra-
tory species examined spend most of their lives on the wintering 
grounds across the Neotropics.

Yet, the pattern in the three metrics of body change taken togeth-
er is consistent with the expectation of maintaining flight efficiency 

− − −

Fig. 2. Mass:wing ratio trend by forest vertical niche. Points are median esti-
mates from the second level (trait) of Bayesian hierarchical models shown in 
Fig. 1D, with lines representing 90% and 95% CIs. Out of the three morphological 
metrics, only mass:wing ratio for midstory species had 95% CIs that did not overlap 
zero for the guild as a whole. Estimates are colored orange if 95% CIs are entirely 
negative, blue if entirely positive, or black if overlapping zero. Relative to the buff-
ered microclimate on the forest floor, upper-stratum conditions are generally more 
severe (53, 85). Results correspond to model 16 (table S4).
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under either resource shortage or thermal stress. Assuming no 
change in wing shape, mass:wing is proportional to wing loading 
(mass:wing area) and minimizing wing loading lowers caloric de-
mand of flight and thus metabolic heat production (fig. S6)—an 
adaptive strategy under directional selection by resource scarcity or 
warming, but also a trade-off for lower flight speeds (46). Moreover, 
resource shortage and thermal stress are coupled if both higher en-
ergy and water requirements (12) that accompany dry seasons are 
becoming increasingly pronounced (Fig. 1B). Decreasing mass and 
increasing wing length may be the most economic strategy to re-
duce wing loading (fig. S6), and our results align with this explana-
tion. Individual-level decreases in mass:wing were more prevalent 
(69% of species) in our community than decreases in mass (47%) and 
increases in wing (30%), the latter two of which are population-level 
metrics that were not correlated (fig. S7).

Are these morphological changes evolutionary responses to a 
shifting environment? Climate change can evidently exert direc-
tional selection (47), but obtaining unequivocal evidence of micro-
evolution is very challenging as it requires genomic or quantitative 
genetic approaches (47), methods that are impractical for many 
wild populations (14). Consequently, studies claiming microevolu-
tion as a mechanism for observed temporal size clines often cannot 
separate genetic response from phenotypic plasticity (48), which 
may be modulated by complex epigenetics (49). Still, evolutionary 
consequences of environmental change on bird morphology have 
been documented over a shorter interval than we present in this study 
(50) and were linked to climate change explicitly (30). Aside from 
an adaptive outcome under increasing temperatures, declines in 
mass may be caused by nutritional strain. Mass was negatively asso-
ciated with more extreme dry seasons (Figs. 3 and 4), raising the 

possibility that bird condition fell in stressful years with lower food 
availability. However, morphological shifts arose across foraging 
guilds and were similar in terrestrial insectivores and midstory fru-
givores (fig. S1), even though these groups had diametrically opposed 
trends in relative abundance over the same interval (9). Further-
more, we saw many declining-mass species with concomitant wing 
increases—a conflicting outcome under the assumption of unfavor-
able conditions (51). Lagged effects of temperature and precipita-
tion on wing length aligned with the outcome expected owing to 
stress—both lower mass and shorter wings after hotter and drier dry 
seasons, but for many species, wings elongated through time even 
after controlling for climate (Figs. 3 and 4). In mass:wing models, 
year was the most important variable with seasonal climate contrib-
uting little, a pattern consistent with both parameter coefficients 
and model fit (Figs. 3 and 4 and tables S1 to S4). Because the time 
trend for mass—but not for wing and especially not for mass:wing—
mostly faded after controlling for seasonal temperature, it is possi-
ble that lower bird mass is a plastic response to changing climate 
whereas lower mass:wing and longer wings are an adaptive com-
pensation with a yet unresolved mechanism.

Another explanation for shifting morphology may be changes in 
age ratios if morphology differs by age groups. Addressing this pos-
sibility is complicated by the fact that skill to age tropical species has 
itself increased over time, only recently reaching a level that allows 
many species to be reliably aged (52). We used latest knowledge and 
capture notes to classify captures into age groups where possible 
and found that all three morphological metrics were lower in juve-
niles (table S5). Because we found not only broadly decreasing mass 
but also increasing wing length across most species through time, 
our results do not appear to be driven by changes in age ratios.

− − − − − −

− − − − − −
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Fig. 3. Bird morphology modeled by time trend and climate covariates. Each panel shows parameter estimates of a single model for one of the three metrics repre-
senting bird morphology in the community as a whole as response (columns), and time trend (year) and temperature (A to C) or precipitation (D to F) as covariates. Lag 
0 is the season of capture (dry season), with lags 1 and 2 the previous wet and dry seasons, respectively. Points are medians with 90% and 95% CIs. Estimates are colored 
orange if 95% CIs are entirely negative, blue if entirely positive, or black if overlapping zero. Results correspond to models 20, 21, 23, 24, 26, and 27 (table S4).
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Morphological change varied little with ecological traits, in-
cluding traits strongly associated with long-term abundance trends 
in undisturbed forest (9). We found little correlation between 
abundance and morphology trends (fig. S2). Thus, if at least some 
morphological shifts are adaptive, trait-linked abundance trends 
may be the result of trait-linked ecological factors. Out of all ecolog-
ical traits, the only case where species sharing a trait showed a con-
sistent change (95% CIs) was declining mass:wing for midstory 

species (fig. S1). This result may represent more evidence for the 
role of temperature as the driver of morphological change, because 
birds of higher forest strata are more exposed to increasing tem-
peratures (Fig. 2), while they also rely heavily on flight compared to 
less volant species on or near the ground. Apparent abundance in-
creases of higher-stratum species over decades revealed through 
capture rates in understory mist nets (9) could reflect a shift of 
upper understory species to cooler niches below, as suggested by 

− − − − − − − −
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Fig. 4. Morphology by species modeled by time trend and climate covariates. (A to C) Models of bird morphology metrics by year and mean temperature during the 
season of capture (dry season—lag 0) and two seasonal lags (previous wet—lag 1 and previous dry—lag 2). (D to F) Models of bird morphology by year and total precip-
itation. Species are ranked by declining mass (Fig. 1D), with points showing medians with 90% and 95% CIs estimated with Bayesian hierarchical models. Estimates are 
colored orange if 95% CIs are entirely negative, blue if entirely positive, or black if overlapping zero. Results correspond to models 2, 3, 8, 9, 14, and 15 (table S4).
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observations throughout the diurnal cycle (53). Subsequently 
greater spatial overlap with upper-stratum species on top of abiotic 
climate shifts may affect demographic parameters of terrestrial 
and near-ground species even though they inhabit the most buffered of 
environments (13, 54). Capture rates of these species should not be 
biased by climate change, and increased temperature was negatively 
associated with demographic rates in an Afrotropical bird community 
(55), a finding consistent with population trends in these well-sampled 
guilds. Alternatively, specialization to the microclimatic consistency 
of the rainforest floor—as suggested by the seasonality hypothesis 
and supported by sensitivity of terrestrial and near-ground insecti-
vores to forest clearing and fragmentation (56)—may also confer little 
capacity for an adaptive morphological response, regardless of wheth-
er it stems from plasticity or microevolution.

Faced with a changing environment, biological responses of spe-
cies are limited to extinction, distribution shifts, and adaptation. For 
birds in lowland Amazonia, population trends for a subset of the 
community are not encouraging (9, 10), and tracking shifting con-
ditions through space would require moving very large distances 
(29) across South American rivers, which form often insurmount-
able barriers (28). Here, we show that the body size of a large part of 
Amazonian avifauna shifted through time with remarkable consis-
tency across this diverse community of resident birds. Our study 
matches recent results for migratory birds where elongating wings 
were interpreted to aid migration with smaller body sizes (26). 
Because we detected the same patterns in species that do not under-
take extensive flights, we suggest that a more parsimonious expla-
nation is resource economy (water and energy) under warming 
climate. Bird morphology is transforming toward lighter bodies and 
longer wings, with reductions in mass:wing ratio particularly prev-
alent. Short-term fluctuations in seasonal climate—and precipita-
tion especially—appear to drive chiefly the variation in mass, and 
less so in wing and mass:wing. Together, body proportions moved 
in the direction of more efficient flight and lower metabolic heat 
production and are consistent with a plastic or genetic adaptation to 
resource or thermal stress under climate change. Regardless of the 
mechanism behind these changes, bird morphology reveals the sen-
sitivity of Amazonian biota to global human activity, even in the 
absence of local stressors like deforestation. Temperate regions 
maintain monitoring programs that enable tracking of Anthropo-
cene’s impacts at the large scale (57). Our results suggest that equiv-
alent efforts are warranted for the most speciose group of vertebrates 
at the core of their diversity.

