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Abstract

The iconic Cape buffalo has experienced several documented population declines in
recent history. These declines have been largely attributed to the late 19th century
rinderpest pandemic. However, the effect of the rinderpest pandemic on their genetic
diversity remains contentious, and other factors that have potentially affected this
diversity include environmental changes during the Pleistocene, range expansions
and recent human activity. Motivated by this, we present analyses of whole genome
sequencing data from 59 individuals from across the Cape buffalo range to assess
present-day levels of genome-wide genetic diversity and what factors have influenced
these levels. We found that the Cape buffalo has high average heterozygosity overall
(0.40%), with the two southernmost populations having significantly lower heterozy-
gosity levels (0.33% and 0.29%) on par with that of the domesticated water buffalo
(0.29%). Interestingly, we found that these lower levels are probably due to recent
inbreeding (average fraction of runs of homozygosity 23.7% and 19.9%) rather than
factors further back in time during the Pleistocene. Moreover, detailed investigations
of recent demographic history show that events across the past three centuries were
the main drivers of the exceptional loss of genetic diversity in the southernmost pop-
ulations, coincident with the onset of colonialism in the southern extreme of the Cape
buffalo range. Hence, our results add to the growing body of studies suggesting that
multiple recent human-mediated impacts during the colonial period caused massive
losses of large mammal abundance in southern Africa.
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1 | INTRODUCTION

Low genetic diversity is a cause for concern for the ongoing viabil-
ity of many species, leading to an increased risk of compromised
evolutionary potential (Frankham, 2005). However, for many spe-
cies it is not known which factor(s) have caused their low genetic
diversity. The drivers of genetic diversity in various wildlife species
have been identified with the aid of genome-wide data, which has
linked present-day diversity levels with a variety of biological traits
and evolutionary events, including ecological versatility (Pecnerova
et al., 2021), inbreeding (Prado-Martinez et al., 2013), disease epi-
demics (DeCandia et al., 2021), life-history traits and habitat avail-
ability (Briiniche-Olsen et al., 2021; Heller et al., 2010). Furthermore,
it is well known that processes in a species' evolutionary history
such as range expansions (Murray et al., 2017) and gene flow be-
tween populations (Fu et al., 2016), as well as recent anthropogenic
pressures including habitat loss and hunting (Li et al., 2016; Morin
et al., 2021) can impact species' genetic diversity. Moreover, studies
have shown that the rate of decline in genetic diversity can be im-
portant in determining a species' future viability (Frankham, 2005;
Kardos et al., 2021). Hence, understanding how demographic history
has shaped levels of genetic diversity across wildlife populations is
essential for informing conservation and population management of
vulnerable species (Fuentes-Pardo & Ruzzante, 2017).

One near-threatened species whose levels of genetic diversity is
likely to have been impacted by all of the above-mentioned factors
is the African buffalo (Syncerus caffer), in particular its most wide-
spread subspecies the Cape buffalo (S. c. caffer). The Cape buffalo is
believed to have split from other African buffalo subspecies within
the last 200,000years (Smitz et al., 2013; Van Hooft et al., 2002).
Since this split, two factors acting over extended evolutionary times-
cales are particularly likely to have played a role in present-day diver-
sity levels. First, a gradual range expansion from its central African
origin to southern Africa is believed to have taken place during the
Late Pleistocene (100,000-20,000years ago) caused by climatically
induced expansion of grassland habitats (Van Hooft et al., 2002).
Second, any subsequent changes in the environment could have led
to a marked change in population sizes (de Jager et al., 2021; Heller
et al., 2010; Smitz et al., 2013).

In more recent times, Cape buffalo populations have been greatly
impacted by a host of human-mediated disturbances that have led to
dramatic declines in population sizes, resulting in the need for pop-
ulation management strategies in parts of the Cape buffalo range
(de Jager et al., 2021). These include human population expansions
during the African Neolithic period (7000-1000years before the
present) (Heller et al., 2012) as well as European colonization since
the 17th century with associated intensification of hunting, habitat
fragmentation and culling of buffalo to protect livestock from dis-
eases they are known to carry (Metzger et al., 2010). The introduc-
tion of novel pathogens as an indirect result of colonialism has had
disastrous impacts on Cape buffalo populations. In the final decades
of the 19th century, populations were reduced by as much as 90%

across the species range due to the rinderpest pandemic (Metzger
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et al., 2010; Njeumi et al.,, 2012; Young, 1969). Further popula-
tion size decreases in recent decades have led to the African buf-
falo being categorized as ‘Near-Threatened’ on the IUCN Red List
(IUCN, 2018). Despite this, previous studies based on markers such
as microsatellites and mitochondrial DNA (mtDNA) have suggested
surprisingly high levels of genetic diversity across the Cape buffalo
range with estimates of lower values in some South African popu-
lations (de Jager et al., 2020; O'Ryan et al., 1998; Smitz et al., 2013,
2014; Van Hooft et al., 2000).

The first and so far only whole-genome-based study of Cape
buffalo confirmed the presence of populations with high diversity,
but also identified two populations with reduced levels (de Jager
et al., 2021). However, that study only included samples from South
Africa, and thus the genome-wide diversity of Cape buffalo outside
of South Africa, as well as its drivers, remains unknown (O'Ryan
et al,, 1998; Smitz et al., 2013, 2014; Van Hooft et al., 2000).

