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ABSTRACT

Studying wildlife taxonomic diversity and identifying distinct populations has traditionally been largely based on morphology and geographic origin. More recently,
this method has been supplemented by genetic data from the mitochondrial genome. However, this is limited as only maternally inherited and may not reflect the
true nature of a population’s genetics. Within the giraffe (Giraffa spp.), subspecies and unique populations were successfully characterized using both mitochondrial
and genomic DNA studies, which led to new insights and, in some cases, unexpected results that required further verification. Here, we sequenced the genomes of 85
southern giraffe (G. giraffa) individuals from ten populations across southern Africa for a detailed investigation into the genetic diversity and history of its two
subspecies, the Angolan (G. g angolensis) and the South African (G. g giraffa) giraffe. While the overall genotypes show low levels of runs of homozygosity compared
to other mammals, the degree of heterozygosity is limited despite the large population size of South African giraffe. The nuclear genotype is largely congruent with
the mitochondrial genotype. However, we have identified that the distribution of the Angolan giraffe is not as far east as indicated in an earlier mitochondrial DNA
study. Botswana’s Central Kalahari Game Reserve giraffe are unique, with a clear admixture of Angolan and South African giraffe populations. However, the
enigmatic desert-dwelling giraffe of northwest Namibia is locally distinct from other Angolan giraffe yet exhibits intra-subspecies signs of admixture resulting from a
recent introduction of individuals from Namibia’s Etosha National Park. Whole genome sequencing is an invaluable and nearly indispensable tool for wildlife

management to uncover genetic diversity that is undetectable through mitogenomic, geographical, and morphological means.

1. Introduction

The southern giraffe (Giraffa giraffa) is one of four distinct giraffe
species delimited based on whole genome analysis (Coimbra et al., 2023,
2021), which led to a reassessment of their taxonomic status (Banki
et al., 2024; ITIS, 2024; Mammal Diversity Database, 2024). Today, an
estimated 48,000 southern giraffe inhabit southern African countries,
with populations expanding due to concerted conservation efforts by the
countries’ respective governments, the private sector, and local com-
munities (Brown et al., 2022).

Historically, giraffe were considered a single species with nine
recognized subspecies distinguished primarily based on their pelage
pattern, morphometrics, and assumed geographic distribution (Dagg,
1971; Lydekker, 1904). Other studies have suggested a three-species
concept, although based on limited nuclear data (Petzold and Hassa-
nin, 2020), or the historic one-species concept basing their findings on
mitochondrial data (Hassanin et al., 2007).

Currently, two subspecies of the southern giraffe are accepted: the
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Angolan giraffe (G. g angolensis) and the South African giraffe (G. g
giraffa). Five Southern African giraffe subspecies have historically been
described in a convoluted and confusing nomenclature, most of which
are no longer recognized: G. g giraffa (first described as
G. camelopardalis giraffa; Boddaert, 1785) and G. g angolensis (first
described as G. c. angolensis; Lydekker, 1903), G. c. wardi (Lydekker,
1904), G. c. capensis or Cape giraffe (Lesson, 1842), and G. (c.) infumata
(Noack, 1908).

The traditional identification and distribution of the two southern
giraffe subspecies highlight minimal differences in pelage pattern and
large intrapopulation variation (Dagg and Foster, 1982; Fennessy, 2004;
Hausen, 2017). Inhabiting large areas of Botswana and Namibia, with
small populations in Angola, the Angolan giraffe range differs from the
South African giraffe, which occurs in northern Botswana, Malawi,
Mozambique, northeast Namibia, South Africa, Zambia, and Zimbabwe
(Fig. 1). Due to a similarity in pelage pattern, skull morphology, and
geographical range between the two southern giraffe subspecies,
coupled with the feasibility of crossing theorized natural barriers, their
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Fig. 1. Southern giraffe skin biopsy sampling sites and distribution pat-
terns across southern Africa. The abbreviations (Table 1) in boxes identify the
different sampling localities. Dark blue represents the Angolan giraffe and light
blue represents the South African giraffe. Dark grey represents the Luangwa
giraffe and grey represents the Masai giraffe. Updated geographical ranges by
courtesy of Giraffe Conservation Foundation (2024) based on morphological
and genetic data. HSB: Hoarusib River Catchment, HNB: Hoanib River Catch-
ment, ENP: Etosha National Park, BNP: Bwabwata National Park, V: Vumbura
Concession, MTNP: Mosi-oa-tunya National Park, SUN: Zambezi Sun, BVC:
Bubye Valley Conservancy, KKR: Khamab Kalahari Reserve, CKGR: Central
Kalahari Reserve, MA: Masai Mara National Reserve, LVNP: Luangwa National
Park, and SGR: Selous Game Reserve. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

KKR (5) > T .

subspecies assignment has never been clear (Bock et al., 2014; Fennessy,
2004; Seymour, 2001).

