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More than 25% of species assessed by the International Union for Conserva-
tion of Nature (IUCN) are threatened with extinction. Understanding how
environmental and biological processes have shaped genomic diversity
may inform management practices. Using 68 extant avian species, we
parsed the effects of habitat availability and life-history traits on genomic
diversity over time to provide a baseline for conservation efforts. We used
published whole-genome sequence data to estimate overall genomic diver-
sity as indicated by historical long-term effective population sizes (N.) and
current genomic variability (H), then used environmental niche modelling
to estimate Pleistocene habitat dynamics for each species. We found that
N. and H were positively correlated with habitat availability and related
to key life-history traits (body mass and diet), suggesting the latter contrib-
ute to the overall genomic variation. We found that H decreased with
increasing species extinction risk, suggesting that H may serve as a leading

indicator of demographic trends related to formal IUCN conservation status
in birds. Our analyses illustrate that genome-wide summary statistics esti-
mated from sequence data reflect meaningful ecological attributes relevant
Aves, 1UCN to species conservation.
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history, whole-genome sequencing, PSMC,
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1. Introduction

During the Anthropocene, an unprecedented rate of species extinctions has
occurred leading to what has been termed ‘the sixth mass extinction’ [1]. The
International Union for Conservation of Nature (IUCN) estimates that more
than 25% of assessed species are threatened with extinction [2]. Since the Indus-
trial Revolution, threatened species have experienced about 25% average
declines in population sizes and genetic diversity per species has declined 6%
[3]. These losses are of long-term conservation concern, as genomic diversity
forms the basis for the evolutionary potential of species and is essential for
species persistence [4-6]. Therefore, understanding how intrinsic (i.e. biologi-
cal) and extrinsic (i.e. environmental) factors have shaped genomic diversity
and why genomic diversity differs among species may provide insights for
future demographic trends. This information could be used in conservation
to identify species at risk of decline by integrating genetics or genomics in
IUCN Red List assessments [7-9].

Environmental changes have large effects on species” distribution and abun-
Electronic supplementary material is available dance [10]. Periodical retraction and expansion of habitat during the Pleistocene
online at https://doi.org/10.6084/m9.figshare. caused recurrent bottlenecks leading to a loss of genomic diversity [11,12],
.5672373. forcing species to migrate, adapt or go extinct [13,14]. These environmental
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changes varied in speed, duration and extent, generally
resulting in population declines during glacial periods and
population expansions during interglacial periods [15-18].
Understanding broad patterns between habitat and genomic
diversity is critical for conservation in a changing climate [11].
Recent advances in environmental niche modelling (ENM;
i.e. [19]) with the availability of global climate datasets for
multiple historical time periods (ie. [20]) have enabled
researchers to assess the availability of suitable habitat for
species under past climate conditions. Whole-genome
sequencing and coalescent-based approaches have facilitated
inferring effective population size through time based on a
single genome [21]. Combining these two approaches have
proved informative for explaining historic fluctuations in
genomic diversity for a range of species [18,22].

Life-history traits such as diet and body mass strongly
influence the genomic diversity of species [5,23,24]. For
instance, smaller bodied bird species are more threatened
by habitat loss and modification [25], whereas larger
bodied species are more at risk of extinction from direct
effects from humans [26]. Species at higher trophic levels
(e.g. carnivores) tend to have lower genomic diversity and
are more sensitive to environmental disturbances than
species at lower trophic levels (e.g. herbivores) [27-30]. There-
fore, including life-history information when assessing
species demographic trajectories and habitat availability
may provide a more complete picture of which factors
shape genomic diversity [17].

Herein, we examined how the extent of suitable habitat
and life-history traits have affected past and present genomic
diversity in 68 bird species. Birds are well suited for studying
effects of environmental change on genomic diversity as they
have colonized most of the world’s surface, adapted to a wide
range of niches [15,31,32], and exhibit remarkable variation in
life-history traits (e.g. diet and body size) [33,34]. We used
whole-genome sequencing data to infer historical effective
population size (N,) through time and estimated current het-
erozygosity (H). We used ENM to estimate suitable habitat
area for each species at multiple periods during the Pleisto-
cene. We predicted that N, and H would: (i) be positively
correlated with available habitat, (ii) decrease with increasing
body size, and (iii) decrease with increasing tropic level. We
further predicted that species categorized as threatened by
the IUCN Red List would have lower contemporary genomic
diversity (H) than non-threatened species. Our aim was that
the results would identify how different extrinsic (suitable
habitat) and intrinsic (diet, body size) factors impact genomic
diversity and may ultimately be used as a reference to inform
conservation.

