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INTRODUCTION

Exploring and understanding global patterns of biodi-

versity is central for determining its origins and conserva-

tion. Numerous hypotheses have been posited to explain 

how biodiversity has accumulated over geographical 

space and evolutionary time, with particular focus on 

how species richness varies across major environmental 

gradients (Currie et al., 1999; Gaston, 2000; MacArthur, 

1965; Rohde, 1992). However, species richness- based 

metrics of diversity consider all species as equal units, 

ignoring differences among species in their evolution-

ary history, morphology or ecological roles, and do not 

adequately explain community structure or the mech-

anisms underlying species coexistence (Devictor et al., 

2010; Faith, 1992; Purvis & Hector, 2000; Safi et al., 2011; 

Stevens et al., 2003). One approach to combating these 

shortfalls is to classify species according to their func-

tional roles (e.g. diet, behaviour or life history), allow-

ing investigation into how species are structured within 

communities, and the potential historical, environmen-

tal and ecological drivers leading to spatial variation in 

community assembly (Belmaker et al., 2012; Safi et al., 

2011).

An alternative to classifying species into functional 

groups based on scoring of functional roles is to use 

continuous morphological traits to capture ecologically 

relevant variation (Jones et al., 2009; Kohli & Jarzyna, 

2021; McLean et al., 2021; Oliveira et al., 2017; Pigot et al., 

2020; Pigot, Trisos, et al., 2016; Wilman et al., 2014). This 

is beneficial where behavioural observations are lacking 

or unavailable for rare or cryptic species, across large 

geographical scales and for whole taxonomic groups. 

More generally, recent simulation studies have shown 
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Abstract

Understanding the biogeographical patterns, and evolutionary and environmental 

drivers, underpinning morphological diversity are key for determining its origins 

and conservation. Using a comprehensive set of continuous morphological traits 

extracted from museum collections of 8353 bird species, including geometric mor-

phometric beak shape data, we find that avian morphological diversity is unevenly 

distributed globally, even after controlling for species richness, with exception-

ally dense packing of species in hyper- diverse tropical hotspots. At the regional 

level, these areas also have high morphological variance, with species exhibiting 

high phenotypic diversity. Evolutionary history likely plays a key role in shaping 

these patterns, with evolutionarily old species contributing to niche expansion, and 

young species contributing to niche packing. Taken together, these results imply 

that the tropics are both ‘cradles’ and ‘museums’ of phenotypic diversity.

K E Y W O R D S

avian biodiversity, community structure, morphological diversity, morphological traits, 

morphospace, niche expansion, niche packing
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that using coarse grained data can be misleading in 

studies of species community or assemblage structure 

and recommend the use of high- resolution continuous 

data where possible (Kohli & Jarzyna, 2021). Such de-

tailed morphological trait data can capture variation 

among functional categories (Pigot et al., 2020), provid-

ing fine- grained resolution that distinguishes multiple 

morphologies filling a single functional role and avoids 

the need to assign species to functional categories. The 

advent of novel, high- quality datasets of morphological 

traits for entire classes has advanced understanding of 

how communities fill multidimensional trait space (i.e. 

morphospace) (Pigot, Trisos, et al., 2016), how morpho-

logical form maps to ecological role and/ or function 

(Anderson et al., 2011; Bright et al., 2016, 2019; Miller 

et al., 2017; Navalón et al., 2019; Olsen, 2017; Pigot et al., 

2020), and how morphological diversity has evolved and 

is distributed across the phylogeny (Cooney et al., 2017). 

Nonetheless, with a few exceptions (McLean et al., 2021; 

Sheard et al., 2020), we lack good understanding of the 

biogeographical patterns of morphological diversity at 

a global scale, and thus of the macroecological factors 

driving trait diversity both within and across species as-

semblages. In this study, we use continuously measured 

morphological traits as a high- resolution approximation 

of the diversity of ecological roles.

Communities vary in terms of their species richness, 

and this variation may be associated with ecological ‘niche 

packing’ and/or ‘niche expansion’ (Karr & James, 1975; 

MacArthur, 1965; Pigot, Trisos, et al., 2016). The pack-

ing of niche space occurs because of the finer specialisa-

tion of phenotypes or increased overlap in resource use, 

leading to increased density of species in morphospace 

over a smaller volume (Karr & James, 1975; MacArthur, 

1965; Pigot, Trisos, et al., 2016). Alternatively, species 

may fill an expanded variety of niches and exhibit dis-

similar morphologies, revealed by higher volumes and 

lower densities of species in morphospace (Pigot, Trisos, 

et al., 2016). Investigating how species fill morphospace 

in terms of both the volume and density occupied can 

therefore inform on the species richness of communities.

