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ABSTRACT 28 
Species persist only when energy resources are available and organisms have traits to exploit 29 
them. Because resources such as fruit or carrion differ in abundance and diversity, general 30 
principles of energy flow and niche theory should shape differences in species richness among 31 
trophic guilds within assemblages. Yet, this hypothesis remains empirically untested. Here, we 32 
analyze 31,251 local bird surveys across North America and 10,753 large-scale assemblages 33 
worldwide. Within assemblages, more speciose guilds have more energy transformed into 34 
biomass, lower per-species energy demand, and greater morphological diversity associated 35 
with foraging strategies. These results help explain why, despite distinct ecological and 36 
evolutionary histories, the trophic structure of bird assemblages converges globally, suggesting 37 
that fundamental constraints related to food acquisition provide a blueprint for species 38 
assembly. 39 



MAIN 40 
Life depends on two fundamental constraints: food resources must be available, and organisms 41 
must possess the traits to acquire them. The effects of these constraints are well established at 42 
low levels of biological organization, determining whether individuals survive and whether 43 
populations and species persist or disappear (1-3). Yet how these constraints scale up to shape 44 
emergent properties of higher levels of biological organization, such as the structure and 45 
functioning of species assemblages, remain empirically uncertain. 46 
 47 
Testing whether general principles of energy flow and niche partitioning shape species 48 
assemblages requires considering not only the number of species in an assemblage, but how 49 
those species are organized. Total species richness has long been linked to the total amount of 50 
energy available in the environment (4-6). Yet species are not interchangeable consumers of 51 
available energy (7-10), and food resources are not supplied in a single homogeneous form. 52 
Instead, food resources occur as distinct types — including fruits, leaves, animal prey and carrion 53 
— that are exploited by trophic guilds: species groups with distinct dietary requirements and 54 
ecological functions (7-11). Within a locality, resource types can differ in abundance and in the 55 
diversity of traits required to exploit them. Consequently, the amount and diversity of resource 56 
types should shape not only the overall richness of species assemblages, but also the relative 57 
representation of trophic guilds or the trophic structure of species assemblages. For example, 58 
more abundant resource types can support larger populations, reducing the risk of local 59 
extinction and allowing more species to persist (4, 5, 12-14; but see 15-17) (Fig. 1, left). 60 
Similarly, for any given amount of energy, species with lower energetic requirements per 61 
individual can have greater population abundances (2, 14, 18, 19) (Fig. 1, center). 62 
Complementarily, more heterogeneous resource types can require more distinct, and sometimes 63 
incompatible species traits, thereby favoring greater morphological diversity, specialization and 64 
niche partitioning (20-23) (Fig. 1, right). Although the availability of food resources and the traits 65 
to exploit them are fundamental constraints for all living organisms, many other aspects can also 66 
affect species richness, including biotic interactions, environmental filtering, historical processes, 67 
and stochastic dynamics (24-26). This raises an interesting question: to what extent do 68 
fundamental constraints operating on individuals shape emergent properties of complex 69 
ecological systems, such as the composition and trophic structure of species assemblages? 70 
Here, we show the strong association between the relative species richness of trophic guilds 71 
with proxy estimates of total resource biomass, species energetic demand, and niche partitioning 72 
across 31,251 local bird assemblages and 10,753 large-scale bird assemblages worldwide. 73 
This strong association helps explain the striking global convergence in trophic structure, 74 
supporting that fundamental processes to all living organisms act as guild assembly rules. 75 



 76 
Fig. 1. Theoretical framework linking energetic and niche constraints to the relative 77 
richness of trophic guilds. Energetic constraints can shape guild richness through resource 78 
abundance and species energetic demand: more abundant resources can support larger 79 
populations, whereas lower per-capita energetic requirements can allow more individuals to 80 
persist for a given amount of resources. Niche constraints can shape guild richness through 81 
resource heterogeneity, which favors distinct foraging traits, specialization and niche partitioning. 82 
 83 
RESULTS AND DISCUSSION 84 
Local surveys in North America 85 
Local-scale data supports a very strong imprint of energy and niche partitioning constraints on 86 
bird assemblage structure. Across 31,251 bird assemblages in the continental USA and Canada, 87 
defined from North American Breeding Bird Survey censuses (27), the relative species richness 88 
of trophic guilds was largely predicted by three variables reflecting: the amount of resource 89 
transformed into guild biomass (a proxy for total resource biomass (14)), the number of 90 
individuals sustained per unit biomass (capturing species energetic demand (2, 18, 28)), and the 91 
variance in foraging-related morphological traits (reflecting niche partitioning; R2

marginal of a linear 92 
mixed-effects model = 0.87). We defined trophic guilds as: omnivores, invertivores, vertivores, 93 
aquatic herbivores, terrestrial herbivores, aquatic predators, granivores, frugivores, nectarivores 94 
and scavengers (10). See Methods for further information on the variables and sensitivity 95 
analyses. 96 
 97 
The individual effects of each predictor match the theoretical predictions (Fig. 1). More speciose 98 
guilds were associated with greater total guild biomass, more individuals per unit biomass, and 99 
broader morphological diversity related to foraging strategies (estimates ± s.e. = 0.219 ± 0.001, 100 
0.187 ± 0.001 and 0.341 ± 0.001, respectively; all p < 0.001; Fig. 2). This pattern is illustrated 101 



by the contrast between invertivores and scavengers. Invertivores were usually the most 102 
speciose group: they comprised many relatively small species (low species energetic demand), 103 
represented a large share of assemblage biomass and spanned diverse foraging morphologies 104 
associated with capturing prey in flight, on the ground, within vegetation, or beneath bark. 105 
Scavengers, by contrast, typically have fewer species, with larger individuals (higher energetic 106 
demand) and much more similar morphological traits for locating and consuming carrion.  107 
 108 
Constraints related to the amount and diversity of available resources may be tightly coupled (of 109 
the 0.87 R2

marginal explained by the full model, 0.69 was shared among predictors rather than 110 
uniquely attributable to a single variable). Several non-exclusive mechanisms could generate 111 
this shared signal. First, greater resource abundance may bring rare or unreliable resources 112 
above the threshold needed to support specialist populations, thereby increasing exploitable 113 
niche diversity, functional partitioning and species co-occurrence (5). Second, greater resource 114 
abundance types may also be more structurally heterogeneous, providing a broader range of 115 
microhabitats and foraging opportunities leading to niche partitioning (13).  116 
 117 
Despite the apparent coupling between resource quantity and resource diversity, the variance in 118 
morphological traits related to foraging strategies — our proxy for resource diversity and niche 119 
partitioning — made an important independent contribution (removing this predictor from the 120 
full model reduced the R2

marginal by 0.12, whereas removing total guild biomass or individuals per 121 
unit biomass reduced it by only 0.03). A complementary linear mixed-effects model further 122 
supported a role for morphological diversity beyond abundance-related processes (5). 123 
Morphological diversity remained strongly and positively associated with relative guild richness 124 
after accounting for differences in individual abundance among guilds (p < 0.01; R2

marginal=0.54). 125 
See Methods for details. 126 
 127 
Our results at local scale were consistent across 16 sensitivity analyses using alternative guild 128 
classifications and proxies, as well as controlling for sampling and statistical aspects (see 129 
Methods and supplementary text 1-10), suggesting a genuine ecological signal. 130 
 131 

 132 
Fig. 2. Proxy estimates of resource amount and diversity largely predict the relative 133 
species richness of trophic guilds in 31,251 local-scale bird assemblages. Each point 134 
represents a bird guild in a census (guilds are color-coded). The y-axis shows the log10 relative 135 



species richness. The x-axes show the three explanatory factors (scaled to a mean = 0 and SD 136 
= 1). Inve = Invertivores; Omni = Omnivores; Aq.Pred = Aquatic predators; Gran = Granivores; 137 
Vert = Vertivores; Frug = Frugivores; Aq.Her = Aquatic herbivores; Terr.Her = Terrestrial 138 
herbivores; Nect = Nectarivores; Scav = Scavengers.  139 
 140 
Large-scale assemblages worldwide 141 
A similar ecological signal emerged in large-scale bird assemblages worldwide. Across 10,753 142 
large-scale assemblages, generated by overlaying global distribution maps of 8,648 bird 143 
species (29) onto equal-area grid cells of approximately 110 × 110 km (25, 30), variation in the 144 
relative species richness of the same ten guilds was largely explained by the same three 145 
ecological proxies tested at local scale (R2

marginal = 0.582). More speciose guilds had greater 146 
morphological diversity related to foraging strategies (estimate ± s.e. = 0.306 ± 0.001), greater 147 
total guild biomass (0.212 ± 0.001), and more individuals per unit biomass (0.073 ± 0.001; all 148 
p < 0.001). Morphological diversity was quantified using the same nine traits and procedure as 149 
at the local scale. In contrast, total guild biomass and individuals per unit biomass were 150 
calculated from global estimates of species density (31) weighted by the proportion of suitable 151 
habitat available to each species within each grid cell (see Methods). Our results were robust to 152 
uncertainty in density estimates, using alternative ecological predictors, and defining species 153 
assemblages at finer scale — grid cell and habitat combination (see sensitivity analyses in 154 
supplementary texts 11-14). 155 
 156 
Large-scale analyses also supported partial coupling of mechanisms related to resource amount 157 
and resource diversity (5, 13). (shared variance = 0.409 of the total 0.582 R²marginal). As in the 158 
local analyses, morphological diversity was the stronger predictor (ΔR2

marginal between the full 159 
model and a model without variance in morphological diversity = 0.135, while without total guild 160 
biomass = 0.034, and without individuals per unit biomass = 0.004).  161 
 162 
Thus, analyses conducted at both local and broad spatial scales, using distinct definitions of bird 163 
assemblages and alternative proxies for resource availability and niche partitioning, converge on 164 
the same ecological signal: the relative representation of guilds within assemblages is strongly 165 
shaped by resource availability and by the morphological traits needed to exploit those 166 
resources (see sensitivity analyses in supplementary texts 1–14). Our results may point to a 167 
stronger contribution of niche processes than energetic processes to variation in relative species 168 
richness of guilds, consistent with studies showing that habitat heterogeneity can equal or 169 
exceed energy availability as a determinant of species-richness patterns (5, 13, but see 12). 170 
However, this inference remains tentative, because although the qualitative ecological signal 171 
was consistent across sensitivity analyses, the relative importance of morphological diversity 172 
(niche process) was reduced when accounting for expected relationship between species 173 
richness and morphological diversity (supplementary text 4). 174 
 175 
A GLOBAL SIMILARITY IN THE TROPHIC STRUCTURE OF BIRD ASSEMBLAGES 176 
Our local and large-scale analyses encompassed tens of thousands of bird assemblages that 177 
differ widely in species composition, richness and ecological, evolutionary and biogeographical 178 



history. The strong signal across such heterogeneity suggests that the amount of resources and 179 
the diversity of traits required for its exploitation impose primary constraints on trophic structure, 180 
potentially acting as a blueprint for guild assembly upon which other factors known to shape 181 
species richness, including stochastic, historical, and biotic processes (24, 26, 32, 33) can exert 182 
more secondary and context-dependent roles. This hypothesis is consistent with long-standing 183 
assembly-rule theory and the related idea of guild proportionality, which predict that 184 
assemblages experiencing similar constraints should converge in the proportional 185 
representation of functional groups or guilds (8, 34, 35). In this way, our results provide empirical 186 
support for a mechanistic link between local resource-based processes and macroecological 187 
patterns, suggesting how previously reported regional variation in the trophic structure of 188 
terrestrial and marine assemblages (36-38) may emerge from spatial variation in food-resource 189 
regimes. For example, geographical variation in animal-dispersed fruits and floral resources may 190 
contribute to regional differences in the representation of frugivores and nectarivores (36-40). 191 
However, because major resources for birds, including plant material and invertebrates, are 192 
widespread and are a dominant food source in many ecosystems (41, 42), the same mechanisms 193 
can also drive a degree of global similarity among bird assemblages. Yet, the extent to which 194 
global convergence in trophic structure emerges, and how important it is relative to regional and 195 
local variation, remains unknown. 196 
 197 
We find that the trophic structure of the 10,753 large-scale assemblages is strikingly similar 198 
(Fig. 3A). A single global profile, defined by the global mean proportion of species richness in 199 
each guild, explains ~74% of the trophic composition of all bird assemblages (Fig. 3A; R2