2. Results and discussion

Our dataset included 68 avian species, representing 60
families and 41 orders. Dietary breadth was represented by
frugivores and/or nectarivores (12%), herbivores/granivores
(24%), insectivores (31%), carnivores (24%) and omnivores
(10%; electronic supplementary material, S1). Body mass
varied markedly among species with range: 4.40 g — 1.09
x10° g (mean=3407 g; electronic supplementary material,
S1). For each species, we used a single whole-genome
sequence assembly and its associated whole-genome sequen-
cing data to estimate genome-wide present-day H and to

reconstruct historical long-term N,. These metrics are comp-
lementary as H is the current proportion of heterozygous
genotypes in the sample and thus the standing genomic vari-
ation. N, corresponds to the size of an idealized population
that accumulates the same amount of genetic drift as the
population under study and is a function of the intrinsic
mutation rate and reflects historical demographic processes.
Contemporary H was estimated with ANGSD [35] and
varied among species with range 1.03x107*-9.23x107°
(mean 2.89x107°) (electronic supplementary material, S2).
Trajectories of changes in N, through time for all 68 species
were inferred using pairwise sequentially Markovian coalesc-
ent (PSMC) [21] (electronic supplementary material, S3). We
calculated mean N, for each species over the past 1 Myr,
which varied among species with range 1.01-7.60 x 10*
(mean 1.34 x 10°) (electronic supplementary material, S2). To
address our hypotheses that H and N, would be related to
suitable habitat and species traits, we used multiple regressions
fitted with phylogenetic generalized least squares to model H
and mean N, as functions of present-day conservation status,
one extrinsic factor (mean area of suitable habitat) and several
intrinsic factors (life-history traits) (electronic supplementary
material, S4). Estimated R? (the combined explanatory power
of all covariates included in a multiple regression model) was
0.45 for the model of H and 0.44 for the model of N.. Estimated
Pagel’s lambda (a measure of phylogenetic signal) was 0.51 for
the model of H and 0.54 for the model of N..

(a) Threatened bird species have lower genomic
diversity

The change to modern industrial production 200 years
ago led to extensive population declines for threatened
species and loss of genetic diversity across all IUCN Red
List groups [2]. We analysed the relationship between
genome-wide summary statistics estimates based on genomic
sequence data and contemporary conservation status
(figure 1). We found that Critically Endangered and Endan-
gered species had smaller H than Least Concern and Near-
Threatened species (both p<0.01). Similarly, Vulnerable
species had smaller H than Least Concern (p=0.04) and
Near-Threatened (p=0.02) species. By contrast, mean N,
was similar among Red List categories, except for a difference
between Least Concern and Near-Threatened species (p=
0.03). The stronger relationship between conservation status
and H, relative to conservation status and N, is probably
because H is a leading indicator of demographic change
that is a function of the breeding system, whereas Nk is a lag-
ging indicator based on the population mutation rate [36].
Because N.=6/4u when 6 corresponds to genetic diversity
and p to mutation rate [37], changes in N, between species
are largely driven by the mutation rate which is typically
on the order of 5 x 10~ per generation in birds [38]. By con-
trast, H responds more quickly than N.. If allele frequencies at
a locus are represented by p and ¢, and the inbreeding coeffi-
cient by F, in a randomly mating population, we would expect
H=2pg and with inbreeding (e.g. owing to a bottleneck)
expect H=2pq(1 - F) [39]. With equally frequent alleles, this
means that H could be 0.5 but is reduced to 0.25 in a single
generation with F=0.5 or to 0 if F = 1.0. Thus, we suggest con-
temporary H can benefit conservation status assessments by
quantifying evolutionary potential as well as providing key
insights into species listed as Data Deficient by IUCN. For
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Figure 1. Differences in heterozygosity (H) (a) and effective population size (Ne) (b) among IUCN threat categories based on estimates from separate multiple
regression models that also included effects of habitat area, diet and body mass. Coloured points and error bars represent model predictions and 95% confidence
intervals; raw data points are in grey. [UCN categories that do not share a letter are significantly different from each other based on post hoc Tukey’s honestly
significant difference tests. Drawings are example birds from each Red List category. Illustrated species are (top to bottom) crested ibis (Nipponia nippon), rhinoceros
hornbill (Buceros rhinoceros), Dalmatian pelican (Pelecanus crispus) and downy woodpecker (Picoides pubescens). (Online version in colour.)

instance, we found that 66% of species with H<9 x 10~* were
categorized by IUCN as Vulnerable or Endangered; thus, a
Data Deficient species with H below that threshold would
probably be of conservation concern even if detailed data on
its abundance or distribution were not available (e.g. a pre-
viously undescribed baleen whale species (Balaenoptera spp.
[40D).

