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Abstract

Taxon-specific characteristics and extrinsic climatic and geological forces may both shape population differentiation and speci-
ation. In geographically and taxonomically focused investigations, differentiation may occur synchronously as species respond
to the same external conditions. Conversely, when evolution is investigated in taxa with largely varying traits, population
differentiation and speciation is complex and shaped by interactions of Earth’s template and species-specific traits. As such,
it is important to characterize evolutionary histories broadly across the tree of life, especially in geographic regions that are
exceptionally diverse and under pressures from human activities such as in biodiversity hotspots. Here, using whole-genome
sequencing data, we characterize genomic variation in populations of six Ethiopian Highlands forest bird species separated by a
lowland biogeographic barrier, the Great Rift Valley (GRV). In all six species, populations on either side of the GRV exhibited
significant but varying levels of genetic differentiation. Species’ dispersal ability was negatively correlated with levels of popu-
lation differentiation. Isolation with migration models indicated varied patterns of population differentiation and connectivity
among populations of the focal species. We found that demographic histories—estimated for each individual—varied by both
species and population but were consistent between individuals of the same species and sampling region. We found that genomic
diversity varied by half an order of magnitude across species, and that this variation could largely be explained by the harmonic
mean of effective population size over the past 200,000 years. Overall, we found that even in highly dispersive species like birds,
the GRV acts as a substantial biogeographic barrier.

INTRODUCTION

Population differentiation and speciation is a complex process that depends on species-specific factors as well
as extrinsic landscape processes. An ongoing question in evolutionary biology is whether taxa differentiate in
communities in response to extrinsic forces—for example, geographic or climatic change—or in species-specific
manners based on their intrinsic characteristics such as physiological thermal tolerance or dispersal ability. In
speciation scenarios dominated by geologic or climatic change, entire communities may differentiate in pulses
synchronous with the changes in the Earth’s template (e.g., Barber & Klicka, 2010; Musher et al., 2019;
O’Connell et al., 2018). In contrast, when communities have species that vary in dispersal ability, niche
breadth, or population history, diversification may be asynchronous across taxa based on those species’
intrinsic characteristics (e.g., Naka & Brumfield, 2018; Oswald et al., 2017; Papadopoulou et al., 2009).

In well-studied geographic regions, it has become clear that with increasing taxonomic scope, a combination
of both synchronous and asynchronous diversification arises that depends on the taxonomic and temporal
breadth of study (Shafer et al., 2010; Smith et al., 2014). These results demonstrate the need for sampling
multiple taxonomic groups, with a range of intrinsic characteristics and histories, to best understand the
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drivers of diversification in different geographic contexts. This work is arguably most needed in biodiversity
hotspots, the regions of the world that are richest in diversity while simultaneously most at risk due to
human activities (Myers et al., 2000; Zachos & Habel, 2011). Not only are these regions some of the richest
in biodiversity on our planet, but undescribed biodiversity—especially species and genetic diversity—is often
concentrated in these regions (Hamilton et al., 2010; Miraldo et al., 2016; Mora et al., 2011).

The Horn of Africa biodiversity hotspot is rich in species (Friis et al., 2001; Largen & Spawls, 2010; Yalden
& Largen, 1992), landscape perturbation (Dessie & Kleman, 2007; Zeleke & Hurni, 2001), and elevational
heterogeneity; a majority of the topographic complexity is found in Ethiopia, with elevations ranging from
more than a hundred meters below sea level in the Danakil Depression to greater than 4500 meters above
sea level in the Simien Mountains (Fig. 1). The Ethiopian Highlands are a largely continuous region of
tropical high elevation habitats with major lowland biogeographic barriers including the Great Rift Valley
(GRV) and the Blue Nile Valley (Fig. 1). Both the Blue Nile Valley and the GRV are part of the large East
African rift system (Frisch, Meschede, & Blakey, 2010). These lowland biogeographic barriers have shaped
geographic population structure in a variety of montane species, including mammals, frogs, and plants (Belay
& Mori, 2006; Bryja et al., 2018; Evans et al., 2011; Freilich et al., 2016; Gottelli et al., 2004; Kebede et al.,
2007; Manthey et al., 2017; Reyes-Velasco et al., 2018; Reyes-Velasco et al., 2018; Silvestrini et al., 2007; P.
J. Taylor et al., 2011).

Birds are often assumed to be good dispersers, making them a good focal taxon to identify whether the GRV
is a significant biogeographic barrier for relatively highly dispersive species. Despite the general assumptions
of bird dispersal ability due to flight, tropical birds—especially those that are non-migratory—may not always
disperse long distances. For example, rivers have been shown to be long-term dispersal barriers in Amazonian
birds (Naka & Brumfield, 2018). Additionally, isolated sky islands in other regions of the East African rift
system have promoted diversification in some avian taxa, suggesting at least some montane birds have limited
dispersal across lowland biogeographic barriers (Habel et al., 2015). These patterns suggest that even in
birds, species-specific diversification patterns may exist due to intrinsic characteristics of each species such
as dispersal ability.