marginal 200 
from a linear mixed-effects model using the ten levels of guilds as predictors of the relative 201 
species richness of guilds). We also find secondary regional patterns, consistent with previous 202 
studies that found avian dietary guilds and diet strategies vary geographically and 203 
biogeographically (43, 44), and with broader evidence that community trophic structures are 204 
partly organized along climatic and environmental gradients (36-38). Hierarchical clustering 205 
analysis supported three regions broadly encompassing non-tropical, tropical, and extreme 206 
environments showing relatively small departures from the global profile (Fig. 3B). For instance, 207 
tropical assemblages show a slightly higher representation of fruit-eaters and nectar-feeders 208 
compared to non-tropical regions, consistent with a greater abundance and diversity of fleshy 209 
fruits, floral disparity and nectar in the tropics (39, 40).  Yet a model allowing guild-specific 210 
means to vary among regions only modestly improved model fit (ΔR2

marginal = 0.12), supporting 211 
that regional differences are relatively minor compared with the dominant global structure. 212 
These results help explain the existence of both regional differences and global similarities, 213 
supporting that while regional patterns are ecologically meaningful (36-38, 43, 44), they may 214 
be considered as refinements upon a global pattern. Deviations from regional expectations in 215 
large-scale assemblages were only weakly associated with human footprint. Although 216 
statistically detectable, this association explained little additional variation in trophic structure 217 
(ΔR2

marginal = 0.002; estimate ± s.e.= −0.0053 ± 0.0002; p < 0.001; linear model including 218 
regional intercepts and human footprint per grid cell). This weak and negative relationship may 219 
suggest that contemporary assemblages partly reflect shifted regional baselines, where 220 
historical perturbations are already embedded in present-day trophic profiles, making 221 



contemporary deviations difficult to interpret without explicit historical or reference baselines 222 
(45). Sensitivity analyses on the global profile using alternative dietary classification yielded 223 
similar results (supplementary text 15).  224 

 225 
 226 
 227 
Fig. 3. Relative species richness across guilds is similar among bird assemblages 228 
worldwide. (A) Relative species richness of guilds across the 10,753 large-scale bird 229 
assemblages (each grey point is the observed relative species richness of a guild in one grid 230 
cell). The y-axis has been truncated for visualization, and a small number of points have been 231 
omitted (17 points in omnivores, three in granivores, and one in scavengers, all with relative 232 
species richness = 1). (B) Relative species richness of guilds in three geographical regions of the 233 
world largely distributed across non-tropical, tropical, and extreme environments. Red lines 234 
represent the 95% confidence intervals of the predicted values in the global (A) and regional (B) 235 
models.  236 
 237 
CONTEXT AND OUTLOOK 238 
For decades, ecological theory has suggested that energy availability, niche partitioning and 239 
guild assembly rules should shape species richness and community structure (4-6, 21, 22, 35). 240 
Yet the empirical importance of these mechanisms for the internal organization of assemblages 241 
has remained difficult to quantify. By combining these theoretical frameworks with global data 242 
on bird diet (9, 10), abundance (27), distributions (29) and foraging-related morphology (10, 23), 243 
we show that food-related constraints on individuals are strongly associated with the 244 
proportional representation of trophic guilds across tens of thousands of assemblages. This 245 



signal supports the major role of energetic and niche processes in shaping the trophic structure 246 
of assemblages, while raising an important warning for biodiversity conservation: major shifts in 247 
resource regimes could restructure species assemblages (46), with potential impacts on 248 
ecosystem functioning (11, 23). 249 
 250 
The strength and nature of our signal also speak to the long-debated question of whether 251 
ecological laws exist. Ecological systems may never be predicted by laws to the same extent as 252 
physical systems, because they are historically contingent and shaped by multiple interacting 253 
processes across temporal and spatial scales (47). Yet this does not imply unlimited possibilities 254 
for the structure and functioning of ecological systems (48). Across the planet, organisms face 255 
fundamental constraints including those related to energy acquisition (1-3). We show that these 256 
constraints narrow the range of configurations, assessed as trophic structures, that species 257 
assemblages can sustain. In this way, our results provide empirical support for deterministic 258 
constraints on the relative representation of species groups with distinct dietary requirements 259 
and ecological functions within assemblages, consistent with the existence of guild assembly 260 
rules (34, 35, but see 49). More broadly, our results offer a mechanistic explanation, and 261 
quantitative evidence, to the long-standing ecological perception that, when species identities 262 
are set aside, assemblages around the world tend to function in similar ways (8, 20). 263 
  264 
As with any macroecological analysis, our results are constrained by data availability, requiring 265 
us to rely on ecological proxies and to focus on birds, a well-studied group. The consistency of 266 
the signal across distinct spatial scales, data sources, and analytical approaches, together with 267 
the fundamental role of the hypothesized mechanisms in living organisms, supports the 268 
robustness of our conclusions and their plausible extension to other taxa and multi-taxon 269 
assemblages. This extension is especially plausible for energetic processes. In other taxa, 270 
however, niche partitioning may remain important, but the relevant axes can be behavioral, 271 
spatial, or temporal rather than morphological (22, 50). Testing the broader applicability of our 272 
framework remains an important next step. For now, our study supports that while species 273 
number and identity may change from place to place, the trophic structure of assemblages 274 
appears to follow a simple logic that makes ecological systems easier to understand and predict. 275 
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MATERIAL AND METHODS 478 
BBS routes in North America: Defining bird assemblages and their trophic structure 479 
We defined local bird assemblages using abundance surveys recorded along standardized 480 
routes available on the North American Breeding Bird Survey (BBS) dataset (27). This dataset 481 
comprises thousands of roadside routes across the continental United States and Canada. Each 482 
BBS route is approximately 39 km long and comprises 50 fixed stops separated by about 0.8 483 
km. At each stop, a single trained observer conducts a 3-minute point count, recording all birds 484 
seen within a 400 m radius and all birds heard. Although routes were intended to be surveyed 485 
once per breeding season, coverage varied among routes and years, and not all routes were run 486 
annually (27). We defined local assemblages at the route–year level, with species abundance 487 
calculated as the sum of detections across the 50 stops. We retained only surveys conducted 488 
under the standard BBS protocol (RunProtocolID/RPID = 101) following BBS data-use guidance 489 
and the official BBS data-release documentation (27). We further excluded taxa with 490 
consistently low detectability under the survey conditions (early-morning roadside point counts), 491 
including owls (Strigiformes), nightjars (Caprimulgiformes), shorebirds (Charadriiformes), and 492 
aquatic birds (27, 51). Because BBS data represent single-visit snapshots of local assemblages 493 
across a continent, they inevitably reflect transient environmental and biotic conditions at the 494 
time of sampling, including weather, migratory timing and the stage of the breeding cycle, as 495 
well as variation in detectability among observers. This heterogeneity is expected to increase 496 
spatiotemporal variance in species’ counts and occurrences, reducing power to detect general 497 
signals. Thus, the results we report likely reflect patterns robust enough to emerge despite these 498 
sources of noise. Although differential detectability among species may affect local detection-499 
based richness estimates, the main signal was retained after standardizing guild richness to the 500 
same number of detected individuals using individual-based rarefaction, and was independently 501 
recovered in large-scale analyses based on range maps rather than local detections. This 502 
convergence across complementary analytical designs supports the robustness of our results. 503 
 504 
Trophic structure of each local assemblage (BBS route x year) was characterized as the 505 
proportional or relative species richness of ten trophic guilds: omnivores, invertivores (predators 506 
of invertebrates), vertivores (predators of vertebrates), aquatic herbivores, terrestrial herbivores, 507 
aquatic predators, granivores, frugivores, nectarivores and scavengers. Species were assigned 508 
to guild following the diet categories in the AVONET dataset (10).  Robustness to alternative 509 
guild definitions and uncertainty in species-to-guild assignments was evaluated in sensitivity 510 
analyses. See the specific section for sensitivity analyses below.  511 
 512 
To harmonize taxonomy across the diet and BBS datasets, we aggregated subspecies to species 513 
level, resolved synonyms using Avibase (52) and the IUCN Red List (53) (via the rredlist R 514 
package, June 2024 (54)), and excluded records with ambiguous taxonomy (e.g., unidentified 515 
taxa, hybrids, or dual-species labels). The final dataset comprised 31,251 local assemblages 516 
(i.e., unique BBS route-year combinations) from 4,226 routes sampled between 1997 and 2022, 517 
encompassing 574 species and approximately 21 million individual records. 518 
 519 



BBS routes in North America: Ecological proxies and statistical analyses 520 
Directly quantifying the total resource energy available to each guild, species energetic 521 
requirements, and niche partitioning across tens of thousands of assemblages spanning North 522 
America over decades is not feasible. We therefore relied on three ecological proxies. For the 523 
first proxy, trophic-dynamic ecology and metabolic theory imply that consumer biomass cannot 524 
be generated or maintained without prior resource acquisition, assimilation and energy allocation 525 
to maintenance and growth (1-3). Therefore, a higher total biomass of a guild suggests that a 526 
larger minimum amount of environmental energy was available and accessible to that guild. This 527 
interpretation does not imply a direct one-to-one relationship between the supply of 528 
environmental energy and consumer biomass, as various factors such as trophic-transfer 529 
efficiency, resource quality, food-web complexity, and top-down control can influence the extent 530 
to which available energy is ultimately reflected as consumer biomass (13, 55-60). 531 
Nevertheless, broad-scale studies of birds show that assemblage abundance, biomass and/or 532 
energy use generally increase with environmental energy availability or productivity, and 533 
analogous relationships have been reported for mammalian and terrestrial herbivore biomass 534 
across productivity gradients (12, 14, 16, 61-63). We therefore used variation in total guild 535 
biomass as a coarse proxy for the environmental energy accessible to each guild. Specifically, 536 
the total biomass for each guild g was calculated as follows: 537 

 𝐵𝑎,𝑔 = ∑ 𝑁𝑎,𝑖𝑀𝑖

𝑖∈𝑔

 Eq. 1 

where Ba,g is the total biomass of guild g in assemblage a, i denotes each species belonging to 538 
guild g, Na,i is the abundance of species i recorded in assemblage a, and Mi is the mean adult 539 
body mass of species i. Species abundances were obtained from the North American Breeding 540 
Bird Survey (BBS) (27), and body mass data were sourced from AVONET (10). When body mass 541 
is expressed in grams, Ba,g represents total guild biomass in grams. Our primary conclusions 542 
remained consistent even when the proxy of total guild biomass was excluded from the analysis. 543 
 544 
Species energetic demand was approximated as the number of individuals sustained per unit 545 
biomass calculated as: 546 