(b) Genomic diversity is driven by habitat availability

over time

We used ENMs [19] to infer suitable habitat for each species
over the past 1 Myr and examined how the extent of past and
present suitable habitat was related to estimates of N, and H,
respectively (electronic supplementary material, S2 and S3).
We found a positive relationship between mean N, and
mean extent of suitable habitat for each species over the
past approximately 1 Myr (figure 2). This implies that species
with a historically greater mean area of suitable habitat also
tended to have an overall larger mean N.. Together, ENM
and N, analyses have proved informative for explaining his-
toric fluctuations in genomic diversity for a range of species
[18,22]. Researchers have identified correlations between
habitat availability and effective population size in bats [17]
and birds [16,41], but in megafauna [22], the responses
vary idiosyncratically with species without a clear pattern.
This suggests that habitat is not the only limiting factor for
N,, but rather acts in synergy with other factors, such as
life-history traits.

Habitat area is a main factor for species persistence [42]
and essential for maintaining viable populations [43,44]. We
found a positive relationship between the amount of present-
day suitable habitat and H (figure 2). This relationship was
expected as greater extents of suitable habitat can support
larger populations, which in turn can harbour more genomic
diversity [25,45]. The species studied here represent diverse
demographic trajectories. Some experienced multiple N,
reductions and expansions (e.g. great spotted kiwi (Apteryx

haasti), Anna’s hummingbird (Calypte anna) and red-legged
seriema (Cariama cristata)), whereas the demographic history
of other unrelated species experienced a more continuous
decline in N, (e.g. rhinoceros hornbill (Buceros rhinoceros),
white-tailed eagle (Haliaeetus albicilla) and crested ibis (Nippo-
nia nippon)) (figure 3; electronic supplementary material, S3).
The duration of the population reduction or expansion is
important for the rate of zygosity change. Whereas short bot-
tlenecks have little effect on heterozygosity [46], recurrent
bottlenecks can lead to genomic erosion [47]. Our results illus-
trate that comparing point estimates (i.e. current H and current
available habitat) is informative for assessing species viability
and may complement temporal sampling of H and available
habitat when detecting recent changes [48].

(c) Life-history traits are determinants of genomic
diversity

Life-history traits shape species genomic diversity and we can
make predictions about a species level of genomic diversity
based on these traits (e.g. body mass, diet, fecundity and
generation turnover) [49]. We expected life-history traits to
impact short- and long-term genomic diversity as they
probably remained relatively constant over the past approxi-
mately 1 Myr. We measured correlation between N, and H
with body mass, and diet. Body mass was negatively corre-
lated with N, and H (figure 4), confirming and extending
earlier work [5,25,49-52]. Diet also had a significant effect on
genomic diversity, with carnivores/scavengers on average
having the lowest N, and H, and herbivores/granivores the
highest (figure 4). Of the life-history traits we considered, the
effects of diet on genomic diversity were generally the largest
(electronic supplementary material, S4). Carnivores normally
live at lower population densities than non-carnivores and
their specialized diet is typically less abundant than generalist
omnivores. Overall, our life-history trait results suggest that
when assessing species genomic variation, using species of
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Figure 2. Effect of suitable habitat area on heterozygosity (H) (a) and effective population size (N.) (b) per species based on output from separate multiple
regression models that also included effects of IUCN threat category, diet and body mass. Lines and shaded regions represent model predictions and 95% confidence
intervals; raw data points are in grey. Drawings show examples of bird species with suitable habitat area near the minimum and maximum observed. lllustrated
species are (left to right) medium ground finch (Geospiza fortis), barn owl (Tyto alba) and little egret (Egretta garzetta). (Online version in colour.)

similar body mass and diet as reference provide context for
assessing levels of genomic diversity.