MATERIALS AND METHODS
Study site
Mass and wing measurements were collected from 1979 to 2019 at 
the BDFFP, in Amazonas, Brazil, located ~70 km north of Manaus 
(2° 24′ 21′′ S, 59° 52′ 25′′ W). Bird sampling was regular through-
out the four decades, but data gaps inevitably occurred because of 
lapses in funding and captures thus come from fewer years (n = 
26 years). Although assessing the effects of landscape disturbance was 
the primary motivation for establishing the BDFFP in the late 1970s, the 
area remained embedded in a vast expanse of undisturbed rainforest—
forest cover persisted at >90% within 10 km around experimental 
reserves (31). Throughout the years, birds were sampled in continuous 
primary forest far from human disturbance as well as at disturbed 
sites—forest fragments and secondary forest (58). Here, we remove 

any effects of landscape change by only including data from un-
disturbed forest at the BDFFP. We emphasize that despite the ac-
ronym, the BDFFP area consists mainly of primary forest.

Bird data
Birds were captured in mist nets using standardized protocols (58). 
Net type was identical throughout the sampling period—38-mm 
mesh size, with dimensions of 12 m by 2.5 m. Nets were generally 
placed in a single line of 16, but the number of nets and configura-
tion varied. Most birds were caught with passive netting with nets 
open between 06:00 and 14:00 local time, but a subset of captures 
(16%) come from nets closed at 12:00. Terrestrial insectivores are 
seldom captured with passive netting because of their ambulatory 
locomotion, and this ecological guild has become rare in recent years 
(9) and thus of particular interest in this study. For a sufficient sam-
ple for terrestrial insectivores, we included birds lured into nets 
with playback in 2017–2019 (59), with captures throughout the day. 
Although some temperate birds may weigh less in the morning 
(60, 61), the inclusion of potentially heavier individuals obtained by 
target netting (i.e., with some measured late in the afternoon) would 
work contrary to the predicted lower mass in the latter years.

Captured birds were identified, processed, and released. Pro-
cessing included marking with an alphanumeric leg band and mea-
suring of wing length and body mass. Method for taking wing 
length remained unchanged for all birds—using an end-stop ruler, 
observers measured wing chord (i.e., length with natural wing cur-
vature) from the carpal joint to the tip of the longest primary to the 
nearest 1 mm. However, for mass, equipment improvements led to 
a shift from analog spring scales (Pesola; Feusisberg, Switzerland), 
often at a resolution of 0.25 or 0.5 g, to electronic balances (usually 
manufactured by Ohaus; Parsippany, NJ, USA), with a resolution of 
0.1 g. Relatively lower mass resolution was unlikely to lead to sys-
tematically higher records of early mass. Animal care protocols 
were authorized by Centro Nacional de Pesquisa e Conservação de 
Aves Silvestres (CEMAVE) and IBAMA (CNPq Processo EXC 021/ 
06-C) in Brazil and Louisiana State University (IACUC A2006-02).

For analysis, we selected bird records in a way that removed the 
influence of land cover change and seasonal sampling bias. First, we 
excluded captures from fragments and secondary forest. Then, to 
reconcile unequal seasonal sampling in recent years, we restricted 
captures to the dry season (June through November). We further 
filtered birds to first captures of each individual and excluded species 
with fewer than five records of either mass or wing before or after 
the median year (2000). Records missing both mass and wing mea-
surements, or with mass or wing measurements greater or less than 
4 SD from the mean value for the species, were considered as errors 
(identification or measurement) and dropped. This process yielded 
measurements for 15,415 individuals of 77 species (mass, n = 14,842; 
wing, n = 11,582; mass:wing, n = 11,009).

Bird bodies can vary by age, sex, breeding condition, and molt 
status. However, we treated all of these categories equally in the anal-
ysis for several reasons. Sex can only be determined for some species 
because many are sexually monochromatic (52). Although a subset 
of species and individuals can be reliably aged, aging characteristics 
fade soon after fledging for many species (52), and recent advances 
in aging techniques were not available in the early years of data col-
lection and thus age filtering could bias the sample. Nevertheless, to 
understand the general effect of age on morphology in our system, 
we reassigned molt cycles to binary “adult” and “juvenile” groups 
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where possible and tested for group effects (table S5). Breeding status 
can also influence bird mass via inclusion of gravid females or ener-
getic demands on either sex with an active nest; however, in con-
trast to temperate-breeding birds, species at our site generally nest 
throughout the year (62), thus breeding season cannot be broadly 
controlled for within models by inclusion of breeding months, etc. 
Wing length can be underestimated in molting individuals, but these 
species also molt throughout the year (63). Furthermore, sequential 
replacement of all wing feathers can take 3 to 10 months (63) when 
only the few longest primaries effectively determine wing length. 
Our data do not hold sufficient detail to filter out only individuals 
that were replacing critical feathers, but banders have typically not 
measured wing cord when these feathers were growing, leading to 
fewer wing measurements relative to mass. Barring directional shifts 
through time in age ratio, sex ratio, breeding, and molting, we con-
trol for the complexities above by standardizing the sampling period 
to dry season only. Such shifts would themselves represent a notable 
effect of climate change on Amazonian avifauna. However, filtering 
the entire dataset by categories we have only recently begun to un-
derstand could itself introduce systemic biases.

We categorized species into 12 foraging guilds and four vertical 
forest strata (table S6). Traits follow previously published work, 
which based assignments on behavioral observations and fecal sam-
ples throughout BDFFP sampling (9).

Climate data
To test for correlations between climate and changes in body mass, 
wing length, and mass:wing ratio, and to test for long-term climate 
trends at our study site, we obtained temperature and precipitation 
estimates from the global EU Copernicus ERA5 climate reanalysis 
(https://cds.climate.copernicus.eu). These estimates, which are pro-
duced by combining physics-based climate models with historical 
data from weather stations and remote sensing, have a spatial reso-
lution of 0.25° latitude × 0.25° longitude and a temporal resolution 
of 1 hour. Although reanalysis data for parts of Amazonia are af-
fected by low number of weather stations, time trends in our models 
matched large-scale estimates from climate models for the region 
(45), and the last widespread drought was evident in our climate data 
(Fig. 1B). However, we caution that the quality of reanalysis data for 
the BDFFP will be likely lower than for regions with higher station 
density. We downloaded monthly averaged data, which provided 
the monthly means of (i) daily mean temperature and (ii) daily total 
precipitation, from ERA5 for 1966–1978 (64) and 1979–2019 (65). 
Temperature (“2 m temperature”) is the estimated air temperature 
at 2 m above ground level. Precipitation (“Total precipitation”) is 
the total precipitation estimated to have fallen during the time period. 
Our bird sampling locations fell within four raster cells (a 2 × 2 grid; 
Fig. 1A) of the ERA5 grid, and we thus averaged values for each 
month from these four grid cells to estimate an overall mean for our 
study area.

We used these monthly averaged daily values, based on average 
values for the four grid cells in which we captured birds, to produce 
estimates of mean temperature and total precipitation for the wet 
(December to May) and dry (June to November) seasons of each 
year. The wet season for year t was considered to start in December 
of year t − 1. We defined the seasons in this way to follow previous 
literature (9), a categorization based on broad annual precipitation 
patterns. We estimated mean temperature for each season and year by 
taking a weighted average of monthly mean values for the relevant 

months, weighted by the number of days in each month. For total 
precipitation, we summed the product of each month’s mean daily 
total value and the number of days in that month. The dry and wet 
season estimates were then used as covariates in joint species distri-
bution models (below). These models included covariates from sev-
eral time lags, including the dry season in which a given individual 
was captured (“lag 0”; all captures occurred in the dry season), the 
wet season immediately preceding the dry season of capture (“lag 1”), 
and the dry season before the dry season of capture (“lag 2”).