Population-level genetic analyses of giraffe have predominantly been
based on mitochondrial DNA (mtDNA) and initially aided the identifi-
cation of distinct giraffe (sub)species and local populations (Bock et al.,
2014; Fennessy et al., 2016). A complex distribution of the two southern
giraffe subspecies was revealed, with the Angolan giraffe maternal
haplotype occurring much further east in the Bubye Valley Conservancy
(BVC), Zimbabwe, than previously assumed (Winter et al., 2018).
However, based on pelage pattern and geography, this population has
historically been considered South African giraffe. Coimbra et al. (2021)
indicated admixture — sometimes human-facilitated through trans-
locations — between the two subspecies, suggesting recent gene flow.
However, a detailed genomic analysis of their taxonomic status and
distribution was lacking.

Botswana’s Central Kalahari Game Reserve (CKGR) population lies
between traditionally recognized Angolan giraffe populations to the
west and South African giraffe populations to the north, south and east
(Fig. 1). MtDNA analyses identified individuals from CKGR as Angolan
giraffe (Winter et al., 2018), potentially connecting to the eastern
occurrence in the of the Angolan haplotype in the BVC, resulting in an
unexpected wedge-like split in the geographical distribution of the
South African giraffe.

The enigmatic desert-dwelling Angolan giraffe inhabits the hyper-
arid northern Namib, the oldest known desert at 55-80 Myr old
(Goudie, 2010). The giraffe there have evolved a lighter, paler coat
pattern than other Angolan giraffe populations (Fennessy, 2004). The
population is currently estimated at 455 individuals (GCF pers. comm.),
historically reduced by poaching to < 100 individuals during the
Namibian War of Independence 1966——1990, and likely resulting in a
genetic bottleneck (Fennessy, 2004; Reardon, 1986). Initial MtDNA
analyses suggested that the desert-dwelling population is genetically
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distinct from other Angolan giraffe, including those living approxi-
mately 300 km east in the Etosha National Park (ENP) (Winter et al.
2018). In fact, Winter et al. (2018) suggested that attempts to augment
the desert-dwelling giraffe population with individuals from ENP in
1991 (Fennessy, 2004) were largely unsuccessful, as the ENP haplotype
was found in only two of the desert-dwelling giraffe sampled. This study
also estimated that these two populations have been distinct (separated)
for more than 30,000 years.

As with many small and isolated populations, including the desert-
dwelling Angolan giraffe, inbreeding and loss of genetic variability are
common conservation concerns and potential threats to their long-term
survival. Many small populations of the southern giraffe are isolated in
private and public parks and reserves and may suffer from the loss of
genetic variability and/or inadvertently be hybridized with other sub-
species through transboundary translocations. However, the impact of
this is unknown for giraffe.

To investigate the genetic health, taxonomic assignment, and
geographic distribution of key southern giraffe populations at the
genomic level, and to estimate their genomic diversity, we genome-
sequenced an additional 85 southern giraffe individuals with a 10-fold
Nlumina short-read coverage goal. The datasets were analyzed
together with twelve publicly available southern giraffe sequences
(Coimbra et al., 2021). To complete (root) some phylogenomic analyses,
we added available genomes from the other three giraffe species
(G. camelopardalis, G. reticulata, G. tippelskirchi) as well as the okapi
(Okapia johnstoni). For phylogenomic analysis, we supplemented with
Masai giraffe samples from Coimbra et al. (2021), as well as one Masai
giraffe and an Okapi sequence from Agaba et al. (2016).

These analyses allow for a detailed assessment of population geno-
mics, such as admixture, genetic structure and heterozygosity of the two
southern giraffe subspecies and their key populations in areas across
their natural occurrence.

2. Materials and methods

2.1. Sampling

Skin biopsies from 85 southern giraffe were obtained from Southern
Africa using remote biopsy darts and preserved in > 97 % ethanol
(Fig. 1; Table 1). The Giraffe Conservation Foundation (GCF) and
partners collected biopsies with country-specific permissions, following
ethical guidelines under each country’s national law and GCF IACUC
protocol. DNA was extracted using the Qiagen DNeasy Blood & Tissue
Kit (Qiagen, Hilden, Germany).

The map (Fig. 1) was created in R with ggplot2 v3.4.4 (Wickham,
2011), maps v3.4.2 (Deckmyn, 2018), rnaturalearth v1.0.1 (Massicotte
and South, 2023), and sf v1.0-15 (Pebesma et al., 2020) with shapefiles
from GCF (Brown et al., 2022).

2.2. Genome sequencing

Whole genomes of the Angolan and South African giraffe individuals
were sequenced by Novogene Europe (Cambridge, UK) on the [llumina
NovaSeq 6000 platform (2 x 150 bp, 350 bp insert size) to about 10-fold
coverage. For the downstream analyses, we added short-read sequences
from 12 southern giraffe and 11 Masai giraffe (Coimbra et al., 2021), as
well as an Okapi and one Masai giraffe (Agaba et al., 2016) (Table S2).

2.3. Filtering and mapping

To filter the raw FASTQ files, fastp v.0.23.4 (Chen et al., 2018) was
run with base correction and low complexity filter enabled. Adapters
and polyG tails were detected and removed by default. Reads with base
quality < 15 in a sliding window of four bp, reads shorter than 36 bp,
and reads with more than five unknown bases were also removed.

The remaining reads were mapped to a chromosome-level Masai
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Table 1

Population abbreviations and locations. The table contains the full names and
locations of the studied populations, as well as the respective species
assignment.

