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Abstract

The African elephant consists of forest and savanna subspecies. Both subspecies are

highly endangered due to severe poaching and habitat loss, and knowledge of their

population structure is vital to their conservation. Previous studies have demonstrated

marked genetic and morphological differences between forest and savanna elephants,

and despite extensive sampling, genetic evidence of hybridization between them has

been restricted largely to a few hybrids in the Garamba region of northeastern Demo-

cratic Republic of Congo (DRC). Here, we present new genetic data on hybridization

from previously unsampled areas of Africa. Novel statistical methods applied to these

data identify 46 hybrid samples – many more than have been previously identified –
only two of which are from the Garamba region. The remaining 44 are from three

other geographically distinct locations: a major hybrid zone along the border of the

DRC and Uganda, a second potential hybrid zone in Central African Republic and a

smaller fraction of hybrids in the Pendjari–Arli complex of West Africa. Most of the

hybrids show evidence of interbreeding over more than one generation, demonstrating

that hybrids are fertile. Mitochondrial and Y chromosome data demonstrate that the

hybridization is bidirectional, involving males and females from both subspecies. We

hypothesize that the hybrid zones may have been facilitated by poaching and habitat

modification. The localized geography and rarity of hybrid zones, their possible

facilitation from human pressures, and the high divergence and genetic distinctness of

forest and savanna elephants throughout their ranges, are consistent with calls for sep-

arate species classification.
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Introduction

The African elephant consists of two subspecies: forest

elephants (Loxodonta africana cyclotis) and savanna

elephants (L. a. africana). They are collectively listed by

CITES as a single Appendix I species in most

countries, classifying them among the world’s most
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endangered species (CITES 2014). Current rates of pop-

ulation decline, coupled with accelerating loss and

fragmentation of range, could eliminate the majority of

Africa’s elephants in the next decade, with consider-

able ecological and economic impacts for the continent

(UNEP et al. 2013).

There has been extensive debate over reclassification of

forest and savanna elephants as separate species (Groves

& Grubb 2000; Grubb et al. 2000; Roca et al. 2001, 2015;

Comstock et al. 2002) for morphological, genetic, ecologi-

cal and conservation reasons. On the one hand, forest

and savanna elephants are easily distinguished both

morphologically (Groves & Grubb 2000; Grubb et al.

2000) and genetically (Roca et al. 2001, 2015; Comstock

et al. 2002). They show high levels of genetic differentia-

tion (FST = 0.94) (Roca et al. 2001), live in different habi-

tats and diverged >2.5 million year ago (Roca et al. 2001).

Furthermore, although forest and savanna elephants

occasionally interbreed where their ranges meet (Back-

haus 1958; Groves & Grubb 2000), a variety of genetic

evidence (Roca et al. 2015), including the rarity of hybrids

reported to date (Roca et al. 2001; Comstock et al. 2002),

support the reclassification into two species. On the other

hand, conservation concerns surrounding their reclassifi-

cation are less clear-cut in the current severe poaching cli-

mate. The Center for Biological Diversity (2015)

petitioned the US Fish and Wildlife Service for separate

species listings under the Endangered Species Act, while

the International Union for Conservation of Nature is

calling for further research on the matter (IUCN 2015).

Here, we present new genetic data and analyses that

address several previously unanswered questions about

hybridization between forest and savanna elephants:

Are hybrids fertile, and do they involve genetic contri-

butions from both sexes of both subspecies? We also

discuss how the occurrence of hybrids impacts the clas-

sification of forest and savanna elephants into separate

species, and possible reasons for the restricted geo-

graphic distribution of hybrids.

Results are based on combining genetic data on

newly collected samples from previously unsampled

locations, with a large existing genetic database of ele-

phant samples from across Africa used for DNA-based

assignment of poached ivory (Wasser et al. 2015). We

collected elephant DNA samples from three previously

unsampled forest–savanna ecotones in Central and

West Africa: along the border of DRC and Uganda,

which is in the northern part of the Albertine Rift,

extending south to the northern tip of Rwanda; the

Manovo-Gounda-St Floris complex in the northern part

of the Central African Republic (CAR); and the Pend-

jari–Arli complex on the border of Benin and Burkina

Faso. The collection of new samples was driven by the

hypothesis that the combination of severe poaching and

habitat loss in contact zones between forest and

savanna habitats in Africa will push elephants from

more disturbed areas into less disturbed areas with dif-

ferent habitat, leading to zones of hybridization.

Hybridization and introgression are common in

response to human disturbance in plants and verte-

brates, and particularly where there is limited gene flow

between populations (Rhymer & Simberloff 1996). All

three regions above have mixed forest–savanna ecotones

and have been heavily affected by poaching and habitat

loss. In particular, both sides of the DRC–Uganda border

experienced severe poaching in the 1970s up to the early

1980s, after which poaching pressures became asymmet-

ric, remaining severe only on the DRC side (Kayanja &

Douglas-Hamilton 1983; Keigwin 2001; Mubalama &

Mushenzi 2004; Keigwin et al. 2016; Wasser et al. 2015).

Many areas along the DRC–Uganda border including the

Albertine Rift have also had a long history of high-density

human occupation, likely to have impacted elephant dis-

tributions, and continue to experience high human popu-

lation growth (The Worldwatch Institute 2014; Uganda

historical demography data 2014). Northern CAR’s ele-

phants suffered severe poaching in the 1970s and 1980s

followed by further pressure on remnant populations

over the past decade (Bouche et al. 2010, 2011). The neigh-

bouring population to the east in southern Sudan has

experienced persistent poaching pressure associated with

warfare since the early 1970s, whereas poaching pres-

sures to the north in Chad have been most intensive over

the past two decades (Hammer 2014). By contrast, West

African populations experienced their heaviest losses

from poaching over a century ago, with perpetual habitat

fragmentation since that time (Barnes 1999).