What remains lacking are studies of comparative population structure in Ethiopian montane birds; to date,
there have been no studies investigating phylogeographic or population genetic patterns in this diverse
community. To help fill this gap, we used a comparative framework to study the effects of the GRV on
population genetic differentiation in montane forest birds of the Ethiopian Highlands. We included six
bird species in this study: Cossypha semirufa(Rüppell’s Robin-chat), Crithagra tristriata (Brown-rumped
Seedeater), Melaenornis chocolatinus (Abyssinian Slaty Flycatcher), Sylvia galinieri (Abyssinian Catbird),
Turdus abyssinicus (Abyssinian Thrush), and Zosterops poliogastrus(Ethiopian White-eye) (Table 1). We
chose these species for several reasons, as they are all (1) highland forest species in Ethiopia, (2) relatively
common where found locally, and (3) endemic to Ethiopia or the Horn of Africa region. These six bird
species are associated with various types of forests and woodlands, including forest edge, and they can
often be found in the same communities; indeed, we observed and captured all species for this study in
the same general sampling areas (Fig. 1). However, some of these species have different habitat associations
and minimum elevational affinities (Fig. 2). For example, the Abyssinian Catbird and Rüppell’s Robin-
chat often preferJuniperus and Podocarpus forests, the Abyssinian Thrush and Brown-rumped Seedeater
are occasionally found in highland scrub habitat, and the Abyssinian Slaty Flycatcher is often found near
woodland streams (Clement, 2020; Collar, 2020; Collar & Robson, 2021; del Hoyo, Collar, & Kirwan, 2020;
B. Taylor, 2020; van Balen et al., 2020). In addition to differential habitat preferences, the species studied
here have different wing shapes as measured by the hand-wing index (HWI; Table 1) (Claramunt et al., 2011;
Kipp, 1959). Because the HWI is positively correlated with dispersal ability in birds, we may expect species
with higher HWI, such as the Abyssinian Thrush and Ethiopian White-eye, to have maintained relatively
higher population connectivity relative to other species studied here.

We used genome resequencing data to estimate genomic diversity and differentiation, timing of diversification,
and demographic histories for these six bird species on either side of the GRV. We then tested whether species-
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. specific characteristics, including dispersal ability and demographic history, could explain the comparative
patterns of population genomic diversity and differentiation.

METHODS

Fieldwork and sampling

We went on two expeditions in 2016 and 2017 to acquire genetic samples from populations of several bird
species on both sides of the Great Rift Valley (GRV) (Fig. 1). We mist-netted birds and sampled: (1) blood,
(2) wing measurements, and (3) photographs of each individual. All fieldwork was done in accordance with
NYU IACUC accepted procedures (IACUC Protocol Number 15-00002A1 to SB) and permissions from the
Ethiopian Wildlife Conservation Authority and the Oromia Forest and Wildlife Enterprise. For this study,
we included six species from which we captured individuals on both sides of the GRV (Table 1). Of note, we
were limited to three samples per species per region because of permitting regulations.

We sampled a total of [?] 20 μL of blood from each individual for genomic resources. As a proxy for
dispersal ability, we took measurements of the (1) wrist to tip of longest primary and (2) length of first
secondary feather to calculate the hand-wing index (HWI) for each individual (Claramunt et al., 2011; Kipp,
1959). Lastly, we took profile photographs of each bird. Information of genetic samples, bird photos, locality
information, and habitat photos are accessioned at the University of Kansas Biodiversity Institute, with
much of the information presented in Table S1.

Population genomic resequencing, data processing, and genotyping

Sequencing. We resequenced a total of 30 individuals from two populations each of six montane bird species
from the Ethiopian Highlands (Fig. 1, Table 1, Table S1). We extracted genomic DNA from blood samples
using QIAGEN (Hilden, Germany) DNeasy blood and tissue kits following manufacturer guidelines. Genomic
DNA extractions were sent to the Oklahoma Medical Research Foundation (OMRF) Clinical Genomics
Center for standard Illumina shotgun sequencing library creation and subsequent sequencing on either an
Illumina HiSeq3500 or NovaSeq6000. Samples were multiplexed on flow cells with other libraries from
unrelated projects, with the goal to obtain ˜8-25x mean genomic sequencing coverage. We were able to aim
for similar sequencing coverage across samples because avian genomes tend to have very similar sizes (˜1.2
Gbp).

Filtering and Genotyping. We used the bbduk.sh script of the bbmap package (Bushnell, 2014) to trim
adapters and quality filter raw sequencing data. We used BWA (Li & Durbin, 2009) with the BWA-MEM
command to align filtered reads to a reference genome. Here, we used the Zebra Finch (Taeniopygia guttata
) genome (Warren et al., 2010) as a reference for aligning reads and genotyping. This is possible as all
birds in this study are in the same order Passeriformes, and most of the genome is similar enough to the
species studied here so as to align reads (Fig. S1). In addition, because synteny is well conserved in birds
(Derjusheva et al., 2004; Griffin et al., 2008), analyses relying on haplotype structure should not be strongly
biased. Despite being able to align most regions of the genome (˜76% to 86% in each individual; Table
S1), some regions may not be aligned between our focal species and the reference genome due to (1) poorly
assembled regions of the reference, (2) regions evolving quickly in the Zebra Finch or our focal species studied
here, or (3) hard to align regions such as non-unique regions of the genome (e.g, repetitive elements, etc.).