Population ID Full name Country (SUB)Species
HSB Hoarusib River catchment Namibia Giraffa giraffa
angolensis
HNB Hoanib River catchment Namibia Giraffa giraffa
angolensis
CKGR Central Kalahari Game Botswana Giraffa giraffa
Reserve giraffa
ENP Etosha National Park Namibia Giraffa giraffa
angolensis
BNP Bwabwata National Park Namibia Giraffa giraffa
giraffa
BVC Bubye Valley Conservancy Zimbabwe Giraffa giraffa
giraffa
KKR Kalahari Khamab Reserve South Giraffa giraffa
Africa giraffa
MTNP Mosi-oa-tunya National Zambia Giraffa giraffa
Park giraffa
SUN Zambezi Sun Hotel (Avani Zambia Giraffa giraffa
Victoria Falls Resort) giraffa
A Vumbura Concession Botswana Giraffa giraffa
giraffa
LVNP Luangwa Valley National Zambia Giraffa tippelskirchi
Park thornicrofti
MA Masai Mara National Kenya Giraffa tippelskirchi
Reserve tippelskirchi
SGR Selous Game Reserve Tanzania Giraffa tippelskirchi
tippelskirchi
WOAK White Oak Holdings United Okapia johnstoni
(outgroup) States

giraffe s. str. genome assembly (Farré et al., 2019)(GCA_013496395)
using BWA mem v.0.7.17 (Li, 2013). The BAM files were deduplicated
with picard v.2.20.8 (Broad Institute, 2019) and Qualimap v.2.2.2 and
multiqc v.1.14 (Ewels et al., 2016; Garcia-Alcalde et al., 2012) were used
to create and combine mapping statistics for the BAM files. Indels were
realigned using GATK v.3.8.1 (McKenna et al., 2010). Repeats in the
reference were identified and masked using the Cetartiodactyla database
of RepeatMasker v.4.1.2, and a de-novo RepeatModeler v.2.0.3 library
(Flynn et al., 2020; Smit et al., 2020) and a BED file containing the re-
petitive regions was created using bedtools v.2.28.0 (Quinlan and Hall,
2010). The BAM files were then cleaned and only proper read pairs
mapped to non-repetitive regions of the autosomes were retained
(Coimbra et al., 2021).

2.4. Genotype calling and downstream analyses

SNP calling was performed with ANGSD v.0.935 (Korneliussen et al.,
2014) using the default SAMTools model for genotype likelihood esti-
mation. Extended BAQ calculation (flag —baq 2) was enabled, with a
minimum mapping and base quality of 30 (—minMapQ 30 —minQ 30).
Depth statistics for each individual combined was inferred with Sam-
bamba v.1.0.0 (Tarasov et al., 2015). Optimal maximum and minimum
depths were calculated using the site depth distribution of all in-
dividuals: median + the median’s absolute deviation. Sites with a strand
bias p-value, HWE, heterozygous bias < 1 x 10~® were removed
(—doHWE 1 —hwe_pval 1e-6 —sb_pval 1e-6 —hetbias_pval 1e-6). Only
biallelic SNPs, those called with a p-value < 1 x 10~ and with less than
10 % missingness, were retained (—snps_pval le-6). Genotype likeli-
hoods output was enabled to output posterior probabilities of all
possible genotypes (—doGeno 8). The analysis results were output in a
BEAGLE file and a BCF file (—doGLF 2 —doBcf 1). To reduce the size of
the BCF file, the genotype likelihood and genotype probability tags were
removed from the file with Beftools v1.15 (Danecek et al., 2021). A
second dataset was created by extracting only southern giraffe from the
BEAGLE file and the VCF/BCF file. NGSRelate v.2.0 (Korneliussen et al.,
2014) was used to analyze kinship among the southern giraffe
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individuals. NATora v.001105 (Leal et al., 2022) was used for related-
ness pruning by setting the cutoff for first-degree relationships (0.1768).

Linkage disequilibrium (LD) pruning was conducted with ngsLD
v.1.1.1 (Fox et al., 2019) for both datasets. LD was estimated for SNPs up
to 200 kb apart. SNP pairs with r2 > 0.1 in a 150 kbp window were
discarded with prune graph (Vieira, 2024).

We utilized four main datasets (both as VCF file and BEAGLE file): 1.
complete data set with all individuals and all sites (dataset 1), 2. sub-
dataset containing all individuals and only unlinked sites (LD-pruned)
sites (dataset 2), 3. sub-dataset containing only southern giraffe and all
sites (dataset 3), and 4. sub-dataset containing only unrelated southern
giraffe individuals and unlinked (LD-pruned) SNPs (dataset 4).

2.5. Population structure & gene flow

Principal component analysis (PCA) was performed using PCAngsd
v.1.10 (Meisner and Albrechtsen, 2018) with the LD-pruned SNP-dataset
(dataset 4) of 66 unrelated southern giraffe (dataset 4; unrelated in-
dividuals, unlinked sites). The results were plotted in R using modified
scripts by Coimbra et al. (2021) using plot3d (Soetaert, 2024). Popula-
tion admixture was inferred using NGSadmix, running K=1 to K=6 with
100 bootstrap replicates per K. The K=1 and K=6 runs were run only for
statistical reasons as CLUMPAK does not recognize the lowest and
highest values in the BestK pipeline. The admixture plots were plotted in
R using ggplot2 v.3.4 (Wickham, 2011) and manually edited. The
CLUMPAK BestK pipeline was used to identify the BestK using Evanno’s
method. The BestK results and the bootstrap likelihoods of each K were
plotted in R with ggplot2 (Wickham, 2011) based on modified versions
of the scripts of Coimbra et al. (2021). An additional analysis with
NGSadmix omitting the admixed Angolan giraffe individuals was run as
described above.