Statistical analysis
We quantified temporal trends in climate using generalized additive 
mixed models (GAMMs) implemented in R package mgcv (66, 67). 
First, to understand seasonal trends, we split climate data into dry 
and wet seasons as described above. We then used the gamm() func-
tion to specify GAMMs with autoregressive moving average (ARMA) 
error structures for each climate by season model. Covariates were 
modeled as the smooth of year with thin-plate basis (bs = tp, k = 10) 
and were fitted with restricted maximum likelihood and Gaussian 
distribution. To select the appropriate AR order, we set ARMA 
within year and selected the AR order on the basis of sequential 
likelihood ratio tests with the anova() function in R (68). The final 
model subsumed the structure of the last iteration that explained 
significant variation ( ≤ 0.05).

We estimated change in body mass, wing length, and mass:wing 
ratio through time, and the effects of climatic covariates, using the 
Hierarchical Modelling of Species Communities (HMSC) R package 
(33, 69). This Bayesian joint species distribution model (70) differs 
from single species distribution models in that it uses a hierarchical 
structure to determine whether species’ responses to covariates are 
correlated with their traits and phylogenetic relationships. If 
so, these relationships among species with similar trait values or 
evolutionary histories can improve the quality of parameter esti-
mates of individual species, especially for rare species for which 
data are relatively sparse (71). In total, we fitted 27 models (table 
S4), the specifics of which are detailed below. In addition to the 
multispecies models just described, these also include models 
for each response variable for the community as a whole, in which spe-
cies are merged and treated as a random effect. All analyses were per-
formed in R (68).

In our models, each individual bird was considered a sampling 
unit. Each row in our response variable input matrix thus repre-
sented an individual (denoted by band number), and each column 
represented 1 of our 77 species. For each row, the column corre-
sponding to the correct species for that row had a numeric value 
(the response variable), and all other columns (species) in that row 
had a missing (NA) value. We fitted a similar set of models for each 
of three response variables: mass, wing length, and mass:wing ratio. 
All values of response were first centered on zero by subtracting the 
overall mean for the appropriate species from the measured value of 
a given individual (such that the centered overall mean for each spe-
cies was zero). We then scaled these standardized values by dividing 
by 10 * mean for each species, such that a value of 0.1 (−0.1) repre-
sented a measurement that was 1% higher (lower) than the mean 
value for that species. We assumed a normal error distribution for 
each response variable.

Together, this centering and scaling ensured that the default pri-
ors of the HMSC package were appropriate (69) and that the units 
of all measurements were consistent among species and biologically 
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meaningful (change as a % of body mass, wing length, or mass:wing), 
such that the hierarchical level in our models could best compare 
the responses of species (which differed in mean body size) on the 
basis of their trait values and phylogeny.

We fitted a set of identical models for predicting body mass, 
wing length, and mass:wing (table S4). These models included three 
different sets of predictor covariates: a year-only model, a year + 
temperature model, and a year + precipitation model (with year as 
a continuous covariate in each case). For the models that included 
temperature or precipitation climate covariates, three climate co-
variates were included: current dry season (lag 0), previous wet sea-
son (lag 1), and previous dry season (lag 2). For year-only models, 
raw (unstandardized) year values were used so that the units of the 
final coefficient estimates were intuitive. The HMSC package auto-
matically scales all predictor covariates for model fitting, but then 
back-transforms parameter estimates to the original scale (69). For 
climate models, year and climate covariates were each scaled to 
have a mean of zero and an SD of one before input to HMSC so that 
all back-transformed predictor coefficients (“Beta” coefficients in 
HMSC terminology) would be at a similar scale, allowing us to eas-
ily compare their relative effects. The maximum variance inflation 
factor of any predictor covariate in any model was <2.01, indicating 
that multicollinearity was not a problem (72).

Our bird sampling took place across the entire dry season (June 
to November); to account for this temporal structure in our sam-
pling, each model also included a random effect of month. Although 
residual variation at the broader scale is potentially of concern (i.e., 
unwanted factors affecting morphology in certain years), our co-
variates of interest materialize at the year scale—there is only one 
dry and wet season per year. Thus, any year effects that are not re-
lated to climate are confounded with annual-scale variation in mor-
phology of interest. Nonetheless, we ran models similar to those in 
Figs. 1D and 4 but with the random effect of categorical year included 
(figs. S8 and S9). The conclusions persisted, but fewer species re-
tained 95% CIs that did not overlap zero in models with climate 
covariates (fig. S9). Because extreme events (e.g., droughts) may af-
fect morphology (fig. S10), and climate change likely increases the 
frequency of these events in Amazonia (73), we chose to not include 
random effect of year in our main analyses. We contend that the large 
number of sampling years (n = 26) across the study interval helps to 
mediate any unwanted influence of arbitrary events that could man-
ifest as time trend, especially of this taxonomically and ecologically 
diverse group of relatively long-lived endotherms in an environ-
ment that increasingly includes extremes (73).

Species with similar trait values, or a similar evolutionary history, 
often respond to their environment in similar ways (69). HMSC 
models include a hierarchical structure that estimates the strength 
of these effects in a community as a whole and uses these effects to 
inform the estimates for the responses of individual species to the 
environment. This is a particular benefit for rare species, for which 
fewer data points are available to estimate responses (71). We fitted a 
set of six models with foraging guild (categorical; 12 levels) as a trait, 
and an otherwise equivalent set of six models with foraging stratum 
(categorical; 4 levels) as a trait. These traits, guild and stratum, were 
not included in the same models because the two are highly corre-
lated; foraging stratum is essentially a simplification of foraging guild, 
which is based on stratum as well as diet and foraging style. In HMSC 
terminology, the parameters that estimate the effects of traits on en-
vironmental responses are called “Gamma” parameters.

Each model also included a phylogeny, to test for phylogenetic 
correlation in species responses to the environment. Many traits are 
also phylogenetically structured, but the phylogenetic parameter in 
HMSC models tests only for phylogenetic correlation that is not ex-
plained by traits in the model. This means that phylogenetic signal 
is evidence of unmeasured underlying traits that are affecting re-
sponses (69). This parameter in the model ranges from 0 to 1, where 0 
means that species responses are randomly distributed on the phy-
logeny and 1 indicates maximum phylogenetic structure. We used a 
phylogeny of all our species from Jetz et al. (74), downloaded from 
https://birdtree.org.

We fitted each Bayesian HMSC in R (75) using default diffuse 
prior distributions. We used six Markov Chain Monte Carlo (MCMC) 
chains to sample the posterior distributions of all parameters. Each 
chain was run for 100,000 iterations, with the first 50,000 discarded 
as burn-in. The remaining iterations were thinned by 50, producing 
1000 samples per chain (6000 total). We evaluated effective sample 
size to assure adequate independence of samples and potential scale 
reduction factors (76) to assure model convergence. Model fitting 
was conducted with high performance computational resources 
provided by Louisiana State University (www.hpc.lsu.edu).

We evaluated the explanatory power of each model for each spe-
cies by examining R2 values, which were based on the correlation 
between model predictions for each sampling unit (i.e., individual 
bird) and the actual data. In addition, we examined the influence of 
each covariate using variance partitioning, which determines what 
percent of a model’s explanatory power can be attributed to each 
covariate and to any random effects. All variance partitioning val-
ues for each species were multiplied by the explanatory R2 value of 
that species to show amount of total variation in the response vari-
able explained by each covariate.

Because of our scaling of the response variables before modeling, 
the raw Beta coefficients, showing each species’ responses to year, 
represented the change in body mass, wing length, or mass:wing per 
decade as a percentage of overall mean values for that species. This 
was reasonable for the purposes of our comparisons in the climate 
models, where we were interested in the relative strengths of re-
sponses to each covariate. For the year-only models, however, we 
wished to document the changes in morphological measurements 
relative to an appropriate baseline. To convert this raw estimate to 
percent of estimated 1980 mass, wing, and mass:wing (year zero as the 
first full year of sampling in our study), we multiplied each MCMC 
sample (from the appropriate coefficient’s distribution for each species) 
by a correction factor, which was calculated as the overall mean for a spe-
cies divided by the median model estimate for 1980 for that species.

