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Abstract

Biodiversity has experienced tremendous shifts in community, species, and genetic diversity during the Anthropocene. 
Understanding temporal diversity shifts is especially critical in biodiversity hotspots, i.e., regions that are exceptionally biodi
verse and threatened. Here, we use museomics and temporal genomics approaches to quantify temporal shifts in genomic 
diversity in an assemblage of eight generalist highland bird species from the Ethiopian Highlands (part of the Eastern 
Afromontane Biodiversity Hotspot). With genomic data from contemporary and historical samples, we demonstrate an as
semblage-wide trend of increased genomic diversity through time, potentially due to improved habitat connectivity within 
highland regions. Genomic diversity shifts in these generalist species contrast with general trends of genomic diversity de
clines in specialist or imperiled species. In addition to genetic diversity shifts, we found an assemblage-wide trend of de
creased realized mutational load, indicative of overall trends for potentially deleterious variation to be masked or 
selectively purged. Across this avian assemblage, we also show that shifts in population genomic structure are idiosyncratic, 
with species-specific trends. These results are in contrast with other charismatic and imperiled African taxa that have largely 
shown strong increases in population genetic structure over the recent past. This study highlights that not all taxa respond the 
same to environmental change, and generalists, in some cases, may even respond positively. Future comparative conserva
tion genomics assessments on species groups or assemblages with varied natural history characteristics would help us better 
understand how diverse taxa respond to anthropogenic landscape changes.
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Introduction
Humans have influenced aspects of the three hierarchical 
levels of biodiversity throughout the Anthropocene; some 
communities have experienced homogenization (Capinha 
et al. 2015; Li et al. 2020; Nogué et al. 2021), species diver
sity has decreased due to extinctions (Turvey and Crees 
2019), and species have exhibited shifts in intraspecific gen
etic diversity globally (van der Valk et al. 2019; Benham 
et al. 2024; Blanchet et al. 2024; Shaw et al. 2025). Using 
genomic data from contemporary and historical samples 
(i.e., museomics) provides opportunities to assess how gen
etic diversity and structure have changed through time 
(Bieker and Martin 2018; Schmitt et al. 2019). Museomics 
studies assessing shifts in genetic diversity and structure 
have primarily focused on specialist or endangered verte
brates, often identifying reductions in genetic diversity, in
creases in mutational load, and increased population 
genetic structure through time (Feng et al. 2019; van der 
Valk et al. 2019; Curry et al. 2021; Dussex et al. 2021; 
Mathur and DeWoody 2021; Jackson et al. 2022; Dussex 
et al. 2023a; Sánchez-Barreiro et al. 2023; Blanchet et al. 
2024). What remains lacking is an understanding of how 
genomic trajectories are shifting through time in generalist 
species and assemblages. A better understanding of gen
omic variation and its changes through time in taxa with 
varied natural history characteristics is necessary for effect
ive comparative conservation genomics (Teixeira and Huber 
2021).

Assessing assemblage-wide shifts in genomic trajector
ies is particularly important in biodiversity hotspots (Myers 
et al. 2000; Zachos and Habel 2011), regions of exception
ally high biodiversity and threats to that biodiversity. 
Because biodiversity hotspots are threatened with previous 
or ongoing loss of geographic area and have high endem
icity, quantifying the genomic trajectories of representative 
taxa in these regions may provide snapshots into overall 
population trends useful for conservation biology and con
servation genomics. The Eastern Afromontane Biodiversity 
Hotspot has high endemicity, with hundreds of endemic 
birds and mammals and more than 2,000 endemic plants, 
among others (Gordon et al. 2012). The Ethiopian 
Highlands make up a large portion of the geographic 
area of the Eastern Afromontane Biodiversity Hotspot and 
is a species-rich (Yalden and Largen 1992; Friis et al. 

2001; Largen and Spawls 2010), largely contiguous region 
of tropical highland habitat. The Ethiopian Highlands are 
composed of two large massifs separated by the Great 
Rift Valley (GRV): the Harar Massif to the southeast and 
the Abyssinian Massif to the northwest (Fig. 1). The 
Abyssinian Massif is further divided by the Blue Nile Valley 
(BNV) separating the Choke Mountains from the Central 
Highlands (Fig. 1). These lowland biogeographic barriers 
have shaped intraspecific phylogeographic structure in 
many Ethiopian Highlands taxa, including birds (Manthey 
et al. 2022; Behrends et al. 2024), mammals (Gottelli 
et al. 2004; Belay and Mori 2006; Bryja et al. 2018; 
Razgour et al. 2019; Kostin et al. 2020; Mizerovská et al. 
2020; Komarova et al. 2021), frogs (Evans et al. 2011; 
Freilich et al. 2016; Manthey et al. 2017; Reyes-Velasco 
et al. 2018; Reyes-Velasco et al. 2018), and plants 
(Kebede et al. 2007; Silvestrini et al. 2007). As such, species 
in this community provide an opportunity to assess not only 
genomic diversity shifts, but also changes in genomic struc
ture across distinct highland regions through time.