Motivated by this, we analysed whole genome sequencing data
from 59 Cape buffalo from eight populations across its range. Our
primary goals were three-fold: first, to assess genetic diversity lev-
els in Cape buffalo populations from across the subspecies' range
based on genome-wide data; second, to investigate whether these
genome-wide diversity levels were influenced by long-term phylo-
geographical and demographic changes, such as the presumed range
expansion into southern Africa or other climatically driven changes
in population size; and third, to evaluate the role of very recent
demographic change in impacting genetic diversity, and thereby
investigate the contribution of the rinderpest pandemic and other
human-mediated disturbances that have impacted Cape buffalo
habitats. By pursuing these goals we aimed to enhance our under-
standing of Cape buffalo genetic diversity and the factors that have
affected it.

2 | MATERIALS AND METHODS
2.1 | Samples

Twenty-two samples of Cape buffalo skin tissue from Amboseli
National Park (KY-Amboseli), Kenya, and previously analysed in Heller
et al. (2010) were obtained from the University of Copenhagen. See
Heller et al. (2010) for sampling details. Eight samples from Ol Pejeta
Conservancy Kenya (KY-Pejeta), Rungwe Tanzania (TZ-Rungwe) and
Chewore Zimbabwe (ZM-Chewore) were provided by the USDA,
ARS and U.S. Meat Animal Research Center (USMARC). Their hide
samples were acquired from a licensed importer that legally imports
hunter-killed, acidified, dried hides for commercial taxidermy. Other

samples were sourced from existing publications (Table S1).

2.2 | DNA extraction

Following the manufacturer's protocol, the Qiagen DNeasy Blood

& Tissue Kit (Qiagen) was used for DNA extraction. Subsequently,
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RNase was added to the samples to ensure they consist of RNA-free
genomic DNA. The DNA concentrations were then measured with a
Qubit 2.0 Fluorometer and a Nanodrop before using gel electropho-
resis to check the genomic DNA.

DNA from dried acidified Cape buffalo hide samples obtained by
USMARC was extracted by first shaving the hair of a two-square-
inch sample with a clean one-sided razor blade. Approximately 25
fragments of hide were shaved from the grain and chorion layer per-
pendicular to the hair side of the sample. Each shaved fragment was
approximately the size of a human fingernail clipping. The shaved
hide fragments were hydrated in phosphate-buffered saline over-
night and DNA was extracted with a typical phenol/chloroform
method and stored at 4°C in 10 mm TrisCl, 1 mm EDTA (pH 8.0) as
previously described (Heaton et al., 2008).

2.3 | Sequencing

Sequencing libraries were built from the DNA extracts and se-
quenced by BGI China. The sequencing was performed using a
2 x150-bp paired-end setup on the Illumina NovaSeq6000 S4 plat-
form, targeting ~15x coverage. In total, the generated data com-
prised 729,130,136,100 bases.

For the USMARC samples, ~5 pg of Cape buffalo genomic DNA
was used to make 500-bp paired-end libraries and sequenced as pre-
viously described (Kalbfleisch et al., 2018).

24 | Mapping

Overlapping read pairs were merged with NGMERGE before mapping
with Bwa-MeM (version 0.7.17; default settings) to a Bos taurus ge-
nome (BosTau9, GenBank accession GCA_002263795.2, represent-
ing a Hereford breed of cattle). Read duplicates (markdup, default
settings) were marked and removed (-F 3852) using samTooLs (version
1.9). We retained properly paired and mapped paired-end reads. All
reads with mapping quality below 30 were excluded from all down-

stream analysis.

2.5 | Reference genome quality filtering

To obtain high-quality data we excluded data from parts of the ge-
nome using several different filters.

First, we used RePEATMASKER (version 4.08) to identify low-
complexity and repeat regions in the genome using sensitive mode,
and commands -engine wublast -s -no_is -cutoff 255 -frag 2000
(Jiang et al., 2008). We also identified regions of the genome with an
excess of heterozygosity. These can arise due to the presence of un-
known paralogue genomic regions or repeats being represented only
once in the reference genome, resulting in reads from multiple parts

of the genome being mapped to a single location. To identify these

regions we used pcancsD (Meisner & Albrechtsen, 2018) where we
calculated per site inbreeding coefficients (F) in a way that accounts
for population structure and missing genotypes. The first two princi-
pal components were used to account for population structure when
obtaining individual allele frequencies. We identified regions as 10-
kb windows containing sites that were found to have excessive het-
erozygosity (F <-0.9, p <107°). Finally, we identified regions that
showed excessively low or high sequencing depth across all samples.
We first estimated the combined depth for all autosomal sites across
all samples with anGsp (Korneliussen et al., 2014), and then excluded
sites with depth below 0.5x the median depth and sites with depth
above 1.5x the median depth. Finally, we created a file of all sites in
the genome that did not lie in any of the problematic regions identi-
fied above. This sites file was used in all subsequent analysis to filter

out data from problematic regions of the genome.

2.6 | Sample quality filtering

We also performed several different filtering steps at sample level

described below.

2.6.1 | Error rates estimation

To identify and exclude highly error-prone samples from the data
set, we estimated error rates in ANGsD using the “perfect-individual”
approach as described in Orlando et al. (2013). Sample AB-SA was
selected as the “perfect-individual” sample for the analysis based
on the overall mapping statistics and sequence depth. A consensus
sequence was generated for this sample with the -doFasta 2 option
in ANGsD, taking the most commonly observed base (-doAncError
2) as the consensus. Since the “perfect-individual” approach as-
sumes equal genetic distances of the samples to the outgroup, we
used the bostau9 reference genome as the ancestral (outgroup)
sequence. Error rates were then measured as an excess/deficit of
derived alleles from the outgroup compared to this “perfect indi-
vidual” sample. Both for generating the consensus sequence and
for the error estimation, we restricted the data to a base quality of
at least 30. No samples were removed after assessing error rates

in the data set.