Using a panel of 16 microsatellite loci, mtDNA and

Y chromosome markers, and novel statistical analyses,

we identified varying degrees of forest–savanna
hybridization across these three newly sampled regions.

Through additional analyses of the identified hybrids,

we find that most hybrids are at least second genera-

tion, implying that hybrids are fertile. Moreover, analy-

ses of Y chromosome and mtDNA data demonstrate

that hybridization has been bidirectional, involving

fathers and mothers of both subspecies. Our discussion

addresses the consequences of these findings for conser-

vation of the African elephant, and for the ecosystems

they inhabit.

Materials and methods

Sample collection

Dung samples used in this study were collected

between 2000 and 2014 as part of African elephant

DNA forensic database by the Center for Conservation
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Biology, University of Washington (Wasser et al. 2015).

Targeted dung sampling in the mixed forest–savanna
habitat zones along the DRC–Uganda border (209 sam-

ples), northern CAR (8 samples) and the Pendjari–Arli

complex along the Benin–Burkina Faso border (74 sam-

ples) was conducted between 2010 and 2014. All consec-

utive samples were collected ≥1 km apart to minimize

chances of obtaining multiple samples from the same

family group. Dung samples were stored in 20%

DMSO-TNE buffer in sealed vials in the field and

shipped to our laboratory at the University of Washing-

ton, where they were stored at �20 °C until extracted.

All samples in this study were transported in full com-

pliance with USDA and CITES regulations. A total of

1369 elephant samples, genotyped at 10 or more loci,

from 79 locations were used in this study.

DNA extraction and amplification

DNA extraction protocols for dung and tissue are

described in Wasser et al. (2004). In brief, each dung

sample was extracted for DNA in duplicate with a

Qiagen Stool DNA kit (Qiagen, Valencia, CA, USA) fol-

lowed by a Gene Clean III nucleic acid isolation kit (MP

Biomedicals, Irvine, CA, USA). In all cases, a negative

control was included for every set of 10 extractions.

Each DNA extract was amplified twice for a panel of

16 dinucleotide microsatellite loci described in Com-

stock et al. and others (Nyakaana & Arctander 1998;

Comstock et al. 2000, 2002). All loci exhibited linkage

equilibrium. As allelic dropout and/or null alleles can

cause deviations from Hardy–Weinberg equilibrium, we

explicitly accounted for this in our analyses. The ampli-

fication protocol was slightly modified from Wasser

et al. (2004). PCRs were performed in 10 lL reaction

volumes with 5 lL of Qiagen multiplex mix (Qiagen,

Valencia, CA, USA), 0.2 lM of primer mix, 1 lL of BSA

and 2 lL of faecal DNA extract. Positive and negative

PCR controls were included in all analyses. Two micro-

litre of the PCR product was subjected to fragment

analysis in an ABI 3100 capillary array genetic analyser.

Following our ongoing forensic analysis protocol (Was-

ser et al. 2015), allele sizes were scored using GENE-

MARKER v.2.4 with categories defined for each allele size

bin with a 0.5-bp tolerance. In brief, an allele had to be

observed by itself at least three times to be confirmed

as a homozygote. Both alleles had to be observed a

minimum of two times to be confirmed as a heterozy-

gote. Otherwise, both alleles were scored as missing.

We used molecular sexing tools, as detailed in Ahler-

ing et al. (2011; see also Mondol et al. 2014) to sex repre-

sentative samples from pure forest (13 samples with

posterior probability of being a pure forest elephant

>0.95), pure savanna (18 samples with posterior proba-

bility of being a pure forest elephant >0.95) and all

potential hybrid samples that still had sufficient DNA

(35 samples with hybrid probability (HP) >0.95 and one

with HP = 0.74) (calculations are presented below in the

section: Methods for identifying and classifying hybrids).

Two labelled Y chromosome markers (SRY and AMELY)

and one labelled X chromosome marker (PLP) were

multiplexed together in a single PCR. Each faecal sam-

ple was amplified in 10 lL volumes with 5 lL of Qiagen

multiplex mix (Qiagen, Valencia, CA, USA), 4 lg of

BSA, 0.2 lM of primers and 3 lL of faecal DNA extract.

The PCR conditions included an initial denaturation at

95 °C for 15 min, followed by 55 cycles of denaturation

at 95 °C for 30 s, annealing at 58 °C for 30 s and exten-

sion at 72 °C for 45 s, and a final extension of 72 °C for

30 min. Negative control and one male and female posi-

tive control were included in each set of reactions. Post-

PCR, 1 lL of product was mixed with formamide and

run on an ABI 3100 genetic analyser with ROX400 size

standard (Applied Biosystems). PCR product sizes were

visualized using GENEMARKER v.2.4 and analysed using an

allelic bin created specifically for elephant sexing mark-

ers. For unambiguous sex identification, the procedure

was repeated a total of three times to ensure data

quality.

We then sequenced the mitochondrial control region

(526 bp) (Debruyne 2005; Roca et al. 2005; Johnson et al.

2007) for all of the molecular sexed samples and the

Y-chromosomal amelogenin gene (719 bp) (Roca et al.

2005) of the subset of the sexed samples that were

determined to be males. For the amelogenin gene, we

designed two new sets of primers to amplify smaller

overlapping fragments from dung.