Here, we use whole-genome sequencing of historical 
and modern samples of eight Ethiopian Highlands bird spe
cies to quantify population genomic changes over the past 
century. The focal species are all high elevation generalists 
(i.e., they can thrive in a variety of habitats in the higher ele
vations of the Ethiopian Highlands); they are found in for
ests, woodlands, shrub, edge habitats, and in some cases 
grasslands (Kittelberger et al. 2021) in both undisturbed 
and disturbed areas (Asefa et al. 2017). Additionally, 
they can be found in highland farmlands, seminatural 
habitats, and settlements and cities with trees and shrubs 
(Gove et al. 2013; Buechley et al. 2015; Marcacci et al. 
2020; Shiferaw and Yazezew 2021). None of the focal spe
cies are listed as threatened or endangered on the 
International Union for Conservation of Nature Red List 
(IUCN 2024). We chose the eight focal species because 
they are highland generalists that can often be found co- 
occurring in the same habitats and most of them are 
Horn of Africa endemics. The Ethiopian Highlands have a 
history of thousands of years of agricultural land conversion 
(Nyssen et al. 2004; Hurni et al. 2010) and recent varied 
land management and conservation practices in different 
areas (Munro et al. 2008; Hurni et al. 2010; Nyssen et al. 
2015). It is therefore difficult to a priori predict whether 

Significance
Understanding how biodiversity is changing is essential given a continually changing planet, particularly in regions with 
high diversity. Here, we used genomic data from modern and historical samples of eight bird species from the Ethiopian 
Highlands to document shifts in genomic variation over the past hundred years. We identify that shifts in genomic vari
ation may be consistent across species or idiosyncratic depending on the type of variation studied and provide a baseline 
for genomic diversity shifts in Eastern Afromontane birds.
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we expect generalists’ population genomic trajectories to 
have improved or worsened over the past century. 
However, we may predict that the assemblage overall has 
consistent shifts or lack thereof in genomic diversity and 
structure over the past century of change.

Using genomic data from eight generalist highland spe
cies, we show an assemblage-wide trend of increase in gen
omic diversity and decrease in realized mutational load 
through time. In contrast, we found that shifts in genomic 
structure through time were idiosyncratic, with different 
trends across species.

Results

Temporal Genomics of Eight Ethiopian Highlands 
Passerines

We obtained whole-genome sequencing data at ∼5 to 30× 
coverage for three populations of eight montane passerine 
(Aves: Passeriformes) bird species from the Ethiopian 
Highlands (Fig. 1; Tables S1 and S2). Our focal taxa 
are Rüppell’s Robin-Chat (Cossypha semirufa), Streaky 
Seedeater (Crithagra striolata), Brown-Rumped Seedeater 
(Crithagra tristriata), Abyssinian Slaty-Flycatcher 
(Melaenornis chocolatinus), Tacazze Sunbird (Nectarinia ta
cazze), Abyssinian Catbird (Sylvia galinieri), Abyssinian 
Thrush (Turdus abyssinicus), and Ethiopian White-Eye 
(Zosterops poliogastrus). Our temporal sampling included 
55 modern (sampled 2016 to 2017) and 51 historical sam
ples (sampled 1925 to 1931). We used specimens from the 
1920s for this effort because this is among the earliest 

series of specimens of the focal taxa that included multiple 
samples per species per locality.

Assemblage-Wide Shifts in Genomic Diversity and 
Mutational Load

We measured genetic diversity as observed heterozygosity 
per individual (Fig. 2; i.e., number of heterozygous sites/ 
total sites genotyped) and used a linear mixed effects model 
(LMEM) to test for changes through time while accounting 
for differences between species and localities. Here, we 
identified an assemblage-wide increase of genomic diver
sity through time (χ2 = 30.2, P < 0.001; Table 1). We quan
tified runs of homozygosity (ROH) in 100 kbp windows as 
an indicator for the presence of inbreeding; we found no 
large ROH across the study species, suggesting little to no 
inbreeding (results not shown).

As a measure of shifts in genomic health through time, 
we estimated potential mutational load and realized muta
tional load (Mathur et al. 2023). Here, potential load is the 
proportion of functional nucleotide substitutions in the 
genome that are potentially deleterious (or weakly deleteri
ous), whereas realized load is the proportion of potentially 
deleterious variants that are found in the homozygous 
state. We identified an assemblage-wide decrease in rea
lized load through time (Fig. 2; Table 1; χ2 = 5.2, P =  
0.022) and no significant shift in potential load through 
time (Fig. 2; Table 1; χ2 = 0.2, P = 0.655).

Idiosyncratic Genomic Structure Shifts Through Time

We used genome-wide single nucleotide polymorphisms 
(SNPs) from each species to estimate genetic structure 
using phylogenetic networks and principal components 
analyses (PCA). Concordant with two previous phylogeo
graphic studies on some of our focal species (Manthey 
et al. 2022; Behrends et al. 2024), most species exhibited 
genomic structure consistent with differentiation between 
the three highland regions (Fig. 3), with weak genomic 
structure in the Tacazze Sunbird, Abyssinian Thrush, and 
Ethiopian White-Eye. We used variance partitioning to 
quantify contributions of geographic distance, biogeo
graphic barriers, and time on genetic structure, followed 
by assessing statistical significance of explanatory variables 
on genetic structure using multiple regression of distance 
matrices (Fig. 3). Across species, geography, biogeographic 
barriers, time, and the interactions of these variables ex
plained between 31% and 94% of the variance in genetic 
structure (Fig. 3). However, the relative contributions of the 
explanatory factors varied considerably by species. Most 
species had a significant impact of geography (either geo
graphic distance or biogeographic barriers or both) on gen
etic structure (excepting the Tacazze Sunbird). Similarly, 
most species also had an impact of time on genetic struc
ture (excepting the Rüppell’s Robin-Chat). Taken together, 