 
𝐷𝑎,𝑔 =

𝐴𝑎,𝑔

𝐵𝑎,𝑔
 Eq. 2 

where Da,g is the number of individuals sustained per unit biomass in guild g in assemblage a, 547 
Aa,g is the total abundance of all individuals belonging to guild g in assemblage a, and Ba,g is the 548 
total guild biomass calculated using Eq. 1. Higher values of Da,g indicate that more individuals 549 
are sustained per unit biomass, which is expected for guilds composed of smaller-bodied 550 
species with lower per-individual energetic requirements. A species energetic demand could 551 
also be represented by its metabolic rate, and basal metabolic rates can be approximated by 552 
allometric relationships (2, 64, 65) yielding similar results (see sensitivity analyses below). 553 
However, using the number of individuals sustained per unit biomass also allowed us to 554 
decompose two abundance-related processes and more explicitly link our results to the More 555 
Individual Hypothesis (4, 15, 17), which predicts that greater energy availability can promote 556 
species richness by sustaining larger populations and reducing extinction risk. As both proxies 557 



are linked to total guild abundance, they can be interpreted as complementary components of 558 
the same mechanism. 559 
 560 
Niche partitioning reflects ecological differentiation among coexisting species (21), often driven 561 
by divergence in foraging strategies in birds (23, 66). Because foraging strategies in birds are 562 
strongly linked with morphological traits (23), we interpreted greater within-guild morphological 563 
diversity as evidence of stronger differentiation in foraging-related niches and used it as a proxy 564 
for niche partitioning. For each BBS route–year and guild, we quantified variation among species 565 
(as coefficients of variation, CV) in nine foraging-related traits: beak length (culmen), beak length 566 
(nares), beak width, beak depth, tarsus length, wing length, first secondary length, tail length, 567 
and body mass (10). All traits were log10-transformed before calculating CVs. We then 568 
summarized the nine standardized trait-specific CVs into a single composite index of 569 
morphological diversity following Lefcheck (67). This composite was calculated as a weighted 570 
sum of the standardized CVs, with weights derived from their fixed-effect coefficients in a model 571 
including all nine traits (see details in supplementary text 9). Guilds represented by a single 572 
species were assigned a value of zero reflecting no interspecies morphological diversity. 573 
The composite index provides one integrated measure of foraging-related morphological 574 
diversity, allowing niche partitioning to be represented by one predictor, as for resource amount 575 
and species energetic demand (Fig. 1). Models using the composite index and models including 576 
the nine trait-specific CVs separately are virtually the same (supplementary text 9) supporting 577 
that using the composite index represents only a conceptual simplification. See sensitivity 578 
analyses on alternative treatments of morphological diversity and the composite index below.  579 
 580 
To evaluate how total guild biomass, individuals per unit biomass, and morphological diversity 581 
explain variation in relative species richness across trophic guilds within local bird assemblages, 582 
we fitted linear mixed-effects models using log10-transformed relative species richness as the 583 
response variable. The log10-transformation emphasized proportional rather than absolute 584 
differences in guild representation, reducing the leverage of highly represented guilds, and 585 
improving comparability between rare and common guilds (see sensitivity analyses below). Each 586 
observation corresponded to one trophic guild within one local bird assemblage. Fixed effects 587 
were total guild biomass, individuals per unit biomass, and morphological diversity, whereas 588 
random effects accounted for the hierarchical spatial and temporal structure of the data (see 589 
details in supplementary text 15). Fixed effects were standardized prior to modelling to facilitate 590 
coefficient comparison. Because these guild-level predictors are undefined when guild richness 591 
is zero, analyses were restricted to guilds represented by at least one species; results therefore 592 
describe variation in relative species richness conditional on guild presence. We quantified 593 
model explanatory power using the R2

marginal of Nakagawa and Schielzeth (68), which estimates 594 
the variance explained by the fixed effects of the model, and assessed predictor importance by 595 
variance partitioning: differences in R2

marginal between the full model and the same model 596 
excluding one predictor at a time. We visualized the effects of standardized predictors using 597 
partial residual plots, which show the adjusted relationship between each predictor and the 598 
response while accounting for the other predictors in the model (Fig. 2), by using the R package 599 



visreg (69). Models were fitted with the lmer function in the lme4 package (70), R2
marginal was 600 

calculated with r.squaredGLMM in MuMIn (71). 601 
 602 
BBS routes in North America: The potential effect of niche processes beyond the More 603 
Individual Hypothesis 604 
In the main analysis, total guild biomass, individuals per unit biomass, and morphological 605 
diversity jointly explained a large proportion of the variation in relative species richness across 606 
trophic guilds, suggesting that energetic and niche processes may be partly coupled (5). 607 
However, morphological diversity also appeared to retain an independent association with guild 608 
richness. To explore the importance of this predictor further, we repeated the analysis using 609 
rarefied guild richness, thereby controlling for differences in abundance among guilds. 610 
 611 
For each route-year, we identified the smallest number of individuals recorded among the guilds 612 
present and retained only route-years in which this minimum was at least five individuals. We 613 
then used individual-based rarefaction to estimate the expected number of species in each guild 614 
if all guilds within an assemblage had been represented by the same number of individuals. 615 
Using these rarefied values, we recalculated relative species richness and modelled it as a 616 
function of morphological diversity alone. Model performance was assessed using R2

marginal (68). 617 
 618 
This analysis can also be interpreted as a sensitivity test for imperfect and uneven sampling 619 
across guilds. If some guilds are more completely sampled than others, observed richness may 620 
differ partly because more individuals were detected rather than because more species were 621 
truly present. By using individual-based rarefaction, we standardized richness estimates to the 622 
same number of detected individuals across guilds within each assemblage, thereby reducing 623 
the influence of unequal abundance, potentially due to uneven detectability, on the response 624 
variable. 625 
 626 
BBS routes in North America: Sensitivity analyses  627 
We assessed the robustness of our results using a broad set of 16 sensitivity analyses, all of 628 
which converged on the same qualitative inference: proxies of energetic and niche processes are 629 
strongly associated with variation in relative species richness across trophic guilds within bird 630 
assemblages. First, we repeated the analyses using an alternative dominant-resource 631 
classification and a probabilistic reassignment of species based on dietary proportions 632 
(supplementary text 1). Second, we addressed the proportional nature of the response by using 633 
compositional-data analyses and replacing relative guild richness with absolute guild richness 634 
as dependent variable (supplementary text 2). Third, we controlled for under sampling using as 635 
a dependent variable the Chao1-corrected richness estimate (supplementary text 7). Fourth, we 636 
tested a key prediction of the More Individuals Hypothesis and our total guild biomass 637 
mechanisms: abundance of a target species is positively related to its guild biomass, after 638 
excluding the biomass of the target species (supplementary text 5). Fifth, we used two 639 
alternative abundance-independent proxies for species energetic demand estimating basal 640 
metabolic rates from allometric relationships (supplementary text 3). Sixth, we used three 641 
alternative measurements of diversity in foraging strategies, our proxy for niche partitioning, by 642 



standardizing species richness across guilds within routes before estimating morphological 643 
variation, excluding single-species guilds, replacing the coefficient-of-variation-based 644 
composite variable with one defined by mean pairwise trait distances (supplementary text 4). 645 
We also tested all nine trait-specific CV as predictors instead of the composite index 646 
(supplementary text 9). Seventh, we estimated response and explanatory variables from 647 
different halves of each BBS survey to reduce potential mathematical coupling (each survey 648 
encompasses 50 stops; supplementary text 6). Eighth, we re-evaluated model fit (R2

marginal) via 649 
cross-validation analyses (supplementary text 8). Finally, we assessed the potential spatial and 650 
temporal autocorrelation of data (supplementary text 10). Taken together, the consistency of the 651 
results across a broad set of sensitivity analyses using alternative guild definitions, predictors, 652 
response variables, sampling corrections, and statistical approaches supports our central 653 
ecological inference that energetic and niche processes are strongly associated with variation in 654 
the relative species richness of trophic guilds within bird assemblages.  655 
 656 
Large-scale assemblages worldwide: Defining bird assemblages and their trophic 657 
structure  658 
To assess the relationship between the relative species richness among guilds and energetic 659 
and niche processes in large-scale bird assemblages, we defined large-scale assemblages by 660 
overlaying global bird distribution maps (29) onto 10,753 equal-area grid cells (25, 30). We 661 
considered species co-occurring in the same grid cell as large-scale bird assemblages (25, 30). 662 
We obtained species distributions of birds from BirdLife International (29) (www.birdlife.org; 663 
accessed in November 2021), retaining only polygons classified as extant or probably extant, 664 
and used native and reintroduced areas to define species’ ranges (25, 30). We then projected 665 
the species distributions onto a regular grid, with a resolution of ~110 km x 110 km (25, 30). 666 
We limited the analyses to 8,648 species occurring in grid cells with ≥ 50% of their area 667 
classified as land (30) and with available information on their diets. In each large-scale 668 
assemblage, we quantified the relative species richness of each trophic guild. Species were 669 
classified into one of ten guilds based on the AVONET database (10): omnivores, invertivores, 670 
granivores, frugivores, nectarivores, scavengers, aquatic predators, terrestrial herbivores, aquatic 671 
herbivores, and vertebrate predators.  672 
 673 
Large-scale assemblages worldwide: Ecological proxies and statistical analyses 674 
We used the same three ecological predictors as in the local-scale analyses. Morphological 675 
diversity was calculated using the same approach as in the local analyses but applied to the set 676 
of species co-occurring in each grid cell. In contrast, because abundance data are not available 677 
for all species and regions of the world, total guild biomass and the number of individuals per 678 
unit biomass were calculated from global species-level estimates of population density 679 
provided by Santini et al. (31). Since these density estimates were applied to grid cells of fixed 680 
area (~110 × 110 km), they provide coarse estimates of species abundance per grid cell. To 681 
account for the fact that each grid cell may contain multiple habitats differing in their suitability 682 
for each species, we first calculated the proportional cover of each habitat within each grid cell 683 
using the global habitat raster maps of Jung et al. (72). We then combined these habitat 684 
proportions with IUCN species-level habitat-suitability information to weight our abundance 685 



estimates by the amount of suitable habitat available to each species in each grid cell. Finally, 686 
we calculated total guild biomass and individuals per unit biomass using equations 1 and 2. 687 
These global density estimates represent global species average densities rather than spatially 688 
explicit estimates of local abundance. They therefore do not capture the distinct spatial variation 689 
in density/abundance within species ranges across species, attenuating any real association and 690 
increasing the probability to detect false-negative associations between our hypothetical 691 
ecological processes and the relative richness of trophic guilds across grid cells. Thus, any 692 
association between these average estimates and relative species richness among guilds should 693 
be conservative. 694 
 695 
Santini et al. (31) provided broad species-level predictions for 8,047 of the 8,648 species 696 
retained in our global assemblage dataset. The remaining 601 species were assigned density 697 
estimates using a hierarchical imputation procedure based on body mass and taxonomy (see 698 
supplementary text 16 for details on uncertainty and imputation). 699 
 700 
Sensitivity analyses showed that inferences were similar when considering uncertainty in 701 
density estimates provided by Santini et al. (31) (supplementary text 11), when morphological 702 
diversity was quantified as the mean pairwise distance among species in an nine-trait 703 
morphological space rather than with the composite variable (supplementary text 12), when 704 
species energetic demand was quantified using the median basal metabolic rate of species 705 
within guilds (supplementary text 13), and when assemblages were redefined at the finer 706 
spatial grain of grid cell × habitat combinations rather than whole grid cells (supplementary text 707 
14).  708 
 709 
Global similarity in the trophic structure  710 
To assess global similarity in trophic structure, we estimated how well a single global (average) 711 
pattern of guild proportions describes the trophic structures in all grid cell assemblages. We 712 
fitted a linear mixed-effects model in which each observation corresponded to a trophic guild 713 
within a grid cell, with the response variable being the proportion of species in that guild (relative 714 
guild richness) and trophic guild category (ten levels) as a fixed effect predictor. Grid-cell identity 715 
was included as a random intercept effect. We quantified global similarity using the R2

marginal 716 
provided by Nakagawa & Schielzeth (68), which measures the fraction of variation in guild 717 
proportions explained by the global average pattern of each guild. High R2