(AmelY-F1-CGCTTGATTCTAAGACCTTTGCGCT;

AmelY-R1-CAGACCATATCTGAATCTATGAGGC;

AmelY-F2- GCATGAAGGAAACTCTGAATCTGAG;

AmelY-R2- TAGAATCACCATCACTTTTACCGAC).

Amplification was performed in 20 lL reaction vol-

umes with 7.5 lL of multiplex mix (Qiagen, Valencia,

CA, USA), 4 lg of BSA, 0.2 lM of primer mix and 3 lL
of faecal DNA extract. The temperature regime

included an initial denaturation (94 °C for 15 min); 40

cycles of denaturation (94 °C for 30 s), annealing (58 °C
for 45 s) and extension (72 °C for 45 s); followed by a

final extension (72 °C for 30 min). Both positive and

negative PCR controls were included in all amplifica-

tions to monitor contamination. All mtDNA and Y-

chromosomal fragments were amplified once from both

DNA elutions and then sequenced bidirectionally.

Sequences were aligned using MEGA v5.0 (Tamura et al.

2011) and analysed for frame-shift mutations prior to

conducting any further analyses. All sequence data

were submitted to GenBank (Accession no: KF534810–
KF534908).
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Data filtering

We first removed all samples that did not amplify at 10

or more loci, as per our forensic protocol (Wasser et al.

2015). Then, to reduce the number of potential duplicate

samples, we used an iterative procedure to remove

samples that differed by less than three alleles across all

loci. This procedure removed 83 samples, leaving 1369

samples that differ from one another by at least three

alleles. The threshold of three alleles was chosen after

examining histograms of the pairwise differences

between each sample and its closest match, and noting

an excess of samples with two or fewer differences with

their closest match.

STRUCTURE analyses

We performed three analyses using the program STRUCTURE

(Pritchard et al. 2000): one analysis of all 1369 samples

depicted in Fig. 1(B) (data set I), one including the 219

samples from the NE part of DRC, Uganda and Rwanda,

depicted in Fig. 1(C) (data set II) and one including the

260 samples from western DRC, Central Africa Republic

(CAR), Congo, Gabon, Cameroon and eastern Nigeria,

depicted in Fig. 1(D) (data set III). The first of these three

analyses was performed to get an initial overview of the

population structure in the data set, with results shown

in Fig. 1(A). Further, all three analyses were used to

identify sets of putative pure forest and putative pure

savanna elephants that were used as reference samples

in the hybrid analyses described below. Both forest and

savanna reference sets included all samples with a

respective ancestry proportion larger than 0.95. Unlike

the areas depicted in Fig. 1(C) and 1(D), the area

depicted in Fig. 1(E) (Ghana, Togo, Benin, Burkina Faso)

was not analysed separately because our analyses of the

full data set (data set 1) revealed that there were no

savanna elephants from this area in our data set. A sepa-

rate hybrid analysis of this region was thus not possible,

as it requires reference samples from both forest and

savanna populations.

All the analyses were performed using STRUCTURE ver-

sion 2.3.2.1 with the number of populations, K, set to 2,

and the parameters INFERALPHA and POPALPHAS

set to TRUE. To ensure convergence, we ran 5 MCMC

chains for each approach, each with a burn-in of

200 000 followed by 4 000 000 iterations.

Methods for identifying and classifying hybrids

We implemented an ‘empirical Bayes’ method to quantify

the support for each sample being a pure forest elephant,

a pure savanna elephant or a hybrid, given a set of

pure forest or savanna ‘reference’ samples (software

available at https://github.com/stephenslab/EBhybrids).

In brief, we first extended the likelihood fromWasser et al.

(2004) to distinguish first- and second-generation

hybrids. We then embedded this likelihood in a hierarchi-

cal model that combined information across samples to

estimate the proportion of each type of hybrid, and

used these estimated proportions to compute a posterior

probability that each sample is either of pure or

hybrid type. Importantly, this method allows for both

genotyping error and allelic dropout. Details of each step

follow.

The likelihood. Let g denote the genotypes of a given

sample with alleles at locus l (=1, . . ., L) being (gl1, gl2)

and let f denote the frequencies of all alleles with fjlk
being the frequency of allele j at locus l in subspecies k.

Here, k takes the values ‘forest’ and ‘savanna’, but for

generality we denote the values s1 and s2. Following

Wasser et al. (2004), we estimated the allele frequencies

from the reference samples using fjlk ¼ njlkþ1

nþlkþml
where njlk

is the number of times allele j is observed at locus l in

reference samples for subspecies k, n+lk = ∑j njlk and ml

is the number of observed alleles across both subspecies

at locus l. When computing likelihoods, we obtained

the estimates of f from reference data sets consisting of

pure forest and pure savanna elephants, respectively,

identified using STRUCTURE (see above section on STRUC-

TURE analyses). Because likelihoods from all samples

from an area are needed when estimating the parame-

ters of the hierarchical model described later, we com-

puted likelihoods, not only for the potential hybrids,

but also for the samples in the reference data sets.

When computing likelihoods for a sample from the ref-

erence data sets, we excluded that particular sample

before estimating f.

Each hybrid type is characterized by a probability

vector q = (q0, q1, q2), where qw is the probability of

having w alleles from subspecies s2 at any locus.