Fig. 1. Historical (1925 to 1931; n = 51) and modern (2016 to 2017; 
n = 55) sampling map of Ethiopian Highlands birds. Dotted lines represent 
approximate regions of biogeographic barriers. The GRV separates the 
Ethiopian Highlands into the Abyssinian and Harar Massifs. The BNV is 
an additional biogeographic barrier separating the Choke Mountains 
from the Central Highlands on the Abyssinian Massif.
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Fig. 2. Genomic diversity shifts over the past century in eight Ethiopian Highlands forest bird species. Points represent estimates per individual and lines re
present averages per population per time period. Relative to historical populations, contemporary populations have higher genetic diversity (results from 
LMEM; χ2 = 30.2, P < 0.001), no consistent changes in potential load (χ2 = 0.2, P = 0.655), and lower realized load (χ2 = 5.2, P = 0.022). Key for geographic 
localities at bottom of figure. Tacazze Sunbird photo by Asrat Ayalew. All other photos by Joseph Manthey.

Table 1 Results of LMEM testing whether response variables have changed through time while using different alignment datasets (full, using 
MapDamage, and downsampled), and including different types of polymorphisms

Response variable Alignment dataset Sites used LMEM results Difference through time

Observed heterozygosity Full All sites χ2 = 30.2, P < 0.001 +0.00035
MapDamage All sites χ2 = 39.3, P < 0.001 +0.00040
Downsampled All sites χ2 = 65.6, P < 0.001 +0.00084
Full Transversions only χ2 = 60.3, P < 0.001 +0.027
Full Biallelic sites (Structure Dataset) χ2 = 29.7, P < 0.001 +0.023

Potential load Full Polymorphic sites in genes χ2 = 0.2, P = 0.655 …
MapDamage Polymorphic sites in genes χ2 = 0.2, P = 0.628 …
Downsampled Polymorphic sites in genes χ2 = 88.2, P < 0.001 +0.015
Full Transversions only in genes χ2 = 12.0, P < 0.001 +0.004

Realized load Full Polymorphic sites in genes χ2 = 5.2, P = 0.022 −0.018
MapDamage Polymorphic sites in genes χ2 = 11.7, P < 0.001 −0.024
Downsampled Polymorphic sites in genes χ2 = 51.7, P < 0.001 −0.044
Full Transversions only in genes χ2 = 34.8, P < 0.001 −0.041

P values below 0.05 indicate a significant change through time. Using the different datasets, contemporary populations have higher genetic diversity and lower realized 
load, while there is mixed support for either no change or increased potential load in contemporary populations. Note that absolute values of differences through time 
should not be directly compared among all datasets because of the varying types of sites included in each dataset.
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geographic and temporal separation have both structured 
population genomic variation in this assemblage, but 
trends are not consistent in magnitude across species.

Consistency of Results Using Different Datasets and 
Filtering Strategies

When comparing modern and historical sequencing data
sets, it is important to thoroughly assess if any results are ar
tefacts of systematic dataset differences or due to data 
filtering strategies. As such, we assessed consistency of re
sults across several datasets, checking for the effects of 
missing data, sequencing coverage, rescaling base qualities 
to account for possible DNA damage, and types of poly
morphisms included. Altogether, this resulted in 10 
datasets per species to assess how the above-mentioned 
factors did or did not impact results (Table S3).

Missing Data

First, we assessed whether missing data affected results, ei
ther by being more prevalent in historical samples or more 
prevalent in polymorphic versus invariant genotyped sites. 

Using a LMEM to account for geography and species differ
ences, there was not a significant effect of time on missing 
proportion of all sites (Fig. S1; χ2 = 1.5, P = 0.219), but 
somewhat of an effect (marginally nonsignificant) of time 
on missing proportions of polymorphic sites (Fig. S2; χ2 =  
3.4, P = 0.064). The relationship between missing propor
tion of all sites and of polymorphic sites approximated 1:1 
(Fig. S2). Because we found a marginal but nonsignificant 
effect of time on missing proportions of polymorphic sites, 
we measured heterozygosity with a biallelic sites dataset in
cluding no missing data (same as used for PCA and genetic 
distances). Here, we found a strong positive association be
tween HO of the full dataset and of the genetic structure 
biallelic sites dataset for all species (Fig. S3; all P < 0.01) 
and a LMEM of this HO dataset identified the same result 
as the full dataset: an assemblage-wide increase of genom
ic diversity through time (χ2 = 29.7, P < 0.001; Table 1).

Rescaling Bases With MapDamage

Rescaling base call qualities using MapDamage (Jónsson 
et al. 2013) has been a common practice in historical and 
ancient DNA studies. However, recent work has shown 

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

Fig. 3. Population genomic structure of historical and modern samples for the eight focal Ethiopian Highlands bird species. a, d) SplitsTree phylogenetic net
works. b, e) PCA. c, f) Variance partitioning of genetic distance (gray bars). Explanatory variables are geographic distance, biogeographic barriers, time between 
sampling, and their interactions (denoted by x). In addition to the full dataset, variance partitioning results are shown for the MapDamage rescaled alignment 
dataset (circles) and for the full dataset including only transversions (triangles). In bottom right corner of each plot are the factors that significantly contributed 
(P < 0.05) to genetic distances based on multiple regression of distance matrices. Key for geographic localities and explanatory factors at bottom of figure. 
Tacazze Sunbird photo by Asrat Ayalew. All other photos by Joseph Manthey.
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that rescaling base call qualities also has the potential 
to create reference biases in rescaled sequencing data 
(Koptekin et al. 2025). Here, we ran our full computational 
pipelines with and without MapDamage base rescaling. We 
found that estimates of genetic diversity, mutational load, 
and genetic structure all showed strongly concordant re
sults between the full dataset and the MapDamage ad
justed dataset (Figs. S4 to S6, Table 1). In addition, with 
variance partitioning we identified similar trends in how 
each explanatory variable and their interactions shaped 
genetic distances (Fig. 3).