Variation in communities’ morphological diversity 

results from a combination of evolutionary and envi-

ronmental factors that have shaped global patterns of 

biodiversity accumulation (Safi et al., 2011), leading to 

the prediction that avian morphological diversity will 

be distributed unevenly across the globe. For instance, 

in heterogeneous habitats, species are likely to coexist 

because of greater availability of niches (Guégan et al., 

1998; Kerr & Packer, 1997; Kerr et al., 2001; MacArthur 

& MacArthur, 1961; Rahbek & Graves, 2001), and we 

therefore predict that assemblages will occupy morpho-

space at higher density than in homogeneous habitats. 

Habitats are also expected to vary with altitude (Davies 

et al., 2007; Kerr & Packer, 1997; Rahbek & Graves, 

2001), with mountainous regions forming important 

dispersal barriers, centres for recent speciation, and 

exhibiting high species richness (α- diversity) and turn-

over (β- diversity) across entire montane slopes (Davies 

et al., 2007; Graham et al., 2009; Jarzyna et al., 2021; 

Melo et al., 2009; Voskamp et al., 2017). We expect to 

find high morphological density, with species filling 

similar areas in trait space, in areas transcending the 

largest altitudinal ranges (i.e. mid- montane slopes) be-

cause of the packing of niche space of closely related 

species, both before, and after controlling for species 

richness.

The influence of ecological limits to species coexis-

tence may be reduced in areas of high productivity as 

resources are plentiful (Mittelbach et al., 2001; Pigot, 

Tobias, et al., 2016), potentially supporting many spe-

cies filling similar roles (i.e. niche packing) that are 

more finely specialised in their morphology. Equally, 

if resources are limited, communities may show low 

morphological density, with species needing to occupy 

wider ecological niches (Safi et al., 2011). Consequently, 

we predict the greatest morphological density in highly 

productive areas, and low morphological density where 

productivity is poor.

Evolutionary factors also influence the temporal ac-

cumulation of biodiversity. Over time, the divergence 

of species and their traits will shape the accumulation 

of phenotypic diversity in communities. Species that 

represent older, more isolated branches –  that is, those 

with higher evolutionary distinctness (Jetz et al., 2014; 

Redding & Mooers, 2006; Vane- Wright et al., 1991) –  may 

possess phenotypic traits that are unique and so fill oth-

erwise unoccupied areas of trait space (Jetz et al., 2014; 

Redding et al., 2010). We predict that assemblages with 

high sums of evolutionary distinctiveness, and therefore 

representing more total evolutionary history, will have 

greater phenotypic diversity. These assemblages should 

contain species that are spread out in morphospace, 

leading to higher morphological volumes and lower mor-

phological densities.

Here, we focus on testing these predictions in birds, 

which exhibit a huge diversity of phenotypes (Cooney 

et al., 2017; Pigot et al., 2020; Tobias et al., 2020), world-

wide distribution across all terrestrial land- masses 

(Orme et al., 2005), and high- quality phylogenetic and 

trait data (Cooney et al., 2017; Jetz et al., 2012; Wilman 

et al., 2014). We use ecologically relevant morphological 

traits to: (1) map global patterns of avian morphologi-

cal diversity; (2) identify areas with exceptional levels of 

morphological diversity; and (3) test the environmental 

and evolutionary drivers of global avian morphological 

diversity.

M ATERI A LS A N D M ETHODS

All data compilation, analysis and visualisation were 

conducted in RStudio version 1.3.959 (RStudio Team, 

2020) and R version 4.0.2 (R Core Team, 2020). We follow 
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the taxonomy used in the BirdTree phylogeny http://birdt 

ree.org/ (Jetz et al., 2012).

Morphological trait data

We compiled a dataset of continuous morphological 

traits that are linked to the ecological niches of birds in 

a community (Pigot, Trisos, et al., 2016; Sheard et al., 

2020).

Trait compilation

Using a 3D landmark- based beak shape dataset, we ex-

tracted coordinates for the bill shape for 8353 species of 

bird, across 189 (of 194) bird families. 3D scanning, post 

processing and landmarking were performed using pro-

tocols described in Chira et al. (2018) and Cooney et al. 