The VCF file (dataset 2; all individuals, unlinked sites) was prepared
for SambaR v.1.10 (de Jong et al., 2021) R v4.1.3 (R Core Team, 2022)
using plink v.1.9 and vcftools v.0.1.17 (Danecek et al., 2011; Purcell
etal., 2007). The input was filtered (indmiss = 0.25; snpmiss = 0.1) with
adegenet (Jombart, 2008; Jombart and Ahmed, 2011). Phylogenetic
trees were compared with the ‘comparetrees’ function of SambaR to
infer an unrooted tree with the least conflict between pathlengths and
the given distance matrix using poppr (Kamvar et al., 2014), phangorn
v.2.8.1 (Schliep, 2011), SambaR internal functions, and hclust (R Core
Team, 2022). This compares clustering methods such as (Bio)Neighbour
Joining and Ordinary Least Squares and distance calculation methods
such as Pi distance and Euclidean distances among others (Fig S8). The
tree was then rooted and visualized in R with a script from Coimbra et al.
(2023) with tidyverse (Wickham et al., 2019), ape v.5.7.1 (Paradis and
Schliep, 2019), treeio v.1.2 (Wang et al., 2020), ggtree v.3.1 (Yu et al.,
2023) and patchwork v1.2 (Pedersen, 2022).

Dsuite v.0.5 (Malinsky et al., 2021) was run with default settings on
the complete dataset (dataset 1; all individuals, all sites) to infer gene
flow based on d-statistics and plotted with the included tools. Two
separate runs based on two differing topologies were run. The first to-
pology placed the CKGR in the Angolan giraffe, while the second to-
pology placed them in the South African giraffe.

2.6. Mitochondrial analysis

Short-read sequences of 51 Masai giraffe, 42 reticulated giraffe, 53
northern giraffe, and one okapi from GenBank were added (Agaba et al.,
2016; Coimbra et al., 2021, 2022, 2023) for de-novo assembly of
mitogenomes (Table S3).

Mitogenomes were assembled using Mitoflex v.0.2.9 and GetOrga-
nelle v.1.7.7.0 (Jin et al., 2020; Li et al., 2021) and annotated with
Mitos2 v.2.1.3 embedded in Galaxy v.23.1 (Arab et al., 2017; Donath
etal., 2019; The Galaxy Community, 2022), and MitoZ v3.6 (Meng et al.,
2019) (see Table S3 for details). Nucleotide sequences of the 13 protein-
coding genes for each individual were renamed and reordered using
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parallel, seqtk v1.3-r106, and seqkit v2.0.0 (Li, 2023; Shen et al., 2016;
Tange, 2011). The sequences were aligned using MAFFT v.7.475 (Katoh
et al., 2002), concatenated with FASconcat v.1.04 (Kiick and Meuse-
mann, 2010) and clipped with clipkit v.1.4.1 (Steenwyk et al., 2020). A
maximum Likelihood phylogeny was then computed using IQTree
v.2.2.2.3 (Minh et al., 2020) with 1000 ultrafast bootstrap replicates
(Hoang et al., 2018), BNNI enabled (—-bnni; optimization of ultrafast
bootstrap by NNI), and the HKY+F+I substitution model inferred with
modelfinder (Kalyaanamoorthy et al., 2017). In addition, a median-
joining (mjn) haplotype network was generated in PopArt v.1.7
(Bandelt et al., 1999; Leigh and Bryant, 2015) from the concatenated
alignment (without the Okapi outgroup), which was converted into
Nexus format using seqmagick (FHCRC, 2024).

For submission of the mitogenomes to NCBI we used MitoAnnotator
v.4.00 (Iwasaki et al., 2013; Zhu et al., 2023) to reorient the sequences,
reannotated these with MitoZ (Meng et al., 2019) and manually curated
the annotations.

2.7. Heterozygosity and ROH (runs of homozygosity)

Heterozygosity was calculated by generating a consensus sequence
and estimating the folded site frequency spectrum with 200 bootstrap
replicates using realSFS embedded in ANGSD (Korneliussen et al.,
2014), using modified versions (‘-baq2’ instead of ‘-baq 1'; removal of ‘-C
50) of the scripts of Coimbra et al. (2021).

The southern giraffe only dataset (dataset 3) was used as input for the
Runs of Homozygosity (ROH) analysis containing 97 southern giraffe
individuals. The BCF file was converted to PLINK format using PLINK
and then to the Oxford geno format, needed as input for RZooRoH
v.0.3.1 (Druet et al., 2021) (plink —bfile angsd.snps —recode oxford
—autosome —out angsd.snps). RoH was inferred separately for each
population in RZooRoH v.0.3.1, setting 16 pre-defined classes (15 HBD
and 1 non-HBD).