Sequencing Coverage

Variable genomic sequencing coverage may lead to differen
tial ability to genotype different samples and has the potential 
to lead to biases in results if differences in coverage are system
atic to a single type of sample. Using a LMEM to account for 
geography and species differences, our modern samples 
had ∼4× greater coverage than historical samples (χ2 =  
13.65, P < 0.001), but this varied per species, with some hav
ing more coverage in the historical datasets (e.g., Abyssinian 
Catbird and Abyssinian Thrush; Fig. S7). Further, genomic 
coverage was not significantly associated with genetic diver
sity for five of eight species (Fig. S4). To further explore this as
sociation, we used downsampled alignment files (BAM files) 
for downstream analyses, where each individual was random
ly downsampled to ∼6 to 7× genomic coverage. With the 
downsampled datasets, we found different absolute values, 
but highly correlated relative values of genetic diversity relative 
to the full dataset (Fig. S4). In the downsampled datasets, the 
significant association between diversity and coverage disap
peared for the three species for which it was present in the full 
dataset. A LMEM of this downsampled dataset identified the 
same result as the full dataset: an assemblage-wide increase 
of genomic diversity through time (χ2 = 60.3, P < 0.001; 
Table 1). Similarly, the results and interpretation of realized 
mutational load values were similar to the full dataset with a 
decrease in realized mutational load through time (χ2 =  
51.7, P < 0.001; Fig. S5; Table 1). In contrast, potential load 
estimates with the downsampled dataset were not consistent 
with the full dataset (Fig. S5; Table 1), and the LMEM showed 
a significant increase in potential load through time, whereas 
the full dataset did not (Table 1).

Polymorphism Type

In historical samples, postmortem DNA damage often mani
fests as transitions at the ends of sequencing reads (e.g., C to 
T or G to A transitions). Here, we visualized relative nucleotide 
substitution profiles in modern and historical sequencing 
reads (Fig. S8). The nucleotide substitution profiles suggested 
enzymatic repair during laboratory work largely reduced any 
substitution pattern differences between modern and histor
ical samples (Fig. S1). In addition, we repeated measures of 

genetic distances and mutational load using only transver
sions to eliminate potential effects of erroneous transition 
genotyping calls. Here, we found generally strong correla
tions between genetic distances calculated with all poly
morphism types versus just transversions (all r ≥ 0.6; Fig. S6) 
and with variance partitioning we identified similar trends 
in how each explanatory variable and their interactions 
shaped genetic distances (Fig. 3). Similarly, mutational load 
estimates were consistent between the transversions only da
tasets and the full datasets in all but one species (Streaky 
Seedeater; Fig. S5). However, the LMEM showed a significant 
increase in potential load through time, where the full dataset 
did not (Table 1).

Overall Patterns

In sum, across all datasets, genetic diversity increased 
through time and realized mutational load decreased 
through time (Fig. 2; Table 1). In contrast, potential realized 
load patterns varied between datasets, where calculations 
either showed no significant change through time or a 
slight increase through time (Fig. 2; Table 1). Genetic struc
ture results, as measured with genetic distances, were simi
lar across datasets (Fig. S6). Additionally, the results of 
variance partitioning showed similar forces shaping genetic 
structure across geography and through time (Fig. 3).

Note on Harar Massif Sampling

In the Choke Mountains and Central Highlands, the mod
ern and historical sampling were from the same mountain 
ranges (Fig. 1). In the Harar Massif, it is important to note 
that our modern samples were only from the Bale 
Mountains, while most of the historical samples were 
from the Arsi Mountains (points closest to GRV in Fig. 1; 
∼100 to 120 km from our Bale Mountains sampling sites). 
Some small mammals exhibit genetic differentiation be
tween these two mountain ranges in the Harar Massif 
(Kostin et al. 2019), but it has not previously been explored 
in birds. Based on our results for genetic diversity and struc
ture discussed above, we believe these different sampling 
locations through time in the Harar Massif only impacted 
our results for the Rüppell’s Robin-Chat in this region. 
This species exhibited strong differences in genetic diversity 
in this region through time (Fig. 2), large differences in gen
etic structure through time (based on long branches in net
work [Fig. 3] and large shifts in FST through time [Fig. S9]). In 
contrast, all other species did not show extreme differences 
in Harrar Massif genetic diversity or structure through time 
relative to the Choke Mountains or Central Highlands po
pulations (Figs. 2 and 3).