We used samtools v1.4.1 (Li et al., 2009) to convert the BWA output SAM file to BAM format, and
lastly cleaned, sorted, added read groups to, and removed duplicates from each BAM file using the Genome
Analysis Toolkit (GATK) v4.1.0.0 (McKenna et al., 2010). We then used GATK’s functions HaplotypeCaller
and GenotypeGVCFs to group genotype each species’ individuals together for both variant and invariant
sites. Here, we limited analyses to chromosomes with a 1 Mbp minimum size. We measured the distribution
of sequencing coverage using the samtools ‘depth’ command (Fig. S1).

We used VCFtools v0.1.14 (Danecek et al., 2011) to initially filter all variant and invariant site calls using
the following restrictions: (1) minimum site quality of 20, (2) minimum genotype quality of 20, (3) minimum
depth of coverage of 6, (4) maximum mean depth of coverage of 50, and (5) indel removal.
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. Mitochondrial Genomes. We assembled complete mitochondrial genomes for each individual and uploaded
them to GenBank as a resource for the research community. Briefly, we extracted potential mitochondrial
reads from the raw FASTQ data using the bbsplit.sh script from the BBMap package (Bushnell, 2014) and
several songbird mitogenomes as references. We used these putative mtDNA reads in Geneious (BioMatters
Ltd.) to assemble mitogenomes. We then used the Geneious “Live Annotate” feature with the reference
songbird mitogenomes to annotate the new assemblies. All assemblies are accessioned on NCBI’s GenBank:
MT017889- MT017917. To visualize mtDNA structure, we created a median joining network of the NADH
Dehydrogenase Subunit 2 (ND2) gene for each species using PopART (Bandelt, Forster, & Röhl, 1999; Leigh
& Bryant, 2015).

Population genomics

Diversity and differentiation. We estimated summary statistics in 500 kbp sliding, non-overlapping windows
along the genome. We chose this window size to ensure we obtained a large number of variable sites per
window, given the small sample sizes per taxon. Differentiation and divergence statistics (FST and DXY)
were calculated separately for each species, and only sites with no missing genotypes within a species were
used. Heterozygosity was measured for all genotyped sites passing filters per individual. We used custom R
scripts to measure observed heterozygosity for each individual and two measures of genetic differentiation
(FST and DXY) between populations on either side of the GRV. We used the Reich and colleagues (2009)
estimator of FST because this has been shown to be an unbiased FST estimator when using low sample sizes
(e.g., two or more chromosomes per population) and high numbers of genetic markers (Willing, Dreyer, &
Van Oosterhout, 2012). We calculated both FST and DXY to measure how they covary across the genome,
as well as have measures of genetic differentiation that both do (FST) and do not (DXY) rely on within
population genetic diversity. If the genomes of differentiating populations are largely under the influence of
linked selection, we would expect a genome-wide negative relationship between FST and DXY. In contrast,
if differentiating populations exhibit gene flow across most of their genomes, with restricted gene flow in
only small genomic regions (e.g., genomic islands of differentiation), we would expect a genome-wide positive
relationship between FST and DXY.

Population genetic structure. We estimated population genetic structure with an a priori assumption of two
populations using the program STRUCTURE (Pritchard, Stephens, & Donnelly, 2000). Here, our goal was
to assess whether we could identify distinct population clusters with individuals segregating on either side
of the GRV despite largely different levels of genetic differentiation between populations in different species
(see RESULTS; Table 1). We limited SNPs for each species to those that were separated by a minimum of 20
kbp to reduce effects of linkage as well as reduce computation time. This resulted in 42,542 to 49,443 SNPs
per species. We initially ran STRUCTURE to infer the lambda parameter while estimating the likelihood of
one population (k = 1) (Pritchard et al., 2000). We then used the inferred value of lambda for subsequent
analyses, where we performed five replicates of likelihood estimation for two genetic clusters. We assumed
correlated allele frequencies, an admixture model, and performed analyses for a burn-in of 100,000 steps and
a subsequent 500,000 MCMC iterations.

Phylogenomics. We estimated phylogenies for all the individuals combined to (1) identify phylogenetic splits
between populations separated by the GRV and (2) analyze trait data (e.g., HWI, genetic diversity) in the
context of phylogenetic independent contrasts (PICs). Here, we estimated gene trees from non-overlapping
100 kbp alignments using RAxML v8.2.12 (Stamatakis, 2014) with the GTRCAT model of sequence evolu-
tion. For sites to be included, we required 80% of all individuals to be genotyped at that site and included
only invariant and biallelic sites. For an alignment’s inclusion, it needed at least 10 kbp retained sites. We
created a consensus tree from the gene trees using the sumtrees.py script, part of the DendroPy Python
package (Sukumaran & Holder, 2010), for use in calculating PICs. PICs are used to estimate correlations
among traits while accounting for evolutionary history of the samples (i.e., because sampled lineages are
not independent from one another). The PIC method assumes Brownian motion of trait evolution, and
transforms the sampled data (i.e., at the tips of the phylogeny) into statistically independent contrasts that
may be used in regressions (Felsenstein, 1985). We estimated PICs in the R package ape (Paradis, Claude,
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. & Strimmer, 2004). We estimated a species tree using ASTRAL III v 5.6.3 (Zhang et al., 2018), using the
quartet frequencies as a measure of local support (Sayyari & Mirarab, 2016).