2.6.2 | ldentification of related and
duplicated samples

We removed closely related samples from analyses. These were
identified with pLiNk 1.9 using the relatedness coefficient (2xkin-
ship coefficient) (--genome). For each pair with a relatedness
coefficient estimate above 0.2 we removed the sample with the
highest error rates inferred by aAnGsD. This analysis was performed

separately for the three populations where sufficient sample sizes
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were available for population allele frequency estimation (KY-
Amboseli, RSA-HiP, RSA-KNP). Seven Amboseli samples were
removed, leaving no pairwise relationships with relatedness coef-
ficient above the threshold. For the KY-Pejeta, RSA-AENP, RSA-
MNP and ZM-Chewore populations, for which the low sample size
prevents reliable estimation of allele frequencies, we estimated
relatedness based on the allele frequency-free method IBSRELATE
(Waples et al., 2019). We used ancsD and ReaLsFs to estimate the
two-dimensional site frequency spectrum [2D-SFS] between each
pair of samples from each population, from which we calculated
the RO, R1 and KING statistics. Based on them, we found a dupli-
cate pair of samples from ZM-Chewore and we excluded one of

the samples.

2.7 | Genotype imputation, genotype calling and
genotype likelihoods

From the mapped read data we first removed reads with low
mapping quality and bases with a low-quality score: -minQ 30
-minMapQ 30. For some analyses we needed information for all
sites (e.g., pairwise sequentially Markovian coalescent [psmc]) and
for other analysis we also needed data for common variable sites.

To obtain genotype calls for common variable sites we per-
formed haplotype imputation. We first called SNPs in Cape buffalo
using AnGsD from genotype likelihoods, with a minimum p-value of
107 and a minor allele frequency [MAF] above0.05. We used the
GATK genotype likelihood model (McKenna et al., 2010). We then
used the genotype likelihoods for the variable sites as input for Bea-
GLE version 3 (Browning & Browning, 2011) to perform haplotype
imputation jointly on all samples. We excluded sites with an imputa-
tion score (estimated R?) below 0.9 and called the genotype with the
maximum posterior probability in all remaining sites, removing sites
where any sample had a maximum posterior probability lower than
0.95. We will refer to this data set as the imputed data, which was
used for most analyses (Table S2).

For a few of the analyses that are very sensitive to genotyping
errors using the imputed data was not appropriate. Specifically,
for the psmc analysis we called genotypes separately for nine high-
depth samples using Bcrrools (version 1.9) and -c for calling geno-
types. We used a minimum depth per site selecting the minimum
of either six reads or a third of the genome average depth. A maxi-
mum depth per site equal to twice the genome-wide average depth
was used. A minimum of two reads supporting each allele were
required to call a heterozygous genotype. Similarly, for identifica-
tion of long runs of homozygosity (ROH) in each sample we made
high-quality genotype calls by jointly calling them using BcFTooLs
and then keeping only genotypes supported by a minimum read
depth of 10 and requiring a minimum of three alternative and ref-
erence reads to call a heterozygous genotype. Unlike psmc, long
ROH can be identified despite the ascertainment bias. Finally, for
the estimated heterozygosity, which is extremely affected by as-

certainment bias, we used the genotype likelihoods data instead
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of called genotypes. For a full overview of the use of the different
data sets see Table S2.

2.8 | Principal components analyses (PCAs)

We performed PCA on the 59 not closely related Cape buffalo
based on the imputed data using pLiNk 1.9 with the --pca command.
The data were pruned for sites in linkage disequilibrium using the
“~indep-pairwise” command with a window size of 50 variants, a

step size of five variants and pairwise 1% threshold of 0.2.

2.9 | Linkage disequilibrium (LD) curves

LD curves were generated for six Cape buffalo populations with four
individuals from each population to allow equal sampling. The curves
were computed using the “LDdecay” function in the “LDdecay.R"
package in R (Albrechtsen et al., 2009; Korneliussen et al., 2014)

using the imputed data in plink format.

210 | Fq;estimation

We estimated Fg; between Cape buffalo populations by applying
the Hudson's estimator (Bhatia et al.,, 2013) to the imputed data.
Individuals were grouped in populations according to their sampling

location.

2.11 | apmixTure analyses

We estimated admixture proportions for 59 individuals using Ab-
MIXTURE (Alexander et al., 2009) on the imputed data to identify any
admixed individuals within sampling locations due to recent translo-
cations. ADMIXTURE was run from K = 2 to K = 6. For each K we per-
formed several independent optimization runs until convergence.
Convergence was not achievable for all K. For the runs that con-
verged we assessed the model fit by estimating the pairwise correla-
tion of residuals with evaLabmix (Garcia-Erill & Albrechtsen, 2020).
One individual in the KY-Amboseli population was shown to have an
ADMIXTURE profile most closely resembling two individuals from KY-
Pejeta. This was visible from K =4 to K = 6; this sample was removed

from all subsequent analyses.

2.12 | Estimation of genome-wide heterozygosity

We estimated heterozygosity for each sample using AnGsD after
obtaining a per-individual site frequency spectrum (SFS) using the
REALSFs program within ancsp (—dosaf 1 -gl2 -minQ 30 -minMapQ
30). Using genotype likelihoods takes into account uncertainty in

the data, which was necessary given that many of the samples in
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this data set are of low average sequencing depth. In addition to our
58 Cape buffalo samples we also estimated heterozygosity for nine
additional samples. These included three swamp buffalo, five water

buffalo and a cattle sample.