We next determined whether species with similar traits had simi-
lar responses to the environment and estimated overall mean change 
through time for mass, wing length, and mass:wing of each foraging 
guild and stratum as a whole. To determine the effects of traits on 
responses to the environment, we extracted Gamma parameters from 
each model, added them to the Gamma intercept to get the overall 
effect for each group, and summarized them by calculating quan-
tiles. These Gamma parameters indicated the mean estimated re-
sponse of species with a given (in this case) categorical trait level to 
a given environmental covariate (one Gamma parameter is estimat-
ed for each categorical trait level for each environmental covariate). 
We also used variance partitioning to estimate the proportion of 
variation in species responses to each covariate that was explained 
by traits.
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To determine whether changes in mass, wing length, and mass:wing 
through time were phylogenetically correlated, we calculated “Mo-
ran’s I” for Beta coefficient estimates for year from year-only mod-
els (with foraging guild as a trait) for each response variable using 
the phylosignal package (77) in R. Moran’s I is an estimate of auto-
correlation in values along a phylogeny. We also calculated the cor-
relation in Beta estimates as a function of phylogenetic distance and 
used nonparametric bootstrapping to produce confidence intervals 
(77). Last, we calculated a local Moran’s I value for each species, 
which is an estimate of how much that species’ location on the phy-
logeny helps to predict the value of its Beta coefficient. P values for 
each value of local Moran’s I were estimated using a nonparametric 
randomization test (77).

To determine whether morphological changes were associated 
with changes in abundance, we compared our results with species- 
specific trends from a continuous primary forest at the BDFFP [co-
efficients from Fig. 2A; (9)]. Because species are not independent 
and closely related species may show convergent patterns, we first 
needed to generate a phylogenetic hypothesis of all species in this 
study. To determine the most probable outcome, we relied on a max-
imum clade credibility tree built from 100 pseudo-posterior trees in 
the same phylogeny we used for our HMSC models (74), constrained 
by the Hackett backbone (78). We then fit linear models using phy-
logenetic generalized least-squares (PGLS) in the R package caper 
(79), which allowed the phylogenetic signal (lambda) in the data to 
be optimized by maximum likelihood. For all PGLS regressions 
(figs. S2 and S7), the null hypothesis (with associated P values) was 
slope equal to zero.

Our HMSC models explained on average 5.4 to 10.5% of the 
variation in body mass, 6.3 to 12.2% of the variation in wing length, 
and 9.9 to 15.0% of variation in mass:wing (table S4). Relatively low 
model fit was expected because we were modeling variation among 
years with year-level covariates and were not attempting to explain 
variation at the scale of individual birds, where variation was also 
substantial. Variance partitioning revealed that temperature explained 
more variation in mass on average in the climate models than did 
the year covariate, but year was more important than precipitation 
(fig. S11). For wing and mass:wing, year was more important in climate 
models than either temperature or precipitation (figs. S12 and S13).

Changes in mass, wing length, and mass:wing over time, and re-
sponses to climate covariates, were for the most part not correlated 
with species traits (figs. S1, S3, and S4). There was, however, a high 
degree of phylogenetic correlation in these responses in all models. 
Rates of morphological change in particular were phylogenetically 
correlated (fig. S14), with some regions of the phylogeny showing 
consistently high or low rates of change (figs. S15 and S16). For ex-
ample, Platyrinchus spp. declined much more in body mass than 
did Sclerurus spp., whereas that was not the case for wing length. 
Species-specific predicted trends in mass, wing, and mass:wing from 
year-only models are shown in figs. S17, S18, and S19, respectively.

In addition to our main investigation using Bayesian HMSC 
models, we used LMMs. LMMs were used for two purposes: (i) to 
test for the effect of bird age on morphology and (ii) to conduct a 
parallel analysis of morphological change in the classical statistical 
framework to address possible concerns about attributes of Bayesian 
statistics or HMSC (e.g., influence of phylogeny and traits on model 
parameters). We implemented LMMs with the lmer() function in 
the R package lme4 (80). LMMs were similar in structure to associ-
ated HMSC models—we included the random effect of month and 

species (tables S1 to S3). For LMMs of morphology by age, only 
random effect of species was included (table S5). We fit models using 
maximum likelihood where model comparison using AIC may be 
desirable (81), such as across metrics presented in tables S1 to S3. 
LMMs of morphology by age (table S5) and climate (fig. S5) were fit 
with restricted maximum likelihood. Climate covariates in fig. S5 were 
scaled to facilitate comparison of covariate effects across the three 
metrics. For LMM output with P values, parameter significance was 
assessed using the Satterthwaite method.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abk1743
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Fig. S1. Bird morphology time trends by ecological traits. (A) Foraging guilds. (B) Vertical 
forest stratum. In both panels, points show the overall estimate of change through time for a 
given group of species, from the second level (Gamma parameters) of a hierarchical model of 
individual species trends. Lines represent 90% and 95% credible intervals. (A) shows Gamma 
parameters for model depicted in Fig. 1D whereas (B) shows output from an identical model 
with stratum (rather than guild) as the species trait. Results correspond to models 1, 7, 13, 4, 10, 
and 16 (table S4). 
  



 
 

 

 

Fig. S2. Trends in morphology vs abundance. (A) Morphological trends in Fig. 1D were 
grouped by foraging guild, with species sorted by mass trends within each guild. Vertical guild 
position follows guild-specific abundance trends (9). (B–D) Phylogenetic generalized least 
squares (PGLS) regression between abundance and morphology trends. Results correspond to 
models 1, 7, 13 (table S4). 
  



 
 

 

 

Fig. S3. Morphological responses of bird foraging guild to year and climate. Points are 
Gamma parameter estimates from the second level of a hierarchical model of individual species 
trends, indicating the overall estimated response of a given group of species to each covariate. 
Lines represent 90% and 95% credible intervals. Plots show Gamma values for models depicted 
in Fig. 4. Guilds are sorted according to abundance trends (9). Results correspond to models 2, 3, 
8, 9, 14, and 15 (table S4). 
  



 
 

 

 

Fig. S4. Morphological responses of bird forest stratum to year and climate. Points are 
Gamma parameter estimates from the second level of a hierarchical model of individual species 
trends, indicating the overall estimated response of a given group of species to each covariate. 
Lines represent 90% and 95% credible intervals. Plots show Gamma values for models identical 
to Fig. 4, with stratum (rather than guild) as the species trait. Strata are sorted from low to high. 
Results correspond to models 5, 6, 11, 12, 17, and 18 (table S4). 
  



 
 

 

 

Fig. S5. Bird morphology modeled by time trend and climate covariates using linear mixed 
models. Models are fit by restricted maximum likelihood to the entire merged dataset and 
include random effects of species and month. Predictors are scaled to allow comparison across 
each morphological metric. 
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Fig. S6. Concept map for the consequences of morphological changes on avian energetics. 
Out of the scenarios that reduce mass:wing (two, five, nine) from a hypothetical 4-unit energy 
baseline (scenario one: 2 in mass + 2 in wing), scenario nine is the most economical—scenario 
two wastes 1 unit, scenario five costs 1 unit, but the net energy requirement for scenario nine is 
zero. Caloric demand of flight is based on (40). 
  



 
 

 

 

Fig. S7. Correlation between mass and wing change. Regression is based on phylogenetic 
generalized least squares (PGLS). Results correspond to models 1 and 7 (table S4). 
  



 
 

 

 

Fig. S8. HMSC models of morphological trends with a random effect of year. Model 
structures are identical to Fig. 1D, but a random effect of categorical year is also included here. 
  