Demography. We used the program MSMC2 v1.1.0 (Schiffels & Durbin, 2014) to estimate demographic
history for each individual. MSMC uses information about the spatial arrangement of variant sites within an
individual’s two chromosomes using a modified version of the Pairwise Sequentially Markovian Coalescent
(PSMC). We masked regions of the genome that were not genotyped, as MSMC would otherwise mistake
these regions as runs of homozygosity. Of note, the MSMC method is accurate in panmictic populations,
but the presence of population structure or changes in connectivity between populations through time may
mimic changes in population sizes (Chikhi et al., 2018; Mazet et al., 2016). Therefore, some caution should
be used when interpreting the demographic histories. We ran MSMC for each individual allowing up to 20
iterations (default setting), and up to 23 inferred distinct time segments. To determine the number of time
segments to use, we ran preliminary MSMC runs with the default number of time segments (n = 28), and
decreased that number in subsequent runs until spurious results and model overfitting were diminished. For
example, we merged some recent time segments to prevent overfitting in the most recent (e.g., past 50 kya)
and very old times, as these would sometimes have spurious jumps in population sizes to unrealistically
high values of NE(e.g., many millions). To assess how signal may vary using different parts of the genome,
we performed ten bootstrap replicates for each individual, bootstrapping 1 Mbp segments of the genome.
Here, we chose to run MSMC for each individual rather than aggregating data from individuals for several
reasons: (1) we have low to moderate sequencing coverage for each of the samples, and masking low coverage
regions across multiple individuals drastically decreases the amount of the genome sampled, (2) to reduce
the impacts of uneven sample sizes per population and/or species, and (3) with demographic results for each
individual we can assess consistency across individuals within species and populations.

The output of MSMC is presented in terms of a species’ generation times and mutation rate. As such, the
observed demographic patterns are reliant on accurate estimates of both these parameters. In the species
studied here, there are no published estimates of generation times. As such we used a proxy used previously
in the literature, where we use a conservative generation time of double the age of sexual maturity in
closely-related species (Nadachowska-Brzyska et al., 2015). We estimated the age of sexual maturity for
each species by finding closely-related species (same genus or closely-related genus) using the Animal Aging
and Longevity Database (Tacutu et al., 2017) (available here: genomics.senescence.info/species). We discuss
caveats associated with assumed generation times in the RESULTS section.

Because no estimates for rates of molecular evolution exist for any of the species in this study, we estimated
substitution rates for each species included here. To do this, we extracted coding regions of the Zebra Finch
genome that were genotyped in at least one individual from each species included in this study using the
BEDtools v2.27.1 (Quinlan & Hall, 2010) intersect command, with the Zebra Finch CDS regions and the
GATK vcf outputs as input for BEDtools. We filtered any CDS regions that included the same start codon
to remove overlapping alignments. Any null alleles or missing data in alignments were replaced with Ns and
only alignments that included a minimum of 95% of the coding region were included for further analysis. Any
codons including Ns were removed from the alignments. Lastly, we extracted all four-fold degenerate sites
and concatenated them into a single alignment using the R packages Biostrings, seqinr, and rphast (Charif
& Lobry, 2007; Hubisz, Pollard, & Siepel, 2010; Pagès et al., 2017). The final alignment included a total of
496,080 sites. From this alignment, we estimated a model of sequence evolution using jModelTest (Darriba
et al., 2012) and chose a best-fitting model with the Akaike Information Criterion (best model = GTR +
I + G). Next, we estimated a phylogeny using maximum likelihood with the program PhyML (Guindon et
al., 2010).

We used the branch lengths of the resulting phylogeny to estimate substitution rates for each taxon. Here, we
used split times for each of the respective genera from a fossil-calibrated phylogenetic tree of Passeriformes
(Oliveros et al., 2019), where we could put the amount of evolution on each branch in our four-fold degenerate
sites phylogeny in the context of time. All of the rates calculated here ranged between 2.06 × 10-9 and 2.30
× 10-9substitutions / site / year (Table 1) and are similar to other Passeriformes species such as the Zebra
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. Finch (2.21 × 10-9 substitutions / site / year) (Nam et al., 2010). These mutation rate estimates assume that
birds in the same genera do not have greatly differing terminal branch lengths, as this would erroneously
either increase or decrease mutation rates. Regardless, these rates are similar to those estimated in other
Passeriformes species, and even with some error, we expect these estimates to be broadly appropriate for
general interpretations of demographic histories.

Population divergence and connectivity through time.

To estimate population divergence and connectivity through time, we used the program MSMC-IM (Wang et
al., 2020). MSMC-IM uses output from MSMC (Schiffels & Durbin, 2014) to fit an isolation with migration
model to coalescent rates estimated within and among two populations (Wang et al., 2020). We performed
MSMC-IM analyses separately for each species. We initially tried to run MSMC with all sampled individuals,
but we were unable to get our runs to complete due to computational limitations. We therefore chose two
random individuals per species per population (N = 4 total for each species except the Abyssinian Catbird
where N = 3). Here, we used WhatsHap (Martin et al., 2016) to phase genotypes for all individuals. We
chose this method because it uses read-based phasing and does not require large sample sizes or reference
SNP panels for phasing. Phasing is required for these analyses because MSMC-IM requires estimating cross-
coalescence rates between at least two individuals (i.e., [?] four chromosomes). This is in contrast to MSMC
demographic analyses with a single individual that do not require phasing between the two chromosomes
sampled in a single diploid individual. We masked all regions with sequencing coverage lower that six in
any individual to minimize inclusion of sites with phasing or genotyping errors. We ran MSMC with up
to 20 iterations and 23 distinct time segments, as with individual-based demographic histories. Recent
within-population histories were qualitatively similar to those estimated from single individuals but with
less temporal resolution (results not shown). Less resolution may be expected since we are masking any
genomic regions with low sequencing coverage in any individual, and therefore sampling less of the genome.
Regardless, our main goal here was to estimate whether all our focal species shared the same patterns of
population divergence and migration through time, and small shifts in overall resolution would not heavily
impact these types of interpretations. For each species, we used the MSMC output as input for MSMC-IM
to fit an isolation with migration model. In MSMC-IM, we used estimated empirical mutation rates for each
species, and the recommended regularization settings for estimating migration rates and population sizes
(1e-8 and 1e-6, respectively).