Discussion
Shifts in genomic diversity through time have generally 
been studied in charismatic, threatened, or specialist 
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species (Feng et al. 2019; van der Valk et al. 2019; Curry et al. 
2021; Dussex et al. 2021; Mathur and DeWoody 2021; 
Jackson et al. 2022; Dussex et al. 2023a; Sánchez-Barreiro 
et al. 2023; Blanchet et al. 2024). Globally, species with 
genetic diversity measurements spanning several decades 
have generally shown a trend for genetic erosion (i.e., gen
etic diversity loss) (Shaw et al. 2025). For example, African 
megafauna such as cheetahs, gorillas, and lions have 
experienced population declines resulting in reduced gen
omic diversity through time (Terrell et al. 2016; van der 
Valk et al. 2019; Curry et al. 2021). In bird museomics studies 
across the world, there has been documentation of mixed 
patterns in single species studies; as examples, mutational 
load is increasing through time in an island endemic pigeon 
(Jackson et al. 2022), varied trends of genomic diversity loss 
or maintenance were observed in different populations of a 
continental sparrow (Benham et al. 2024), and an island 
crow has experienced genomic diversity loss through time 
(Blanchet et al. 2024). In contrast, we find increases in popu
lation genomic diversity over the past century (Fig. 2). This 
trend was consistent across datasets testing for impacts of 
confounding factors shaping the trends seen here (Figs. S3
and S4; Table 1). Additionally, we found a lack of strong 
shifts in phylogeographic structure through time (Fig. 3) in 
our focal taxa. We hypothesize that the contrasting results 
for our focal species is likely due to their generalist nature.

Two mechanisms that could increase genomic diversity 
through time are (i) an increase in census population sizes 
or (ii) increased connectivity across partially connected 
and fragmented subpopulations. Both these mechanisms 
could be due to new or improved favorable habitats for 
these generalists. An increase in census population size 
could also be due to reduced competition with specialists 
not included in our study. Increased local or regional con
nectivity could also be due to reduction in small-scale habi
tat fragmentation. As the causes for these two mechanisms 
overlap, they are not mutually exclusive.

Increased genomic diversity through time due to in
creases in census population sizes would likely be a slow 
process, as there is generally a lag time between changes 
in census population sizes to realized changes in genomic 
diversity (Gargiulo et al. 2025). Generally, these lag times 
would be associated with mutation rates and life history 
traits, such as generation time and reproductive output. 
All the focal species are passerine birds and likely have mod
erately short generation times (e.g., 2 to 3 yr; Reid et al. 
2019), potentially providing up to 50 generations since ini
tial sampling for genomic diversity to increase. In contrast, 
increased connectivity across partially connected and frag
mented subpopulations could lead to genomic mixing in 
few generations. At large scales, we did not find evidence 
for increased connectivity through time across biogeo
graphic barriers (Fig. S9) and we did not find large consist
ent increases in LD decay between time periods (e.g., LD 

decay shifts upward would indicate very recent admixture 
among distinct lineages; Fig. S10). At small spatial scales, 
we do not have sufficient spatial and temporal sampling 
to directly measure increased connectivity. Because of the 
timescales of these two mechanisms, we hypothesize that 
increased connectivity between slightly isolated subpopula
tions more plausibly drove shifts in genomic diversity.

Regardless of the mechanism, an increased amount of 
habitat and connectivity would likely be required for these 
species to exhibit increased genomic diversity through time. 
Because of the generalist nature of the focal species, an in
crease in any forest, woodland, or shrubby habitat in nat
ural or partially natural settings (e.g., complex farmlands 
or vegetated settlements) would likely exert a positive ef
fect for population sizes in these taxa. However, identifying 
a habitat quality baseline from a century ago to compare 
with today is difficult; the Ethiopian Highlands have a com
plex history of increases and decreases in forest, secondary 
woodland, and scrub habitats over the past couple millen
nia (Darbyshire et al. 2003; Nyssen et al. 2004; Hurni et al. 
2010). Accounts from the mid-20th century indicate there 
was little pristine forest cover in the Ethiopian Highlands at 
that time (Logan 1946; Ritler 1997), and tree cover has like
ly been consistent or increasing in settlements throughout 
the 1900s (McCann 1997). Additionally, land management 
and conservation practices are varied across regions, but 
some photographic resurvey work has demonstrated im
proved vegetative cover since the 1970s in some locales, 
while other areas have experienced continued degradation 
(Munro et al. 2008; Nyssen et al. 2015). These combined 
accounts suggest no simple relationship in landscape 
change across the heterogeneous Ethiopian Highlands 
landscape over the past century. Regardless, the changes 
have increased the genomic diversity in this assemblage 
of generalist highland passerines.

In concert with our observations of genomic diversity in
creases through time, we generally found a decrease in rea
lized mutational load through time (Fig. 2), but mixed 
results for potential load among datasets where we found 
either no significant change or an increase through time 
(Fig. 2; Table 1). These patterns are consistent with both 
mechanisms for increased genomic diversity mentioned 
above, where increased genomic diversity is associated 
with more potential load, while there is also increased shel
tering of potentially deleterious homozygous variants. 
Genome-wide signatures and temporal shifts in mutational 
load are important to understand from a conservation per
spective (Blomqvist et al. 2010; Mathur and DeWoody 
2021; Bertorelle et al. 2022; Dussex et al. 2023b; 
Bourgeois et al. 2024); these measures represent popula
tions’ trends and tendencies for potentially deleterious vari
ation to be masked or selectively purged in larger or 
increasing populations but largely succumb to randomness 
of drift in smaller populations, potentially leading to 
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population-wide decreases in fitness (Blomqvist et al. 2010; 
Bertorelle et al. 2022; Dussex et al. 2023b). Overall, pat
terns of increasing genomic diversity and decreasing rea
lized mutational load through time suggest that Ethiopian 
Highlands generalist birds are on positive population gen
omic trajectories. Though many conservation studies in 
Africa focus on declining species that ultimately show 
negative biodiversity trends, this study offers a more hope
ful perspective; some species may respond positively to en
vironmental change, provided that habitat connectivity is 
maintained. Similar studies on other generalist species 
and species with varied natural history characteristics are 
needed to better understand how diverse taxa respond to 
anthropogenic landscape changes.