marginal values indicate 718 
that a single global average captures most of the variation in grid-cell proportions. We interpret 719 
a high similarity in trophic structure among bird assemblages that differ in species composition, 720 
richness and underlying historical, environmental, ecological and evolutionary processes as 721 
evidence for global convergence. 722 
 723 
Sensitivity analyses showed that the global signal was robust to alternative representations of 724 
trophic structure. Specifically, we obtained the same qualitative result when species were 725 
reassigned to trophic guilds according to their dominant dietary resource (obtained from 726 
EltonTraits) (9), and also when assemblages were represented as continuous diet profiles based 727 



on the average proportional use of different resources by the species present, rather than as 728 
proportions of species assigned to discrete guilds (supplementary text 12). 729 
 730 
Global vs regional trophic structures 731 
The existence of global similarities does not preclude possible regional variations. To identify 732 
regional spatial patterns in the trophic structure of bird assemblages worldwide, we searched 733 
for dissimilarities in guild proportions across grid cells worldwide (36-38). We computed 734 
Euclidean distances between all pairs of assemblages based on their guild proportions and 735 
performed hierarchical clustering using Ward’s method (73). The optimal number of clusters 736 
was determined using the silhouette index (74) via the NbClust package in R (75), resulting in 737 
three geographically coherent groups corresponding to tropical, non-tropical, and extreme 738 
climatic regions. 739 
 740 
To assess how well the global model captured patterns of trophic structure within each region, 741 
we compared the observed and predicted values of guild proportions across tropical, non-742 
tropical, and extreme environments. To quantify the relative importance of regional differences 743 
versus global similarities, we compared two models describing variation in guild proportions 744 
across grid cells. The “global” model included trophic guild as the only fixed effect, implying a 745 
common trophic structure across all regions. The “regional” model additionally included a guild 746 
× region interaction, allowing mean guild proportions to differ among the three regions. If 747 
regional differences in trophic structure are strong, the regional model should yield a markedly 748 
better fit; if it provides only modest improvement, regional patterns can be viewed as statistically 749 
detectable, and ecologically relevant, but arguably minor deviations from an overarching global 750 
pattern. Model fit was quantified using the R2

marginal (68). 751 
 752 
 753 



Human footprint 754 
We assessed whether grid-cell deviations from the trophic structure predicted by the finer-755 
grained regional model were associated with the Human Footprint values. We used the regional 756 
model described above. For each grid cell and guild, we calculated a residual as the observed 757 
minus the fitted guild proportion. We then summarized the overall deviation of each grid cell as 758 
the root mean squared deviation across guilds, calculated as the square root of the mean 759 
squared residuals of all guilds in that cell. Thus, root mean squared deviation provides one value 760 
per grid cell, measuring how strongly the trophic profile of each assemblage departs from its 761 
expected regional profile. To quantify Human Footprint, we overlaid each grid cell on the 2019 762 
Human Footprint raster (76) and extracted the area-weighted mean value of the intersecting 763 
pixels. This value was z-standardized, by subtracting the mean and dividing by the standard 764 
deviation, and was then used to test whether grid cells with higher mean Human Footprint 765 
deviated more or less from their expected regional trophic profile. 766 

767 



SUPPLEMENTARY TEXT 768 
 769 
supplementary text 1: Species’ assignment to guilds based on dietary information from 770 
the EltonTraits dataset 771 
We tested whether our results depended on the trophic guild classification used in the main 772 
analyses by reclassifying species using EltonTraits dietary data, which report the estimated 773 
fraction of each species’ diet, in 10% intervals, assigned to eight resource categories: 774 
invertebrates, vertebrates, fruits, seeds, nectar, carrion, aquatic prey, and other plant material (9). 775 
We were unable to harmonize species information for 12 species between the Breeding Bird 776 
Survey and EltonTraits datasets and therefore excluded all route-year assemblages in which 777 
those species occurred. In total, the two sensitivity analyses on alternative guild classification 778 
included 31,048 bird assemblages. 779 
 780 
In a first sensitivity analysis, species were classified as trophic specialists when a single resource 781 
category represented 60% or more of the diet; all remaining species were classified as 782 
omnivores. We then recalculated relative species richness of the nine guilds (one per resource 783 
category plus omnivores) for each North American bird assemblage and followed the same 784 
mixed-effects modelling framework used in the main text. Model performance closely matched 785 
that of the primary analyses (R2

marginal = 0.895). Total guild biomass (estimate ± s.e. = 0.167 ± 786 
0.001), individuals per unit biomass (0.136 ± 0.001), and morphological diversity (0.417 ± 787 
0.001) all remained positively associated with relative guild richness (all p < 0.001). 788 
Morphological diversity retained the largest unique contribution to model fit (ΔR2

marginal = 0.180), 789 
whereas total guild biomass and individuals per unit biomass contributed ΔR2

marginal = 0.012 and 790 
0.011, respectively. 791 
 792 
In a second sensitivity analysis, we evaluated whether the results were robust to uncertainty in 793 
assigning species with mixed diets to a single trophic category. To do so, we ran 100 null-model 794 
iterations in which each species was reassigned to one of the eight EltonTraits resource 795 
categories with probabilities proportional to its reported dietary composition. Consequently, 796 
there were no omnivores in this second sensitivity analysis. For each iteration, we recalculated 797 
both response and predictor variables and refitted the same mixed-effects models used in the 798 
main analysis. Results were qualitatively unchanged. Across all 100 null-model iterations, total 799 
guild biomass, individuals per unit biomass, and morphological diversity remained positively 800 
associated with the relative species richness of guilds within assemblages (mean standardized 801 
estimates = 0.293, 0.248, and 0.209, respectively; mean s.e. = 0.00077, 0.00071, and 0.00067; 802 
p < 0.001 in all 100 iterations). Model fit remained substantial (mean ± s.d. R2

marginal = 0.77 ± 803 
0.03). On average, the unique contributions of total guild biomass, individuals per unit biomass, 804 
and morphological diversity were ΔR2

marginal = 0.10, 0.09, and 0.08, respectively, with 0.49 of 805 
marginal R² shared among predictors. 806 
 807 
Together, these two sensitivity analyses show that our ecological inference is robust to 808 
alternative trophic classifications and to uncertainty in the assignment of guilds to species 809 
exploiting multiple resource types. 810 



supplementary text 2: Compositional data analyses and absolute species richness 811 
To verify that our inferences are not driven by the unit-sum constraint of proportional data, we 812 
performed two sensitivity analyses using: (i) compositional data analyses (77), (ii) analyses 813 
predicting the total species richness per guild instead of the relative species richness.  814 
 815 
i) Compositional analyses 816 
The relative contribution of trophic guilds within a community is inherently compositional: guild 817 
proportions are strictly positive and constrained to sum to one. In such closed systems, analyzing 818 
raw proportions can be misleading, because an apparent increase in one guild must necessarily 819 
be offset by decreases in one or more others, generating covariation. To avoid these artefacts, 820 
compositional data can be analyzed using log-ratio transformations that respect their 821 
constrained geometry. 822 
 823 
We analyzed guild composition using an additive log-ratio (ALR) approach. For each survey, we 824 
selected invertivores as the fixed reference guild, as this guild was present in nearly all surveys 825 
and therefore maximized data retention and comparability. For every other guild g in assemblage 826 

a, we defined the response variable as ALRa,g  =   log (
pa,g

pa,ref
), where pa,g is the proportion of 827 

species richness belonging to guild g in assemblage a, and 𝐩a,ref is the proportion of invertivores 828 
in the same assemblage a. This transformation shifts the analysis from modelling a closed 829 
multivariate composition to modelling relative deviations from a common ecological baseline, 830 
namely how much more or less represented each guild is relative to invertivores. Surveys in 831 
which a given guild was absent were excluded for that guild to ensure that all log-ratios were 832 
well defined.  833 
 834 
To keep predictors on the same relative scale as the response, all explanatory variables were 835 
expressed contrasts in assemblage a relative to the reference guild. For each guild g in each 836 
assemblage a, we computed differences in total biomass, individuals per unit biomass, and 837 
morphological diversity as 𝚫𝑿𝒂,𝒈 = 𝑿𝒂,𝒈 − 𝑿ref, where 𝑿𝒂,𝒈 is the value of a given predictor for 838 
guild g in assemblage a, and 𝑿ref is the corresponding value for invertivores in the same 839 
assemblage a. These contrasts remove survey-level differences in absolute magnitude and 840 
focus inference on within-community structure. 841 
 842 
We fitted the ALR model using a simpler random-effects structure than in the main BBS model. 843 
The main model allowed baseline guild richness to vary across the full spatial and temporal 844 
hierarchy of the data, whereas the ALR model retained random intercepts for local bird 845 
assemblages, defined as each BBS route–year, and for states. This simplification was used 846 
because the full hierarchy was too complex for the ALR model: some random-effect levels 847 
explained almost no additional variation and generated convergence warnings. The simpler 848 
model was therefore more stable while retaining the main sources of non-independence in the 849 
data. 850 
 851 



To interpret model predictions on the original compositional scale, we reconstructed guild 852 
proportions from predicted ALR values. Predicted log-ratios for non-reference guilds were 853 
modified to obtain ratios as follows 𝒓𝒈 = 𝐞𝐱𝐩(ALR𝒈̂). The reference guild was assigned 𝒓ref = 𝟏 854 
by definition. Within each survey, these ratios were then normalised to sum one as follows 𝒑𝒈̂ =855 

𝒓𝒈

∑ 𝒓𝒋𝒋
, yielding predicted proportions that are strictly positive, sum to one, and remain consistent 856 

with the geometry of compositional data. 857 
 858 
Model performance was evaluated using two complementary measures. First, we computed a 859 
clr-space (Aitchison) pseudo-R2 by comparing observed and predicted compositions after clr 860 
transformation, quantified as (1 − 𝑆𝑆𝐸/𝑆𝑆𝑇) in clr space. These metric measures agreement in 861 
log-ratios, rather than in raw proportions, and can therefore take very high values when the 862 
dominant relative gradients in composition are strongly structured. Second, to provide a more 863 
intuitive summary of predictive accuracy at the community level, we calculated the median 864 
survey-level Pearson R2, defined as the median across surveys of the squared correlation 865 
between observed and reconstructed guild proportions within each survey. This statistic reflects 866 
the typical concordance between observed and predicted compositions for a community.  867 
 868 
Using invertivores as the reference guild, the clr-space pseudo-R2 was 0.99, while the median 869 
survey-level R2 was approximately 0.964, indicating high agreement for a typical community. 870 
The three predictor contrasts remained strongly positive (total guild biomass: estimate ± s.e. = 871 
0.533 ± 0.002; individuals per unit biomass: 0.403 ± 0.002; morphological diversity: 0.653 ± 872 
0.002; all p < 0.001). To test whether these values depended on the choice of ALR denominator, 873 
we repeated the full analysis using alternative reference guilds whenever data coverage 874 
allowed. Median survey-level R2 values were similar across feasible choices (Granivore: 0.91; 875 
Aquatic predator: 0.87; Vertivore: 0.88; Frugivore: 0.88; Scavenger: 0.88). Some guilds (aquatic 876 
herbivores, terrestrial herbivores, nectarivores) could not be used as reference categories 877 
because they were absent from a large fraction of surveys, leading to insufficient data after 878 
filtering. 879 
 880 
To assess whether the high goodness-of-fit (clr-space pseudo-R2) could arise from in-sample 881 
evaluation, we performed leave-group-out cross-validation, withholding entire states or survey 882 
routes from model fitting and predicting guild compositions for these unseen units. Under this 883 
stringent out-of-sample validation, predictive performance remained high, with median survey-884 
level R2 values around 0.96 and clr-space pseudo- R2 values remaining close to 0.99. This 885 
demonstrates that the high agreement reflects a stable and reproducible structure in relative 886 
guild composition across space. 887 
 888 
Taken together, these analyses show that the compositional patterns captured by the model are 889 
robust to the choice of reference guild and generalize well beyond the data used for fitting. The 890 
very high fit values in log-ratio space should not be interpreted as perfect prediction, but rather 891 
as evidence that most of the relative differences among trophic guilds within communities follow 892 
a consistent and predictable structure. The strong concordance observed under strict out-of-893 