(2017). In summary, we took 3D scans of the beaks of mu-

seum study skins, using white and blue structured light 

scanning (FlexScan3D). For some families (e.g. nightjars 

[Caprimulgidae]), many species could not be scanned as 

they had feathers and/or bristles obscuring parts of the 

beak, and are therefore underrepresented in our dataset 

(Figure S1). From these scans, we used landmark- based 

geometric morphometric analysis to measure bill shape 

and ran a principal component analysis (PCA) to pro-

duce a morphospace capturing the major axes of bill 

shape variation (see Supplementary Material S1a for fur-

ther information).

We extracted the first seven axes from the PCA, which 

accounted for 98.9% of the overall variation in bill shape 

(Figure S2, Table S1). We calculated centroid size as a 

measure of bill size for each species in our dataset. For 

each specimen scanned, we took measurements of wing 

and tarsus length (mm). Where possible, if these mea-

surements were not taken (e.g. broken tarsus or sewn 

wings), another specimen or a mean score calculated 

from multiple specimens was used. Body mass (g) for 

each species was taken from the EltonTraits database 

(Wilman et al., 2014). We include centroid size as well as 

body size because there is substantial variation in beak 

size that cannot be explained by allometry alone (e.g. 

raptors, Bright et al., 2016).

Avian morphological trait space

Next, we constructed a raw morphological trait dataset 

containing the seven main axes of beak shape variation, 

and combined them with log
10

- transformed measure-

ments of body mass, centroid size, wing and tarsus length. 

Trait data were centred and re- scaled by standardising 

each to zero mean and unit variance (z- transformation). 

Finally, we ran a second PCA on this combined dataset 

and selected the first eight PC axes from the resultant 

morphospace which represented 96.1% of the variation 

in traits (Figure 1; Table S1).

Spatial data

Global distribution maps for all extant and probably extant 

bird species were obtained from BirdLife International 

(http://www.birdl ife.org/dataz one/home). Species breed-

ing and resident range maps were included where these 

species were classified as native or re- introduced. Whilst 

these maps may be less accurate and do not incorporate 

abundance data as more focused surveys, they allow for 

a much broader scope, and analysis in regions where sur-

vey data are not available or sufficiently plentiful. As a 

result of taxonomic differences, we first matched spe-

cies names used by BirdLife to the BirdTree phylogeny 

http://birdt ree.org/ (Jetz et al., 2012), and range maps 

were projected onto a 100 km x 100 km equal area grid 

under a Behrmann cylindrical equal- area projection (see 

Supplementary Material S1b for further detail). Species 

presence or  absence in each terrestrial grid cell was re-

corded. Our final dataset comprised 8353/9993 (83.6%) 

species, distributed across 15980 assemblages. For each 

assemblage, species lists and species richness were ob-

tained. Global maps and phylogenetic plots of omitted 

species can be found in Figures S1 and S3.

Morphological disparity metrics

Numerous disparity metrics have been proposed to assess 

how species occupy multidimensional trait space. Using 

single metrics to quantify multidimensional space occu-

pancy limits the ecological inferences that can be made 

(Guillerme et al., 2020; Villéger et al., 2008). Therefore, 

we aimed to select one metric that accurately captured 

changes in morphospace volume and another that cap-

tured changes in density (i.e. how species fill trait space).

To quantify and understand the potential for different 

metrics to capture such changes in volume and density, 

we used the function test.metric in the R package dispR-
ity (version 1.5.0: Guillerme, 2018), following protocols 

described by Guillerme et al. (2020). Based on simula-

tions of species gains and loss, we selected the metrics (i) 

sum of variance (Foote, 1992), and (ii) mean distance to 

nearest neighbour (i.e. the mean Euclidean distance be-

tween a species and its nearest neighbour: Foote, 1992). 

The sum of variance is commonly used as a measure of 

volume, but it may also capture certain aspects of den-

sity (Guillerme et al., 2020) (e.g. a high number of species 

close to the mean trait value will reduce the sum of vari-

ance). Therefore, we define the sum of variance as a mea-

sure that captures the spread, or variance, of species in 

trait space (morphological variance). We decided against 

using a commonly used, alternative measure of volume, 

the sum of ranges (Foote, 1992), as it is more sensitive to 
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outliers (Guillerme et al., 2020). The mean distance to 

nearest neighbour quantifies the density of species pack-

ing in morphospace (morphological density). Both met-

rics were calculated for each unique assemblage using 

the dispRity R package (version 1.5.0: Guillerme, 2018).