Specifically:

• A pure s1 sample is characterized by q = (1,0,0)

• A pure s2 sample is characterized by q = (0,0,1)

• An F1 sample (first-generation hybrid) is character-

ized by q = (0,1,0)

• An F2 sample (offspring of two F1s) characterized by

q = (0.25,0.5,0.25)

• A backcross to s1 (offspring of an F1 and a pure s1) is

characterized by q = (0.5,0.5,0)

• A backcross to s2 (offspring of an F1 and a pure s2) is

characterized by q = (0,0.5,0.5)

These are all the hybrid types we considered here,

but other values for q (e.g. third generation hybrids)

could also be considered.

© 2015 John Wiley & Sons Ltd
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Assuming linkage equilibrium within each sub-

species, the likelihood for q (i.e. the probability of

observing g, given q) can be written as:

Lðq; g; f ; d; clÞ ¼
YL

l¼1

pðgl1; gl2jq; f ; d; clÞ

where d denotes an overall genotyping error probability

and cl = (cls1, cls2) denotes the allelic dropout (and/or

null allele) rate in each subspecies in locus l. We assume

Hardy–Weinberg equilibrium in each subspecies, hence

pði; jjq; f ; d; clÞ ¼ q0 � ð1� cls1Þ � pðijk ¼ s1; f ; dÞ
� pðjjk ¼ s1; f ; dÞ � 2þ
q2 � ð1� cls2Þ � pðijk ¼ s2; f ; dÞ
� pðjjk ¼ s2; f ; dÞ � 2þ
q1 � ð1� cls12Þ � ½ pðijk ¼ s1; f ; dÞ�
pðjjk ¼ s2; f ; dÞ þ pðijk ¼ s2; f ; dÞ�
pðjjk ¼ s1; f ; dÞ�

when i 6¼ j and
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Fig. 1 Elephant STRUCTURE and hybrid analysis results. (A) Plot of ancestry proportions for all the samples estimated using STRUCTURE.

The samples are ordered according to sampling location. The highlighted sampling locations in CAR, Garamba National Park, DRC–
Uganda border and Benin-Burkina Faso contain numerous samples with estimated ancestry proportions between 0.2 and 0.8. Other

sampling locations contain almost exclusively ‘pure’ forest or savanna samples. (B) Estimated hybrid probabilities (HP) for all sam-

ples from across Africa. (C) Estimated hybrid probabilities (HP) for the Uganda–DRC border (as well as Garamba National Park in

northeast part of DRC and the Rwanda-DRC border to the south). (D) Estimated hybrid probabilities (HP) for CAR, extending

through the western part of Central Africa. (E) Estimated hybrid probabilities (HP) for West Africa. Note that the HPs in B and E are

from our ‘global’ hybrid analysis, that is they are computed using reference samples from across Africa, whereas HPs in C and D

are from our local hybrid analyses, that is computed using reference samples only from those areas (see main text). In all of B–E,
only samples whose hybrid/pure status could be confidently inferred are shown (HP > 0.95 or HP < 0.05).
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pði;jjq;f ;d;clÞ¼q0 � ½ð1�cls1Þ �pðjjk¼ s1;f ;dÞ �pðjjk¼ s1;f ;dÞ
þcls1 �pðjjk¼ s1;f ;dÞ�þ
q2 � ½ð1�cls2Þ �pðjjk¼ s2;f ;dÞ �pðjjk¼ s2;f ;dÞ
þcls2 �pðjjk¼ s2;f ;dÞ�þ
q1 � ½ð1�cls12Þ �pðjjk¼ s1;f ;dÞ �pðjjk¼ s2;f ;dÞ
þcls12 �0:5 � ðpðjjk¼ s1;f ;dÞþpðjjk¼ s2;f ;dÞÞ�

when i = j with

pðjjk; f ; dÞ ¼ ð1� dÞfjlk þ
d
ml

ð1Þ

Here, ml is the number of observed alleles across both

subspecies at locus l, and cls12 is the average of cls1 and cls2.

Parameter estimation. We estimated the genotyping error

probability, d, and the locus- and subspecies-specific

allelic dropout rates, cls1 and cls2, from the reference

samples identified by a STRUCTURE analyses of the entire

data set except for the 74 samples from the Pendjari–
Arli complex along the Benin–Burkina Faso border

region (as we collected those samples much later than

all other samples and after performing the parameter

estimation). We first estimated d by maximizing the

likelihood on a grid of d values ranging from 0 to 0.15

and c values ranging from 0 to 0.5, using a step size of

0.005, and with all c values fixed to the same value

across loci. For both forest and savanna reference sam-

ples, the maximum-likelihood estimate was d = 0. We

therefore fixed d to 0. We then performed maximum-

likelihood estimation of clk for each locus separately for

the forest and savanna reference samples. The inferred

values are shown in Figure S1 (Supporting information)

and are highly correlated with subspecies and marker-

specific estimates of the inbreeding coefficient F (Fig-

ure S2, Supporting information).

Hierarchical model. To estimate the proportion of sam-

ples of each hybrid type, we used a hierarchical model

to combine information across all samples. Specifically,

let p(q) denote the proportion of samples of type q, then

the likelihood for p, assuming samples i = 1, . . . ,n to be

independent, is given by

Lðp; g1; . . .; gnÞ ¼ pðg1; . . .; gnjpÞ ¼
Yn

i¼1

X

q

pðqÞpðgijqÞ

We estimated p by maximum likelihood, using the

EM algorithm.

Posterior probabilities. Given p, the posterior probability

that a sample with genotypes g is of type q = (q0,q1,q2)

is given by

pðqjgÞ ¼ pðgjqÞpðqÞ
pðgÞ

We used the six possible values for q described

above, corresponding to pure forest, pure savanna, F1,

F2, backcross to forest and backcross to savanna.

