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Isolation is a major driver of population differentiation, due to long-term biogeographic barriers as well as habitat 
fragmentation across smaller geographic scales. East Africa is a highly heterogeneous and fragmented landscape and 
contains high numbers of endemic plants and animals, particularly in the Afromontane regions of the Eastern Arc 
Mountains, Albertine Rift Mountains and Ethiopian Highlands. Despite high levels of endemism, few studies have 
looked at intraspecific genetic variation in these regions, and fewer still within a genome-wide context. Here, we use 
two mitochondrial genes (ND2 and 16S) and large single nucleotide polymorphism panels to investigate patterns and 
processes of diversification in Ethiopian Highland populations of the river frog Amietia nutti. We identify a potential 
out-of-Ethiopia pattern of diversification, although further investigation is required to confirm this scenario. Within 
Ethiopia, regional populations diverged in isolation with little or no gene flow. Biogeographic barriers—including the 
Great Rift, Blue Nile and Omo River Valleys—and geographic distance, not environmental differences or watershed 
barriers, explain a large proportion of the genomic differentiation between populations. The timing of diversification 
in the group suggests genomic differentiation may have been facilitated by Pleistocene shifts of suitable habitat 
between glacial and interglacial periods. Strong regional genetic differences across A. nutti populations suggest that 
highland-adapted species harbour unique genetic variation across several regions of Ethiopia. This highlights the 
necessity for sampling many populations in phylogeographic analyses across this region to fully understand patterns 
of genetic variation and diversification across the complex topographical landscape of the Ethiopian Highlands.
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INTRODUCTION

Habitat fragmentation is a major driver of genetic 
differentiation across spatiotemporal scales, from 
biogeographic barriers at large time scales to micro-
geographic habitat fragmentation over few genera-
tions (MacArthur & Wilson, 1967; Saunders, Hobbs 
& Margules, 1991; Jackson & Fahrig, 2016). During 
the current Anthropocene period, we are experiencing 
extreme habitat fragmentation (Haddad et al., 2015) 
and associated loss of biological diversity (Dirzo et al., 

2014). As such, understanding biodiversity in threat-
ened global ecosystems is central to our knowledge of 
baseline levels of genetic and species diversity in order 
to implement appropriate conservation strategies.

Despite the importance of understanding global pat-
terns of biodiversity, large gaps exist in our current 
knowledge of genetic diversity across the worldwide 
landscape (Miraldo et al., 2016). This is particularly 
problematic in biodiversity hotspots, regions of high 
biodiversity threatened by loss of native habitat 
(Myers et al., 2000). One such biodiversity hotspot, 
East Africa, has a high diversity of species and eco-
systems, especially in the Afromontane regions of the 
Albertine Rift, Eastern Arc Mountains and Ethiopian *Corresponding author. E-mail: stephane.boissinot@nyu.edu
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Highlands (Zachos & Habel, 2011). While two levels 
of biodiversity—species and ecosystems—are gener-
ally well characterized in these Afromontane regions, 
relatively little is known of the genetic diversity in the 
region, reflecting global deficiencies in large portions 
of Africa and Asia (Miraldo et al., 2016). The lack of 
knowledge regarding genetic diversity in the Horn of 
Africa’s montane regions requires a more comprehen-
sive survey, because much of the diversity within spe-
cies is likely underappreciated. For example, birds in 
the Eastern Arc Mountains often have distinct popula-
tions across several sets of isolated mountains, result-
ing in the risk of undervaluing important regions in 
conservation plans (Kahindo, Bowie & Bates, 2007).

The Ethiopian Highlands are part of the Horn of 
Africa biodiversity hotspot (Zachos & Habel, 2011) 
and possess high levels of endemic species. In addi-
tion to charismatic species such as the gelada baboon 
(Theropithecus gelada) and the Ethiopian wolf (Canis 
simensis), the Ethiopian Highlands are rich in endemic 
species of plants (Friis et al., 2001), mammals (Yalden 
& Largen, 1992), frogs (Largen & Spawls, 2010) and 
birds (Klerk et al., 2002). However, despite the high 
levels of endemism, few studies have focused on 
intraspecific diversity across the Ethiopian Highlands. 
Research has shown that several montane species are 
genetically differentiated across the Great Rift Valley, 
including the gelada baboon (Belay & Mori, 2006), 
Ethiopian wolf (Gottelli et al., 2004), groove-toothed 
rats (Taylor et al., 2011), a giant lobelia (Kebede et al., 
2007), coffee (Silvestrini et al., 2007), as well as sev-
eral species of frogs (Evans et al., 2011; Freilich, Tollis 

& Boissinot, 2014; Freilich et al., 2016). However, few 
studies have examined intraspecific genetic variation 
across multiple populations, and none with the use of 
genomic-scale data.