RESULTS

Dataset characteristics

We sequenced 16.3 to 50.3 Gbp (mean = 33.7 Gbp) per individual, with 14.8 to 44.5 Gbp (mean = 30.1
Gbp) passing quality filtering (Table S1). Because we used a relatively divergent reference genome—not in
the same genus as any of the study species—parts of the genome had no alignment coverage (range = 13.3
to 23.4% unaligned reference genome per individual) (Table S1). Overall, the data quality and quantity
resulted in 6.4x to 23.9x genomic coverage per individual (mean = 14.5x) (Fig. S1), and after filtering low
coverage and low-quality genomic regions, all individuals were genotyped in ˜400 to 600 million sites each
(Table S1).

Genomic diversity and structure

We investigated whether gene flow would be limited between populations on either side of the GRV by
examining genetic variation in eastern and western populations of six bird species. The six species showed
clearly different magnitudes of genetic diversity (Table 1), with estimates of observed heterozygosity ranging
from 0.0008 to 0.0047 across individuals. Generally, genomic diversity was consistent within each species
(Table 1; Fig. 3) with the exception of the Brown-rumped Seedeater which exhibited relatively lower diversity
in individuals from the east side of the GRV.

Similar to diversity, genomic differentiation also strongly varied between species (Table 1; Fig. 5). Three
species had generally low estimates of genome wide FST, with estimates below 0.06: the Abyssinian Slaty Fly-
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. catcher, the Abyssinian Thrush, and the Ethiopian White-eye. Two species with either very low (Abyssinian
Catbirds) or inconsistent patterns (Brown-rumped Seedeater) of genomic diversity exhibited the highest
values of FST. Estimates of between population diversity (also known as absolute genetic differentiation)
as measured by DXY also showed large variability between species (Table 1) and is largely correlated with
mean observed heterozygosity with both eastern (r = 0.71) and western (r = 0.85) populations. DXY is a
measure of diversity proportional to the time to the most recent common ancestor (TMRCA), and is akin
to nucleotide diversity estimates within a populations. Generally, estimates of FST and DXY were consistent
across the entire genome (Fig. S2, Fig. S3), suggesting that our mean estimates from the entire genome
should be reasonably accurate. However, there were a few outlier regions for both statistics; first, FST es-
timates were slightly higher on the Z chromosome, and second, part of the 4A chromosome shows elevated
values of DXY in both the Abyssinian Catbird and the Ethiopian White-eye. These increased relative values
of DXY in these two taxa are expected, as part of the Zebra Finch chromosome 4A has been shown to be part
of a neo-sex chromosome region in the Sylvioidea clade (Leroy et al., 2019) sensu Oliveros and colleagues
(2019). We may expect higher genetic differentiation on sex chromosomes due to their lower relative effective
population size compared to autosomes and the propensity for sex chromosomes to accumulate structural
variants (e.g., Hooper, Griffith, & Price, 2018).

Regardless of substantial variation in FST, genetic structure as estimated in STRUCTURE solidly differen-
tiated individuals from either side of the GRV (Fig. 2). Only a single individual of Ruppell’s Robin-chat
showed any probability of ancestry not to its respective genetic cluster. Additionally, the phylogenomic
results corroborated population differentiation between populations separated by the GRV, but with varying
branch lengths to the MRCA of both populations (Fig. 2). These results suggest that the genome-wide
information used here exhibits strong diagnostic power even when differentiation between populations is
low.

Demographic history

Different demographic histories may lead to divergent differentiation and diversity statistics. We examined
whether differences in the magnitude of drift (e.g., due to smaller population sizes) could explain differenti-
ation across species. Demographic histories as estimated in MSMC2 largely varied by species, and in some
cases populations, but was largely consistent within populations of each species (Fig. 2D). Contemporary
estimated effective population sizes varied between ˜50,000 to 600,000. The Abyssinian Catbird generally
had a low effective population size throughout the last 200,000 years. In contrast, the Abyssinian Thrush
has maintained effective populations sizes > 400,000 throughout the last 200,000 years. The Ruppell’s
Robin-chat is the only species sampled here with large-scale fluctuations in estimated population sizes, with
large increases in population sizes from ˜50 to 80 kya. The Ethiopian White-eye exhibited slight changes
in population size over the past 200,000 years, with estimated NE varying between 200,000 and 400,000.
Lastly, the populations of the Brown-rumped Seedeater and the Abyssinian Slaty Flycatcher exhibited dis-
tinct population histories on either side of the GRV. Generally, within individual bootstrap replicates showed
slight variation in population sizes through time but generally corroborated the full dataset results (Fig. S4).
Overall, there seem to be no general patterns of demographic history through time across species, with most
trends appearing to be species-specific.