2.13 | TREEMIX

From the imputed data we estimated allele counts for each popula-
tion, which we used as input for TREemix (Pickrell & Pritchard, 2012).
We ran TREEMIX assuming no migrations, grouping SNPs in blocks of
687 SNPs, and setting a pair of individuals from the Italian water buf-

falo population as an outgroup.

2.14 | Identity by state (IBS) neighbour-joining tree

We created a neighbour-joining tree using the imputed data set in
PLINK. Using the commands “-distance square ibs” and “allele-ct” pair-
wise IBS values were calculated for all individuals which included 58
Cape buffalo samples and two water buffalo samples intended to
act as an outgroup. In R using the matrix of pairwise IBS distances
as input, the ape plotting package created an unrooted neighbour-

joining with the “ape::(nj)” command.

2.15 | Admixture graphs

To estimate admixture graphs for the eight Cape buffalo populations,
we used the “find_graphs” function in ApbmixtooLs2 (Maier et al., 2022)
on the imputed data set using the Italian water buffalo population as
an outgroup. For each allowed number of admixture events, we ran
“find_graphs” 300 times to obtain test scores for each admixture
event and kept the admixture graph with the highest test score. The
test score was obtained by optimizing a topology from a subset of
the f-statistics and testing on the remainder. We then selected the

highest scoring admixture graph for each admixture event.

2.16 | Estimation of population split times

We applied the “Two-Two” (TT) method (Sj6din et al., 2021) to es-
timate split times between populations. This method estimates
pairwise population split times using one sample from each popu-
lation, by fitting a coalescence model to the 2D-SFS between the
two samples. The model assumes a constant ancestral population
size and no gene flow after the split, but it avoids any assumptions
on the population sizes after the split. We obtained the 2D-SFS for
each population pair using called genotypes from each of the high-
est depth samples from each population used (average sequenc-
ing depth>10x). We polarized the ancestral state as the allele in

the bosTau? reference, requiring that the reference allele was also

observed in homozygous state in the impala and lesser kudu sam-
ples, and excluded from the analyses those sites where this was not

the case.

2.17 | Gene flow analysis using f-branch statistics

Gene flow between eight different Cape buffalo populations was
investigated using the f-branch metric, a statistic related to the f-4
statistic, which we calculated by applying the psuite software pack-
age (version 0.3; Malinsky et al., 2021) to the imputed data set. To do
so, we first used Dtrios, a part of psuiTe, to calculate D-statistics for
all possible trio combinations given the topology of the highest scor-
ing admixture graph with two admixture events depicted in Figure 3.
Then we applied Fbranch, another part of psuiTg, to these D-statistics

in order to calculate the f-branch statistics.

218 | psmc

We used psmc (Pickrell & Pritchard, 2012; Li & Durbin, 2011) to es-
timate the population size trajectory back through time for our 10
high-coverage Cape buffaloes. psmc was applied with default set-
tings. For scaling, we used a mutation rate of 1.5 %1078 and gen-
eration time of 7.5years based on a value obtained from previous
studies of Cape buffalo (de Jager et al., 2021). All samples were ana-
lysed using their original depths (Figure S7B), and then samples were
downsampled to 10.3x average genome sequencing depth to ensure
equal coverage using samTooLs with the -b and -s filters with -s set
to the proportion of reads required to equal 10.3x average genome

sequencing depth per sample.

2.19 | Ppop size ABC

We used popsizeasc (Boitard et al., 2016) on the imputed data to
estimate changes in population sizes in all samples from three of
the Cape buffalo populations where sufficient numbers of samples
were available (n >12). popsizeasc takes vcf files per chromosome
as an input. From this it estimated LD curves and SFS for tested
populations. A vcf file was created from the imputed data set and
the three populations with sufficient sample sizes were analysed.
The same recombination rate and mutation rate used in psmc were
used in POPSIZEABC. POPSIZEABC also requires multiple simulations of
demographic scenarios to compare a posterior distribution of simu-
lation derived parameters to those observed in the real data. For
each population, 210,000 simulations were performed for 100
2-Mb regions per simulation as per the suggested settings in the
publication for the software. A minimum MAF threshold of 0.1 was
applied to calculation of the SFS and 0.2 for calculation of the LD
curves, again in accordance with the suggested parameters in the

POPSIZEABC publication.
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2.20 | Runs of homozygosity analysis

Runs of homozygosity (ROH) were inferred based on strict geno-
type calling filters (see genotype imputation, genotype calling and
genotype likelihoods) where heterozygous genotypes have at least
three reads supporting each allele. This minimizes the likelihood of
sequencing errors fragmenting long ROH.

We used the command “~homozyg” in pLINK version 1.9 with de-
fault settings, except allowing a maximum of three heterozygous calls
and 20 missing calls when detecting ROH (--homozyg-window-het 3
--homozyg-window-missing 20). Minimum ROH length was set at
the default of 1 Mb.

Fractions of the genome as ROH were calculated by dividing the
total length of ROH per sample by the entire genome length. Using a
published approach (Meyermans et al., 2020) to estimate the entire
genome length per sample, “pseudo-homozygous” individuals were
created with each individual's genotype fixed to homozygous for all
sites. The same pLNk ROH command was rerun and the total length
of ROH from these individuals was taken as the total genome length.

Genome-wide heterozygosity was then recalculated for each
sample taking into account these extended portions of the genome
found to be homozygous. This ROH-adjusted heterozygosity was
calculated by: ROH-adjusted heterozygosity = Heterozygosity/(1-
fraction of genome which has ROH).