Hence, the output for each sample is six posterior

probabilities that sum to 1. Further, the overall proba-

bility that the sample is hybrid, p(hybrid|g), which we

denote ‘HP’, is given by the sum of the posterior proba-

bilities for the four hybrid types (F1, F2 and the two

backcross types).

Application of hierarchical model. We applied the hierar-

chical model described above and computed posterior

probabilities for three data sets defined in the section on

STRUCTURE analyses: data set I (= full data set, Fig. 1B),

data set II (= all samples from the area in Fig. 1C) and

data set III (= all samples from the area in Fig. 1D). In

each case, we first estimated f from reference samples,

as described above, where the reference samples were

obtained by applying STRUCTURE to the data set under

consideration (see section about STRUCTURE analyses).

Then, we applied the hierarchical model to estimate p,
and finally computed the hybrid posterior probabilities.

Assuming that the proportion of samples of each hybrid

type (p) differ across Africa, restricting the hierarchical

model analyses to local areas should lead to better

estimates of allele frequencies, local estimates for p and

estimates of the hybrid posterior probabilities.

Visualization of autosomal data

To visualize the autosomal data of each sample, we

define the likelihood ratio (LR) for allele j in locus l

having forest origin as

LRjlforest ¼
pðjjk ¼ forest; f ; dÞ

pðjjk ¼ savanna; f ; dÞ

where p(j|k,f,d) is given by equation (1). Similarly,

we define the LR for allele j having savanna origin as

LRjlsavanna = 1/LRjlforest. In Fig. 2, and in Figures S3 and

S4 (Supporting information), we plotted the alleles at

each locus, with the top allele at each locus in each sample

being the one with the larger value of LRjlsavanna, and

with each allele coloured to indicate its LR value.

Analyses of MtDNA and Y-chromosomal DNA

All sequences (both mtDNA and amelogenin) were

analysed separately to estimate trees relating the

© 2015 John Wiley & Sons Ltd
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samples using a Bayesian approach implemented in

program MRBAYES v3.2 (Ronquist et al. 2012). Each of the

gene fragments was analysed using jModelTest (Posada

2008) to determine its appropriate nucleotide substitu-

tion model. We used a two-parameter substitution

model and a gamma distribution of evolutionary rates

across sites, with the value of the shape parameter

estimated from the data. The MCMC analysis used

2 runs of 4 chains each for a run length of 5 9 107 gen-

erations. No molecular clock was enforced in any analy-

sis. So, tree and branch lengths depict topology rather

than distance.

Results

Genetic analysis identifies a hybrid zone

We collected elephant dung samples in northern CAR,

along Democratic Republic of Congo (DRC)–Uganda

border and along the Pendjari–Arli complex on the

Benin–Burkina Faso border, genotyped them at 16

autosomal microsatellite loci (Wasser et al. 2004), and

combined these with data on the same loci from forest

and savanna elephants across sub-Saharan Africa (Was-

ser et al. 2015). After quality control to filter out poorly

amplifying samples and potential duplicates, our data

set contained 291 samples from the targeted regions

(209 from the DRC–Uganda border region, 8 from

northern CAR and 74 from the Benin–Burkina Faso bor-

der region) and a total of 1369 unique elephant samples

from 79 locations.

To obtain an initial overview of population structure,

we used the program STRUCTURE (Pritchard et al. 2000) to

perform a clustering analysis of all 1369 samples. This

showed that the majority of samples were estimated to

have group-specific ancestry (Fig. 1A), verifying the

known division of these samples into forest and

savanna subspecies. Nonetheless, numerous samples

have substantial ancestry from both groups. For exam-

ple, 54 samples were estimated to have >0.2 estimated

ancestry in both groups, representing potential hybrids.

Four of these potential hybrids are from Garamba

National Park, which is where almost all the few previ-

ously reported hybrids are from. All but one of the

remainder are from the three targeted regions: 43 from

the DRC–Uganda border region, with most occurring

on the Uganda side, 4 from northern CAR and 2 from

the Benin–Burkina Faso border (Table 1). One sample

from Namibia, with estimated forest ancestry 0.20,

seems unlikely to be a true hybrid based on both its

location and the more detailed analyses below.

To further assess the evidence for hybridization, we

developed a new statistical method to explicitly quan-

tify the support for each sample being hybrid (a ‘hybrid

probability’, HP). As such inference can be sensitive to

genotyping error due to allelic dropout or null alleles,

our methods accounted for this (see Materials and

Methods). Applying this method to the entire data set

identified 55 samples with HP > 0.95 (Fig. 1B). These

hybrid samples all originated from one of the three

targeted regions, or from Garamba National Park

(Table 1), and the results were highly concordant with

Fig. 2 Visualization of genotypes for six illustrative samples. For each sample, the 16 columns show genotypes (arranged in 2 rows)

at 16 autosomal loci. Each allele is coloured according to its likelihood ratio (LR) for having forest (or savanna) origin; see methods

for details. The inferred (most probable) hybrid category for each sample is indicated in parentheses. ‘Backcross forest’ = backcross

between an F1 elephant and a forest elephant; ‘Backcross savanna’ = backcross between an ‘F1’ elephant and a savanna elephant.

(Our model considered only hybrids up to second generation; it is possible that some or all of the hybrid samples involve hybridiza-

tion beyond the second generation). Abbreviations same as Fig. 3.
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the STRUCTURE results (of the 54 putative hybrids identi-

fied by our STRUCTURE analysis, 51 had HP > 0.95).