sample validation supports the interpretation that the compositional framework captures 894 
genuine ecological regularities in guild proportionality. 895 
 896 
In the main text we report a standard mixed-effects analysis because it is easier to interpret and 897 
communicate (effects are expressed directly on a single response scale and are familiar to most 898 
readers). The compositional ALR analysis presented here is a complementary robustness check 899 
that treats guild proportions in a formally correct way for closed data. Both approaches support 900 
the same ecological message: the main predictor blocks capture consistent structure in guild 901 
proportionality across communities. 902 
 903 
ii) Total species richness as explanatory variable 904 
We also repeated the main analysis using absolute guild species richness instead of relative 905 
guild richness as the response variable. Specifically, we fitted a linear mixed-effects model with 906 
log-transformed species richness per guild as the response and the same three standardized 907 
ecological proxies used in the main model: total guild biomass, individuals per unit biomass and 908 
morphological diversity. Ecological inferences were similar to those in the main analyses. The 909 
three predictors explained most of the variance (R2

marginal=0.89) and showed strong positive 910 
associations with guild richness (estimate ± s.e. for total guild biomass = 0.528 ± 0.002, 911 
individuals per unit biomass = 0.447 ± 0.002; and morphological diversity = 0.762±0.002 ; all 912 
p < 0.001). 913 
 914 
Together, the main analysis and these two sensitivity analyses show that our conclusions are 915 
robust to methodological choices in the analytical framework. 916 
 917 
 918 



supplementary text 3: Alternative body-mass-based proxies for species energetic 919 
demand 920 
We performed two sensitivity analyses to test whether our conclusions were robust to 921 
alternative estimates of species energetic demand. Instead of using individuals per unit biomass, 922 
as in the main text, we used estimates of basal metabolic rate (BMR) derived from a general 923 
allometric relationship supported for birds (64, 65): 𝐵𝑀𝑅𝑖 = 𝑀𝑖

2/3where BMRi is the body-mass-924 
based metabolic proxy of species i, and Mi is the average adult body mass of species i. We then 925 
aggregated species-level values to calculate guild-level metabolic proxies for each guild g in 926 
each assemblage a, using three approaches. First, we calculated the mean BMR of all species 927 
present in guild g and assemblage (a), representing the typical metabolic demand of species in 928 
that guild: 1

𝑆𝑎,𝑔
∑ 𝑀𝑖

2/3
𝑖∈𝑔 , where Sa,g is the number of species in guild (g) within assemblage (a). 929 

Second, we calculated the abundance-weighted mean BMR, representing the typical metabolic 930 

demand of the average individual in guild (g) and assemblage (a): ∑ 𝑁𝑎,𝑖𝑖∈𝑔 𝑀𝑖
2/3

𝐴𝑎,𝑔
 where Na,i is the 931 

abundance of species i in assemblage a, and 𝐴𝑎, 𝑔 = ∑ 𝑁𝑎,𝑖𝑖∈𝑔  is the total abundance of guild g 932 
in assemblage a. The two guild-level BMR proxies were log-transformed and standardized 933 
before modelling. We then replaced individuals per unit biomass in the main model with each 934 
of these alternative proxies while retaining total guild biomass and morphological diversity as 935 
the other two predictors. Model performance was similar across the two alternative guild-level 936 
BMR proxies: R2

marginal  when using the mean BMR = 0.868, and using abundance-weighted 937 
mean BMR = 0.869. In all cases, the results supported the same ecological interpretation as the 938 
main analysis (estimate ± s.e. for morphological diversity was 0.340 ± 0.001 when using the 939 
mean BMR, and 0.334 ± 0.001 when using abundance-weighted mean BMR, whereas for 940 
individuals per unit biomass was -0.185 ± 0.001 and -0.189 ± 0.001, respectively; all p < 941 
0.001). These sensitivity analyses therefore show that our inferences are robust to alternative 942 
body-mass-based estimates of species energetic demand. 943 
 944 
 945 



supplementary text 4: Sensitivity analyses for morphological diversity 946 
To support the robustness of our ecological inferences regarding the role of niche processes, we 947 
conducted three sensitivity analyses focused on our proxy for morphological diversity: (i) 948 
calculating the coefficient of variation (CV) of traits after standardizing the number of species 949 
across guilds; (ii) excluding guilds represented by only one species and bird assemblages 950 
containing guilds represented by only one species, for which the coefficient of variation was zero; 951 
and (iii) measuring morphological diversity as the mean pairwise distance among species. 952 
 953 
i) Calculating the coefficient of variation (CV) of traits after standardizing the number of species 954 
across guilds 955 
Morphological variation within a trophic guild can be influenced by the number of species used 956 
to calculate it. To test whether our results were affected by this issue, we repeated the analyses 957 
after recalculating morphological variation while holding species richness constant across guilds 958 
within each BBS route. 959 
 960 
We began with the dataset used in the main analyses, in which each bird assemblage was 961 
defined by the relative species richness of each guild for each combination of Breeding Bird 962 
Survey route and year. For each assemblage, we identified the smallest number of species 963 
recorded among its guilds, considering only guilds with at least two species so that variation 964 
could be estimated. This value was used as the target richness for that bird assemblage. Within 965 
each guild in that bird assemblage, we randomly sampled that number of species without 966 
replacement to obtain rarefied species assemblages. In this way, all guilds with at least two 967 
species within a given bird assemblage contributed the same number of species to the 968 
calculation of morphological variation; guilds represented by fewer than two species retained 969 
CV = 0, as in the main analysis. 970 
 971 
Using each rarefied species assemblages, we recalculated the coefficient of variation for the 972 
same nine traits used in the main analysis. These trait-specific coefficients of variation were then 973 
combined into the same composite variable of morphological diversity described for the main 974 
models. We then refitted the main mixed-effects model relating guild relative richness to guild 975 
biomass, individuals per unit biomass, and the composite variable of morphological diversity, 976 
keeping the same hierarchical random-effects structure as in the main analysis. 977 
 978 
Because random subsampling introduces stochastic variation, we repeated the full procedure 979 
100 times. In each iteration, we (1) equalized species richness across guilds within each route-980 
year assemblage by random subsampling, (2) recalculated the coefficients of variation for the 981 
nine morphological traits, (3) rebuilt the composite variable, and (4) refitted the main model with 982 
the three predictors (total guild biomass, individuals per unit biomass, and morphological 983 
diversity). Robustness was assessed from the marginal R² of the final mixed-effects model, 984 
which was highly stable across the 100 rarefaction-based repetitions (mean = 0.7948, s.d. = 985 
0.00041, s.e. = 0.00004). We then quantified the unique contribution of each predictor as the 986 
reduction in R2

marginal when that predictor was removed from the full model while the other 987 
predictors were retained. Under this definition, total guild biomass showed the largest mean 988 



unique contribution, followed by individuals per unit biomass and morphological diversity (non-989 
shared R2

marginal=0.17, 0.16, 0.05, respectively). Nevertheless, as in the main model, most of the 990 
explained variance was not attributable to a single predictor (shared R2

marginal = 0.42). Fixed-991 
effect estimates were also highly stable across repetitions: mean estimates were 0.40 for total 992 
guild biomass, 0.34 for individuals per unit biomass, and 0.16 for morphological diversity, with 993 
very small between-iteration variation (standard deviation = 0.00053, 0.00048, and 0.00059, 994 
respectively). Model-based standard errors were likewise nearly constant across repetitions 995 
(mean s.e. = 0.00082, 0.00075, and 0.00074, respectively).  996 
 997 
Notably, the relative contribution of morphological diversity became stronger in more 998 
information-rich subsets, where trait dispersion was estimated from guilds represented by larger 999 
numbers of species. For example, when analyses were restricted to guilds with at least four 1000 
species and to route-year assemblages retaining at least three such guilds, the unique 1001 
contribution of morphological diversity increased to 0.1179. This pattern is consistent with the 1002 
expectation that within-guild morphological variation is estimated more precisely when based 1003 
on richer species samples. Importantly, however, the qualitative conclusion was unchanged 1004 
across all sensitivity analyses: total guild biomass, individuals per unit biomass, and 1005 
morphological diversity each contributed to explaining variation in relative species richness 1006 
among guilds within bird assemblages. 1007 
 1008 
ii) Excluding guilds with only one species and coefficient of variation equal to zero 1009 
In the main analysis, we set morphological diversity (coefficient of variation) to 0 when a trophic 1010 
guild was represented by a single species (S = 1), reflecting no interspecific variance in 1011 
morphological diversity. To ensure that this decision did not affect our inferences, we repeated 1012 
the same mixed-effects model under two progressively stricter data filters: (i) removing only the 1013 
affected guild observations (“drop S=1 rows”; 124,818 observations across 31,251 bird 1014 
assemblages and (ii) removing entire route-year assemblages whenever any guild had S = 1 1015 
(“drop S=1 routes”; 10,530 observations across 2,297 bird assemblages). Each observation is 1016 
the relative species richness of one guild in a bird assemblage (BBS route x year). In all models, 1017 
we retained the same three predictors: total guild biomass; individuals per unit biomass, and a 1018 
composite variable derived from morphological diversity. Our results showed that the qualitative 1019 
inference was unchanged: the three variables remained positively associated with relative 1020 
species richness of guilds (p-value < 0.001 for all variables; table S1). 1021 
 1022 

Model 
Total guild 

biomass 
Individuals per unit 

biomass 
Morphological 

diversity (composite) 
R2

marginal 

Drop guild obs. 0.187 ± 0.001 0.223 ± 0.001 0.145 ± 0.001 0.751 

Drop assemblage 0.177 ± 0.001 0.198 ± 0.001 0.148 ± 0.001 0.689 

Table S1. Robustness of inferences to excluding single-species guilds. Values are 1023 
standardized coefficient estimates ± standard errors from linear mixed-effects models. “Drop 1024 
guild obs.” excludes guild-level observations in which a trophic guild was represented by a 1025 
single species, whereas “Drop assemblage” excludes entire Breeding Bird Survey route-year 1026 



assemblages whenever any guild within the assemblage was represented by a single species. 1027 
All predictors remained positive and statistically significant in both models (P < 0.001). 1028 
 1029 
iii) Measuring morphological diversity as the mean pairwise distance among species 1030 
As an alternative to the coefficient-of-variation-based composite used in the main analysis, we 1031 
quantified morphological diversity within each trophic guild using mean pairwise distance 1032 
(MPD). MPD was calculated from Euclidean distances among species in a nine-dimensional 1033 
morphological trait space defined by the same nine traits used in the main analysis. All nine traits 1034 
were log10-transformed and standardized to mean 0 and standard deviation 1 before calculating 1035 
pairwise distances. 1036 
 1037 
We first constructed a species × species Euclidean distance matrix using this standardized 1038 
morphological trait space. MPD was then calculated separately for each trophic guild within 1039 
each local bird assemblage, defined as each survey × trophic guild combination. For each guild 1040 
within each assemblage, MPD was computed as the mean of all pairwise morphological 1041 
distances among the species present. Guilds represented by a single species were assigned 1042 
MPD = 0 because no within-guild species pairs were available. 1043 
 1044 
We then fitted the same mixed-effects model structure used in the main analysis but replaced 1045 
the CV-based morphological diversity composite with the MPD-based metric. We also fitted 1046 
reduced models in which each predictor was removed in turn to evaluate how model coefficients 1047 
and R2

marginal changed when total guild biomass, individuals per unit biomass, or MPD-based 1048 
morphological diversity were excluded. The results were qualitatively consistent with the main 1049 
analysis, indicating that the positive association between morphological diversity and relative 1050 
guild species richness was not dependent on the specific morphological diversity metric used 1051 
(table S2). However, the relative importance of the predictors differed, with MPD-based 1052 
morphological diversity showing the smallest unique contribution to R2

marginal (Δ R2
marginal = 0.041), 1053 

compared with total guild biomass (ΔR2
marginal = 0.183) and individuals per unit biomass (Δ 1054 

R2
marginal = 0.206). 1055 

 1056 

Model 
Total guild 

biomass 
(estimate ± s.e.) 