We converted the ROH tract lengths to generation estimates
using an approach from a previous publication (Saremi et al., 2019).
We used an estimated average recombination rate from cattle of
1.275 centimorgans/Mb (Saremi et al., 2019; Weng et al., 2014)
and the equation g = 100/(2rL), where g is the time in generations,
r is the recombination rate and L is the length of the ROH tract in

megabases.

3 | RESULTS

We generated whole genome sequencing data from 22 Cape buffalo
individuals from Amboseli National Park in Kenya (KY-Amboseli), two
from Ol Pejeta Conservancy Kenya (KY-Pejeta), five from Chewore
Lodge Zimbabwe (ZM-Chewore) and one from Rungwe East Game
Reserve in Tanzania (TZ-Rungwe), with a depth of coverage 8-21x
per individual. In addition, we obtained sequencing data for 41 Cape
buffalo samples from publicly available data (depth of coverage 6-
32x) from four other localities in South Africa: Kruger National Park
(RSA-KNP), Mokala National Park (RSA-MNP), Hluhluwe-iMfolozi
Park (RSA-HiP) and Addo Elephant National Park (RSA-AENP) (see
Figure 1a for map of samples and Table S1 for sample information).
Finally, for a broader comparison we included eight publicly avail-
able samples from three water buffalo (Bubalus bubalis) populations
with both the river and swamp subspecies included. After mapping
to the cattle reference genome and sample quality filtering, 59 Cape
buffalo remained with 12 samples discarded due to a close familial
relationship or failing quality control procedures (see Table S2 for a
summary of data used in each analysis and methods for relatedness

and quality control of samples).
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3.1 | Evaluation of population units

First, to ensure the sampling localities constitute evolutionarily
meaningful population units for further analyses, we performed a
series of population structure analyses. A PCA shows samples from
the same sampling location clustering together in the first two prin-
cipal components, forming nonoverlapping clusters except for two
South African populations, RSA-KNP and RSA-MNP (Figure 1b). The
latter is unsurprising, given that the RSA-MNP population was es-
tablished in 1999 from individuals translocated from RSA-KNP in
order to create a disease-free population (de Jager et al., 2021). In
line with this, the estimated F; between them is also the lowest
observed (0.01) (Table S3). The remaining F¢; values range from rela-
tively low between populations across the Cape buffalo distribution
from Kenya to RSA-KNP (average 0.054), to much higher between
the two southernmost localities (RSA-HiP and RSA-AENP) and other
localities (average 0.21). An AbmiIxTURE analysis (Figure 1d; Figure S1)
supported the clustering of the individuals into groups according to
sampling location, with the exception of the two locations with low
sample sizes (KY-Pejeta and TZ-Rungwe). All samples in these two
locations appear admixed, but this is likely an artefact of low sample
size (Lawson et al. 2018) rather than actual admixture, since EvALAD-
Mix shows a poor model fit for these two populations even at K = 6
with elevated correlation of residuals (Figure S1). More surprisingly,
the RSA-KNP samples are assigned ancestry from two clusters and
not just one. However, F; between these two clusters is very low
(0.02) suggesting they are genetically very similar.

In the PCA, one of the samples from KY-Amboseli is placed be-
tween the other KY-Amboseli samples and the KY-Pejeta samples,
suggesting it may be admixed. This was further supported by the
admixture analysis and this sample was therefore excluded from
all subsequent analyses to avoid recent admixture affecting down-
stream inferences (Gopalan et al, 2022). To perform an additional
check that there were no additional signs of recent admixture in
any of the populations, we generated an LD decay curve for each of
the populations (Figure 1c; Figure S2). The LD curves converge to
the same level as expected in panmictic populations, ruling out very
recent admixture. Based on these results, we decided to continue
our analyses with all the remaining samples and treat each sam-
pling locality as a population unit. RSA-KNP and RSA-MNP could in
principle be pooled into a single population given how genetically
similar they are. However, we chose to keep them as distinct pop-
ulations as we know they have had separate histories for the past

few generations.

3.2 | Genome-wide heterozygosity levels

We estimated the genome-wide heterozygosity for each sample
in order to compare differences in genetic diversity between the
eight Cape buffalo populations and three water buffalo popula-
tions (Figure 2). Overall, the Cape buffalo had high genome-wide
heterozygosity levels across its range compared to the three water

buffalo populations as well as other large mammals estimated using
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FIGURE 1 (a)Overview of Cape buffalo sampling locations with numbers of samples for each population given in parentheses and the
Cape buffalo distribution shown by grey shading (source http://www.iucn.org). (b) PC1 and PC2 for all 59 Cape buffalo samples coloured by
sampling location. (c) Linkage disequilibrium (LD, measured as mean 1?) for pairs of SNPs stratified by their genomic distance for the eight
Cape buffalo populations estimated from four samples from each population. To better illustrate convergence a dashed line has been added
around the lowest observed mean r? (d) Admixture proportions estimated for 59 Cape buffalo using AbMIXTURE assuming the presence of six
ancestral populations (K = 6). We removed the individual marked with an asterisk from subsequent analysis as it appears admixed.
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FIGURE 2 Genome-wide heterozygosity levels estimated for 58 Cape buffalo samples as well as samples from three water buffalo
populations (two river buffalo populations and one swamp buffalo population) accompanied by estimates from mammal species that have
been previously analysed using the same pipeline (Garcia-Erill et al., 2022; PeCnerova et al., 2021), and thus are directly comparable. The
estimates are shown stratified by population with a boxplot for each, where the central horizontal line shows the median, the box shows the
25th and 75th percentiles, and the whiskers extend to the largest/smallest value, but only until 1.5x the interquartile range, beyond which
points are plotted as outliers. Warthog icon credit: PhyloPic/Jan A. Venter, Herbert H. T. Prins, David A. Balfour & Rob Slotow (vectorized
by T. Michael Keesey), shared under Creative Commons Attribution 3.0 Unported licence (http://creativecommons.org/licenses/by/3.0/)

without changes.

the same method and site filtering. Mean genome-wide heterozy-
gosity was highest in the KY-Amboseli population, but remained
above 0.4% in all except the two southernmost populations, RSA-
HiP and RSA-AENP. In fact, mean genome-wide heterozygosity of
RSA-AENP is comparable to that of the domesticated water buffalo.