Population differentiation and connectivity histories

We used MSMC-IM to interpret general patterns of population differentiation and connectivity for popula-
tions separated by the GRV in each of the six focal taxa. We found that a majority of the taxa exhibited
a single period of population differentiation in the past 250,000 years followed by isolation (Fig. 4). Two
species showed variations of this pattern: the Abyssinian Catbird and the Abyssinian Thrush. The isolation
with migration model for the Abyssinian Catbird indicated a prolonged period of population differentiation
with ongoing connectivity between populations (Fig. 4). For the Abyssinian Thrush, the model implied
an initial period of differentiation followed by several bouts of connectivity (i.e., gene flow) through time
(Fig. 4). This pattern in the Abyssinian Thrush is consistent with very low FST estimates (Table 1), a very
shallow MRCA in the phylogenomic results (Fig. 2), and shared mtDNA haplotypes among populations on
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. either side of the GRV (Fig. 2).

Because of caveats associated with a lack of knowledge about and estimating generation times in tropical
montane birds (see next section of RESULTS), we refrain from interpreting exact divergence times, but rather
interpret the general trends of population differentiation and connectivity through time. For example, four of
the species (Ruppell’s Robin-chat, Brown-rumped Seedeater, Abyssinian Slaty Flycatcher, Ethiopian White-
eye) exhibited a single period of population differentiation followed by isolation (Fig. 4). If we strictly
interpret the time periods of these differentiation events with assumed generation times, we would interpret
that these species generally exhibit asynchronous diversification. However, with any error in our generation
time assumptions, these periods of differentiation could potentially by synchronous. Because of these issues,
we only discuss the general trends of population differentiation and connectivity through time.

Demographic history and isolation with migration model caveats

Estimating population sizes and timing demographic events depends on accurate estimates of mutation rate
per generation. As such, an important caveat to the demographic and isolation with migration results relates
to assumptions about generation times and mutation rates in these bird species. Generation times are reliable
when information about age of sexual maturity, adult survival, and offspring survival is known in a species.
In tropical bird species, little of this information is known, and indeed none of the focal species studied
here have known generation times. Additionally, reproductive effort is known to vary among temperate and
tropical species (Hau et al., 2010), and even along elevational gradients in tropical regions (Boyce et al.,
2015).

The mutation rates we used here were calculated from time-calibrated avian phylogenies, and implicitly
rely on accurate timing of nodes from the estimated phylogeny (Oliveros et al., 2019). These mutation
rate estimates are in numbers of mutations per year (Table 1) and are generally consistent in magnitude
with other Passeriformes mutation rate estimates (Nam et al., 2010). As such, in the context of estimating
mutation rate per generation, we likely have more certainty in our absolute mutation rates (per year) and
less certainty in mutation rate per generation because of unknown generation times. Regardless, we expect
that our two-year generation time assumptions are within a reasonable amount of error from real values,
e.g., we don’t expect these values to be off by an order of magnitude.

Overall, given the uncertainties with both mutation rate and generation times, we should expect that any
population sizes and timings estimated in demographic histories and isolation with migration models may
vary. Absolute timing events will be inaccurate proportional to error in our absolute mutation rate estimates
(mutations per year). Because our population size estimates (i.e., 4Nμ) directly depend on mutation rates
per generation, the error in population size estimates will directly scale with our error in estimating how
the mutation rate relates to generation times. For example, if the true generation times of our focal species
range from a year to four years (and we used an estimate of two years), estimated effective population sizes
will be doubled or halved, respectively. Because we see a strong correlation between genomic diversity and
harmonic mean of population sizes including all individuals across species (Fig. 3), even with potential error
in estimating generation times, we can still interpret relative differences between species’ genomic diversities
and population size trends.

Correlates of genetic diversity and differentiation with species’ characteristics

Genomic diversity across individuals has a strong positive relationship with the harmonic mean of effective
population size estimated from each individual (Fig. 3A; R2 = 0.689). This association remained when we
took evolutionary history into account with phylogenetic independent contrasts (Fig. 3C; R2 = 0.599). We
may expect these patterns a priori because genomic diversity and population sizes should be directly linked.
In contrast, we found no relationship between genomic diversity and HWI measurements across individuals
(Fig. 3B, Fig. 3D).

Genomic differentiation (as measured by FST) showed a significant negative association with dispersal ability
(measured by HWI) (Fig. 5A). This relationship remained when accounting for evolutionary history with
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. PICs (Fig. 5C). Genomic differentiation showed a negative non-significant negative association with harmonic
mean of effective population size (Fig. 5B, Fig. 5D).

DISCUSSION

The Great Rift Valley is a biogeographic barrier to montane birds.

In all six species examined here, we were able to differentiate populations on either side of the GRV using
both genetic clustering and phylogenetic methods (Fig. 2). Based on these results we may infer that the
GRV has at least acted as a moderate barrier to gene flow in montane birds, even if they have a generally
higher dispersal ability than non-flying species. We found that genetic differentiation (as measured by FST)
varies by an order of magnitude across species (Table 1), and isolation with migration models with varied
connectivity patterns over the past ˜350,000 years indicate population differentiation across the GRV was
at least partly species-specific. But which species-specific factors may have driven these differences in the
magnitude of population differentiation?