Our hybrid analysis methods depend on specification

of reference samples to estimate allele frequencies in

the source forest and savanna populations. In the above

‘global’ analysis of the entire data set, we used refer-

ence samples drawn from across the entire continent.

However, these global reference samples may not accu-

rately capture the allele frequencies of the most relevant

source populations: those that are geographically proxi-

mal to the putative hybrids being examined. To assess

the robustness of our results to this issue, we therefore

also conducted a ‘local’ analysis of each of the two tar-

geted regions in Central Africa (along with Garamba

National Park) using only geographically proximal

samples as the references. We did not conduct a similar

analysis in West Africa due to the scarcity of geograph-

ically proximal savanna reference samples. The results

of these ‘local’ analyses were largely consistent with

the global results (Table 1; Figs 1C and 1D), identifying

43 samples with HP > 0.95: 38 from the southern half

of the DRC–Uganda border region, two from Garamba

National Park in northeastern DRC (Fig. 1C) and three

from northern CAR (Fig. 1D). One additional sample

from northern CAR (sample ID CAR40) showed mod-

erately high HP (HP = 0.74), and its hybrid status was

subsequently supported by mtDNA and Y chromosome

data. Further inspection of the three CAR samples with

HP > 0.95 revealed two genetically very similar sam-

ples of same gender (differing from one another by

only four alleles); to be conservative, only one of the

two was included in subsequent analyses, and in the

hybrid counts, we report in the rest of this paper.

Accordingly, we also decreased the sample size for

northern CAR by one, making it seven.

In summary, our three analyses (STRUCTURE, ‘global’ and

‘local’ analyses) produce largely consistent results

(Table 1), and identify more hybrids than all previous

genetic studies combined. All analyses indicate that the

northern Albertine Rift along the southern half of the

DRC–Uganda border region contains a large proportion

of hybrid elephants and could be considered a hybrid

zone. For example, the local analysis identifies 38 hybrids

of 209 samples from the entire region along the DRC–
Uganda border, and all of these hybrids are among the

102 samples we have from the southern half of this

region. The previously reported hybrid zone from Gar-

amba National Park in northeastern DRC was also recon-

firmed (Roca et al. 2001; Comstock et al. 2002). The

northern CAR region represents another potential hybrid

zone with three hybrids of a total of seven elephants sam-

pled from that region. Finally, we identified three hybrids

of 74 individuals from West Africa in the Pendjari–Arli

protected area complex on the border of Benin and Burk-

ina Faso. As far as we are aware, these are the first reports

of hybrids in West Africa based on genetic data.

Because the local analyses identified slightly fewer

hybrids than the other analyses, we focus on the local

analyses for the remainder of the paper to be conser-

vative.

Hybrids are fertile

A key question is whether forest and savanna hybrids

are fertile. If hybrids are infertile, then all hybrids will be

first-generation (F1) hybrids, with one parent from each

subspecies. Such hybrids will display a distinctive

genetic signature, carrying exactly one allele from a

savanna parent and one allele from a forest parent at each

locus. Second-generation hybrids (F2 or backcross)

would display different distinctive genetic signatures.

We implemented a statistical hybrid classification

method that exploits this to quantify the probability for

each sample being either a ‘pure’ sample, an F1 hybrid or

a second-generation hybrid (see Materials and Methods).

Applying this classification method, all hybrids iden-

tified in the ‘local’ analyses above (HP > 0.95) had

probability >0.95 for being a second-generation hybrid.

Table 1 Number of hybrids identified in three different analyses. For each of the three analysis approaches, the numbers of hybrids

identified in each targeted region, as well as Garamba National Park, is listed. For the STRUCTURE analysis, the listed numbers are the

numbers of samples with >0.2 estimated ancestries from both forest and savanna elephants. For the hybrid analyses, the listed num-

bers are the numbers of samples with HP > 0.95. NA indicates ‘not applicable’ and is used for the regions that were not included in

our local analyses

Analysis

Garamba

National

Park

DRC–Uganda

border

Northern

CAR

Benin–Burkina
Faso border

Other

regions In total

STRUCTURE 4 43 4 2 1 54

Global hybrid

analysis

3 45 4 3 0 55

Local hybrid

analysis

2 38 3 NA NA 43
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Figure 2 shows examples of F2 and backcross hybrids,

with a ‘pure’ sample of each subspecies for comparison

(Figures S3 and S4, Supporting information). For exam-

ple, sample UGA163 is clearly hybrid, with many alle-

les from each subspecies. Further, at least three of its

loci (6, 11 and 14) are heterozygous for forest alleles

only, indicating that UGA163 is not an F1. Importantly,

this conclusion could not be explained by allelic

dropout.

In summary, our data show that hybridization has

occurred over multiple generations, and we conclude

that hybrids are fertile.

The hybridization is bidirectional

Hybridization between a forest and savanna elephant

could result from either a male forest elephant mating a

savanna female, or a male savanna elephant mating a

forest female. Hybridization is said to be ‘bidirectional’

if both types of matings occur. To assess whether

hybridization is bidirectional, we sequenced Y chromo-

some and mtDNA from 36 hybrid samples, 13 pure for-

est samples and 18 pure savanna samples, and used

MrBAYES (Ronquist et al. 2012) to estimate trees relat-

ing the samples (Fig. 3). These samples were selected

based on our ‘Hybrid probability’ analyses, where each

selected pure forest, savanna or hybrid samples showed

posterior probability of >0.95. For both markers, the

pure forest and pure savanna samples fall into different

clades, but some hybrids join the forest clade and

others join the savanna clade (Table 2). Thus, hybrid

elephants contain, in aggregate, alleles characteristic of

forest mtDNA, savanna mtDNA, forest Y chromosomes

and savanna Y chromosomes, implying that hybridiza-

tion has occurred bidirectionally.