 
 

 

 

Fig. S9. Morphology by species modeled by time trend and climate covariates with a 
random effect of year. Model structures are identical to Fig. 4, but a random effect of 
categorical year is also included here. 
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Fig. S10. Raw morphology and lag 2 climate scatterplots. Black lines and ribbons represent 
best-fit linear regressions and 95% CIs for their predictions. The most severe season (28.4 °C, 
507 mm) corresponds to the widespread drought in 2016 (84).  
  



 
 

 

Fig. S11. Variance partitioning for mass models. Vertical bars show the proportion of variance 
explained by each covariate, corrected for each species’ R2 value for a given model. Legends 
show mean proportion for each covariate. For more details, see models 1–6 in Table S4. Species 
are ordered on the x-axis following declining mass in Fig. 1D. 
  



 
 

 

Fig. S12. Variance partitioning for wing models. Vertical bars show the proportion of variance 
explained by each covariate, corrected for each species’ R2 value for a given model. Legends 
show mean proportion for each covariate. For more details, see models 7–12 in Table S4. 
Species are ordered on the x-axis following declining mass in Fig. 1D. 
  



 
 

 

Fig. S13. Variance partitioning for mass:wing models. Vertical bars show the proportion of 
variance explained by each covariate, corrected for each species’ R2 value for a given model. 
Legends show mean proportion for each covariate. For more details, see models 13–18 in Table 
S4. Species are ordered on the x-axis following declining mass in Fig. 1D. 
  



 
 

 

Fig. S14. Phylogenetic correlation in morphological changes through time. The bold black 
line represents Moran’s I, an index of autocorrelation, compared to the null hypothesis (solid 
horizontal line). Dashed lines represent 95% confidence intervals, based on nonparametric 
bootstrap resampling. Colored x-axis bars show regions of significant positive (red) and negative 
(blue) autocorrelation. Plots were created using the phylosignal R package (77). Morphological 
change estimates are from models 1, 7, and 13 (table S4). 
  



 
 

 

Fig. S15. Phylogenetic correlation in species-specific morphological change over time. Bars 
show median rate of change per decade, as a percentage of model-estimated median 1980 mass, 
wing length, or mass:wing ratio. Red bars indicate species with values more similar to their 
neighbors than expected by chance, meaning that the local indicator of phylogenetic association 
(LIPA; local Moran's I) is significantly positive (p < 0.05) based on permutation tests. 
Phylogenetic tree is from birdtree.org (74). Plots were created using the phylosignal R package 
(77). Morphological change estimates are from models 1, 7, and 13 (table S4). 
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Fig. S16. Phylogenetic correlation in species-specific morphological change over time: 
Moran’s I. Bars show the local indicator of phylogenetic association (LIPA; local Moran's I) for 
each species. Red bars indicate species with values more similar to their neighbors than expected 
by chance, meaning that the local Moran's I for that species is significantly positive (p < 0.05) 
based on permutation tests. Phylogenetic tree is from birdtree.org (74). Plots were created using 
the phylosignal R package (77). Morphological change estimates are from models 1, 7, and 13 
(table S4). 
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Fig. S17. Time trends in mass by species. Points show raw data values. Solid black line 
represents the median estimate of mass trend with 95% credible interval ribbon from an HMSC 
model including phylogeny and foraging guild (model 1 in Table S4). Dashed red line is a simple 
linear model for that species. Gray horizontal line is the overall mean value for that species. 
  



 
 

 

Fig. S18. Time trends in wing length by species. Points show raw data values. Solid black line 
represents the median estimate of wing trends with 95% credible interval ribbon from an HMSC 
model including phylogeny and foraging guild (model 7 in Table S4). Dashed red line is a simple 
linear model for that species. Gray horizontal line is the overall mean value for that species. 
  



 
 

 

Fig. S19. Time trends in mass:wing by species. Points show raw data values. Solid black line 
represents the median estimate with 95% credible interval ribbon from an HMSC model 
including phylogeny and foraging guild (model 13 in Table S4). Dashed red line is a simple 
linear model for that species. Gray horizontal line is the overall mean value for that species. 



 
 

Table S1. Time trend of bird morphology examined using linear mixed models. Models are fit with maximum likelihood to the 
entire dataset and include species and month as random effects. Significance of the time-trend parameter (year) is assessed using the 
Satterthwaite’s method. 

  Mass Wing Mass:wing 

Predictors Estimates CI Statistic p Estimates CI Statistic p Estimates CI Statistic p 

(Intercept) 69.28 61.52 – 77.03 17.50 <0.001 39.17 30.18 – 48.15 8.55 <0.001 1.30 1.21 – 1.38 29.83 <0.001 

Year -0.02 -0.02 – -0.02 -14.79 <0.001 0.02 0.01 – 0.02 9.23 <0.001 -0.00 -0.00 – -0.00 -25.57 <0.001 

Random Effects 
σ2 5.29 7.61 0.00 

τ00 611.75 species 424.61 species 0.04 species 
 

0.00 month 0.00 month 0.00 month 

ICC 0.99 0.98 0.98 

n 77 species 77 species 77 species 
 

6 month 6 month 6 month 

Observations 14842 11582 11009 

Marginal R2 / 
Conditional R2 

0.000 / 0.991 0.000 / 0.982 0.001 / 0.982 

AIC 67578.121 57036.770 -48878.082 
 
  



 
 

Table S2. Bird morphology modeled by time trend and lagged seasonal temperature using linear mixed models. Models are fit 
with maximum likelihood to the entire dataset and include species and month as random effects. Significance of parameters is 
assessed using the Satterthwaite’s method. 

  Mass Wing Mass:wing 

Predictors Estimates CI Statistic p Estimates CI Statistic p Estimates CI Statistic p 

(Intercept) 42.87 31.89 – 53.85 7.65 <0.001 14.81 -0.22 – 29.84 1.93 0.053 1.21 1.06 – 1.35 16.41 <0.001 

Year -0.00 -0.01 – 0.00 -1.62 0.106 0.03 0.02 – 0.04 7.78 <0.001 -0.00 -0.00 – -0.00 -10.79 <0.001 

Temp lag 0 (dry) -0.19 -0.27 – -0.11 -4.83 <0.001 0.10 -0.01 – 0.22 1.74 0.081 0.00 -0.00 – 0.00 0.30 0.766 

Temp lag 1 (wet) 0.35 0.23 – 0.47 5.73 <0.001 0.27 0.12 – 0.43 3.51 <0.001 0.00 -0.00 – 0.00 1.56 0.118 

Temp lag 2 (dry) -0.37 -0.50 – -0.24 -5.44 <0.001 -0.53 -0.70 – -0.37 -6.33 <0.001 -0.00 -0.00 – -0.00 -2.04 0.041 

Random effects 
σ2 5.27 7.57 0.00 

τ00 611.70 species 424.31 species 0.04 species 
 

0.00 month 0.00 month 0.00 month 

ICC 0.99 0.98 0.98 

n 77 species 77 species 77 species 
 

6 month 6 month 6 month 

Observations 14842 11582 11009 

Marginal R2 / 
Conditional R2 

0.000 / 0.991 0.000 / 0.982 0.001 / 0.982 

AIC 67533.936 56993.767 -48876.644 
 
  



 
 

Table S3. Bird morphology modeled by time trend and lagged seasonal precipitation using linear mixed models. Models are fit 
with maximum likelihood to the entire dataset and include species and month as random effects. Significance of parameters is 
assessed using the Satterthwaite’s method. 