In this study, we used the frog Amietia nutti 
(Boulenger, 1896) as a model to study the role that 
habitat fragmentation played across the Ethiopian 
Highlands in reducing gene flow between populations, 
as well as creating and maintaining genomic variation. 
Amietia nutti is a widespread species in East Africa 
(Fig. 1A), including localities in Uganda, Democratic 
Republic of Congo, Rwanda, Burundi, Tanzania, 
Kenya and Ethiopia (Channing et al., 2016; Larson 
et al., 2016). Across its distribution, A. nutti is found 
in slow moving streams, agricultural water channels 
and ponds at a variety of elevations (Channing et al., 
2016). Amietia nutti was originally described as Rana 
nutti (Boulenger, 1896) and later synonymized with R. 
angolensis (de Witte, 1930), although this was not uni-
versally accepted. Several different naming schemes 
for the species were used throughout the past century, 
including generic labels of Rana, Afrana and Amietia 
(Visser & Channing, 1997; Channing, 2001; Scott, 
2005; Frost, 2011). Most recently, the species has 
been referred to as either A. angolensis or A. lubrica 
(Pickersgill, 2007; Largen & Spawls, 2010; Larson et 
al., 2016) and was reclassified as A. nutti by Channing 
et al. (2016) based on a phylogenetic analysis with 
genetic and morphological data.

Large amounts of genetic variation have been 
observed across the range of members of the genus 
Amietia, and specifically in A. nutti in Eastern Africa 

Figure 1. Distribution of Amietia nutti in Eastern Africa and genetic structure based on 16S mtDNA. A, known localities 
of A. nutti described in recent papers on the taxonomy and phylogeny of the genus Amietia (light blue and light yellow 
circles) and new samples used in this study (dark green circles). Note that Channing et al. (2016) synonymized all naming 
designations presented in this figure to A. nutti. B, haplotype network of 16S mtDNA gene for all A. nutti individuals and a 
closely related outgroup (A. moyerorum). Dashes on lines indicate number of mutational steps between haplotypes (circles). 
Haplotypes are sized based on the number of individuals with a particular haplotype. Dotted lines are not meant to convey 
support for genetic structure, but rather to match samples with specific studies and the map on the left.
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(Channing et al., 2016; Freilich et al., 2016; Larson 
et al., 2016). A large proportion of the genetic varia-
tion in A. nutti appears to be influenced by topographi-
cal variation in the landscape (Channing et al., 2016; 
Larson et al., 2016). In these studies, only a single local-
ity of A. nutti was identified genetically from Ethiopia 
(Fig. 1A). More recently, a phylogeographic analysis 
of A. nutti in Ethiopia used one mitochondrial and 
three nuclear loci to identify phylogeographic breaks 
across the Blue Nile River Valley and Great Rift Valley 
(Freilich et al., 2016). These studies suggest that the 
species is susceptible to gene flow barriers resulting 
in subsequent isolation and diversification across the 
landscape of the Ethiopian Highlands.

In order to study how environmental characteris-
tics and landscape topography influence population 
genomic patterns of variation in A. nutti across the 
Ethiopian Highlands, we sequenced two mitochondrial 
genes and obtained thousands of single nucleotide pol-
ymorphisms (SNPs) using restriction site-associated 
DNA sequencing (RAD-seq) to investigate the follow-
ing questions: (1) How are Ethiopian populations of A. 
nutti related to other A. nutti populations in Eastern 
Africa? (2) What are the mechanisms promoting crea-
tion, maintenance or degradation of genetic differen-
tiation across this unique montane landscape?