We also estimated genome-wide diversity (Tajima's 1) for each
of the populations with a sufficient number of samples (n >12). The
estimated pi values were very similar to the mean heterozygosity
for the same populations, suggesting that the observed differences
are not an artefact of the genetic diversity measure used (see
Table S4).

3.3 | Overall phylogeography in Cape buffalo

To investigate which factors have affected the observed heterozy-
gosity patterns in Cape buffalo, we first considered the possible con-
tribution of the presumed gradual range expansion of Cape buffalo
from their Central African origin to southern Africa during the Late
Pleistocene with populations splitting off one at a time along the
range (Lorenzen et al., 2012). Interestingly, we did not observe a linear
decrease in heterozygosity southward along the range, which is the
expected signature of such a range expansion (Goodsman et al., 2014).

For instance, heterozygosity is higher in ZM-Chewore (Zimbabwe)
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FIGURE 3 Admixture graph of population split and gene flow
events in Cape buffalo. The tree topology and the gene flow events
shown are based on the highest scoring admixture graph assuming
two admixture events. The branch lengths do not reflect time or
drift. Numbers at nodes are the ranges of split times in thousands
of years between populations based on their positions in the tree
estimated using the TT dating method.

than in KY-Pejeta (Kenya). To look further into this we inferred a pop-
ulation tree using TReemix (Figure S3). Interestingly, we obtained trees
that did not support a simple gradual southwards range expansion.
Instead, the TREeMIX tree shows an early split into a northern and a
southern clade. To corroborate this finding, we used two other tree-
based methods to infer the population tree: an IBS-based neighbour-
joining tree approach and admixture graphs which allow for gene
flow. Both the IBS-based tree (Figure S4) and the best scoring ad-
mixture graphs (Figure 3; Figure S5) showed the same initial split into
a northern and a southern clade (for split times between these and
other clades estimated using the coalescent-based TT method; see
Figure 3 and Table S5). Moreover, the best scoring admixture graphs,
when allowing for gene flow events, suggested several potential ad-
mixture events in the history of the populations, including a signifi-
cant north to south gene flow into ancestral RSA-KNP, RSA-MNP and
ZM-Chewore populations from a northern source. This suggests that
there has been some connectivity between populations after a north-
south split which is also indicated by f-branch statistics (Figure Sé).
Collectively, these results suggest a more complex phylogeo-
graphical history of the Cape buffalo than the simple gradual range

expansion that was previously proposed.

3.4 | Ancient and recent demographic history

Next, we investigated the connection between ancient population
size changes (e.g., due to environmental changes) and present-day
genetic diversity. For this we analysed six high-depth samples, rep-

resenting six of the eight study populations, using the psmc to infer

population size dynamics during the last 1 million years. We did
not include any samples from RSA-AENP or RSA-MNP due to none
of the samples from these populations having sufficient sequenc-
ing depth for this type of analysis. Following preliminary analyses
suggesting a sensitivity of the psmc results to sequencing depth
(Figure S7A), the six samples were downsampled to have the same
average sequencing depth to ensure comparability. The psmc results
show similar population size trajectories across locations (Figure 4a),
with no indication of differences in genetic diversity being driven by
significant differences in population size trajectories in the period
between 30,000 and 100,000years ago. The most ancient parts of
the demographic histories for the samples from TZ-Rungwe and ZM-
Chewore appear distinct from the other four samples, but this differ-
ence disappeared when the full depth data were analysed using psmc,
suggesting it is an artefact of low sequencing depth (Figure S7B).

To investigate whether more recent events have affected the
observed genome-wide heterozygosity levels, we carried out an-
other population size estimation analysis using popsizeasc, which has
better resolution for recent population size changes. Specifically, we
analysed the three study populations with sufficiently large sample
sizes (n >12), of which two had high genome-wide heterozygosity
(KY-Amboseli and RSA-KNP) and one had low genome-wide hetero-
zygosity (RSA-HiP). All three populations show a steady decline in
population size beginning 8000-10,000years ago and continuing
until the present (Figure 4b). RSA-HiP shows a continued, drastic
decline in population size in the last 500years. Interestingly, such
a drop is not present in KY-Amboseli or RSA-KNP, despite both of
these populations being heavily impacted by the rinderpest pan-
demic at the end of the 19th century. The dramatic, recent popula-
tion decline is consistent with the extended LD that was observed in
the RSA-HiP and absent in KY-Amboseli and RSA-KNP (Figure 1c).

To further investigate the potential effect of recent population
size declines we identified ROH longer than 1 Mb across all samples.
ROH longer than 1 Mb are suggestive of inbreeding that took place
within the last three centuries (see Table Sé for estimations of time
origins of inbreeding tracts) and, interestingly, the average fraction
of the genome that contains such ROH is low in most Cape buffalo
populations (<5%) with the exception of RSA-HiP (19.9%) and RSA-
AENP (23.7%) (Table S1). Moreover, of the total length of ROH that
we identified in RSA-HiP and RSA-AENP, 58.3% and 56.7%, respec-
tively, are from ROH longer than 5 Mb (Figure 5a). In fact, all individ-
uals in RSA-HiP and RSA-AENP have inbreeding tracts longer than
10 Mb. This suggests that significant inbreeding took place within
the last four to eight generations, and thus within the last century.