  Mass Wing Mass:wing 

Predictors Estimates CI Statistic p Estimates CI Statistic p Estimates CI Statistic p 

(Intercept) 52.18 42.93 – 61.44 11.06 <0.001 6.45 -6.80 – 19.70 0.95 0.340 1.19 1.07 – 1.32 18.43 <0.001 

Year -0.01 -0.02 – -0.01 -6.58 <0.001 0.03 0.03 – 0.04 10.92 <0.001 -0.00 -0.00 – -0.00 -14.29 <0.001 

Precip lag 0 (dry) 0.00 0.00 – 0.00 5.90 <0.001 0.00 -0.00 – 0.00 1.38 0.168 0.00 -0.00 – 0.00 1.91 0.057 

Precip lag 1 (wet) -0.00 -0.00 – -0.00 -3.40 0.001 -0.00 -0.00 – -0.00 -5.38 <0.001 -0.00 -0.00 – 0.00 -0.50 0.619 

Precip lag 2 (dry) 0.00 0.00 – 0.00 5.44 <0.001 0.00 0.00 – 0.00 7.40 <0.001 0.00 0.00 – 0.00 2.47 0.013 

Random effects 
σ2 5.26 7.56 0.00 

τ00 611.75 species 424.44 species 0.04 species 
 

0.00 month 0.00 month 0.00 month 

ICC 0.99 0.98 0.98 

n 77 species 77 species 77 species 
 

6 month 6 month 6 month 

Observations 14842 11582 11009 

Marginal R2 / 
Conditional R2 

0.000 / 0.991 0.000 / 0.983 0.001 / 0.982 

AIC 67506.383 56974.802 -48882.735 
  



 
 

Table S4. Structure and fit of Bayesian joint species models used in this study. Models 1–18 included the effect of phylogeny and 
trait. Models 19–27 merge species, which are then treated as a random effect, and do not include phylogeny or trait. 

Index Model Response variable Predictor covariates Trait Mean R2 
1 Time Mass Year Guild 0.054 
2 Temperature " Year + Temp_Lag0dry + Temp_Lag1wet + Temp_Lag2dry " 0.087 
3 Precipitation " Year + Precip_Lag0dry + Precip_Lag1wet + Precip_Lag2dry " 0.105 
4 Time " Year Stratum 0.055 
5 Temperature " Year + Temp_Lag0dry + Temp_Lag1wet + Temp_Lag2dry " 0.086 
6 Precipitation " Year + Precip_Lag0dry + Precip_Lag1wet + Precip_Lag2dry " 0.105 
7 Time Wing Year Guild 0.063 
8 Temperature " Year + Temp_Lag0dry + Temp_Lag1wet + Temp_Lag2dry " 0.114 
9 Precipitation " Year + Precip_Lag0dry + Precip_Lag1wet + Precip_Lag2dry " 0.122 

10 Time " Year Stratum 0.066 
11 Temperature " Year + Temp_Lag0dry + Temp_Lag1wet + Temp_Lag2dry " 0.114 
12 Precipitation " Year + Precip_Lag0dry + Precip_Lag1wet + Precip_Lag2dry " 0.120 
13 Time Mass:wing Year Guild 0.099 
14 Temperature " Year + Temp_Lag0dry + Temp_Lag1wet + Temp_Lag2dry " 0.131 
15 Precipitation " Year + Precip_Lag0dry + Precip_Lag1wet + Precip_Lag2dry " 0.149 
16 Time " Year Stratum 0.099 
17 Temperature " Year + Temp_Lag0dry + Temp_Lag1wet + Temp_Lag2dry " 0.129 
18 Precipitation " Year + Precip_Lag0dry + Precip_Lag1wet + Precip_Lag2dry " 0.150 
19 Time Mass Year NA 0.026 
20 Temperature " Year + Temp_Lag0dry + Temp_Lag1wet + Temp_Lag2dry NA 0.035 
21 Precipitation " Year + Precip_Lag0dry + Precip_Lag1wet + Precip_Lag2dry NA 0.041 
22 Time Wing Year NA 0.009 
23 Temperature " Year + Temp_Lag0dry + Temp_Lag1wet + Temp_Lag2dry NA 0.014 
24 Precipitation " Year + Precip_Lag0dry + Precip_Lag1wet + Precip_Lag2dry NA 0.016 
25 Time Mass:wing Year NA 0.071 
26 Temperature " Year + Temp_Lag0dry + Temp_Lag1wet + Temp_Lag2dry NA 0.072 
27 Precipitation " Year + Precip_Lag0dry + Precip_Lag1wet + Precip_Lag2dry NA 0.074 



 
 

Table S5. Bird morphology by age. Models are linear mixed models with species as a random effect fit with restricted maximum 
likelihood. Significance of age group effect (juvenile) is assessed using the Satterthwaite’s method. 

  Mass Wing Mass:wing 

Predictors Estimates CI Statistic p Estimates CI Statistic p Estimates CI Statistic p 

(Intercept) 28.16 22.47 – 33.86 9.70 <0.001 75.77 71.16 – 80.39 32.18 <0.001 0.33 0.29 – 0.37 14.85 <0.001 

 Juvenile -0.45 -0.58 – -0.33 -7.06 <0.001 -0.59 -0.76 – -0.43 -7.08 <0.001 -0.00 -0.01 – -0.00 -5.33 <0.001 

Random effects 
σ2 4.36 6.50 0.00 

τ00 649.02 species 426.56 species 0.04 species 

ICC 0.99 0.98 0.99 

n 77 species 77 species 77 species 

Observations 7362 6192 5927 

Marginal R2 / 
Conditional R2 

0.000 / 0.993 0.000 / 0.985 0.000 / 0.985 

 
  



 
 

Table S6. Bird species considered in analysis, their trait assignments, and model-estimated body mass, wing length, and 
mass:wing ratio. Taxonomy follows South American Checklist Committee ver. 9 Feb 21. Morphological change estimates are from 
models 1, 7, and 13 (table S4). 

Species Guild Stratum Mass (g)   Wing length (mm)  Mass:wing ratio 

n 1980 2019 Δ (%)     n 1980 2019 Δ (%)     n 1980 2019 Δ (%)   

TROCHILIDAE   
                 

Phaethornis bourcieri HU U 115 4.16 3.90 -6.20 ▼  95 55.85 55.05 -1.43   74 0.07 0.07 -5.41  
Phaethornis superciliosus HU U 149 5.57 5.28 -5.20   131 57.76 55.99 -3.07 ▼  113 0.10 0.10 -4.04  
Campylopterus largipennis HU M 45 8.85 8.30 -6.30   36 71.89 72.37 0.66   34 0.12 0.12 -6.45  
Thalurania furcata HU M 116 4.14 3.93 -5.24   87 50.40 50.52 0.24   69 0.08 0.08 -4.94  
TROGONIDAE                    
Trogon rufus MF M 24 51.63 49.53 -4.07   24 109.48 109.80 0.29   20 0.47 0.45 -3.85  
MOMOTIDAE                    
Momotus momota MF M 80 133.00 127.26 -4.31   68 142.42 140.17 -1.58   60 0.93 0.91 -2.05  
GALBULIDAE                    
Galbula albirostris MI M 167 18.03 17.54 -2.70   140 69.06 70.31 1.81 ▲  134 0.26 0.25 -3.86 ▼ 

BUCCONIDAE                    
Bucco capensis MI M 22 51.81 49.92 -3.66   22 81.06 82.91 2.28   22 0.64 0.60 -5.94 ▼ 

Malacoptila fusca UI U 115 44.15 42.98 -2.64   95 87.36 88.59 1.40   91 0.51 0.49 -4.70 ▼ 

THAMNOPHILIDAE                    
Frederickena viridis NGI NG 59 67.35 66.77 -0.86   56 91.97 92.99 1.11   51 0.73 0.72 -2.18  
Thamnophilus murinus MI M 100 17.98 17.22 -4.19 ▼  72 59.85 60.82 1.62   70 0.30 0.28 -7.28 ▼ 

Thamnomanes ardesiacus UI U 508 18.42 17.25 -6.36 ▼  395 71.78 72.95 1.62 ▲  382 0.26 0.23 -10.34 ▼ 

Thamnomanes caesius MI M 504 17.71 16.90 -4.61 ▼  373 71.01 71.53 0.73   356 0.26 0.23 -8.24 ▼ 

Isleria guttata NGI NG 105 10.27 10.19 -0.75   71 49.70 51.08 2.77 ▲  64 0.20 0.20 -2.46  
Epinecrophylla gutturalis UI U 292 8.89 8.36 -5.91 ▼  205 49.47 50.56 2.20 ▲  194 0.18 0.17 -9.84 ▼ 

Myrmotherula axillaris UI U 165 7.81 7.35 -5.82 ▼  120 50.50 50.95 0.88   114 0.16 0.14 -9.49 ▼ 