Individuals per unit 
biomass 

(estimate ± s.e.) 

Morphological 
diversity (MPD) 
(estimate ± s.e.) 

R2
marginal 

Full model 0.405 ± 0.001 0.364 ± 0.001 0.152 ± 0.001 0.79 

Without total 
guild biomass 

NA 0.134 ± 0.001 0.397 ± 0.001 0.60 

Without indiv. 
per unit biomass 

0.122 ± 0.001 NA 0.361 ± 0.001 0.58 

Without MPD 0.523 ± 0.001 0.447 ± 0.001 NA 0.75 

Table S2. Robustness of inferences using an alternative proxy for morphological diversity. 1057 
Values are standardized coefficient estimates ± standard errors from linear mixed-effects 1058 
models. Morphological diversity was quantified as the mean pairwise distance (MPD) among 1059 



species within each trophic guild and local bird assemblage, using Euclidean distances 1060 
calculated from the same nine morphological traits used in the main analysis. The full model 1061 
included total guild biomass, individuals per unit biomass, and MPD-based morphological 1062 
diversity as fixed effects, with the same random-effects structure as in the main analysis. 1063 
“Without” rows correspond to reduced models refitted after removing the indicated predictor. 1064 
“NA” indicates that the predictor was not included in that model. R²marginal represents the variance 1065 
explained by the fixed effects. 1066 
 1067 
 1068 
 1069 



supplementary text 5: Assessing the relationship between species abundance and guild 1070 
biomass 1071 
In the main text, we asked whether guilds associated with more resources also support more 1072 
individuals, as expected under the more-individuals hypothesis. Because resource biomass 1073 
cannot be measured directly across the full Breeding Bird Survey, we used total guild biomass 1074 
as an indirect proxy for the resource or energy pool available to each trophic guild. Here, we 1075 
tested a direct expectation of this interpretation: if total guild biomass captures variation in guild-1076 
level resource availability, then focal species should tend to be more abundant where the rest 1077 
of their guild also has greater biomass. 1078 
 1079 
To test this expectation while avoiding direct circularity, we carried out a species-level leave-1080 
one-out analysis. For each focal species in each Breeding Bird Survey route × year and trophic 1081 
guild, we recalculated guild biomass after excluding the biomass contributed by that focal 1082 
species. We then modelled focal species abundance as a function of this leave-one-out guild 1083 
biomass. This model used a negative binomial error distribution to account for overdispersed 1084 
count data and included species and route-year fixed effects. These fixed effects were used to 1085 
compare changes within species while controlling for conditions shared by all observations from 1086 
the same route-year, rather than to interpret species- or route-specific coefficients. In other 1087 
words, the analysis tested whether a given species tended to be more abundant in route-years 1088 
where the rest of its guild had greater biomass. 1089 
 1090 
We also tested whether this relationship differed between rare and common species. To do this, 1091 
we classified species into four rarity classes according to their occupancy across route-years, 1092 
that is, according to the number of route-years in which each species was recorded. Species in 1093 
the lowest occupancy quartile were treated as the rarest, whereas species in the highest quartile 1094 
were treated as the most common. We then allowed the relationship between abundance and 1095 
leave-one-out guild biomass to vary across these four rarity classes. 1096 
 1097 
The relationship was positive in all four rarity classes. Species tended to be more abundant in 1098 
route-years where the rest of their guild had greater biomass, even though the focal species 1099 
itself had been removed from the biomass predictor. Statistical support was strongest outside 1100 
the rarest occupancy quartile: the relationship was significantly positive in three of the four rarity 1101 
classes, whereas the rarest species showed a positive but non-significant association (table S3). 1102 
 1103 
Although this analysis does not demonstrate causation, it supports the expectation that species 1104 
tend to reach higher abundances in guild contexts with greater biomass. It also shows that the 1105 
biomass–abundance relationship is not solely a mechanical consequence of species contributing 1106 
to their own guild biomass. Thus, the leave-one-out analysis is consistent with the more-1107 
individuals interpretation and supports the use of total guild biomass as an ecological proxy for 1108 
guild-level resource availability. 1109 



 1110 
Rarity class Estimate SE z P 

Q1 rarest 0.104 0.079 1.31 0.190 

Q2 0.135 0.028 4.88 <0.001 

Q3 0.090 0.025 3.60 <0.001 

Q4 commonest 0.123 0.047 2.60 <0.01 

Table S3. Species abundance is positively associated with guild biomass. Estimates show 1111 
the relationship between focal-species abundance and log-transformed leave-one-out guild 1112 
biomass, calculated after excluding the biomass contribution of the focal species from total guild 1113 
biomass within each route-year × trophic guild assemblage. Species were classified into four 1114 
rarity classes according to their occupancy across route-years, from the rarest species (Q1) to 1115 
the most common species (Q4). Estimates are negative-binomial slopes on the log scale; 1116 
positive values indicate that species tend to be more abundant in route-years where the rest of 1117 
their trophic guild has greater biomass.  1118 
 1119 
 1120 



supplementary text 6: Estimating response and explanatory variables from different 1121 
datasets 1122 
In the main text, we modelled the relative species richness of trophic guilds as a function of total 1123 
guild biomass, individuals per unit biomass, and morphological diversity. However, some of the 1124 
association among these variables could arise from shared statistical structure rather than from 1125 
a purely ecological relationship. Species richness is often positively related to functional or 1126 
morphological diversity (78, 79) and also to the number of individuals represented in an 1127 
assemblage or sample (17, 80), while abundance is itself used in the calculation of total guild 1128 
biomass. Consequently, part of the variance explained by the model could reflect mathematical 1129 
coupling among variables. Although the analysis based on rarefied relative richness showed 1130 
that the signal is not driven solely by differences in abundance, we conducted an additional 1131 
sensitivity analysis to further separate the response from the explanatory variables 1132 
strengthening out inference. 1133 
 1134 
To do so, we took advantage of the structure of the Breeding Bird Survey. Each BBS route is 1135 
approximately 39 km long and comprises 50 fixed stops separated by about 0.8 km. For each 1136 
route-year, we divided the BBS route into two non-overlapping subsets of stops. We estimated 1137 
the relative species richness of each trophic guild using only stops 1–25, and calculated the 1138 
three explanatory variables using only stops 26–50: total guild biomass, individuals per unit 1139 
biomass, and morphological diversity represented by a composite variable derived from variation 1140 
in nine morphological traits within each guild. When a guild was not recorded in stops 1–25, but 1141 
was represented in stops 26-50, its relative richness was recorded as 10-6 rather than 0 to allow 1142 
the log10 transformation of the response. We then refitted the same mixed-effects model used 1143 
in the main text.  1144 
 1145 
The results remained consistent with the main ecological interpretation. The model largely 1146 
explained variation in the relative species richness of guilds within assemblages (R2

marginal = 0.49). 1147 
The three predictors remained positively associated with guild relative richness (total guild 1148 
biomass: estimate ± s.e. = 0.915 ± 0.007, individuals per unit biomass = 1.002 ± 0.0049, 1149 
morphological diversity = 0.645 ± 0.006; all p < 0.001). Thus, even when guild richness and 1150 
explanatory variables were estimated from different halves of the same route where conditions 1151 
could differ, guilds with greater biomass, higher numbers of individuals per unit biomass, and 1152 
greater morphological diversity still tended to be associated with more speciose guilds in bird 1153 
assemblages. 1154 
 1155 



supplementary text 7: Controlling for undersampling using Chao1 richness estimates 1156 
Observed species richness can underestimate true richness when some species are rare and 1157 
therefore less likely to be detected. This issue is particularly relevant when comparing trophic 1158 
guilds within assemblages, because guilds represented by many common species may appear 1159 
richer than guilds containing more undetected rare species. To test whether our main results 1160 
were sensitive to this form of undersampling, we performed an additional sensitivity analysis 1161 
using abundance-based Chao1 richness estimates. 1162 
 1163 
We used the same North American bird assemblages as in the main analyses, defined as each 1164 
Breeding Bird Survey route × year combination. For each trophic guild within each assemblage, 1165 
we compiled the vector of species abundances and estimated asymptotic richness using the 1166 
Chao1 estimator, which corrects observed richness on the basis of the number of rare species 1167 
represented by one or two individuals. Because this is an abundance-based correction, Chao1 1168 
is appropriate for our route-level data. To avoid unstable estimates in extremely sparse guild 1169 
samples, we retained only route-years in which the minimum abundance recorded across guilds 1170 
was at least five individuals. We then recalculated guild relative species richness by dividing the 1171 
Chao1 estimate of each guild by the sum of Chao1 estimates across guilds within the same 1172 
route-year. 1173 
 1174 
Using these Chao1-based relative richness values as the response, we refitted the same mixed-1175 
effects modelling framework used in the main text, including the same three predictors: total 1176 
guild biomass, individuals per unit biomass, and the composite variable of morphological 1177 
diversity. We also retained the same hierarchical random-effects structure as in the main 1178 
analyses.  1179 
 1180 
Results remained strongly consistent with the main ecological interpretation. The full model 1181 
largely explained variation in relative species richness of guilds within assemblages (R2

marginal = 1182 
0.76). All three predictors remained positively associated with Chao1-corrected relative richness 1183 
(estimate ± s.e. of total guild biomass = 0.182 ± 0.003, individuals per unit biomass = 0.172 ± 1184 
0.003, morphological diversity = 0.305 ± 0.003; all p < 0.001). Variance partitioning further 1185 
showed that morphological diversity retained the strongest independent contribution to model 1186 
fitness. Removing the composite variable caused the largest decline in explanatory power 1187 
(ΔR2

marginal = 0.195), whereas removing total guild biomass or individuals per unit biomass 1188 
produced much smaller reductions (ΔR2

margina = 0.033 and 0.030, respectively). Together, these 1189 
results show that our main conclusions are robust to under sampling rare species.  1190 