Importantly, we observed a clear correlation between genome-
wide heterozygosity and the estimated total length of ROH in each
sample (Figure S8A). Moreover, when we adjusted genome-wide
heterozygosity by removing sites contained in the ROH regions lon-
ger than 1 Mb, we observe similar levels of heterozygosity in the
RSA-HiP and RSA-AENP populations as in the other populations
(Figure 5b). This suggests that recent inbreeding that occurred
within the last three centuries is the main driver of the observed

variability in genome-wide heterozygosity.
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FIGURE 4 (a) Population size over time in the ancient past estimated by applying psmc (mutation rate of 1.5 x 108 and generation time of
7.5years) to six Cape buffalo samples downsampled to equal depth of 10.3x. Results without downsampling are shown in Figure S7B. Note
that we chose not to display psmc-estimated generated trajectories to more recent than 30,000years since psmc is not suited to estimate
recent population sizes that are very noisy between samples. (b) Population size over time in the more recent past estimated by applying
popsizeasc to data from three populations with a sufficient number of samples (n >12).

4 | DISCUSSION

In this study we provide the first range-wide whole-genome analysis
of the Cape buffalo. We conducted several previously unperformed
analyses in this subspecies relating to its population structure, phy-
logeography and demography with a focus on understanding the
landscape of genetic diversity.

We find that genetic diversity is generally high throughout the
Cape buffalo range (Figure 2). This corroborates results based on
other genetic markers (O'Ryan et al., 1998; Smitz et al., 2013) as
well as a recent study based on whole genomes from South African
populations (de Jager et al., 2021). Furthermore, by adding samples
outside South Africa we find that genetic diversity in two South
African populations, RSA-HiP and RSA-AENP, is not only exception-
ally reduced compared to other South African populations (de Jager
etal, 2021; O'Ryan et al., 1998), but also compared to other popula-
tions throughout the Cape buffalo range. And importantly, unlike the
previous studies we explicitly link this reduced genetic diversity to
local demographic histories at different timescales (Figures 4 and 5).
Specifically, our results are inconsistent with locally reduced diver-
sity in these two populations being primarily caused by older demo-
graphic events, such as founder events in connection with the Cape
buffalo range expansion. This is in contrast to what was found for
another roughly codistributed African mammal, the common wart-
hog (Garcia-Erill et al., 2022). Moreover, no substantial differences in
ancient demographic history were observable between the RSA-HiP
population and other populations with higher genome-wide hetero-
zygosity. Thus, demographic differences over evolutionary times-
cales, caused for example by environmental changes, are an unlikely
explanatory factor for the reduced heterozygosity. Our analyses also
suggest that Cape buffalo phylogeography may be more complex
than previously assumed (Lorenzen et al., 2012). For instance, several

of our analyses do not suggest a simple gradual southward range
expansion, but rather a primary split with the formation of north-
ern and southern populations followed by subsequent gene flow
(Figure 3). Notably, our range of estimates for the major northern
and southern (49,000-77,000years ago, Figure 3) population split
times are in agreement with previous single locus-based estimates
of the range expansion of Cape buffalo (80,000years ago: Heller
et al., 2012; and 48,000years ago: Smitz et al., 2013), but we cau-
tion that our estimates could be affected by gene flow (Sjédin et al.,
2021). We also note that either connectivity was high throughout
most of the subspecies range, or genetic drift was low, as indicated
by relatively low genetic differentiation (Fs; =0.09) between Kenyan
and the RSA-KNP South African population.

Whereas ancient demographic and phylogeographical processes
did not seem to elicit marked differences in local genetic diver-
sity (Figure 4a), we found pervasive support that recent declines
in population size starting around 500years ago and accelerating
within the last century did to a large extent shape such differences.
Specifically, we identified a significant recent population size decline
in the RSA-HiP population relative to two other buffalo populations
in the interval 100-1000vyears ago (Figure 4b). This was strongly
supported by elevated overall inbreeding levels in both RSA-HiP and
RSA-AENP populations (Figure 5). In particular, a majority of ROH in
these two populations were in ROH regions longer than 5 Mb, and
all RSA-HiP and RSA-AENP individuals had ROH longer than 10 Mb.
This suggests that inbreeding took place as recent as within the last
century. We also show that recent inbreeding was in fact the main
determinant of genome-wide heterozygosity differences across the
Cape buffalo range (Figure 5a), as the majority of heterozygosity
differences were attenuated after excluding the regions with ROH
longer than 1 Mb. We do note that there are some remaining het-

erozygosity differences between populations after this correction
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FIGURE 5 (a) Total length of ROH per individual categorized by ROH length. Longer ROH are indicative of more recent inbreeding
events. (b) Genome-wide heterozygosity estimates adjusted for recent inbreeding via the fraction of ROH for each Cape buffalo genome
(transparent boxes and points) with original heterozygosity estimates from Figure 2 placed alongside (opaque boxes and points) for
comparison.
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for recent inbreeding, possibly explained by other demographic
processes including the southwards expansion. However, these dif-
ferences are minor and require more data to verify. We therefore
conclude that recent and progressive reductions in population size
are the main explanation for why the southernmost populations
have unusually low genome-wide diversity compared with other
Cape buffalo populations.