Myrmotherula longipennis UI U 370 8.51 8.27 -2.86 ▼  317 56.82 57.61 1.39 ▲  299 0.15 0.14 -5.96 ▼ 

Myrmotherula menetriesii MI M 212 8.31 7.93 -4.53 ▼  182 51.27 52.32 2.04 ▲  171 0.16 0.15 -7.93 ▼ 



 
 

Hypocnemis cantator GI U 283 11.94 11.59 -2.90 ▼  197 51.62 52.48 1.67 ▲  191 0.24 0.22 -7.98 ▼ 

Percnostola rufifrons GI NG 282 28.76 28.26 -1.73   234 70.68 71.79 1.57 ▲  220 0.41 0.39 -4.60 ▼ 

Myrmelastes leucostigma RI NG 74 24.64 23.13 -6.14 ▼  66 65.76 65.79 0.05   59 0.38 0.35 -7.09 ▼ 

Myrmoderus ferrugineus TI T 147 24.34 24.21 -0.52   107 61.95 63.85 3.08 ▲  104 0.39 0.38 -3.82 ▼ 

Myrmornis torquata TI T 101 44.90 42.25 -5.91 ▼  77 91.78 92.43 0.71   76 0.49 0.46 -7.14 ▼ 

Pithys albifrons AF NG 1160 20.39 19.70 -3.42 ▼  874 69.46 70.18 1.04 ▲  831 0.30 0.28 -6.38 ▼ 

Gymnopithys rufigula AF NG 551 29.26 28.46 -2.74 ▼  367 74.04 75.58 2.09 ▲  351 0.40 0.37 -7.44 ▼ 

Hylophylax naevius NGI NG 43 12.42 12.21 -1.72   28 56.69 57.29 1.07   26 0.22 0.21 -2.75  
Willisornis poecilinotus NGI NG 774 16.98 16.21 -4.55 ▼  589 63.18 64.03 1.35 ▲  566 0.27 0.25 -7.01 ▼ 

CONOPOPHAGIDAE                    
Conopophaga aurita NGI NG 66 23.71 22.25 -6.19 ▼  52 64.85 66.32 2.27 ▲  49 0.37 0.34 -8.89 ▼ 

GRALLARIIDAE                    
Grallaria varia TI T 12 124.13 122.32 -1.46   12 113.52 113.67 0.14   11 1.09 1.07 -1.65  
Hylopezus macularius TI T 30 42.39 41.65 -1.74   24 83.07 83.48 0.50   22 0.51 0.50 -2.93  
FORMICARIIDAE                    
Formicarius colma TI T 248 46.52 45.05 -3.16 ▼  219 82.16 83.44 1.55 ▲  202 0.57 0.54 -4.42 ▼ 

Formicarius analis TI T 98 62.53 61.40 -1.81   100 89.63 90.39 0.85   97 0.70 0.68 -2.59  
FURNARIIDAE                    
Sclerurus obscurior TI T 47 25.36 25.07 -1.15   42 78.55 79.44 1.12   41 0.32 0.31 -3.40  
Sclerurus rufigularis TI T 150 21.02 20.73 -1.40   124 75.41 75.78 0.50   120 0.28 0.27 -3.53 ▼ 

Sclerurus caudacutus TI T 68 39.41 38.82 -1.50   49 90.83 91.91 1.19   46 0.44 0.43 -3.85 ▼ 

Certhiasomus stictolaemus WO U 201 16.90 16.35 -3.29   165 77.75 78.91 1.49   159 0.22 0.21 -6.33 ▼ 

Deconychura longicauda WO M 57 28.18 27.03 -4.08   48 100.19 100.66 0.47   45 0.28 0.26 -6.79 ▼ 

Dendrocincla merula AF NG 271 53.13 52.84 -0.56   203 105.71 105.31 -0.38   186 0.51 0.50 -2.16  
Dendrocincla fuliginosa AW U 130 40.82 39.33 -3.67   116 106.43 105.51 -0.86   109 0.39 0.37 -3.88  
Glyphorynchus spirurus WO U 924 13.70 13.32 -2.76 ▼  762 67.27 68.72 2.15 ▲  732 0.21 0.19 -6.28 ▼ 

Dendrocolaptes certhia AW M 56 67.73 65.92 -2.68   48 125.39 124.91 -0.38   47 0.55 0.53 -3.29  
Hylexetastes perrotii AW M 47 113.37 110.09 -2.89   35 126.86 125.73 -0.89   33 0.91 0.88 -3.61  
Xiphorhynchus pardalotus WO M 355 37.83 36.38 -3.84 ▼  265 101.23 101.22 -0.01   257 0.38 0.36 -5.77 ▼ 



 
 

Campylorhamphus procurvoides WO M 31 34.73 33.92 -2.33   27 94.20 95.22 1.09   23 0.38 0.36 -5.32 ▼ 

Xenops minutus MI M 144 12.27 11.95 -2.62   110 64.30 64.88 0.91   103 0.19 0.18 -5.15 ▼ 

Philydor erythrocercum MI M 85 23.70 23.60 -0.43   67 83.26 85.47 2.66   62 0.29 0.28 -3.14  
Philydor pyrrhodes UI U 28 29.69 28.92 -2.58   18 82.24 83.94 2.07   16 0.36 0.35 -3.33  
Clibanornis rubiginosus NGI NG 81 36.79 35.85 -2.56   57 80.77 80.48 -0.36   56 0.46 0.45 -2.41  
Automolus ochrolaemus UI U 35 34.49 33.15 -3.91 ▼  31 85.53 86.19 0.76   28 0.40 0.38 -6.44 ▼ 

Automolus infuscatus UI U 240 31.84 30.77 -3.35 ▼  182 85.25 86.05 0.93   174 0.38 0.36 -5.57 ▼ 

Synallaxis rutilans NGI NG 30 16.71 16.50 -1.29   23 55.35 56.35 1.80   22 0.30 0.30 -1.97  
PIPRIDAE                    
Corapipo gutturalis MF M 188 8.20 7.68 -6.34 ▼  177 54.33 54.62 0.54   170 0.15 0.14 -9.09 ▼ 

Lepidothrix serena UF U 258 10.80 10.07 -6.83 ▼  203 53.09 54.13 1.95 ▲  201 0.21 0.19 -9.71 ▼ 

Pseudopipra pipra UF U 969 12.01 11.48 -4.35 ▼  797 62.12 62.62 0.80 ▲  774 0.20 0.18 -8.08 ▼ 

Ceratopipra erythrocephala MF M 91 12.03 11.56 -3.96 ▼  76 55.33 55.99 1.20   76 0.22 0.21 -5.91 ▼ 

COTINGIDAE                    
Lipaugus vociferans MF M 23 71.87 67.98 -5.42   21 118.43 118.83 0.33   20 0.62 0.57 -8.19 ▼ 

TITYRIDAE                    
Schiffornis olivacea UF U 241 34.56 32.47 -6.03 ▼  173 89.66 91.00 1.49 ▲  164 0.39 0.36 -9.44 ▼ 

ONYCHORHYNCHIDAE                    
Onychorhynchus coronatus UI U 47 14.69 14.02 -4.58   33 75.92 75.51 -0.55   32 0.20 0.18 -6.12  
Terenotriccus erythrurus MI M 64 6.83 6.55 -4.16   49 48.20 49.97 3.66 ▲  46 0.14 0.13 -9.03 ▼ 

Myiobius barbatus MI M 293 10.60 10.13 -4.43 ▼  217 61.24 62.84 2.62 ▲  204 0.18 0.16 -8.57 ▼ 

TYRANNIDAE                    
Platyrinchus saturatus NGI NG 155 10.58 9.95 -5.92 ▼  120 56.90 57.16 0.44   117 0.19 0.17 -9.47 ▼ 

Platyrinchus coronatus UI U 219 8.75 8.29 -5.32 ▼  175 53.08 53.11 0.05   165 0.17 0.15 -8.33 ▼ 

Platyrinchus platyrhynchos UI U 22 12.19 11.51 -5.60 ▼  18 61.84 62.60 1.21   18 0.20 0.18 -10.40 ▼ 