Materials and Methods

Study System

Our focal taxa are eight montane passerine birds (Aves: 
Passeriformes), including the Rüppell’s Robin-Chat 
(C. semirufa), Streaky Seedeater (C. striolata), Brown- 
Rumped Seedeater (C. tristriata), Abyssinian Slaty- 
Flycatcher (M. chocolatinus), Tacazze Sunbird (N. tacazze), 
Abyssinian Catbird (S. galinieri), Abyssinian Thrush (T. abys
sinicus), and Ethiopian White-Eye (Z. poliogastrus). These 
species’ geographic distributions are generally limited to 
high elevations in the Horn of Africa; the most widespread 
species is the Abyssinian Thrush that is found in montane 
regions from Malawi to Eritrea, and the most geographical
ly restricted species is the Abyssinian Catbird, which is en
demic to the Ethiopian Highlands. Although the realized 
niches of all these species are not identical, all these species 
are forest generalists, in that they may be found in interior 
forest, forest edge, stunted or regrowing forest, and even 
urban or inhabited areas with sparse trees. Some of the spe
cies can also be found frequently in nonforested urban 
areas; for example, the seedeaters or thrush can be found 
in the Addis Ababa Airport parking lot, which is sparsely ve
getated. These species often co-occur, and indeed all the 
species were captured in the same locality for modern sam
pling in the Choke Mountains.

Whole-Genome Sequencing of Modern Samples

We used a QIAGEN DNeasy blood and tissue extraction kit 
to obtain genomic DNA from 9 blood samples of C. striolata 
and N. tacazze. We sent these DNA extracts to the Texas 
Tech University Center for Biotechnology and Genomics, 
where they used the Illumina DNA Prep kit to create se
quencing libraries. After quality checking with the Agilent 
TapeStation 4200, the samples were sequenced on part 
of a single lane of an Illumina NovaSeq6000 S4 flow cell 
(150 × 150 bp) with other samples from unrelated projects. 
For an additional 46 individuals, we obtained sequencing 

data that were generated and used for previous phylogeo
graphic studies in the focal taxa (Manthey et al. 2022; 
Behrends et al. 2024). Total numbers per species are pre
sented in Table S1.

Whole-Genome Sequencing of Historical Samples

We sampled toepads from 51 historical specimens from 
eight species (Table S1) following extensive precautions to 
limit contamination of the toepads by modern DNA. We 
did not prepare or handle fresh specimens or enter a mod
ern molecular laboratory prior to cutting toepads on sam
pling days. We cut toepads in a separate room from the 
specimen preparation laboratory at a collections bench 
that was thoroughly cleaned by dusting and wiping down 
with freshly prepared 10% bleach followed by 70% etha
nol. While cutting toepads we wore disposable sleeves, a 
surgical mask, and two pairs of gloves. For each toepad 
we replaced our top pair of gloves, used a fresh razor blade, 
and cut the largest possible wedge (mean, M = 1.76 mg; 
standard deviation, SD = 0.91) from the toepad of the 
more exposed hallux as long as it was accessible. We depos
ited the samples in sterile microcentrifuge tubes that were 
not opened again prior to sample processing.

We completed all pre-PCR molecular laboratory work 
following ancient DNA protocols (Fulton and Shapiro 
2019) in a positively pressurized clean laboratory to minim
ize contamination by modern DNA. To monitor for contam
ination, we introduced a negative control for every batch of 
11 toepad samples at each stage of processing that we then 
carried through sequencing, resulting in 18 total negative 
control libraries. We attempted to minimize potential con
taminating DNA on the exterior of the toepad samples by 
performing a brief enzymatic predigestion following the 
methods of Settlecowski et al. (2023). Briefly, we digested 
the outer layer of each toepad in 180 µL of digestion buffer 
(30 mM Tris–HCl, 10 mM EDTA, 1% SDS) and 20 µL of pro
teinase K for 3 min at 37 °C and 1,000 RPM. After the pre
digestion, we discarded the digestion solution and 
successively washed the toepad for 5 min at room tempera
ture and 1,000 RPM, first with 500 µL of 70% ethanol and 
then 500 µL STE. We then purified DNA from each toepad 
via phenol chloroform DNA extraction followed by ethanol 
precipitation following the methods of Tsai et al. (2020)
with a few modifications. Our modifications were to use 
the digestion buffer described above in place of Qiagen 
Buffer ATL, begin each digestion with 40 µL rather than 
20 µL of proteinase K, exclude dithiothreitol following over
night digestion, and to intermittently vortex samples rather 
than mash with forceps during the digestion period. We re
suspended the precipitated DNA in 45 µL of 10 mM Tris– 
HCl and used 2 µL to measure the DNA concentration via 
Qubit High Sensitivity dsDNA assay. We treated each toe
pad DNA sample with NEB PreCR Repair Mix to repair 
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deaminated cytosines, DNA nicks, among other types of 
DNA damage expected in historical samples. We followed 
the sequential reaction protocol provided with the kit and 
performed up to two treatment reactions per sample, in
putting no more than the maximum 500 ng of DNA per re
action. We cleaned up the repaired DNA via Qiagen 
MinElute columns, eluted the DNA in 17 µL of 10 mM 
Tris–HCl, and used 2 µL to measure the DNA concentration 
via Qubit High Sensitivity dsDNA assay.