(d) Genomics as a conservation tool

Our study adds to the growing body of evidence which indi-
cates that parameter estimates derived from whole-genome
DNA sequence data can add a key aspect of biological diver-
sity to holistic conservation assessments. Several parameters
have been proposed as tools for conservation assessment
(i.e. temporal sampling of current and past diversity [48], esti-
mates of genomic load [53], runs of homozygosity [51,54],
functional genomic variation [55]), and there are ongoing
efforts to identify the most applicable genomic diversity
measure(s). We do not suggest that conventional metrics
(e.g. reproductive rate, demographic trends, conventional
genetic markers, etc.) should be abandoned, but that
genome-wide summary statistics provide a valuable contri-
bution that captures key evolutionary and ecological
attributes. For example, our results illustrate that based on
estimates of current genomic diversity (H) one can make
predictions about the Red List status (i.e. Threatened or
Non-Threatened) of a species. This may be especially impor-
tant for Data Deficient or newly discovered species that lack
demographic data. As genomic data becomes increasingly
available, we suggest there is no reason other than historical
inertia to omit them from conservation decisions whether by
international, national or local authorities.

3. Material and methods

(a) Samples and mapping of sequence data

We downloaded paired-end (PE) reads and genome assemblies
for 68 bird species from EMBL-EBI and NCBI (electronic
supplementary material, S5). All reads were processed with
TRIMGALORE [56], which removes adaptor sequences and trims
consecutive stretches of low-quality bases from the ends of the
reads. Fastqc [57] was used to generate summary statistics for
the reads and check that adaptor sequences were removed.

Genome assemblies were indexed with BWA v. 0.7.15 using the
‘bwtsw’ function and reads mapped using the ‘mem’ function
using default settings [58]. Validation of sam files and duplicate
marking of bam files were done with Picarp-TooLs v. 2.9.0
(http://picard.sourceforge.net.). SamrooLs v. 1.4 was employed
throughout for merging of bam files, estimation of depth of cov-
erage (DOC), and to check that the PE insert sizes were large
enough that there was no overlap between read pairs [59].
Local realignment and duplicate reads removal were carried
out with GATK v. 3.8.0 [60].

We used RePEATMASKER V. 4.0.7 [61] to mask repeated regions
in the genome assemblies using the chicken as a reference.
GENMAP [62] was used to estimate mappability for each region
using kmer 100 allowing for two errors. Regions with repeats,
with mappability less than 1, and scaffolds shorter than
10kb in length were excluded from downstream analyses
(electronic supplementary material, S6). Identifying sex-linked
chromosomes in scaffold-level assemblies is difficult and popu-
lation-level data is often required to obtain robust results [63].
For consistency across species, we retained all scaffolds for all
species. BeprooLs v. 2.29.0 [64] were used throughout for
manipulating bed files.

(b) Heterozygosity and effective population size

For each species, we quantified genome-wide heterozygosity (H)
based on the site frequency spectrum using ANGSD [35]. This H
measures the proportion of heterozygous genotypes divided by
the genome size while excluding sites of low quality. We used
filters on the base quality score (-minQ 20), minimum mapping
quality (-minMapQ 30) and mapping depth (d) setting minimum
mapping depth to one-third of the mean total mapping depth
(-setMinDepth d/3), and maximum mapping to double (-set-
MaxDepth d*2) the mean total mapping depth. We traced
historical effective population size (N,) changes through time
using PSMC [21]. This method models coalescent events between
haplotypes in a single genome to infer demographic trajectories.
The PSMC timescale is determined by the generation time so the
timespan surveyed will be more recent for short-lived species
than for long-lived species. The method was originally devel-
oped for chromosome level sequences [21], but has been shown
to provide robust estimates for scaffold-level genome assemblies
[41,65]. Furthermore, PSMC produces similar shaped trajectories
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Figure 3. Comparison of effective population size (N,) trajectories over time with maps of suitable habitat area over the past approximately 1 Myr for two avian
species (American crow (Corvus brachyrhynchos), (a,c), and rhinoceros hornbill (Buceros rhinoceros), (b,d)). N, trajectories (dark orange lines) were obtained using
PSMC and normalized by dividing all values by the maximum value. Light orange lines represent bootstrap PSMC replicates. Coloured vertical bars on the trajectories
correspond to the four historical time periods represented in the maps, which have corresponding coloured borders. Estimates of past suitable habitat were obtained
using ENM. Note that the PSMC parametrization (e.g. generation time, substitution rate) will shift the N, trajectories vertically, and that recent estimates of N, from
PSMC tend to be noisy (i.e. there is more variance in N, in shallow time) owing to fewer coalescent events. See the electronic supplementary material, S3 for similar

plots for all 68 species analysed in this paper. (Online version in colour.)

when including/excluding sex chromosome scaffolds [18,66],
although including sex chromosomes may lead to a slight
underestimation of N, [4]