Dispersal ability shows a significant negative association with a measure of population genetic differentiation
(Fig. 5A, Fig. 5C). It is interesting to find this significant relationship even with a small number of focal
taxa. It is intuitive that dispersal ability would in general have a negative association with the ability for
fragmented populations to differentiate, as increased dispersal among populations would generally lead to
increased gene flow between populations. As such, different modes of dispersal show different tempos of
population differentiation (Medina, Cooke, & Ord, 2018), and dispersal ability has been implicated in (1)
differential rates of population differentiation in closely-related taxa (e.g., Peterman et al., 2015), and (2)
differential macroevolutionary trends of speciation rates (e.g., Claramunt et al., 2011; Weeks & Claramunt,
2014). Our results in Ethiopian montane forest birds are suggestive of a relationship between dispersal ability
and geographic population structure and is an intriguing line of inquiry for future study.

Population sizes show a weak negative association with population genetic differentiation (not statistically
significant; Fig. 5B, Fig. 5D). This is somewhat expected, as smaller and more fragmented populations will
naturally exhibit less gene flow and undergo relatively faster genetic drift. Additionally, the calculations
for genetic differentiation (as measured by FST) intrinsically incorporate within-population genetic diversity,
which is generally linked with long-term effective population sizes (Fig. 3A).

Comparative patterns of population structure.

Montane Ethiopian species share at least four biogeographic barriers (briefly reviewed by Manthey et al.,
2017), with the GRV being the most studied to date. A diversity of taxa exhibit population or species level
differentiation on either side of the GRV, including brush-furred rats, groove-toothed rats, Ethiopian wolf,
gelada, frogs of several genera, giant lobelia, coffee, and the species studied here (Belay & Mori, 2006; Evans
et al., 2011; Freilich et al., 2016; Gottelli et al., 2004; Kebede et al., 2007; Komarova et al., 2021; Manthey
et al., 2017; Reyes-Velasco et al., 2018; Reyes-Velasco et al., 2018; Silvestrini et al., 2007).

While the GRV has impacted a plethora of taxa, species’ evolutionary responses have varied in timing and/or
magnitude. For example, the Ethiopian wolf (Canis simensis ) is a relatively good disperser and exhibits
weakly differentiated populations on either side of the GRV; this differentiation is hypothesized to have
occurred over the last 20,000 years since the Last Glacial Maximum of the Pleistocene Epoch (Gottelli et al.,
2004). In contrast, semi-arboreal frogs (GenusLeptopelis ) are relatively poor dispersers and exhibit many
distinct lineages across the Ethiopian Highlands with divergence dates predating the Pleistocene (Reyes-
Velasco et al., 2018). Based on this study, songbirds have diversified during Pleistocene glacial cycles, with
population differentiation and cessation of connectivity dating to the past 50 kya to 350 kya (Fig. 4).
Interestingly, population differentiation in most taxa appears to have occurred during a pulse Great Rift
Valley volcanism that took place between 170 kya and 320 kya (Hutchison et al., 2016).

The asynchronous and varied patterns of diversification in Ethiopian montane taxa exemplify the complex
geological and climatic history of the region. The formation of the GRV is old (˜ 20 Mya) and ongoing
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. (Frisch et al., 2010; Sepulchre et al., 2006), which has provided growing and continuous elevational hetero-
geneity in the central portion of the Ethiopian Highlands. During the last few million years, the Pleistocene
climatic cycles have added climatic heterogeneity to the topographic variation; during glacial minima (e.g.,
contemporary periods), the GRV was likely relatively arid and hot compared to glacial maxima (e.g., the
Last Glacial Maximum). These oscillations would have generally resulted in elevational shifts and greater po-
tential geographic range in montane taxa during glacial maxima. Montane species inhabiting the Ethiopian
Highlands would have experienced these combined geological and climatic forces; their population differ-
entiation throughout these periods would have likely been shaped by the age of the lineage inhabiting the
highlands (i.e., time of colonization) and species-specific dispersal ability, niche breadth, and interpopulation
reproductive compatibility shaping whether populations underwent gene flow during periods of relatively
higher habitat connectivity.

Drivers of genomic diversity. Genomic diversity is expected to be influenced by mutation rates, patterns of
selection and linked selection, and effective population sizes (Amos & Harwood, 1998; Ellegren & Galtier,
2016). The largest effectors of mutation rates and effective population sizes are life history characteris-
tics, namely fecundity rates (Romiguier et al., 2014). When focusing on species with similar life history
strategies—as we do here with passerine birds—we may expect most of the variation in genomic diversity
to be shaped by patterns of long-term linked selection across the genome and the demographic histories of
populations that in turn shape effective population sizes. We find a negative correlation between genome
wide estimates of FST and DXY, indicative of the effects of widespread linked selection in all six taxa (Fig.
S5) (Cruickshank & Hahn, 2014), although with our limited sample sizes it wouldn’t be practical to identify
direct effects of linked selection on genomic diversity. Overall, we find that the strongest predictors of ge-
nomic diversity across Ethiopian montane bird populations are recent population sizes and harmonic mean
of population sizes over the past 200,000 years (Fig. 3).