Assemblage evolutionary distinctiveness

We downloaded 100 complete species- level phylogenetic 

trees based on the Hackett backbone (Hackett et al., 

2008) from http://birdt ree.org/ (Jetz et al., 2012). For each 

tree, we calculated an evolutionary distinctiveness score 

for each species in the phylogeny (n =  9993), using the 

‘equal splits’ derivation (Redding & Mooers, 2006) in 

the evol.distinct function in the R package picante (ver-

sion 1.8.2: Kembel et al., 2010). ‘Equal splits’ divides 

each branch length by the daughter species it represents, 

giving a value for each species of the amount of evolu-

tionary time each embodies. For each community, evolu-

tionary distinctiveness scores for all species present were 

summed. This was done for each of the 100 trees, and a 

mean value was taken giving an ‘assemblage evolution-

ary distinctiveness’ score for each community.

Null models

To test whether the morphological variance, density 

and assemblage evolutionary distinctiveness of each 

F I G U R E  1  Scatterplots showing the first eight principal components of morphological traits, and the proportion of variance represented 

by each. The scale bar shows the number of neighbouring points within one standard deviation of the Euclidean distance of each species to all 

other species across both axes for each scatterplot. Points were coloured with yellow being where species are most numerous, and purple least 

numerous. PC1 is dominated by size metrics, with high values corresponding to small body mass, tarsus, wing and bill (centroid) size, and the 

largest species falling at negative values. PC2 captures the main variation of beak shape, going from long, pointy bills at the negative end of the 

spectrum, to wide, short bills at the positive end. The remaining PCs capture more nuanced variation in beak shape (Figure S2). All silhouettes 

are in the public domain, and were downloaded from PhyloPic.org.
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assemblage deviated from expected given the observed 

species richness, we constructed null models based on 

two different species pools. Firstly, we used a global spe-

cies pool where any species from the entire dataset could 

be drawn. Secondly, we used a species pool where draws 

were restricted to phylogenetically distinct regional pools 

in order to avoid sampling from largely historically inde-

pendent assemblages (Figure S4). To do this, we followed 

the protocol outlined by Holt et al. (2013) and defined 13 

unique phylogenetic regions that have distinct evolution-

ary histories (Section S1c). Null models for each grid cell 

were calculated using both species pools, enabling us to 

capture regional effects under a global species pool, and 

more local effects when using a phyloregional species pool.

For each unique species richness value, 1000 null 

communities were generated and morphological vari-

ance and density were calculated. For each of the 100 sets 

of evolutionary distinctiveness scores, 1000 null com-

munities were generated, and assemblage evolutionary 

distinctiveness was calculated. To assess the difference 

between the observed (variance, density, assemblage 

evolutionary distinctiveness) and simulated (null) biodi-

versity values, we calculated the standardised effect size 

(SES) for each assemblage: A positive SES value indi-

cates a higher biodiversity value than expected based on 

null simulations, while a negative SES indicates a lower 

value. Exceptional values of morphological variance, 

density and assemblage evolutionary distinctiveness 

were those that showed statistically significant deviation 

from expected (+/− 2).

Environmental correlates

For each grid cell, we extracted environmental vari-

ables that we predicted are associated with geographical 

variation in morphological diversity: main habitat type 

(Buchhorn et al., 2020), the number of unique habitats 

(Shannon's index) (Buchhorn et al., 2020), altitudinal 

range (Fick & Hijmans, 2017) and gross primary produc-

tivity (GPP) (Zhang et al., 2017) (see Section S1d for full 

details).

Predicting patterns of morphological diversity

We fitted generalised least squares (GLS) models using 

the function gls in the R package nlme (version 3.1– 149: 

Pinheiro et al., 2020) with either morphological vari-

ance
SES

 or morphological density
SES

 (calculated using 

both global and phyloregional species pools) as response 

variables. Species richness, assemblage evolutionary dis-

tinctiveness
SES

, GPP, habitat heterogeneity, altitudinal 

range and habitat type were included in the full model as 

predictor variables, with additional models fitted where 

the categorical variable habitat type was dropped or in-

cluded alone (Table S2).

We log
10

- transformed the variables species richness, 

GPP, habitat heterogeneity and altitudinal range. To 

allow for non- linear relationships between our response 

and predictor variables, we included both linear and 

quadratic terms of the numeric predictor variables in 

our models. To account for spatial autocorrelation, all 

models were fitted with either exponential, gaussian 

or spherical correlation structures, using spatial infor-

mation from longitudinal and latitudinal cell centroid 

values. We used Akaike Information Criterion scores 

(AIC) to select the best- fitting models for each depen-

dent variable, with the models with the lowest AIC 

scores considered to be most well- supported (Table S2). 