The data was visualized following the scripts by Coimbra et al.
(2021) in R for plotting with tidyverse packages (Wickham et al., 2019),
viridis v.0.4.2 (Garnier et al., 2021), reshape2 v.1.4.4 (Wickham, 2007),
RColorBrewer v.1.1-3 (Neuwirth, 2022), and patchwork v.1.1.3
(Pedersen, 2022).

3. Results
3.1. Sequencing

Short-read sequences were obtained from 85 individuals and sup-
plemented with 15 sequences from databases (Table S1, Table S2). On
average 42.9 GB bp of raw data was produced, with 42.3 bp remaining
after filtering The short reads were mapped to the reference genome, the
Masai giraffe (Farré et al., 2019), resulting in an average mean mapping
depth of 10-fold after deduplication and filtering (Table S2).

3.2. Genotype calling, relatedness analysis and linkage pruning

Genotype calling with ANGSD of 110 Individuals resulted in
3,351,815 SNPs across the genome (dataset 1). LD-Pruning of the
complete dataset resulted in 179,925 unrelated SNPs across the genome
(dataset 2). The removal of related southern giraffe resulted in 66 un-
related southern giraffe individuals remaining (dataset 3; Relatedness
analysis: Table S4). Linkage disequilibrium pruning (LD-Pruning) of the
66 unrelated southern giraffe individuals resulted in 144,868 unlinked
SNPs (dataset 4).

3.3. Phylogeny
The mitogenomic analyses (Figure S5, S6) confirmed the previous

matrilineal identification of the Angolan giraffe individuals (Coimbra
etal., 2023; Winter et al., 2018). Based on the mtDNA analyses, the BVC
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and CKGR populations were firmly placed within the Angolan giraffe,
both in the tree and the haplotype network. The South African giraffe
populations instead clustered with the Masai giraffe. Mitogenomic
discordance could be found within the other giraffe species as well. Two
Masai giraffe individuals (GF005, GF007) were found within the retic-
ulated giraffe and two reticulated giraffe individuals (RetRotl, GF292)
were found within the northern giraffe.

The IQTree phylogeny (Maximum Likelihood; dataset 1, based on
3,197,800 after removal of invariant sites; Figure S7) and the genomic
distance tree (Ordinary Least Squares; Pi distance; dataset 3,179,911
SNPs after filtering) (Fig. 2) show differing placements of the CKGR
population. The IQtree phylogeny places the CKGR with the Angolan
giraffe, while the distance tree places them with the South African
giraffe. The placement of the BVC with the South African giraffe is
congruent among both trees. The populations of the South African
giraffe appear to be more isolated, while the Angolan giraffe in Namibia
showcases many Hoanib River (HNB) and Hoarusib River (HSB) in-
dividuals clustering within the other and in the ENP population.

3.4. Admixture analyses and gene flow

At K=2, the admixture analysis of genomic sequences identified two
clusters representing the respective subspecies, Angolan and South Af-
rican giraffe (Fig. 3A). Four ENP individuals showed slight admixture
with the South African giraffe. The CKGR giraffe showed more pro-
nounced signals of admixture between the two subspecies with admix-
ture proportions of ~ 33 % Angolan and ~ 66 % South African giraffe
origin. The BVC giraffe clustered with the South African subspecies with
no evidence of admixture. The other South African giraffe populations
exhibited no signals of shared ancestry with the Angolan giraffe either.
K=2 is the BestK with Evanno’s method and the increase in mean like-
lihood decreases at K=2 (Fig. 3B-C), likewise identifying K=2 as the best
fit.

Sub-structuring among the Angolan giraffe began at K=3, separating
individuals from the northwest Namibian desert-dwelling population
(HNB, HSB) and the ENP. Admixture with ENP was particularly frequent
within the HSB giraffe population, while only three individuals within
the HNB population showed admixture with the ENP. HNB101 does not
have a signal of the desert-dwelling giraffe at all and appears to be a pure
ENP. The individuals of the CKGR retained the admixture signal from
the Angolan giraffe (specifically ENP).

Further sub-structuring within the South African giraffe was evident
at K=4. BVC and Zambezi Sun Hotel (SUN), Zambia individuals clus-
tered separately from the remaining South African populations. The
CKGR giraffe exhibited admixture signals from the ENP cluster and both
South African clusters. The Kalahari Khamab Reserve (KKR), South Af-
rica population showed mixed ancestry among the southern giraffe
clusters. Therefore, giraffe from the CKGR appear to be a genetic melting
pot with shared ancestry of various South African giraffe populations as
well as Angolan giraffe from ENP. At K=5, CKGR became its own cluster.
The Mosi-oa-Tunya NP (MTNP) individual showed admixture with the
CKGR, Vumbura Concession (V), Botswana and Bwabwata NP (BNP),
Namibia populations. The KKR contained signals of all three South Af-
rican giraffe clusters.

An admixture analysis of non-admixed desert-dwelling giraffe in-
dividuals showed a separation of the desert populations and the ENP
population (Figure S9), while no changes were observed in the South
African giraffe clusters. This additional analysis indicates that the
desert-dwelling giraffe is, in fact, its own distinct population, likely with
adaptations to the extreme environment.