We used SamrooLs to estimate mean DOC of the bam file and
sites with less than 1/3x or greater than 2x the average DOC and
with a root-mean-square less than 25 were culled. Bcrroors [67]
were used to call single nucleotide polymorphisms and vcfutils.pl
were used to convert the variant call format to masked fasta
format. After exploring different PSMC parameter settings, we
used the following —t5 -5 —p 4+ 30*2 + 4 + 6 + 10". Here ¢ cor-
responds to the upper limit for the most recent common ancestor, r
is the ratio of the scaled mutation rate () and the recombination
rate (p), and p is the atomic time interval parameter that specifies
the population size parameters. The first population size par-
ameter spans four (4+25*2+4+6+10) atomic time intervals,
each of the next 25 parameters (4 +25*2+4+ 6+ 10) span two
atomic time intervals, while the last three parameters span four,
six and 10 (4 +25*2 +4 + 6 + 10) atomic time intervals. We used
a minimum DOC of 10x [41] and a max DOC of 2x the mean
DOC as suggested by https://github.com/lh3/psmc, and
checked that greater than or equal to 10 recombination events
took place in each interval after the twentieth iteration [21]. For
each species, we performed 30 bootstraps.

To convert PSMC trajectories from generations to years, we
used estimates of generation time (g) as twice the age of sexual
maturity (electronic supplementary material, S1), which is posi-
tively associated with age-specific rates of reproductive output
and survival in birds [68]. Estimations of avian mutation rates
have been described earlier [15,31] using 8295 orthologues
regions and the corresponding coding sequences alignments.
We used these rates as priors for y in our analyses. Comparative

nuclear sequence data from birds have shown that within-clade
substitution rates are more similar than among-clade substitution
rates [69-71]. Thus, where a species-specific 4 was unavailable,
we used the mean y for each order as a proxy for substitution
rate for all species within that order. For orders not represented
in Nadachowska-Brzyska [15], we used p from the closest
relative(s) order based on a phylogeny constructed with TIMETREE
[72] (electronic supplementary material, S7). If there were no
records of the species in TIMETREE, we used the mean of the
genus as a proxy for generation time (electronic supplementary
material, S8).

After obtaining PSMC trajectories, we calculated mean N for
each species over the entire time period (approximately 1 Myr).
Owing to a lower number of coalescent events very recent esti-
mates of N, from PSMC tend to be noisy, indicated by fewer
changes in N, over time. Therefore, following Leroy et al. [73],
we excluded the four most recent timepoints of N, for each
species when calculating the mean estimate to increase reliability.
Note that we show the complete PSMC trajectories (i.e. without
excluding the most recent four timepoints) in figure 3 and the
electronic supplementary material, S3.

() Environmental niche modelling

To assess how past changes in N, were influenced by available
habitat, we developed ENMs for the breeding and/or year-
round range of each species. First, we obtained presence data
for each species from the Global Biodiversity Information Facility
(www.gbif.org), which maintains a database of species occur-
rences from multiple sources including eBird [74,75]. We
downloaded up to 10 000 georeferenced records for each species
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Figure 4. Effect of life-history traits on heterozygosity (H) and mean effective population size (N,) based on output from separate multiple regression models that
also included effects of IUCN threat category and habitat area; (a,b) shows the relationship between body mass and H or N,; lines and shaded regions represent
model predictions and 95% confidence intervals (Cls). lllustrated species are (left to right) rifleman (Acanthisitta chloris), common ostrich (Struthio camelus), Anna'’s
hummingbird (Calypte anna) and Dalmatian pelican (Pelecanus crispus); (c,d) shows the relationship between diet and H/N,; coloured points and error bars represent
model predictions with 95% Cls. Categories that do not share a letter are significantly different (p < 0.05) from each other based on post hoc Tukey’s honestly
significant difference tests. In all plots, raw data points are shown in grey. Drawings show examples of bird species with body mass near the minimum and
maximum observed and from each Red List category. lllustrated species are (top to bottom) rock dove (Columba livia), American crow (Corvus brachyrhynchos),
chimney swift (Chaetura pelagica), Anna’s hummingbird (Calypte anna) and peregrine falcon (Falco peregrinus). (Online version in colour.)

using the R package ‘rgbif’ [76]. We excluded records that
occurred outside the breeding or year-round range of the species,
based on distribution maps provided by BirdLife International
[77]. If there were more than 3000 remaining records, we sub-
sampled the records to 3000; otherwise, we kept all of them.
Species with fewer than 15 records available were excluded
from further analysis. Of the included species, 84% (57 out of
68) had more than 50 available records and the average
number of records per species was 1549.