We prepared a genomic sequencing library for each toe
pad sample using the IDT xGen ssDNA & Low Input DNA 
Library Prep Kit, because a prior study suggested that this 
kit returned a higher proportion of target historical DNA 
from bird toepad of the same age of samples herein 
when compared to the commonly used KAPA Hyper Prep 
Kit and another single-stranded DNA library preparation 
kit (Settlecowski et al. 2023). We prepared libraries follow
ing manufacturer protocol with several modifications. We 
performed larger ratio SPRI bead cleanups to avoid remov
ing smaller DNA fragments expected from historical sam
ples, using a homebrew SPRI bead solution (Rohland and 
Reich 2012). We performed a 1.8× SPRI cleanup following 
extension, 1.6× SPRI cleanup following ligation, and 1.4× 
SPRI cleanup following library amplification based on ex
pected input DNA and library fragment sizes (Settlecowski 
et al. 2023). Following ligation, we amplified each library 
in triplicate with six cycles per PCR, using KAPA HiFi 
HotStart Uracil + ReadyMix rather than the IDT kit-provided 
PCR reagents to facilitate amplification of any library mole
cules with remaining uracils. Lastly, we used generic iTru5 
and iTru7 indexed primers (Glenn et al. 2019) rather than 
IDT xGen indexed primers to index each library with a un
ique i5 and i7 sequence. Following library amplification, 
pooling by sample, and cleanup we measured the mean li
brary molecule size via Agilent Bioanalyzer High Sensitivity 
DNA Kit assay and calculated the concentration of adapter- 
ligated library molecules by qPCR with KAPA Library 
Quantification Kit. We combined all sample libraries in a 
10 nM pool that was sent to the Texas Tech University 
Center for Biotechnology and Genomics for sequencing 
on three NovaSeq6000 S4 flow cells (100 × 100 bp).

Quality Control and Alignment of Historical Sequence 
Data

First, we used seqtk v1.3 (Shen et al. 2016) to trim adaptase 
tails attached during sequencing library preparation. We 
then used hts_SuperDeduper v1.3.2 (Petersen et al. 2015) 
to remove PCR duplicates from the raw sequencing reads. 
Next, we merged any reads with small insert sizes using 
SeqPrep (Robbins et al. 2011) and removed low complexity 
reads using the remove_low_complex.py script from the 
nf-polish pipeline (available at: github.com/MozesBlom/ 
nf-polish). We then aligned both merged and unmerged 

sets of reads to the Ficedula albicolis reference genome 
(ENSEMBL release FicAlb1.5 v105, GCA_000247815.2) 
(Ellegren et al. 2012) using the mem algorithm of the 
BWA v2.2.1 program (Li and Durbin 2009). We used this 
genome because it is a songbird (as are all our focal taxa), 
it is a chromosome-scale assembly, there is generally high 
synteny among birds (Derjusheva et al. 2004; Griffin et al. 
2008), and this genome was already annotated for muta
tional load calculations in a SnpEff (Cingolani et al. 2012) 
database. We used samtools v1.6 (Li et al. 2009) to convert 
SAM files to BAM format and to merge the alignments for 
the merged and unmerged read sets. We cleaned and 
sorted the BAM files with Picard Tools (available at: broad
institute.github.io/picard).

Quality Control and Alignment of Modern Sequence 
Data

We used bbduk (Bushnell 2014) to quality filter the raw se
quencing data and then used the mem algorithm of the 
BWA v2.2.1 program (Li and Durbin 2009) to align the fil
tered reads to the F. albicolis reference genome. We used 
samtools v1.6 (Li et al. 2009) to convert the SAM file to 
BAM format, followed by cleaning and sorting the BAM 
files with Picard Tools. We used samtools to measure the 
genome-wide depth of sequencing coverage for each 
individual.

Different Alignment Datasets

To test for impacts of rescaling base qualities or sequencing 
coverage differences, we created three alignment datasets 
per species: (i) the full dataset, (ii) an alignment dataset with 
rescaled bases, and (iii) a downsampled alignment dataset. 
Here, we used samtools to measure the genome-wide 
depth of sequencing coverage for each individual. With 
this information, we used the “DownsampleSAM” func
tion of Picard Tools to create a downsampled dataset. 
Lastly, we used mapDamage v2.3.0 (Jónsson et al. 2013) 
to quantify DNA damage patterns in the BAM files and re
scale base qualities for any reads with substitutions that 
were likely the result of DNA damage (MapDamage data
set). All three alignment datasets were used in downstream 
genotyping and filtering schemes described below and 
summarized in Table S3. We also used output from 
mapDamage to visualize any excess of C to T transitions 
at the ends of sequencing reads in historical relative to 
modern samples. Overall, we found no excess of C to T 
transitions at the ends of reads, and historical and modern 
samples had similar substitution patterns in each species 
(Fig. S8). These results strongly suggest the UDG enzymatic 
treatment of historical samples, and the bioinformatics fil
tering schemes largely removed any signatures of post
mortem damage in the sequences. Additionally, we 
observed a decrease in substitution rates overall toward 
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read ends, which we hypothesize is due to a combination of 
quality filtering and proximity to soft clipped bases because 
of alignment to a nonconspecific reference. The Rüppell’s 
Robin-chat and the Abyssinian Slaty Flycatcher are both in 
the same family as the reference genome (Muscicapidae) 
and show the least reduction in substitutions near the be
ginning of the reads, supporting this hypothesis.