The Dsuite analysis (Fig. 4) shows weak signals of introgression be-
tween the Luangwa Valley (LVNP), Zambia lineage, and the southern
giraffe. Within the southern giraffe, Dsuite indicates gene flow between
the ENP and HSB populations in both topologies but does not detect any
between the ENP and the HNB. The CKGR population and the Angolan
giraffe indicate strong gene flow patterns between them, as well as with
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Fig. 2. Dendrogram based on Pi-distance and OLS (ordinary least squares). The dendrogram depicts the genomic differences, Fst, and bottle-necks unlike a
classic tree (de Jong et al., 2023). While CKGR individuals branch off from a common point, indicating admixture, while other, isolated populations (MTNP, KKR,
SUN) have internal branches, which indicate loss of genetic variability, indicating bottle-neck events. The distance-clustering comparison can be found in S8.

the South African giraffe, depending on the topology (up to and more
than 25 %). The CKGR and the MTNP also exhibited minor gene flow
(~7%).

3.5. PCA analysis

A principal component (PC) analysis (Fig. 5) based on 144,868 SNPs
was congruent with the results of the structure and phylogenetic ana-
lyses. The Angolan giraffe (circles) are clearly separated from the South
African giraffe, with individuals from the ENP being distinct from the
HNB and HSB populations. Individuals from the HNB and HSB form
largely separate groups. Interestingly, among the desert-dwelling
giraffe, individuals from the HSB show greater spread of variation
(light blue circles) along the second PC (PC2), placing them between the
ENP and HNB populations. This is consistent with the greater admixture
of the ENP genotype into the HNB genotype.

The South African giraffe individuals (diamonds) are tightly grouped
within their origin, showing less intrapopulation variation than the
Angolan giraffe. Interpopulation variation is larger, with the pop-
ulations being spread in all three PC axes, especially along PC2. The BNP
and V populations cluster together, which supports the findings of the

admixture plot, most likely due to their geographical proximity to one
another and resulting genetic exchange. The same tight clustering can be
found in the BVC and SUN, though the origin of the latter is unknown (J.
Fennessy pers. comm.). The MTNP population similarly is of unknown
origin (Giraffe Conservation Foundation, 2022), though the PCA and
admixture suggest a close relationship with the BNP and V populations.
Along PC1, CKGR is closer to the other South African giraffe, as is the
case for BVC. Both BVC and SUN are tightly clustered along all three
axes, as are the BNP and V populations. As expected from the mixed
ancestry the genotype of the CKGR individuals (purple diamonds) dif-
ferentiates itself from the South African giraffe at PC1 toward the
Angolan giraffe and is placed in the middle of both subspecies.

3.6. Heterozygosity and runs of homozygosity (RoH)

The Angolan and South African giraffe genomes show an approxi-
mately equal degree of heterozygosity among all individuals, varying
from 0.05 % to 0.08 % (Fig. 6A). Even the relatively isolated and small
desert-dwelling populations (HNB, HSB) have approximately the same
level of heterozygosity as the more connected and denser giraffe pop-
ulations of the ENP and the South African giraffe.
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Fig. 3. Structure analysis, likelihoods and DeltaK analysis. A Admixture for 66 unrelated Angolan and South African giraffe for different numbers of assumed
populations for K=2 to K=5 (K1 and K6 not shown, only used for statistical reasons). Colors indicate a cluster, abbreviations for the localities see Table 1. At K=2 the
two subspecies are well separated, with four ENP individuals showing slight admixture from the South African giraffe. The CKGR giraffe shows roughly 1/3 of
admixture from the Angolan giraffe. At K=3 the ENP giraffe becomes a distinct cluster and reveals extensive introgression of ENP in the desert giraffe population. At
K=4 the MTNP, V and BNP giraffe form a separate cluster from the BVC and SUN giraffe. CKGR shows admixture and retains the signal of the ENP giraffe, and also
shows admixture of the two South African giraffe clades. KKR shows a mixed signal from the South African giraffe clusters. At K=5 CKGR forms a separate cluster,
while MTNP and KKR show mixed signals from the South African giraffe clusters. B Mean likelihoods boxplot. The difference in median likelihood of 100 runs per K
starts plateauing at K=2, while statistical dispersion starts increasing. C BestK by Evanno plot, identifying K=2 as the best K value.

Analyses of RoH show that all southern giraffe populations, as well as
the desert-dwelling Angolan individuals have a relatively low number of
long homozygous stretches in their genome (Fig. 6B). Among the
southern giraffe, individuals from the MTNP and SUN showed elevated
levels of the amount and the length of their RoH. This may be explained
by the high relatedness within the populations, especially the MTNP as
four (out of five total) individuals were removed due to relatedness. The
CKGR population exhibits lower levels of Froy and no recent RoHs, as
long stretches (yellow) are absent compared to other populations.