1191 



supplementary text 8:  Cross-validated predictive performance of the mixed-effects 1192 
model 1193 
The mixed-effects model used in the main analysis largely explained variation in relative species 1194 
richness of guilds within assemblages (R2

marginal=0.87). We assessed that model performance is 1195 
high even when using distinct training and test data by using cross-validation. In our dataset, 1196 
BBS routes can be repeated across years, and routes are grouped within states and countries. 1197 
This means that training and test data can remain closely related if observations are split at 1198 
random. 1199 
 1200 
To address this issue, we used conservative blocked cross-validation designed for structured 1201 
ecological data (81). Rather than randomly splitting individual observations, we held out entire 1202 
states (within country) at a time. This is a much stricter test because it asks whether relationships 1203 
estimated in one set of regions can successfully predict patterns in other regions that were not 1204 
used to fit the model. 1205 
 1206 
We defined five folds based on country-by-state combinations, so that all observations from a 1207 
given state were assigned to the same fold. In each round, we refitted exactly the same linear 1208 
mixed-effects model used in the main analysis to four folds and evaluated predictions on the 1209 
held-out fold. Predictions for held-out states were based on fixed effects only, because random 1210 
effects for routes or states absent from the training data cannot be estimated. This makes the 1211 
test relevant to the question of whether the main ecological relationships generalize 1212 
geographically. 1213 
 1214 
Predictive performance remained high across all five folds. Mean ± s.d. of R2

marginal in training data 1215 
= 0.869 ± 0.004, of R2

marginal in out-of-sample = 0.876 ± 0.010, and mean ± s.d. in out-of-sample 1216 
RMSE = 0.198 ± 0.006. Mean fixed-effect estimates across training folds were 0.219 ± 0.001 1217 
for total guild biomass, 0.187 ± 0.001 for individuals per unit biomass, and 0.341 ± 0.001 for 1218 
morphological diversity (all p < 0.001). Each test fold contained between 29,104 and 49,964 1219 
observations. The same relationships remained highly predictive when tested on entire states 1220 
excluded from model fitting, indicating that the main results generalize robustly across 1221 
geographic regions and that the high model performance is not merely a consequence of in-1222 
sample evaluation. 1223 
 1224 



supplementary text 9: Composite variable 1225 
To quantify the degree of ecological differentiation within trophic guilds, we measured the 1226 
diversity of morphological traits related to distinct foraging strategies. Previous literature has 1227 
shown that nine morphological traits predicted well the foraging strategies of birds: culmen and 1228 
nares beak length, beak width, beak depth, tarsus length, wing length, first secondary length, 1229 
tail length and body mass (10, 23). We therefore decided to calculate the diversity of 1230 
morphological traits as the coefficient of variation of these traits. Rather than analysing each trait 1231 
separately, we summarized their joint contribution into a single composite variable representing 1232 
within-guild morphological diversity (67, 82). 1233 
 1234 
Our use of a composite variable was motivated by parsimony and interpretability. The aim was 1235 
not to estimate the isolated effect of each morphological trait, but to capture the overall degree 1236 
of morphological differentiation within each guild. This also allowed us to represent the three 1237 
ecological proxies in the analysis (total guild biomass, individuals per unit biomass, and 1238 
morphological diversity) with one variable each. Importantly, sensitivity analyses using the nine 1239 
traits as predictors instead of the composite variable yielded the same conclusions (see below). 1240 
 1241 
We constructed the composite in three steps. First, for each assemblage × trophic-guild 1242 
combination, we calculated the coefficient of variation of each morphological trait across the 1243 
species belonging to that guild. Here, assemblage refers to the sampling unit used in each 1244 
analysis: route-year assemblages in the local BBS analyses, grid-cell assemblages in the global 1245 
analyses, and cell × habitat assemblages in the habitat-based sensitivity analyses. Trait values 1246 
were log10-transformed before calculating coefficients of variation. Guilds represented by fewer 1247 
than two species were assigned a coefficient of variation of zero because among-species 1248 
morphological variation could not be estimated. This step produced one trait-specific coefficient 1249 
of variation for each assemblage × guild combination. 1250 
 1251 
Second, we standardized all trait-specific coefficients of variation and fitted a linear mixed-1252 
effects model with log10-transformed relative guild richness as the response variable and the 1253 
trait-specific coefficients of variation as fixed effects. The random-effects structure matched the 1254 
corresponding analysis, using the relevant assemblage identifier as the grouping factor. The 1255 
estimated fixed-effect coefficients from this model were then used as empirical weights for the 1256 
composite. 1257 
 1258 
Third, we calculated the composite variable as the weighted sum of the standardized trait-1259 
specific coefficients of variation (67):  1260 
Composite = β₁·CV₁ + β₂·CV₂ + … + βn·CVn, 1261 
 1262 
where CVᵢ is the standardized coefficient of variation of a trait i, βᵢ represents the estimated fixed-1263 
effect coefficient, and n is the number of traits included in the analyses (N=9). Mathematically, 1264 
the composite is therefore the linear predictor of the morphology block, excluding the intercept. 1265 
It should be interpreted as a re-parameterization of the multidimensional morphological 1266 
information into a single axis, not as an independent source of information. Higher values 1267 



indicate guilds whose trait variation is aligned with the combination of morphological dimensions 1268 
most strongly associated with higher relative guild richness. 1269 
 1270 
To evaluate whether our conclusions depended on this dimensional reduction, we compared 1271 
models including the composite with otherwise identical models including all trait-specific CVs 1272 
jointly. Model fit and variance partitioning were virtually the same in both cases, indicating that 1273 
the composite improved parsimony and presentation without changing the ecological 1274 
interpretation. 1275 
 1276 



supplementary text 10: autocorrelation in analyses of BBS routes in North America  1277 
We performed two sensitivity analyses to consider potential spatial and temporal 1278 
autocorrelation. Regarding to potential spatial autocorrelation, each spatial unit (i.e., BBS route) 1279 
is represented multiple times in the dataset—once for each trophic guild—meaning that 1280 
observations from the same location are not spatially comparable in the usual sense. In standard 1281 
spatial models, geographic proximity is typically assumed to indicate ecological similarity in the 1282 
response variable (e.g., Tobler’s first law (83)). However, in our case, multiple observations from 1283 
the same site (i.e., with distance = 0) represent different trophic guilds, which are biologically 1284 
distinct and may vary substantially in richness. Thus, spatial proximity between observations 1285 
does not necessarily imply ecological similarity in the variable being modelled. We partly 1286 
addressed spatial autocorrelation including a random intercept effect of route (individual BBS 1287 
transect) nested within states (largest administrative unit below country) in these model. A more 1288 
rigorous approach would involve a custom spatial covariance matrix that links only observations 1289 
from the same trophic guild across different locations, while excluding spatial dependencies 1290 
between different guilds within the same location. This approach is analytically and 1291 
computationally intractable for our dataset, which comprises 164,267 observations. However, 1292 
to further evaluate the robustness of our findings to potential spatial autocorrelation, we 1293 
conducted a complementary sensitivity analysis based on spatial rarefaction. Specifically, for 1294 
each year between 1997 and 2022, we repeated the analysis 100 times, each time selecting a 1295 
single random BBS route per province. We then recalculated the models and averaged the 1296 
resulting R2

marginal values across repetitions. This procedure reduced spatial redundancy and 1297 
limited the influence of spatial clustering within regions. Results remained virtually unchanged 1298 
(R2

marginal = 0.88±0.01; mean ± s.d.), demonstrating that our findings are not driven by spatial 1299 
structure of the data. We also conducted a blocked cross-validation in which entire states were 1300 
held out from model fitting and used only for prediction (supplementary text 8). 1301 
 1302 
To account for potential temporal autocorrelation in the data, we repeated our analysis 1303 
separately for each year from 1997 to 2022. This year-by-year approach allowed us to test 1304 
whether our results were consistent over time, independent of any underlying temporal 1305 
structure. Each annual model included the same fixed effects and random effects as above. 1306 
Across the annual models, the R2

marginal was consistent with the main results (R2
marginal = 1307 

0.877±0.005; mean ± s.d.). The relationship of the three predictors were qualitatively similar to 1308 
that observed in the joint analyses (estimate ± s.e. for total guild biomass = 0.211 ± 0.004, for 1309 
individuals per unit biomass = 0.181 ± 0.004, and for morphological diversity = 0.349 ± 0.004; 1310 
all p < 0.001). These results support that the high explanatory power is not related to any 1311 
temporal structure of the data.  1312 
 1313 
 1314 



supplementary text 11: Propagating uncertainty in species density estimates 1315 
Santini et al. (31) provided predictions of global species-level average densities together with 1316 
their associated uncertainty. In addition, density values for species without available predictions 1317 
were imputed with uncertainty, as described in supplementary text 16. To evaluate whether 1318 
uncertainty in species density estimates affected our ecological inference, we propagated this 1319 
uncertainty through the full global analysis using a Monte Carlo approach. We repeated the 1320 
analysis 100 times. In each iteration, we drew one density value per species from a normal 1321 
distribution on the log10 density scale, defined by the estimated mean density and its associated 1322 
uncertainty (supplementary text 16). In each iteration, we recalculated total guild biomass, 1323 
individuals per unit biomass and performed the full mixed-effects model.  1324 
 1325 
Results were highly consistent across uncertainty iterations. The full model explained a 1326 
substantial proportion of variation in relative guild richness (mean R2

marginal=0.583, 95% 1327 
percentile interval = 0.573–0.591). All three predictors were positively associated with relative 1328 
guild richness in every iteration. Morphological diversity showed the strongest standardized 1329 
effect (mean estimate ± mean s.e. = 0.307 ± 0.001; 95% percentile interval for the estimate = 1330 
0.294–0.322), followed by total guild biomass (0.211 ± 0.001; 0.192–0.228) and individuals 1331 
per unit biomass (0.068 ± 0.001; 0.053–0.082). All p < 0.001 in all 100 iterations. 1332 
 1333 
Overall, propagating uncertainty in global density predictions (31) did not alter the main 1334 
ecological inference: guilds with greater morphological diversity, greater total biomass and more 1335 
individuals per unit biomass tended to contain a higher relative richness of species.  1336 



supplementary text 12: Measuring morphological diversity as the mean pairwise distance 1337 
among species in large-scale bird assemblages worldwide 1338 
As an alternative to our composite variable based on coefficients of variation, we quantified 1339 
morphological diversity within each trophic guild as the mean pairwise distance (MPD) among 1340 
species in a multivariate trait space. We used the same nine morphological traits considered in 1341 
the main global analyses. Traits were log10-transformed and standardized to mean 0 and 1342 
standard deviation 1 across all species retained in the global analysis. For each trophic guild 1343 
within each grid cell, MPD was calculated as the mean Euclidean distance among all species 1344 
pairs. Guilds represented by a single species were assigned an MPD of 0. We then repeated the 1345 
same global cell-level analysis used in the main text, replacing only the proxy for morphological 1346 
diversity. Our results were consistent with the main global analysis. More speciose guilds 1347 
showed higher mean pairwise morphological distance, greater total guild biomass and more 1348 
individuals per unit biomass (estimate ± s.e. = 0.205 ± 0.001, 0.298 ± 0.001, and 0.201 ± 0.001, 1349 
respectively; all P value < 0.001; (R2

marginal= 0.527). As in the local-scale analysis, our ecological 1350 
inference was robust to alternative proxies of diversity in foraging strategies and niche 1351 
partitioning. 1352 
 1353 
 1354 



supplementary text 13: Measuring species energetic demand as the median metabolic 1355 
basal rate in large-scale bird assemblages worldwide  1356 
We performed a sensitivity analysis to assess whether our inferences in the large-scale analyses 1357 
depended on energetic predictors calculated from global estimates of species-level densities. 1358 
Because total guild biomass requires abundance or density information, we excluded this 1359 
variable from this sensitivity analyses. However, we replaced the predictor individuals per unit 1360 
biomass with the median basal metabolic rate (BMR) per guild. For each species, we calculated 1361 
the BMR as an allometric function of adult body mass (64, 65): 𝐵𝑀𝑅𝑖 = 𝑀𝑖