Discussion

Using a large genetic data set, including samples from

previously unsampled regions, our study provides new

insights into African elephant hybridization. We found

genetic evidence for hybridization between forest and

savanna elephants in three distinct regions: the northern

Albertine Rift along the DRC–Uganda border, northern

CAR and the Pendjari–Arli complex along the Benin–
Burkina Faso border. In the northern Albertine Rift, 38

of 102 samples showed strong evidence for being

hybrids between forest and savanna elephants

(HP > 0.95) establishing this as a major hybrid zone. In

northern CAR, three of seven samples showed strong

evidence for being hybrid, suggesting that this region is

also a potential hybrid zone. In the Benin–Burkina Faso

border region, 3 of 74 samples showed evidence for

being hybrids, suggesting some level of genetic mixing

in this region as well. Few, if any, of the hybrids we

examined were first-generation hybrids, indicating that

hybrids are fertile and that they have multigenerational

histories of genetic mixing. Hybridization is also ‘bidi-

rectional’ – that is involves males and females of both

subspecies. This demonstrates that hybridization is not

just a result of savanna males outcompeting the smaller

forest males, as hypothesized by Roca et al. (2015).

Finally, we have presented a new methodology to iden-

tify and classify hybrids, taking account of potential

genotyping errors and allelic dropout, which can be

applied to other species.

Our data represent by far the largest set of hybrids

between forest and savanna elephants identified by

genetic data to date. Previous studies (Roca et al. 2001;

Comstock et al. 2002; Wasser et al. 2004; Wasser et al.

2007; Eggert et al. 2002) have identified only a few

hybrids, mainly from the Garamba National Park and

vicinity in the northeastern DRC (Roca et al. 2001; Com-

stock et al. 2002). No hybrids have previously been

identified in the Uganda–DRC border region, in north-

ern CAR or West Africa using genetic measures,

although Groves & Grubb (2000) identified hybrids in

the Uganda–DRC border region based on morphologi-

cal metrics. Importantly, the hybrids we have identified

appear in relatively geographically restricted locations.

We have found no evidence of hybridization between

forest and savanna elephants from any other sampled

sites across the savanna–forest juncture. This raises the

question: What is special about these places?

By far the largest number of hybrids occurred in the

DRC–Uganda border in the Albertine Rift. While the

northern CAR site had comparable proportion of

hybrids, the sample size for this region is small. One

question is therefore whether particular features of the

DRC–Uganda region may have facilitated the

establishment of a major hybrid zone. The ecotones

in this region are a fine mosaic of forest and woodland–
savanna habitat gradients with a very dynamic palaeo-

history (Hamilton et al. 2001; McGlynn et al. 2013). This

Fig. 3 Trees relating samples based on mtDNA (A) and Y chromosome (B) data. Each sample is coloured according to its hybrid/

pure savanna/pure forest probability estimated from autosomal loci. (CAR40 is designated as hybrid based on both its hybrid proba-

bility from autosomal data (HP = 0.74), and because its mtDNA clusters with forest mtDNA whereas its Y data clusters with savanna

Y chromosomes.). CAR = Central Africa Republic, DRC = Democratic Republic of Congo, GR = Garamba, DRC, RWA = Akagera

Rwanda, RWV = Virunga Rwanda, UGA = Uganda.
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contrasts with the more abrupt rainforest–savanna tran-

sition in the Pendjari–Arli site in West Africa, and the

intermediate gradients in the Manovo-Gounda-St Floris

complex in northern CAR (Fay 1988; East 1999; Barriere

et al. 2005; IUCN 2015).

The DRC–Uganda region has also experienced

extreme recent habitat modification coupled with cycles

of elephant population loss and partial recovery over

the past 50 years or more suggesting that hybridization

may partly result from human pressures. Poaching was

high on both sides of the border up until 1981, after

which poaching greatly diminished on the Uganda side

(Kayanja & Douglas-Hamilton 1983). Keigwin (2004;

Keigwin et al. 2016) found a strong unidirectional bias in

movements of elephants moving from DRC into Uganda

between 2001 and 2003, but the reverse may well have

occurred 40 years earlier when Ugandan parks were

emptied of elephants during the Idi Amin era. Consis-

tently, the elephant hybrids we identified were most

common in woodland savanna habitat on the Uganda

side of the DRC–Uganda border. The lack of F1 hybrids

in our study remains a mystery, although this may be

partly explained by the massive elephant population

decline that occurred in eastern DRC by 2005. Eastern

DRC ivory went from the most to least common ivory in

forest elephant ivory seizures around that same time

(Wasser et al. 2015). The relative decline in large-scale

poaching on the DRC side around or prior to 2005 may

also explain the absence of F1 hybrids in that area as the

number of forest elephants moving into Uganda from

DRC should have been greatly diminished by then.

Consistent with the idea that hybridization may, at

least partly, be caused by human activity, we also

found a high proportion of hybrids in northern CAR.

This region borders Chad and South Sudan, where

recent population declines from poaching have been

equally extreme. (Bouche et al. 2010, 2011) By contrast,

we found a relatively small proportion of hybrids in

West Africa, where poaching-related population decli-

nes probably occurred much earlier, 1–2 centuries ago.