Due to computational limits, the 15,277 terrestrial grid 

cells were split into 25% subsets using a chequerboard 

approach, where every fourth terrestrial grid cell was in-

cluded (e.g. set A: 1,5,9… etc.). All models were run on 

each of the four subsets (Table S2).

RESU LTS

Avian morphospace

Variation in avian morphological traits is distributed 

such that the majority of species occupy a dense core in 

the centre, with more extreme forms found towards the 

edges of morphospace (Figure 1; Figure S2) (Chira et al., 

2018; Pigot et al., 2020). When considering all morpho-

logical traits together, 96% of the variation is captured 

by 8 PCs (Figure 1). PC1 (35% variation) is dominated 

by size metrics, describing the spectrum from the larg-

est (e.g. cranes [Gruidae]) to smallest (e.g. hummingbirds 

[Trochilidae]) species.

The major axis of beak shape primarily loads onto the 

second PC of morphological trait variation, with long 

pointed bills (e.g. sword- billed hummingbird [Ensifera 
ensifera]) to short, wide beaks (e.g. swifts [Apodidae]). 

Certain groups of species occupy distinct areas of 

morphospace that are only apparent on PC axes that 

themselves account for low total variation, such as wa-

terfowl (Anseriformes) on PCs 5 and 6, and flamingos 

(Phoenicopteriformes) on PC7 and PC8.

Global distributions of morphological diversity

Avian morphological diversity is unevenly distrib-

uted globally (Figure 2). New Zealand, Patagonia 

and the Atacama Desert contain assemblages with 

high values of morphological variance, where spe-

cies occupy large areas of trait space. Low values of 

morphological variance are found along the species- 

rich mountain ranges of the Himalayas and Andes, 

and the species- impoverished Sahara and Arabian 

Peninsula (Figure 2a). Areas around the Sahara and 

Arctic contain communities where nearest neighbour 
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distance is high, suggesting low morphospace density. 

Assemblages containing species that are particularly 

clustered in morphospace (high morphospace density) 

are found along the Andean and Himalayan moun-

tains, African rift valley and some oceanic islands 

(Figure 2b).

Communities with the highest assemblage evolution-

ary distinctiveness are found in the Neotropics, partic-

ularly along the Andes and Amazonian basin, African 

Rift Valley and Himalayas. Low assemblage evolution-

ary distinctiveness occurs across the Saharo- Arabian 

belt, polar regions and island archipelagos (Figure S5b). 

Overall, spatial patterns of the raw metrics suggest a 

relationship with species richness (Figure 3; Figures 

S5a and S6) with, for example, the lowest morphologi-

cal densities occurring in areas of low species richness 

(Figure 2b) and the highest assemblage evolutionary 

distinctiveness communities being those with high spe-

cies richness (Figure S5b).

Geographic distribution of exceptional 
morphological diversity

Observed morphological variance tends to be greater 

than expected (Figure 3a) for both global, and to a lesser 

extent for phyloregional pools (Figure S7). These devia-

tions from expectation show strong spatial patterns. We 

find higher than expected morphological variance along 

the South American and South Australian coastlines, 

and in East and South Africa, when using both global 

and phyloregional pools, highlighting wider assemblage 

niche breadths (Figure 2c,e). Differences between the spe-

cies pools arise in the mountains of New Guinea, where 

F I G U R E  2  (a) Morphological variance (sum of variances) and (b) morphological density (mean nearest neighbour distance) for 8352 bird 

species across 15980 terrestrial 1 degree grid cells under Behrmann projection. Standard effect sizes (SES) for each variable were calculated 

from global (c,d) and phyloregional (e,f) species pools.

(a) (b)

(c) (d)

(e) (f)



604 |   GLOBAL BIOGEOGRAPHIC PATTERNS OF AVIAN MORPHOLOGICAL DIVERSITY 

morphological variance is much lower than expected using 

a phyloregional pool, but not a global pool (Figure 2c,e).

Morphological density tends to be greater than expected 

under a global pool (Figure 3b), but similar to expected 

when using phyloregional pools (Figure S8). Spatially, we 

find that for both global and phyloregional species pools, 

the Andes harbour morphologically dense communities, 

with species that are more clustered in trait space than 

expected given species richness (Figure 2d,f). Under a 

global pool, species occupy morphospace less densely 

than expected across small areas of the South American 

lowland tropics, with this pattern extending over greater 

areas under a phyloregional pool (Figure 2d,f).

We find slightly lower than expected values of assem-

blage evolutionary distinctiveness for both global and 

phyloregional null models (Figures S5c,d, S6 and S9). 