0.67, where BMRi is 1362 
the basal metabolic rate proxy of species i, and Mi is the mean adult body mass of species i. This 1363 
proxy assumes that energetic demand scales allometrically with body size, so larger-bodied 1364 
species are expected to have higher per-individual energetic requirements. For each grid cell and 1365 
trophic guild, we calculated the median BMR i across all species belonging to that guild. We used 1366 
the median rather than the mean to reduce the influence of exceptionally large-bodied species 1367 
within guilds. We then repeated the same model specification as in the main analyses, but 1368 
excluding total guild biomass and replacing individuals per unit biomass with median guild-level 1369 
BMR. 1370 
 1371 
Results showed that more speciose guilds had higher morphological diversity and lower median 1372 
basal metabolic rate (estimate ± s.e. = 0.420 ± 0.001 and −0.025 ± 0.001, respectively; both p 1373 
< 0.001; R2

marginal = 0.570). As in the local-scale analysis, our ecological inference was robust to 1374 
an alternative proxy of species energetic demand. 1375 
 1376 



supplementary text 14: Large-scale analyses defining bird assemblages at the level of 1377 
grid cell and habitat combination  1378 
In the main large-scale analyses, bird assemblages were defined as all species co-occurring 1379 
within the same equal-area grid cell. This definition aggregates species associated with different 1380 
habitat types within the same grid cell. For example, forest, grassland, wetland and rocky 1381 
habitats can occur within a single 110 × 110 km grid cell, and species associated with these 1382 
habitats may not form a single ecologically homogeneous assemblage. We therefore performed 1383 
a sensitivity analysis in which global assemblages were redefined at a finer ecological grain, 1384 
treating each grid cell × habitat combination as a separate assemblage. 1385 
 1386 
To define these habitat-level assemblages, we combined information on the proportional cover 1387 
of each habitat within each grid cell with species-level habitat-suitability information. Habitat 1388 
cover was obtained from the global habitat raster maps of Jung et al. (72), from which we 1389 
calculated the proportional extent of each habitat type within each grid cell. We then combined 1390 
these habitat-cover proportions with IUCN species-level habitat associations. Species were 1391 
assigned to a grid cell × habitat assemblage when they occurred in the grid cell and the 1392 
corresponding habitat was classified as suitable or marginally suitable for that species. Thus, 1393 
each assemblage represented the subset of species expected to co-occur within a given habitat 1394 
type inside a given grid cell. Final analyses encompassed 10,683 grid cells, 50 habitats, and 1395 
106,067 unique combinations of grid cells and habitats. 1396 
 1397 
For each grid cell × habitat assemblage, we recalculated trophic structure as the relative species 1398 
richness of each trophic guild. We also recalculated the same three ecological predictors used 1399 
in the main analysis: total guild biomass, individuals per unit biomass and the composite index 1400 
of morphological diversity. Total guild biomass and individuals per unit biomass were calculated 1401 
using Santini et al. (31) species-level density estimates for the species assigned to each grid cell 1402 
× habitat assemblage. The morphological diversity composite was recalculated within each grid 1403 
cell × habitat assemblage using the same nine morphological traits and the same coefficient-of-1404 
variation approach used in the main global analysis. 1405 
 1406 
We then fitted the same full model structure as in the main analysis, modelling log10-1407 
transformed relative species richness as a function of morphological diversity, total guild 1408 
biomass and individuals per unit biomass. Because multiple habitat assemblages can occur 1409 
within the same grid cell, the model included random intercepts for both grid cell and grid cell × 1410 
habitat assemblage. Models were weighted by the proportional extent of each habitat within 1411 
the grid cell, so habitat types occupying larger fractions of a grid cell contributed more strongly 1412 
to the fitted model. Assemblages represented by fewer than two trophic guilds were excluded 1413 
from the model to avoid estimating guild-level relationships in assemblages with minimal 1414 
trophic structure. 1415 
 1416 
As in the main analysis, uncertainty in species-level density estimates was propagated by 1417 
repeating the analysis across 100 iterations. In each iteration, species density values were 1418 
sampled from their uncertainty distributions, energetic predictors were recalculated, and the full 1419 



model was refitted. We report on the median estimate across iterations, together with the 2.5% 1420 
and 97.5% quantiles. 1421 
 1422 
Results showed that the relationships observed in the main global analysis were maintained 1423 
when assemblages were defined at the level of grid cell × habitat. More speciose guilds had 1424 
greater morphological diversity related to foraging strategies, greater total guild biomass and 1425 
more individuals per unit biomass (median estimate ± s.e. = 0.153 ± 0.001, 0.372 ± 0.001 and 1426 
0.204 ± 0.001, respectively; all p < 0.001; median R²marginal = 0.601). The 2.5–97.5% 1427 
percentiles of the iteration-specific estimates were 0.118–0.189 for morphological diversity, 1428 
0.323–0.420 for total guild biomass, and 0.169–0.247 for individuals per unit biomass; the 1429 
corresponding percentiles for R²marginal were 0.583–0.621. Thus, our ecological inference was 1430 
robust to defining global assemblages at a finer ecological grain that accounts for habitat 1431 
heterogeneity within grid cells. 1432 
 1433 
We performed a complementary sensitivity analysis to consider that assemblages containing 1434 
only few trophic guilds provide little information on relative trophic structure Specifically, we 1435 
repeated the habitat-explicit analysis after retaining only assemblages represented by at least 1436 
two, three, four or five trophic guilds. This allowed us to test whether the results were robust to 1437 
excluding assemblages with few trophic guilds. Due to computational limitations, for this 1438 
threshold analysis, we calculated total guild biomass and individuals per unit biomass, by using 1439 
the central point estimates provided by Santini et al. (31), rather than propagating uncertainty in 1440 
species-level density estimates across iterations. For each minimum-guild threshold, we 1441 
recalculated the same three predictors used in the main analysis: the morphological diversity 1442 
composite, total guild biomass and individuals per unit biomass. We then fitted the same 1443 
weighted mixed-effect model, with log10-transformed relative guild richness as the response 1444 
variable and random intercepts for grid cell and grid cell × habitat assemblage. 1445 
 1446 
The number of retained grid cell × habitat assemblages decreased from 100,787 under the ≥2-1447 
guild threshold to 76,703 under the ≥5-guild threshold. Across all thresholds, the associations 1448 
between guild relative richness and the three ecological predictors were consistent with the 1449 
main analysis. More speciose guilds showed higher morphological diversity, greater total guild 1450 
biomass and more individuals per unit biomass (table S4). The full model explained 55.7% of 1451 
the variation in relative guild richness when retaining assemblages with at least two trophic 1452 
guilds, increasing to 62.2% when retaining only assemblages with at least five trophic guilds 1453 
(table S4).  1454 
 1455 



Minimum 
guilds 

N cell x 
habitat 

assemblages 

N  
grid cells 

N 
habitats 

Morphological 
diversity 

(estimate ± s.e.) 

Total guild 
biomass 

(estimate ± s.e.) 

Individuals per unit 
biomass 

(estimate ± s.e.) 
R2 marginal 

>=2 100,787 10,637 44 0.0037 ± 0.0004 0.570 ± 0.0004 0.362 ± 0.0003 0.557 

>=3 96,508 10,589 42 0.0039 ± 0.0004 0.568 ± 0.0004 0.362 ± 0.0003 0.569 

>=4 90,230 10,507 40 0.0039 ± 0.0004 0.565 ± 0.0004 0.363 ± 0.0004 0.588 

>=5 76,703 10,232 38 0.0035 ± 0.0004 0.568 ± 0.0005 0.367 ± 0.0004 0.622 

 1456 
Table S4. Habitat-explicit sensitivity analyses of the association between guild relative richness and ecological predictors. Assemblages 1457 
were defined as grid cell × habitat combinations and filtered to retain only assemblages containing at least the indicated minimum number of trophic 1458 
guilds. The N cell × habitat assemblages column indicates the number of retained grid cell × habitat combinations; N cells and N habitats indicate 1459 
the number of unique grid cells and habitat classes represented after filtering. This analysis used central point estimates of model predictions 1460 
(supplementary text 16) when calculating total guild biomass and individuals per unit biomass, without propagating density uncertainty across 1461 
iterations. Estimates are standardized slopes +/- s.e. for the morphological diversity composite, total guild biomass and individuals per unit biomass. 1462 
For both predictors, all p < 0.001. R²marginal corresponds to the full weighted mixed-effect model and represents the variance explained by the three 1463 
fixed effects. 1464 



supplementary text 15: Alternative dietary classifications in global analyses 1465 
We assessed whether the strong global similarity in trophic structure depended on the dietary 1466 
classification used in the main analysis. To do so, we repeated the global similarity analysis using 1467 
two alternative representations of assemblage trophic structure based on EltonTraits dietary 1468 
data (9). 1469 
 1470 
First, we reassigned species to trophic guilds using the same EltonTraits-based rule described 1471 
for the local-scale sensitivity analysis in supplementary text 1. Briefly, species were assigned to 1472 
the resource category that accounted for more than half of their diet, equivalent to ≥60% given 1473 
the 10% resolution of EltonTraits, and species without a dominant resource category were 1474 
classified as omnivores. We then recalculated the relative species richness of EltonTraits-based 1475 
guilds in each global grid-cell assemblage and fitted the same global similarity model used in 1476 
the main analysis, with relative guild richness modelled as a function of guild identity and grid 1477 
cell included as a random intercept. 1478 
 1479 
Second, we used a continuous resource-based representation of trophic structure to avoid 1480 
assigning species with mixed diets to single discrete guilds. For each grid cell, we summed the 1481 
EltonTraits dietary proportions of all species present across the eight resource categories—1482 
invertebrates, terrestrial vertebrates, fish, carrion, fruits, nectar, seeds and other plant material—1483 
and divided each resource total by the summed diet total of the assemblage. This produced, for 1484 
each grid cell, a continuous dietary profile describing the average proportional use of each 1485 
resource by the species present. We then fitted an equivalent global similarity model in which 1486 
proportional resource use was modelled as a function of resource identity, with grid cell included 1487 
as a random intercept. 1488 
 1489 
Both analyses supported the same conclusion as the main analysis. Assemblages showed 1490 
strong global similarity when trophic structure was represented using EltonTraits-based 1491 
categorical guilds (R2

marginal=0.89) and when represented as continuous resource-use profiles 1492 
(R2

marginal=0.92). Thus, the inference that bird assemblages worldwide share a strongly 1493 
convergent trophic structure does not depend on the AVONET trophic-guild classification or on 1494 
forcing species with mixed diets into discrete categories. 1495 



supplementary text 16: Construction and validation of global density-based energetic 1496 
predictors  1497 
Santini et al. (31) provided broad species-level predictions of average density for 9,089 species, 1498 
not to estimate local variation across species and grid cells. To perform the analyses, we first 1499 
harmonized taxonomy across the global density dataset, bird distribution maps, and 1500 
morphological data using the BirdLife–BirdTree crosswalk provided by Tobias et al. (10), which 1501 
relates the names from both databases. After harmonization, Santini et al. density estimates 1502 
were available for 8,047 of the 8,648 species retained in the global assemblage dataset: 6,618 1503 
exact-name matches and 1,429 crosswalk matches. The remaining 601 species were assigned 1504 
density estimates using a hierarchical imputation procedure based on body mass and taxonomy. 1505 
Missing values were predicted using genus + mass whenever possible, then family + mass, then 1506 
order + mass, and finally a global mass-only model. In the final pipeline, 320 species were 1507 
imputed using genus + mass, 41 using family + mass, 161 using order + mass, and 79 using the 1508 
global mass-only model. We evaluated the imputation procedure by repeated cross-validation. 1509 
As expected, predictive error increased as taxonomic information became coarser. Approximate 1510 
multiplicative prediction error was 1.37-fold for genus + mass imputations, 1.44-fold for family 1511 
+ mass, 1.56-fold for order + mass, and 1.65-fold for the global mass-only model. For 1512 
comparison, the original density-based estimates database retained in our dataset carried broad 1513 
propagated uncertainty, with a median multiplicative uncertainty of 3.29-fold. These two 1514 
quantities are not identical: one measures how well our imputation models predict missing 1515 
densities, whereas the other measures how uncertain the original density estimates already are. 1516 
Even so, the comparison shows that our imputations do not introduce a qualitatively larger level 1517 
of uncertainty. Propagating this uncertainty in analyses yielded similar results (supplementary 1518 
text 11). 1519 
 1520 
 1521 
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