The number and total length (Fig. 6C) of RoHs in individuals from
each population roughly reflect the variability in their HBD class
composition and inbreeding coefficient. This is particularly evident in
the desert-dwelling giraffe (HNB, HSB), and BVC. Compared to the
Angolan giraffe populations, the South African giraffe populations
appear to possess a larger diversity in the total length (sum) and number
of their RoH.
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Fig. 4. Dsuite Fbranch test. The red boxes indicate gene flow signal, the darker the stronger the signal. Both variations show similar results with weak signal of
introgression from the Masai giraffe and Luangwa giraffe to the southern giraffe. Within the southern giraffe, we see a strong signal of gene flow across the pop-
ulations, with very strong signals between the Angolan populations and CKGR. Weaker signals can be observed between the Angolan and remaining South African
giraffe. Grey boxes signify that for the given topology Fbranch cannot be calculated A Based on the IQTree phylogeny with CKGR related to the Angolan populations.
B Based on pi distance phylogeny with CKGR closely related to the South African populations. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 5. PCA analyses of 66 unrelated giraffe individuals. The PCA shows a
clear separation along PC1 of two major clusters corresponding to the two
subspecies, Angolan (circles) and South African giraffe (diamonds). The wider
spread desert-dwelling Angolan giraffe individuals (HSB,HNB; blue and circled
blue) indicates greater genomic variation. In contrast, the South African giraffe
populations are more closely clustered. The BVC population is clearly clustering
with the South African giraffe. CKGR individuals take an intermediary position
between the subspecies clusters, but is closer to the South African giraffe. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

4. Discussion

4.1. Classification of the Bubye Valley Conservancy (BVC) and Central
Kalahari Game Reserve (CKGR)

In contrast to mtDNA analyses (Hassanin et al., 2007; Winter et al.,
2018), genomic sequence analyses recover the entire genetic heritage of

an individual. This study unambiguously identified the BVC giraffe in-
dividuals as of South African giraffe subspecies (G. g giraffa) and
highlights the limitation of mtDNA analyses for taxonomic purposes
when confronted with cases of mitochondrial capture or incomplete
lineage sorting.

The genome of the CKGR giraffe individuals, previously identified as
Angolan giraffe by mtDNA analyses (Bock et al., 2014; Winter et al.,
2018), shows signals of mixed ancestry between South African and
Angolan giraffe (specifically ENP population, Fig. 3A). The process of
mitochondrial capture, leading to conflicts between the phylogenetic
signal from the matrilineally inherited mtDNA and the nuclear genome,
has been observed in a previous study of giraffe (Petzold and Hassanin,
2020) and other species such as bears, parrots, and frogs (Hailer et al.,
2012; Shipham et al., 2015; Zhou et al., 2012).

The BVC individuals have the genomic characteristics of the South
African giraffe genotype with only traces of genomic admixture from the
Angolan giraffe. Thus, the mitochondrial genotype appears to have
entered the population in the past and has been maintained, probably by
the philopatry of females with South African giraffe nuclear genotype.
Over time, the Angolan nuclear genotype has been lost due to back-
crossing with the South African population, while the Angolan giraffe
mitochondrial genotype has been maintained.

Similarly, the classification of individuals from the CKGR as Angolan
giraffe based on mtDNA analyses (Bock et al., 2014; Winter et al., 2018)
and historical and current distribution maps (Brown et al., 2022;
O’Connor et al., 2019) can, therefore, no longer be maintained. Inter-
estingly, the genomes of CKGR individuals harbor only about one-third
of the Angolan giraffe genotype that is ostensibly of ENP origin, even
though it may also originate from unsampled other Angolan giraffe
populations. Two-thirds of the genomes of CKGR individuals are clearly
of the South African giraffe genotype, with one-third originating from
the Angolan giraffe (Fig. 3A). This also makes it difficult to place in a
bifurcating tree as results can vary between different methods (Fig. 2).
The mixed genomic ancestry of the CKGR is a unique feature among
southern giraffe that should be considered in future conservation efforts
to: (a) preserve this naturally evolved feature that is likely a conse-
quence of the geographic location between the Angolan and the South
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African giraffe, and (b) individuals from this location with this unique
genotype should not be the first choice to augment other southern
giraffe populations in the future. However, we hesitate to label them
hybrids, as this admixture likely was a natural, long-term process and

calling them ‘hybrids’ may hinder future conservation efforts.

While natural migration and large-scale movements of giraffe in-
dividuals do occur (Brown and Bolger, 2020; Flanagan et al., 2016), the
possibly undocumented, albeit highly unlikely, giraffe translocation(s)
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into the CKGR may also have resulted in the mixing of different geno-
types. The biogeographic patterns presented by Lorenzen et al. (2012)
place the central occurrence of the CKGR between the southern and
southwestern regions. This coincides with the occurrence of the Angolan
and the South African giraffe, while there is no current barrier to their
dispersal, although Bock et al. (2014) suggest that this may have been
the case in the past. Regardless, the CKGR appears to be a melting pot of
the two southern giraffe subspecies.

The maternally inherited Angolan mtDNA genotype preserved in the
CKGR and BVC may stem from an ancestral, natural migration of
Angolan giraffe eastwards, which may have genetically swamped the
South African giraffe due to male dispersal from other regions. The
CKGR is located south of major geographic depressions (Caprivi
Depression, Makgadikgadi Basin, Mababe Basin) that are characterized
by temporal flooding and shallow mega-lake formation during the Late
Pleistocene (Riedel et al., 2014). It is conceivable that the disappearance
of the mega-lake led to giraffe moving into the Kalahari region. This
allowed the Angolan giraffe, which is currently more westerly distrib-
uted, to have met and interbred with South African giraffe, leading to
the admixture we see today.