Under a global species pool, assemblages in the tropics 

and Southern Hemisphere are more evolutionarily distinct 

than expected based on null simulations, with hotspots in 

Madagascar, Borneo, tropical central Africa, etc. (Figure 

S5c). The Andes contain much lower assemblage evolution-

ary distinctiveness than expected, with younger lineages 

and/or close relatives dominating (Figure S5c). Patterns are 

similar under phyloregional pools, but with Australasian 

assemblages showing expected, rather than greater, assem-

blage evolutionary distinctiveness (Figure S5d).

We identified areas with combinations of exceptional 

(+/− 2 s.d) morphological variance, morphological den-

sity or assemblage evolutionary distinctiveness. Using 

global species pools, we find dense packing of species 

and expected (or lower than expected) variance in SE 

Asia, tropical West and Central Africa, as well as along 

the highest terrestrial mountain ranges, the Andes and 

Himalayas, showing that high richness areas are prone 

to niche packing (Figure 4a). The Northern Hemisphere 

is characterised by expected assemblage evolutionary 

distinctiveness, with species filling expected or high vol-

umes of morphospace, whilst having close neighbours 

present (Figure S10a,c). Under a phyloregional pool, the 

Central Highlands of New Guinea are one of few areas 

in tropical regions with lower morphological variance 

than expected (Figure 4b), with the western part of the 

range showing greater assemblage evolutionary distinc-

tiveness than expected, highlighting it as an area with 

older lineages that are filling similar niches (Figure 

S10b,d). Oceanic islands tend to hold assemblages with 

species clustered in smaller volumes of trait space than 

expected, with many (i.e Galapagos etc.) also containing 

species representing greater than expected evolutionary 

distinctiveness (Figure S10b,d).

Environmental and evolutionary drivers of 
morphological diversity

Morphological variance
SES

 (MV
SES

) is associated with 

species richness, assemblage evolutionary distinctive-

ness
SES

 and altitudinal range, but not with gross primary 

productivity (GPP), habitat heterogeneity and habitat 

type (Table S2). Global- pool MV
SES

 increases strongly 

before plateauing and subsequently declining with in-

creasing species richness (p < 0.001: Figure 5a; Table S3), 

suggesting a pattern of morphospace expansion followed 

by packing at high species richness. MV
SES

 increases 

F I G U R E  3  Scatter plots showing the relationship between species richness and (a) morphological variance (sum of variances), and (b) 

morphological density (mean nearest neighbour distance). Points are coloured according to the number of neighbouring points present to 

highlight where species are most numerous, with yellow the most and purple the least numerous. The lines show the upper (97.5) and lower (2.5) 

quantiles calculated across null communities drawn from a global species pool for each value of species richness.

(a) (b)
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linearly with increasing evolutionary distinctiveness
SES

 

with the linear term (p <  0.001) and not the quadratic 

term (p > 0.05) significant (Figure 5b; Table S3). MV
SES

 

initially increases with altitudinal range from low (e.g. 

lowland plains, upland plateaus) to mid- elevational 

ranges before decreasing to lower levels where eleva-

tional range is greatest (e.g. montane slopes) (p < 0.001: 

Figure 5e; Table S3). We find no association between 

MV
SES

 and GPP, and an almost flat relationship with 

habitat heterogeneity for just one subsample of our data 

(dataset D) (p < 0.01 (linear term only): Figure 5d; Table 

S3). Overall, we find broadly similar results when calcu-

lating phyloregional- pool MV
SES

 (Figure 5f– j; Table S3).

Morphological density
SES

 (MD
SES

) is also associated 

with species richness, assemblage evolutionary distinc-

tiveness
SES

, altitudinal range and GPP, but not habitat 

heterogeneity or habitat type (Table S2). We find an 

initially flat relationship between global- pool MD
SES

 

and species richness, before distances between species 

sharply decrease as species richness increases (p < 0.001: 

Figure 5k; Table S3). Overall, we find a positive rela-

tionship between MD
SES

 and assemblage evolution-

ary distinctiveness
SES

, with species most spread out in 

trait space where assemblages have the highest assem-

blage evolutionary distinctiveness given species richness 

(p < 0.05: Figure 5l; Table S3). Species pack more closely 

in trait space than expected as energy availability (GPP) 

increases (p <  0.05: Figure 5m; Table S3). Assemblages 

are most packed at flat (e.g lowland plains, upland 

plateaus) and steep (mid- montane slopes) elevational 

ranges, with species most spread out at mid- elevational 

ranges (p <  0.01: Figure 5o; Table S3). No relationship 

between MD
SES

 and habitat heterogeneity was found 

(Table S3). Under phyloregional pools, we find a contrast 

in model outputs where species richness is the predictor 

variable. As species richness increases, species become 

slightly less clustered in trait space than expected when 

using datasets B and D (p < 0.01 [linear term only]), but 

for dataset A, we find that species are most clustered in 

trait space (low MD
SES

) at mid species richness values 

(p < 0.05) (Figure 5p; Table S3).