CONCLUSIONS

We sequenced whole genomes at low to moderate coverage for two populations each of six montane forest
bird species, to test if the Great Rift Valley (GRV) is a barrier to dispersal in a taxonomic group with
relatively high dispersal ability. We found that we were able to distinguish individuals from either side of the
GRV using genetic clustering and phylogenomic methods. The magnitude of genetic differentiation varied
by species, with relatively poorer dispersers generally exhibiting higher amounts of genetic differentiation.
Additionally, isolation with migration models indicated varied patterns of connectivity and divergence over
the past 350,000 years among these six taxa. We found that each species generally had unique demographic
histories, with some species exhibiting different demographic histories on either side of the GRV. Lastly,
we found that demographic history explained more than 80% of the variance in genomic diversity across
samples, while dispersal ability was not correlated with genomic diversity.
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. DATA ACCESSIBILITY

All raw sequencing data is uploaded to NCBI’s Sequence Read Archive (SRA) accessioned un-
der BioProject PRJNA605410. All code used for data analysis in this project can be found at:
github.com/jdmanthey/ethiopia grv birds. Dataset citation:

[dataset] Manthey JD, Bourgeois Y, Yonas M, Boisssinot S. Ethiopia Highland Birds GRV whole
genome sequencing. National Center for Biotechnology Information Sequence Read Archive (SRA).
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA605410/

Figure 1. Sampling geographic context in Ethiopia. We sampled three sites in the Menagesha Forest Preserve
west of the Great Rift Valley (GRV) and two sites in the Bale Mountains National Park east of the GRV:
Katcha and Dinsho. See Table S1 for geographic coordinates of each site. The Blue Nile Valley is also labeled
here for reference because it is mentioned multiple times in the text, although we are not directly testing
anything with that barrier in this study. Note that the Ethiopian Highlands are often defined as starting
at different elevations (e.g., 2000 m). Here, we shaded regions greater than 1800 m as some regions have
montane forests lower than 2000 m. All photos by JDM.

Figure 2. Evolutionary and demographic history in six Ethiopian montane birds. (A) Inference of genetic
structure using the program STRUCTURE for each species. Each column indicates one individual and the
proportion of each color the probability of assignment to one of two genetic clusters. Individuals sampled
to the west or east of the Great Rift Valley (GRV) are indicated on the left and right of the dotted line,
respectively. (B) Species tree topologies for each species estimated in ASTRAL. (C) ND2 mitochondrial
DNA haplotype networks. (D) Estimates of demographic history for each individual estimated with MSMC.
Complete results including bootstraps are presented in Fig. S4. Different individuals are represented with
differently colored lines for increased clarity. Plots are separated for individuals west (left) and east (right)
of the GRV. General elevational affinities shown for each species in the bottom corner of photos. All photos
by JDM.
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Figure 3. Relationships of genomic diversity and species-specific characteristics. (A + C) Relationship of
genomic diversity and harmonic mean population sizes through time estimated in MSMC showing (A) raw
data and (C) phylogenetic independent contrasts (PIC). (B + D) Relationship of genomic diversity and
hand-wing index, a proxy measurement for dispersal ability showing (B) raw data and (D) PIC.
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.

Figure 4. Isolation with migration models as estimated in MSMC-IM. On left, estimates of migration rates
through time for each species. On right, the cumulative migration probabilities throughout the past 500,000
years. In species with a single peak on the left and a steep slope on the right, we would infer a single
period of differentiation followed by isolation. In contrast, species with multiple or extended peaks on left
plots indicate multiple or prolonged bouts of gene flow between differentiating populations. Population
differentiation is inferred to be occurring when 0 < M(t) < 1.
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Figure 5. Relationship of genomic differentiation as measured by FST and species-specific characteristics.
(A + C) Relationship of FST and hand-wing index showing (A) raw data and (C) phylogenetic independent
contrasts (PIC). (B + D) Relationship of FST and harmonic mean population sizes through time showing
(B) raw data and (D) PIC. Genomic differentiation as measured by FST has no strong linear relationship
with measured characteristics of each species. Hand-wing index and population sizes were included as the
mean value for all individuals per species that were sampled for this study.
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Table 1. Summary statistics for each species included in this study.

Species Common
name

N West N East Mean
HWI

FST DXY
1 #

SNPs2
# total
sites2

HO

West1
HO

East1
Mutation
Rate3

Cossypha
semir-
ufa

Rüppell’s
Robin-
chat

2 3 12.21 0.136 0.443 6.24 509 0.469 0.453 2.230
× 10-9

Crithagra
tris-
triata

Brown-
rumped
Seedeater

3 2 13.87 0.329 0.321 4.61 557 0.312 0.193 2.062
× 10-9

Melaenornis
choco-
lati-
nus

Abyssinian
Slaty
Flycatcher

3 3 15.80 0.053 0.239 3.95 518 0.275 0.283 2.151
× 10-9

Sylvia
galinieri

Abyssinian
Catbird

1 2 10.96 0.227 0.079 0.61 354 0.082 0.091 2.074 ×
10-9

Turdus
abyssini-
cus

Abyssinian
Thrush

3 3 19.96 0.017 0.247 1.75 203 0.435 0.428 2.123
× 10-9

Zosterops
polio-
gas-
trus

Ethiopian
White-
eye

3 2 23.17 0.028 0.239 3.44 443 0.303 0.283 2.294
× 10-9
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