The disappearance of the mega-lake allowed giraffe populations of
both subspecies to migrate into the Kalahari region. The persistent,
homogenous, and high proportion of Angolan giraffe genotype among
all five CKGR individuals may be evidence of such a scenario. The
geographically wedge-shaped distribution of the Angolan mitochondrial
genome coincides with the cryptic rift valley, as suggested in Bock et al.
(2014) and the above-mentioned mega lake. The cryptic rift valley ex-
tends from Namibia into Botswana and Zimbabwe and splits the Kala-
hari Desert in Botswana into two separated zones, which act as a barrier
in the north and the Limpopo River acting as a barrier in the South. The
corridor in between may have facilitated the migration of the Angolan
giraffe eastward toward Zimbabwe and the introduction of the Angolan
mtDNA genotype.

The persistence of the matrilineal mitochondrial genotype, espe-
cially in BVC and CKGR, might be attributed to the strong philopatry in
giraffe, where females tend to remain at their birthplace while males
migrate over greater distances in search of mates (Bock et al., 2014;
Bond et al., 2021; Van der Waal et al., 2014; Winter et al., 2018).

In other South African giraffe, pheno- and genotype populations that
are geographically close to the current Angolan giraffe genotype (BNP,
V), any accidental admixture with Angolan may have been lost due to
backcrossing with G. g giraffa. Alternatively, the areas occupied
currently by BNP and V giraffe, are north of the former mega-lake sys-
tems, and may have been void of giraffe during flooding and been
recolonized almost exclusively by the South African giraffe genotype.

To settle the relationship between the genotype distribution and past
geological processes, a wider sampling from across the southern giraffe
distribution is required. The additional data will allow modelling of past
population structure and migration events among populations in
southern Africa.

4.2. Classification of the Angolan giraffe

The Angolan giraffe is divided into two main genotypes, the ENP
giraffe and the northern Namib desert-dwelling giraffe (HNB, HSB). It is
noteworthy that the genotype compositions of individuals from the two
adjacent ephemeral river catchments in northwestern Namibia, ~70 km
apart, differ markedly from each other (Fig. 3A). For K=3, the HSB in-
dividuals show overall more admixture of the genotype found in the ENP
(dark blue) and fewer genotypes of the desert-dwelling Angolan giraffe
(light blue) found predominantly in the HNB. This is likely a non-
intended consequence of a human-facilitated giraffe translocation in
1991 to augment the severely depleted desert-dwelling giraffe of the
HSB population with individuals from the ENP (Fennessy, 2004).

The released ENP giraffe individuals subsequently spread their ge-
notype (dark blue) among the then exclusively desert-dwelling giraffe
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genotype (light blue) as shown in the additional Structure analysis,
which numbered as few as one hundred individuals at the time
(Fennessy, 2004). The same can be observed in the Dsuite results, which
shows a clear signal (10 %) of recent introgression between the HSB and
ENP populations, while none can be observed between the ENP and HNB
populations. However, this can also be attributed to the software not
being able to detect all signals reliably.

The life expectancy of wild giraffe is poorly documented, with
Angolan giraffe in northwestern Namibia known to reach > 30 years (J.
Fennessy pers. comm.). However, no known individuals translocated
from ENP to northwestern Namibia in the 1980 s survive today
(Fennessy, 2004).

Interbreeding with ENP individuals has clearly left a major signature
of the ENP genotype in the HSB population but not in the HNB popu-
lation, likely as a result of philopatry. Though we find no evidence of
genetic differentiation, we expected a larger impact in the HNB popu-
lation and speculate this could be due to limited mating between the two
populations, especially due to their close geographic proximity and large
movement ranges (Fennessy, 2004). While ongoing field studies since
the late 1990 s have shown that giraffe do move between the HSB and
HNB populations, it is predominantly males that migrate, and only little
genetic exchange seems to be taking place (Fennessy, 2009; Hart et al.,
2021). In addition, the results explain the presence of the matrilineal
ENP mitochondrial genotype in Namibia’s desert-dwelling giraffe
(Winter et al., 2018), which is derived from introduced ENP females that
had mated with desert-dwelling males.

5. Conclusion

To date, less than one percent of giraffe and other wildlife have been
genotyped for their entire genome. However, it is evident that tradi-
tional genotyping using a single or even a few genetic markers does not
truthfully represent the genomic diversity of a population or taxa. In
some cases, single locus genotyping has led to misclassification and
erroneous assignment of (sub)species and worse, failure to identify
distinct taxa. Furthermore, whole-genome sequencing makes it possible
to reveal the genetic impact of human-facilitated (giraffe) animal
translocations that influence the genotype of local populations. Despite
the introgression of the ENP genotype into Namibia’s desert-dwelling
Angolan giraffe with the aim to augment their numbers, long-term ge-
netic consequences are unknown and unpredictable. The CKGR popu-
lation warrants further studies on southern giraffe populations to
identify more admixed populations within the southern giraffe distri-
bution. Their existence also confirms the need for discussion on how
these admixed populations need to be handled in future giraffe conser-
vation management.

We believe our findings also warrant further detailed assessments of
giraffe populations across species, subspecies and country-wide pop-
ulations to better inform future conservation measures.
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