There are two plausible external causes for recent population size
changes in the Cape buffalo: the late 19th century rinderpest pan-
demic and direct human impacts, including habitat loss, hunting and
culling. To our knowledge there is no indication that Cape buffalo in
the southernmost part of the range suffered higher mortalities due
to rinderpest than elsewhere on the continent. Therefore, we would
expect similar levels of heterozygosity across the range if the loss of
heterozygosity was mainly due to the rinderpest pandemic. Also, our
analysis of recent demographic history suggests that the accelerated
reduction in effective population size in the southernmost pop-
ulations started considerably earlier than the rinderpest epidemic
and continued afterwards, although the temporal resolution of any
method inferring demographic history from genetic data is limited
(Schraiber & Akey, 2015). Based on these two observations it does
not seem plausible that rinderpest is the main cause. With regard to
the other plausible cause, then interestingly there is a rich histor-
ical literature asserting that many large ungulate species declined
rapidly following the establishment of the European Cape colony in
present-day South Africa in 1652 (Van Sittert, 2005). These declines
were caused by a combination of excessive hunting, fragmentation
and reduction of habitat, as well as systematic eradication of wild-
life, which was in some cases considered a nuisance for livestock
keeping (Carruthers, 2005). Novel pathogens being introduced via
livestock may also have contributed to these wildlife declines (Ndow
etal,, 2019), as in the case of rinderpest which entered the continent
in the Horn of Africa (Tizard, 2021). As a direct consequence of this
concentration of factors in southern Africa, several large mammals
were severely reduced in numbers, examples include the extinc-
tion of the bluebuck (Hippotragus leucophaeus) (Hempel et al., 2021)
and the quagga (Equus quagga quagga) (Leonard et al., 2005) and
the near-extinction of the bontebok (Damaliscus pygargus pysar-
gus), black wildebeest (Connochaetes gnou) (D'Amato et al., 2013)
and black rhinoceros (Diceros bicornis) (Moodley et al., 2017). These
human-mediated impacts are all documented to have played arole in
decimating Cape buffalo populations in recent centuries (Van Hooft
et al., 2000). In contrast, European colonization did not produce a
similarly high impact on local wildlife until much later elsewhere
in Africa with the establishment of the East African Protectorate
in modern Kenya in 1895 (Rashid, 2014), the formation of German
East Africa which covered modern-day Tanzania in 1890 (Pierskalla
et al., 2019) and the arrival of the British South Africa Company in
Zimbabwe in 1890 (Summers, 1994). Overall, it appears likely that
the cause of the exceptionally low genetic diversity in the southern-
most Cape buffalo was European colonization in South Africa, with
some possible additional impact caused by the rinderpest epidemic.

Both populations had population sizes below 100 animals during
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the last century and were isolated from other populations (de Jager
et al., 2021; O'Ryan et al., 1998), preventing the introduction of ge-
netic variants by immigration, which may have contributed to the
rebound of Cape buffalo populations elsewhere (Smitz et al., 2013,
2014; Van Hooft et al., 2000).

In terms of conservation implications, the overall genetic diver-
sity in Cape buffalo is very high compared to many other large mam-
mal species (de Jager et al., 2021) (Figure 2), and the genetic diversity
in the most genetically eroded populations is still not alarmingly low
at present. However, there is still cause for concern regarding the
extensive population declines, recent loss of heterozygosity and in-
creased inbreeding in the southernmost populations. The viability of
a population is not well measured by present heterozygosity alone,
because the temporal trajectory of population size also significantly
contributes to its fitness and genetic load (Kyriazis et al., 2021). In
fact, one of the most concerning trajectories is the exact scenario
playing out in the two southernmost Cape buffalo populations, in
which a historically large population experiences a rapid and severe
reduction in numbers. This means that the population will not have
had time to purge recessive deleterious variants, as seen in the crit-
ically endangered kakapo (Dussex et al., 2021). Furthermore, it has
been shown that in red deer (Cervus elaphus) even moderate levels of

inbreeding across the genome (F, =0.125) can have significant

enomic

effects on adult fitness traits, suci} as lifetime breeding success (LBS),
reducing female LBS by 72% and male LBS by 95% (Huisman et al.
2016). In addition, our results suggest historical connectivity even
across large continental distances (e.g., gene flow from northern to
southern populations), which may have contributed to maintaining
high genetic diversity. Such connectivity is certainly threatened
by ongoing human-activity-induced habitat fragmentation (Ernest
et al., 2012). We therefore highlight that Cape buffalo populations
may be particularly sensitive to rapid reductions in genetic diversity,
especially when this cannot be recovered by subsequent gene flow
due to such habitat fragmentation and confinement to isolated pro-
tected areas (Heller et al., 2010). The two southernmost populations
may be portents of the genetic consequences of unabated habitat
loss and fragmentation across sub-Saharan Africa. Therefore, mon-
itoring of signs of reduced fitness in such populations is warranted.

This finding illustrates the value of studies linking demographic
history—including very recent history—to patterns of genetic di-
versity in order to identify conservation challenges in vulnerable
species.

In summary, we have expanded the set of available Cape buffalo
samples to much more broadly cover the Cape buffalo range as op-
posed to only the southern tip of the range. This, combined with the
use of a whole genome sequencing approach focused not only on
genetic diversity levels but also with associated causative factors,
has allowed us to identify two populations that have markedly re-
duced genetic diversity and to uncover that this was due to a rapid
decline driven by colonialism. Importantly, the fact that it was due to
a rapid decline means that these populations may be in more partic-
ular need of management effort. This further illustrates the value of

our approach in identifying vulnerable populations.
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