DISCUSSION

We present the first global mapping of a comprehen-

sive set of continuous morphological traits, including 

three- dimensional bill shape data, for 8353 bird species, 

revealing regions of the world with exceptional relative 

spread and density of species traits. Our results suggest 

large- scale geographic variation in the relative impor-

tance of niche expansion and niche packing. Density 

F I G U R E  4  Areas of the globe where the standard effect sizes (SES) of different biodiversity metrics (morphological variance [sum of 

variances] and morphological density [mean nearest neighbour distance]) show statistically significant deviation from expected (+/− 2) for 

8352 bird species across 15,980 terrestrial 1 degree grid cells under Behrmann projection. Combinations of variables are (a) morphological 

variance
SES

 and morphological density
SES

 where SES was calculated using global species pools, and (b) using phyloregional species pools. The 

grey colour shows no significant deviation from expected.

(a)

(b)
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and variance of morphological trait distributions scale 

with species richness and evolutionary distinctiveness, 

whereas only density scales with productivity (albeit 

weakly). Taken together, we suggest that evolutionary 

history plays a key role in shaping assemblage compo-

sition, particularly through niche expansion, whereas 

contemporary environment contributes more to niche 

packing.

Our use of global and phyloregional pools reveals 

the broad role of evolutionary history in shaping global 

assemblage structure. Tropical biodiversity hotspots, 

including the highland tropical Andes (Jarzyna et al., 

2021), much of the central African tropics, and Indo- 

Malayan archipelago are densely packed compared to 

the global pool but not when compared to phyloregional 

faunas. In the same regions, variance follows global ex-

pectations but is higher than expected under the phylore-

gional null model. Such patterns would be expected if 

these hyper- diverse regions are both ‘museums’ where 

old species persist, and ‘cradles’ of diversity, where 

speciation rates are high (Gaston & Blackburn, 1996; 

Jablonski et al., 2006; McKenna & Farrell, 2006; Rolland 

et al., 2014). For instance, if morphological divergence is 

closely related to species age, surviving lineages will lead 

to greater morphospace volumes, and in addition, high 

numbers of closely- related young species will cause the 

denser packing of niche space in the tropics. In contrast, 

oceanic islands retain high density irrespective of the 

F I G U R E  5  The effect of species richness, assemblage evolutionary distinctiveness (sum of equal splits) SES, gross primary productivity 

(GPP), habitat heterogeneity (Shannon's index), and altitudinal range on morphological variance (sum of variances) SES [generated from global 

(a- e) and phyloregional species pools (f- j)], and on morphological density (mean nearest neighbour distance) SES (generated from global (k- o) 

and phyloregional species pools (p- t)). High values of morphological density represent high mean nearest neighbour distances and therefore 

low density. Low values of morphological density represent low mean nearest neighbour distances and so high density. All raw variables (i.e. 

non- SES) are on a log
10

 scale. The lines represent predicted relationships from the multiple predictor gls models, with solid lines representing 

significant predictors whereas dotted lines are non- significant. Colours correspond to each 25% data subset (Dataset A = green, B = orange, C 

= purple, and D = pink).

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

(p) (q) (r) (s) (t)
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species pool. Collectively these patterns imply a lasting 

imprint of distinct evolutionary and biogeographic his-

tories on assemblage structure.

Areas of the Northern temperate regions tend to be 

more densely packed than expected, mirroring find-

ings from smaller areas in the temperate lowlands using 

mostly categorical traits (Jarzyna et al., 2021). We also 

find a tendency for temperate assemblages to have higher 

morphological variance than expected under a global 

pool null model. Although it is difficult to directly infer 

the ecological drivers of community assembly using cell 

assemblage- based methods alone (Blanchet et al., 2020), 

our results hint that habitat filtering may contribute 

more to temperate, especially Northern Hemisphere re-

gions, in shaping assemblage structuring. The observed 

pattern can only arise if morphospace is occupied by 

clusters of morphologically similar species, but where 

these clusters are spaced apart from one another. This 

would lead to high density within clusters, and high vari-

ance (the clusters are spread out across morphospace). 