Overall, it seems likely that ecological and human fac-

tors have worked together in favouring hybridization in

all hybrid zones identified to date. Habitat gradients in

eastern Central Africa may have allowed low levels of

hybridization over time, while providing the right con-

ditions for human–elephant interactions to precipitate a

recent surge in hybridizations.

One way to assess the potential role of human activi-

ties would be to attempt to date the hybridization

events. If hybridization is very recent, then it seems

likely to have been driven, or at least exacerbated, by

human influences. The high proportion of hybrids found

in the southern DRC–Uganda border region, in combi-

nation with the genetically distinct forest and savanna

elephants we identified in that same region, suggest that

these hybridization events are likely recent on evolution-

ary timescales: long-term hybridization events would

have made such strong separation between forest and

savanna elephants difficult to retain. A more precise

timeframe for hybridization could be obtained by ana-

lysing longer genomic fragments of forest vs. savanna

origin in hybrid samples (Falush et al. 2003), using, for

example, genomewide SNP data. Recent hybridization

would be characterized by long consecutive sequences

(‘tracts’) of forest and savanna nucleotides remaining

intact in hybrid individuals, due to the small amount of

recombination that occurs each generation. In contrast,

older hybridization would be characterized by inter-

spersing of shorter tracts of forest and savanna nucleo-

tides. If hybridization has been both ancient and

ongoing in the populations, considerable variation in

tract length would be expected among individuals.

While our current knowledge of elephant hybrid beha-

viour is negligible, hybrids can have different behaviour

than both parental species (Stratton & Uetz 1986; Helbig

1991; Hobel & Gerhardt 2003), and the introduction of

species with new behaviours into complex interdepen-

dent ecosystems can have dramatic consequences (Rhy-

mer & Simberloff 1996; Ryan et al. 2009; Peters &

Kleindorfer 2015). This raises the question: Is recent

occurrence of elephant hybrids a potential problem for

ecology and human livelihoods? Impacts on ecology

could be a particular concern in the Albertine Rift, which

includes several World Heritage Sites characterized by

high biodiversity and numerous endemic species

(Plumptre et al. 2007; UNESCO 2013). Increased human–

Table 2 Cluster membership counts for the all elephants present in Fig. 3. NA indicates ‘not applicable’ and is used for the female

samples in which Y-chromosomal DNA was not available

Species classification

mtDNA cluster/YDNA cluster

Forest/Forest Forest/Savanna Savanna/Forest Savanna/Savanna Forest/NA Savanna/NA

Hybrid 6 4 3 2 12 9

Pure savanna 0 0 0 12 0 6

Pure forest 4 0 0 0 9 0
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elephant conflict is another potential concern, particu-

larly if elephants from DRC have a weak affinity for the

savanna habitat in Uganda, increasing their tendency to

wander and encounter crops. Studies are needed to

determine whether hybrid elephant behaviour in

savanna habitats differs from that of savanna elephants.

Besides having potential implications for ecology and

human livelihoods, some may argue that our results also

have implications for the reclassification of the African

Elephant species (Loxodonta) as two separate species (for-

est- L. cyclotis and savanna- L. africana) (Roca et al. 2001;

Comstock et al. 2002; Bachhaus 1958; Frade 1955). But our

identification of hybridization in several distinct sites

does not contradict calls for reclassification, especially if

this hybridization is recent. Although reproductive isola-

tion has been historically seen as primary to the defini-

tion of species, hybrid zones between distinct species

have been commonly reported across a wide range of

taxa (Gray 1972; Rhymer & Simberloff 1996; Jolly et al.

1997). Our STRUCTURE analysis showed clear divisions of

forest and savanna populations, consistent with previous

genetic and morphological studies supporting reclassifi-

cation into separate species (Frade 1955; Groves & Grubb

2000; Grubb et al. 2000; Roca et al. 2001, 2015; Comstock

et al. 2002). However, ultimately, the question of reclassi-

fication must consider not only the population genetic

structure, but also the potential impact of classification

on conservation of both forest and savanna elephants

(Allendorf et al. 2001; Fitzpatrick et al. 2015).
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Data accessibility

All genotype data, sample locations, hybrid probabilities,

structure ancestries and sequence alignment files (of 526-

bp mitochondrial and 719-bp Y chromosome partial

control region sequences of both forest, savannah and

hybrid elephants) have been accessioned on DRYAD

(doi:10.5061/dryad.d4 m07); hybrid probability compu-

tation codes are posted on GitHub (https://github.com/

stephenslab/EBhybrids); all sequence data were submit-

ted to GenBank (Accession no.: KF534810–KF534908).

Supporting information

Additional supporting information may be found in the online ver-

sion of this article.

Fig. S1 Marker and subspecies specific maximum likelihood

(ML) estimates of the allelic dropout rates, c. The dotted lines

show the intervals of parameter values with likelihoods <1.92
log-likelihood units (ll) from the log-likelihoods of the ML esti-

mates.

Fig. S2 Marker and subspecies species-specific maximum likeli-

hood (ML) estimates of the allelic dropout rates, c compared to

marker and subspecies specific estimates of the inbreeding

coefficient F.

Fig. S3 Genetic data from the samples shown in Fig. 1(C). For

each sample the 16 genotyped autosomal alleles are arranged

in two rows and 16 columns (one column for each marker)

and each allele is coloured according its likelihood ratio (LR)

for having forest (or savannah) origin, see methods for details.

Fig. S4 Genetic data from the samples shown in Fig. 1(D). Each

sample is depicted by its autosomal alleles arranged in two

rows and 16 columns (one column for each marker) and each

allele is coloured according its likelihood ratio (LR) for having

forest (or savannah) origin, see methods for details.
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