We obtained present-day rasters for 19 bioclimatic variables
(e.g. annual mean temperature, annual precipitation) from
WorldClim [20]. These rasters span the entire globe at 2.5 min
resolution. We cropped the rasters to the occurrence records for
a species and added a buffer of 10 degrees latitude and longi-
tude. We performed principal component analysis on the 19
variables after normalizing each and used the top six principal
components for modelling [17]. Using the occurrence records
and principal components derived from the bioclimatic vari-
ables, we fitted a suite of ENMs for each species using MAXENT
[78] via the R [79] package ENMeval [80]. We fitted models
with all combinations of linear, quadratic and product feature
classes and three possible regularization multipliers: 1, 2 and
5. We used 10000 random background points for each model.
Model fit was evaluated using a random k-fold approach with
fourfolds. We selected the model with the lowest Akaike

information criterion with a correction for small sample sizes
for further analysis [81].

Using our fitted top model, we generated predicted species
distributions for four past climate scenarios. For these predic-
tions, we used rasters of the same 19 bioclimatic variables at
2.5min resolution for the early Holocene period (11.7-
8.326 ka; [82]) obtained from the PaleoClim database [83], and
for the last glacial maximum (22ka) and last interglacial
period (120-140 ka; [84]) from WorldClim [20]. We also gener-
ated a prediction using climate data from the marine isotope
stage 19 interglaciation (MIS19; 787 ka; [83]). However, a
subset of the bioclimatic variables (1=5) were not available
for this time period. Thus, we fitted a separate MAXENT model
with the same procedure using only the bioclimatic variables
in the present-day climate data that were available for the
MIS19 period and used the new model to predict distributions
for this time period. Finally, for each past map of species distri-
butions, we calculated the area of suitable habitat as the area of
all raster cells (adjusted for cell areas varying with latitude).
Suitable habitat was defined as a raster cell with a predicted
probability greater than or equal to 0.36 [17]. In addition to
period-specific estimates of suitable habitat, we also calculated
an overall mean estimate of past suitable habitat for each species
as the average of suitable habitat in the four periods (electronic
supplementary material, S3).
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Average body mass for each species was obtained from the
Amniote life-history database [33]. Dietary breadth (e.g. diet
and foraging habitat specificity) were obtained from the Elton-
Traits 1.0 database [34]. IUCN Red List status was obtained
from the Bird Life database (accessed 15 March 2019). We
supplemented missing data from Bird Life or the Audubon
field guide (www.audubon.org).

Our objective was to determine the effects of suitable habitat, life-
history traits and conservation status on two metrics: a present-
day metric of diversity (heterozygosity, H) and a summary
metric of diversity in the past (mean effective population size,
N,). For each of the two response variables (H and N,), we
fitted a single multiple regression model that included all covari-
ates of interest. We fitted multiple regression models rather than
a series of univariate regressions or tests because we wanted to
identify the effects of a given covariate while controlling for all
the others. We fitted a single global model for each response vari-
able, rather than a model selection procedure, because we were
interested in the individual effects of each covariate on the
response variables, and not on identifying the most parsimo-
nious model.

In both cases, the response variable was log-transformed
prior to analysis. Species-specific covariates for each of the two
multiple regressions included diet (vertebrates/fish/scavenger,
invertebrates, fruit/nectar, plants/seeds and omnivorous),
body mass, IUCN conservation status (Least Concern, Near-
Threatened, Vulnerable, or Endangered/Critically Endangered)
and amount of suitable habitat based on ENMs (present-day
suitable habitat for H and mean of past suitable habitat for N,).

Parameter estimates were considered to be statistically significant
when p<0.05 based on Wald tests. Each multiple regression
model was fitted using phylogenetic generalized least squares
(PGLS) in order to incorporate phylogenetic relationships
among species. We used a phylogeny obtained from TIMETREE
for PGLS. Regression analyses were conducted in R (R Core
Team 2019) using package ‘nlme’ [85] and listed in https://
github.com/AnnaBrunicheOlsen/GenomicDiversityBirds.

All data were downloaded from EMBL-EBI and NCBI
and accessed on 10 October 2019. The genome assembly IDs and indi-
vidual short read archives for each species are listed in the electronic
supplementary material, S5 [86]. Species occurrence data used in
developing ENMs were downloaded from the Global Biodiversity
Information Facility (GBIF) in October 2019. Scripts are available at
https:// github.com/AnnaBrunicheOlsen/GenomicDiversityBirds.
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