This observation fits previous findings that standardised 

mean distance to centroid (functional dispersion) is 

greatest for birds in temperate and polar biomes (Cooke 

et al., 2019). Communities in the temperate and polar 

regions contain many species that migrate south during 

the Northern winter, with the remaining species likely to 

possess combinations of traits that allow survival over 

the harsh winter months (e.g. ecological guilds such as 

granivores and scavengers: Carnicer & Díaz- Delgado, 

2008) leading to increased niche packing in these areas 

of morphospace.

The importance of evolutionary history for assem-

blage structure is further supported by our analyses of 

predictors of morphological diversity. Morphological di-

versity is expected to correlate strongly with species rich-

ness (Safi et al., 2011), as adding species must increase 

either volume or density. However, even after controlling 

for species richness using null models, we still find that 

species richness is a strong predictor of both morpholog-

ical density and volume. Compared to both global and 

phyloregional models, morphological volume increases 

with species richness, suggesting niche expansion, before 

plateauing at high levels of species richness. This leads to 

increasing functional redundancy in species- rich regions 

(Oliveira et al., 2016). In contrast, and only for global 

models, niche space is exceptionally densely packed in 

areas of high species richness. This implies that niche 

packing becomes dominant in hyper- diverse assem-

blages, and mirrors findings that the similarity of bird 

species functional roles is highest in species- rich areas 

(Cooke et al., 2019).

Alongside species richness effects, we also find that 

assemblages with greater than expected evolutionary 

distinctiveness have both high variance and lower den-

sity in morphological space. This is consistent with the 

expected link between phylogenetic diversity and mor-

phological diversity (Faith, 1992; Mazel et al., 2018; Safi 

et al., 2011) and suggests that niche expansion reflects 

phylogenetic history and the presence of more evolution-

arily distinct species in hyper- diverse assemblages. In 

contrast, the combined increase in density with richness 

but decline with evolutionary distinctiveness implies that 

the packing of species in hyper- diverse assemblages is not 

a reflection of time since divergence. Instead, density, 

but not volume, increases with productivity. We suggest 

that assemblage morphospace expansion is driven by 

the accumulation of evolutionarily old lineages whereas 

packing is potentially the result of stable and productive 

environments supporting morphologically similar and 

evolutionarily young species. However, we note that the 

effects of productivity on morphological diversity are 

comparatively weak and therefore this interpretation 

ought to be treated with caution.

In addition to evolutionary history and productivity, 

we find some support for the expectation that hetero-

geneous habitats contain more niches, and can support 

morphologically more similar species, than homogenous 

ones (Kerr et al., 2001; Rahbek & Graves, 2001). As al-

titudinal range increases, morphological density de-

creases and volume increases, as species fill more niches 

resulting in a peak at mid- altitudinal ranges. The subse-

quent decline of morphological volume and increasing 

morphological density as species cluster in trait space 

at high altitudinal ranges (i.e. mid- montane slopes), is 

likely attributable to the high richness (α- diversity) (e.g. 

Davies et al., 2007) and turnover (β- diversity) (Graham 

et al., 2009) of closely related species (Voskamp et al., 

2017), characteristic of such areas.

In our study, trait data were not available for all spe-

cies, and biases in sampling could exist both phylogeneti-

cally and spatially (Figures S1 and S3) (Etard et al., 2020). 

For instance, certain groups, particularly those with ric-

tal bristles or feathers obscuring the bill (e.g. nightjars 

and allies [Caprimulgiformes]), are under- represented 

because we were not able to obtain complete 3D bill 

scans. Globally, assemblages contain an average of 94% 

of species, with no assemblage containing less than 70% 

of species. Spatially, high richness areas are more likely 

to contain the greatest numbers of species with missing 

trait data, although these tend to be species from repre-

sented families with similar morphologies. We suggest, 

based on the phylogenetic (Figure S1) and spatial (Figure 

S3) structure of the missing data, that our analyses are 

unlikely to be strongly biased by missing data. We also 

suggest that the most likely impact of missing data is an 

underestimation of niche packing in high richness areas 

and a weaker relationship with productivity, although 

this is untested.

In conclusion, our work reveals novel insights into the 

structure and drivers of avian assemblages. We argue 

that evolutionary history plays a key role in shaping 

assemblage structure notably with evolutionarily old 

species contributing to niche expansion, and evolution-

arily young species contributing to niche packing in the 
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tropics. We further suggest that tropical niche packing is 

facilitated by high productivity and potentially, though 

not directly tested here, the long- term stability of the 

tropics.
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