Genotyping and Genotype Filtering

Using the final BAM files, we genotyped each individual 
using the bcftools v1.17 (Li 2011) mpileup command and 
retained sites that had a minimum sequencing depth of 
eight reads. Variant call format (VCF) files from all indivi
duals were merged using the bcftools merge command. 
On the combined VCF files, we used vcftools v0.1.16 
(Danecek et al. 2011) to further filter to 10 datasets per spe
cies (Table S3), with three main types of filtering. For gen
etic structure analyses, we filtered for no missing data 
allowed, only including biallelic sites, a minimum minor al
lele count of two (i.e., removing singletons), and a minor 
allele frequency less than 0.5. For genetic diversity esti
mates, we allowed up to two individuals with missing 
data per site, included variant and invariant sites, no min
imum minor allele count, and a minor allele frequency 
less than 0.5. For mutational load analyses, we allowed 
up to two individuals with missing data per site, included 
only biallelic sites found in genes, a minimum minor allele 
count of two, and a minor allele frequency less than 0.5. 
Further, to identify if polymorphism types included shaped 
any trends in our datasets, some of these datasets were fil
tered again to only include transversions. For all datasets, 
we removed the sex chromosomes to remove any impacts 
of different ploidy between sexes.

Genetic Diversity and Mutational Load

We measured observed heterozygosity (HO) for each indi
vidual as an estimate of genetic diversity. For each individ
ual, HO is measured as the number of heterozygous sites 
divided by the total number of sites genotyped. Because 
this is a genetic diversity measure of individual diploid gen
omes, estimates should be representative of population- 
level nucleotide diversity. Additionally, HO should be less 
biased than population-level estimates of genetic diversity 
in cases of unequal sample sizes or slight population struc
ture across regions. We quantified ROH using ROHan 
(Renaud et al. 2019), which uses BAM files to estimate 
ROH directly from alignment data.

To quantify mutational load, we first used SnpEff 
(Cingolani et al. 2012) to annotate estimated functional ef
fects of SNPs in coding regions based on the precomputed 
database for the reference genome. We extracted all vari
ant sites that were annotated by SnpEff as having low, 
moderate, or high impacts for input into calculations of 

mutational load. Here, we estimated two measures of 
load, potential load and realized load, based on modifica
tions to equations presented in Mathur et al. (2023):

PLi =
􏽐

VHi +
􏽐

VMi
􏽐

VHi +
􏽐

VMi +
􏽐

VLi 

RLi =
􏽐

HDVHi +
􏽐

HDVMi
􏽐

VHi +
􏽐

VMi 

Here, potential load (PL) is the sum of all high (H ) and mod
erate (M ) impact variants (V ) found in individual i, divided 
by the sum of all high (H ), moderate (M ), and low (L) impact 
variants (V ) (i.e., all nonsynonomous variants) found in indi
vidual i. PL is a proportion representative of functional mu
tations in the genome that are potentially deleterious (or 
weakly deleterious). Realized load (RL) is the sum of all 
high (H ) and moderate (M ) impact homozygous derived 
variants (HDV) found in individual i, divided by the sum of 
all high (H ) and moderate (M ) impact variants (V ) found 
in individual i. RL is representative of the proportion of po
tentially deleterious variants that are found in the homozy
gous state.

To test whether diversity or load shifted through time in 
this avian assemblage, we used LMEM with the R package 
lme4 (Bates et al. 2015). Here, we used a likelihood ratio 
test of null and alternative models to assess if time signifi
cantly impacted any of these measurements. In the null 
model, we treated species and geographic region as ran
dom effects. In the alternative model, we added time as a 
fixed effect. We had three different response variables: 
HO, PL, and RL. We did not test for shifts in ROH because 
all individuals exhibited less than 1% of the genome in 
ROH.

Genetic Structure

We estimated genetic structure with two methods. First, 
we estimated genetic structure using PCA in PLINK v1.9 
(Chang et al. 2015). Second, we estimated a phylogenetic 
network in SplitsTree v4.14.6 (Huson and Bryant 2006). As 
input for SplitsTree, we used Nei’s D genetic distances (Nei 
1972) calculated with the R package StAMPP (Pembleton 
et al. 2013). As part of this conversion, we also used the R 
packages vcfR (Knaus and Grünwald 2017) and adegenet 
(Jombart and Ahmed 2011) for manipulation of the geno
type files. To identify any large shifts in genetic structure 
through time, we estimated genetic differentiation (FST) 
(Reich et al. 2009) for all population pairwise comparisons 
that included three samples using an FST estimator that 
works well with small sample sizes (Willing et al. 2012). For 
all populations with three samples, we estimated linkage dis
equilibrium (LD) decay using PopLDDecay (Zhang et al. 
2019), because we would expect shifts in LD decay if there 
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were large decreases in population size through time or 
changes in connectivity between distinct genetic lineages. 
Our goal here was not to identify absolute values of LD decay 
(because of small sample sizes), but rather shifts through 
time as visualized by LD decay curves.

We also aimed to identify which factors impacted genet
ic structure for each species. Here, we used multiple regres
sion of distance matrices (MRM) to assess how genetic 
distance (Nei’s D) between samples could be explained by 
(i) time period sampled, (ii) geographic distance between 
samples, or (iii) number of biogeographic barriers separat
ing samples (as in Fig. 1). Here, we estimated distances be
tween points using the R package fossil (Vavrek 2011) and 
used the MRM function of the ecodist R package (Goslee 
and Urban 2007) with 100,000 permutations to assess stat
istical significance. Because multiple explanatory variables 
explained genetic distances (see Results), we used variance 
partitioning implemented in the R package vegan (Oksanen 
et al. 2007) to assess how each explanatory variable and 
their interactions shaped genetic distances.

Supplementary Material
Supplementary material is available at Genome Biology and 
Evolution online.
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