Corythopis torquatus NGI NG 170 14.75 14.55 -1.38   112 63.62 63.58 -0.06   109 0.24 0.23 -4.64 ▼ 

Mionectes macconnelli MF M 647 12.48 11.83 -5.19 ▼  500 62.97 63.10 0.21   483 0.20 0.19 -7.92 ▼ 

Rhynchocyclus olivaceus MI M 47 19.38 19.12 -1.33   39 69.80 70.40 0.87   37 0.29 0.27 -6.51 ▼ 

Attila spadiceus MI M 26 33.27 31.75 -4.58   27 81.48 81.36 -0.15   26 0.41 0.39 -6.04 ▼ 



 
 

Rhytipterna simplex MI M 24 34.44 32.29 -6.22 ▼  25 95.33 95.39 0.07   24 0.37 0.34 -7.40 ▼ 

VIREONIDAE                    
Tunchiornis ochraceiceps UI U 225 10.32 9.63 -6.67 ▼  172 56.52 56.17 -0.62   163 0.19 0.17 -8.60 ▼ 

TROGLODYTIDAE                    
Microcerculus bambla NGI NG 72 16.72 16.11 -3.65   53 54.59 55.70 2.04   48 0.31 0.29 -7.07 ▼ 

Cyphorhinus arada TI T 172 20.34 19.22 -5.50 ▼  122 58.87 60.30 2.43 ▲  109 0.35 0.31 -10.29 ▼ 

POLIOPTILIDAE                    
Microbates collaris NGI NG 272 10.84 10.48 -3.26 ▼  200 49.53 50.43 1.81 ▲  190 0.22 0.21 -7.62 ▼ 

TURDIDAE                    
Turdus albicollis UF U 335 50.05 46.61 -6.87 ▼  234 102.09 102.80 0.69   226 0.50 0.45 -9.68 ▼ 

PARULIDAE                    
Myiothlypis rivularis RI NG 21 13.31 12.34 -7.30   21 61.70 60.97 -1.18   18 0.22 0.20 -8.68  
CARDINALIDAE                    
Cyanoloxia rothschildii UF U 61 25.75 24.58 -4.55   49 75.49 77.96 3.27   47 0.34 0.32 -7.87 ▼ 

THRAUPIDAE                    
Tachyphonus surinamus MF M 174 20.69 19.84 -4.11 ▼  141 79.54 78.51 -1.30   139 0.27 0.25 -5.26 ▼ 

Lanio fulvus MI M 29 25.88 25.37 -1.97     21 89.66 88.47 -1.33     21 0.30 0.29 -5.00   
 
Guild: AW=ant-woodcreeper, AF=army-ant follower, GI=gap insectivore, HU=hummingbird, MF=midstory frugivore, MI=midstory 
insectivore, NGI=near-ground insectivore, RI=riparian insectivore, TI=terrestrial insectivore, UF=understory frugivore, 
UI=understory insectivore, WO=woodcreeper 
Stratum: M=midstory, U=understory, NG=near-ground, T=terrestrial 
▼=decreasing with 95% credible intervals entirely negative, ▲=increasing with 95% credible intervals entirely positive 
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	Fig. S1. Bird morphology time trends by ecological traits. (A) Foraging guilds. (B) Vertical forest stratum. In both panels, points show the overall estimate of change through time for a given group of species, from the second level (Gamma parameters)...
	Fig. S2. Trends in morphology vs abundance. (A) Morphological trends in Fig. 1D were grouped by foraging guild, with species sorted by mass trends within each guild. Vertical guild position follows guild-specific abundance trends (9). (B–D) Phylogenet...
	Fig. S3. Morphological responses of bird foraging guild to year and climate. Points are Gamma parameter estimates from the second level of a hierarchical model of individual species trends, indicating the overall estimated response of a given group of...
	Fig. S4. Morphological responses of bird forest stratum to year and climate. Points are Gamma parameter estimates from the second level of a hierarchical model of individual species trends, indicating the overall estimated response of a given group of...
	Fig. S5. Bird morphology modeled by time trend and climate covariates using linear mixed models. Models are fit by restricted maximum likelihood to the entire merged dataset and include random effects of species and month. Predictors are scaled to all...
	Fig. S6. Concept map for the consequences of morphological changes on avian energetics. Out of the scenarios that reduce mass:wing (two, five, nine) from a hypothetical 4-unit energy baseline (scenario one: 2 in mass + 2 in wing), scenario nine is the...
	Fig. S7. Correlation between mass and wing change. Regression is based on phylogenetic generalized least squares (PGLS). Results correspond to models 1 and 7 (table S4).
	Fig. S8. HMSC models of morphological trends with a random effect of year. Model structures are identical to Fig. 1D, but a random effect of categorical year is also included here.
	Fig. S9. Morphology by species modeled by time trend and climate covariates with a random effect of year. Model structures are identical to Fig. 4, but a random effect of categorical year is also included here.
	Fig. S10. Raw morphology and lag 2 climate scatterplots. Black lines and ribbons represent best-fit linear regressions and 95% CIs for their predictions. The most severe season (28.4  C, 507 mm) corresponds to the widespread drought in 2016 (84).
	Fig. S11. Variance partitioning for mass models. Vertical bars show the proportion of variance explained by each covariate, corrected for each species’ R2 value for a given model. Legends show mean proportion for each covariate. For more details, see ...
	Fig. S12. Variance partitioning for wing models. Vertical bars show the proportion of variance explained by each covariate, corrected for each species’ R2 value for a given model. Legends show mean proportion for each covariate. For more details, see ...
	Fig. S13. Variance partitioning for mass:wing models. Vertical bars show the proportion of variance explained by each covariate, corrected for each species’ R2 value for a given model. Legends show mean proportion for each covariate. For more details,...
	Fig. S14. Phylogenetic correlation in morphological changes through time. The bold black line represents Moran’s I, an index of autocorrelation, compared to the null hypothesis (solid horizontal line). Dashed lines represent 95% confidence intervals, ...
	Fig. S15. Phylogenetic correlation in species-specific morphological change over time. Bars show median rate of change per decade, as a percentage of model-estimated median 1980 mass, wing length, or mass:wing ratio. Red bars indicate species with val...
	Fig. S16. Phylogenetic correlation in species-specific morphological change over time: Moran’s I. Bars show the local indicator of phylogenetic association (LIPA; local Moran's I) for each species. Red bars indicate species with values more similar to...
	Fig. S17. Time trends in mass by species. Points show raw data values. Solid black line represents the median estimate of mass trend with 95% credible interval ribbon from an HMSC model including phylogeny and foraging guild (model 1 in Table S4). Das...
	Fig. S18. Time trends in wing length by species. Points show raw data values. Solid black line represents the median estimate of wing trends with 95% credible interval ribbon from an HMSC model including phylogeny and foraging guild (model 7 in Table ...
	Fig. S19. Time trends in mass:wing by species. Points show raw data values. Solid black line represents the median estimate with 95% credible interval ribbon from an HMSC model including phylogeny and foraging guild (model 13 in Table S4). Dashed red ...
	Table S1. Time trend of bird morphology examined using linear mixed models. Models are fit with maximum likelihood to the entire dataset and include species and month as random effects. Significance of the time-trend parameter (year) is assessed using...
	Table S2. Bird morphology modeled by time trend and lagged seasonal temperature using linear mixed models. Models are fit with maximum likelihood to the entire dataset and include species and month as random effects. Significance of parameters is asse...
	Table S3. Bird morphology modeled by time trend and lagged seasonal precipitation using linear mixed models. Models are fit with maximum likelihood to the entire dataset and include species and month as random effects. Significance of parameters is as...
	Table S4. Structure and fit of Bayesian joint species models used in this study. Models 1–18 included the effect of phylogeny and trait. Models 19–27 merge species, which are then treated as a random effect, and do not include phylogeny or trait.
	Table S5. Bird morphology by age. Models are linear mixed models with species as a random effect fit with restricted maximum likelihood. Significance of age group effect (juvenile) is assessed using the Satterthwaite’s method.
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