METHODS

Sampling

We collected 36 samples of A. nutti between 2011 and 
2016 (Table S1; Figs 1A, 2A), with permits obtained 
from the Ethiopian Wildlife Conservation Authority. 
We obtained three additional individuals of A. nutti 
from Uganda and Burundi to use as outgroup samples 
in our analyses (Table S1). These outgroup samples 
were loaned from the University of Texas at El Paso 
Biodiversity Collections. For all samples, we extracted 
genomic DNA from muscle tissue using a magnetic 
bead DNA extraction protocol (Rohland & Reich, 
2012) and quantified and standardized DNA concen-
trations using Qubit Fluorometric Quantitation (Life 
Technologies).

mitochondrial dna Sequencing and analySiS

We sequenced the mitochondrial genes 16S riboso-
mal RNA (16S; n = 35) and NADH dehydrogenase 
2 (ND2; n = 18) for most individuals. For some indi-
viduals, ND2 was already available from a previous 
study (Freilich et al., 2016) and we retrieved these 
sequences from GenBank (Table S2). Additionally, we 
obtained all published 16S sequences of A. nutti from 
previous taxonomic assessments (Channing et al., 
2016; Larson et al., 2016). We used these samples to 

determine if Ethiopian Highland A. nutti form a clade, 
and to understand their evolutionary relationships 
to other populations across the range of the species. 
We used polymerase chain reaction (PCR) with prim-
ers developed for 16S sequences in frogs (Bossuyt & 
Milinkovitch, 2000) or specifically for ND2 in Amietia 
(Freilich et al., 2016). Sanger sequencing of all PCR 
products was performed by the Beijing Genomics 
Institute. All raw sequence chromatograms were man-
ually inspected in Geneious v9.1.7 (BioMatters Ltd), 
and then aligned using the Geneious-implemented 
MUSCLE (Edgar, 2004). In total, we obtained 422 bp 
of 16S and 731 bp of ND2 for our final alignments. We 
then used the R package ‘pegas’ (Paradis, 2010) to infer 
nucleotide diversity for each clade identified from our 
double digest restriction site-associated DNA sequenc-
ing (ddRAD-seq) analyses.

We chose the best model of sequence evolution for 
each gene using the Bayesian information criterion 
(K80 + I for 16S and HKY + G for ND2) in PAUP 
v4.0a151 (Swofford, 2003). We used these models of 
sequence evolution and the resulting alignments of 
each gene for phylogenetic analyses using maximum 
likelihood (ML) and Bayesian frameworks. First, we 
used PhyML (Guindon & Gascuel, 2003), implemented 
in Geneious, to produce an ML phylogeny, and used 
1000 bootstrap replicates to assess support of rela-
tionships. Second, in MrBayes v3.2.6 (Ronquist & 
Huelsenbeck, 2003), we ran four Markov chains for 
100 million generations, sampling every 100 000th. We 
discarded the first 500 trees as burn-in and obtained a 
consensus topology from the remaining 500 trees.

rad-Seq and bioinformaticS

We used a ddRAD-seq protocol (Peterson et al., 2012) 
to obtain many homologous loci and associated SNPs 
from across the genome. We initially digested sam-
ples with the restriction enzymes SbfI and MspI, 
cleaned the samples with AMPure magnetic beads 
(Agencourt) and ligated adapters with attached bar-
codes (Table S1). We pooled samples (eight individu-
als per pool), performed a subsequent bead cleanup, 
and size selected DNA fragments in the range 
between 400 and 550 bp using a Pippin Prep elec-
trophoresis cassette (Sage Science). We used a brief 
PCR reaction (15 cycles) in quadruplicate reactions to 
attach additional indices (Peterson et al., 2012), and 
purified with beads a final time. Lastly, we used a 
BioAnalyzer high sensitivity analysis chip (Agilent) 
and quantitative PCR to check library quality and 
quantity, respectively. All libraries were pooled and 
sequenced (along with samples from unrelated pro-
jects) on the Illumina MiSeq or Illumina HiSeq2500 
at the New York University Abu Dhabi Center for 
Genomics and Systems Biology.
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We used the STACKS pipeline to assemble loci de 
novo from the raw sequencing reads (Catchen et al., 
2011). We initially used the process_RADtags python 
script included in the STACKS pipeline to demultiplex 

inline barcodes as well as remove reads of poor qual-
ity, lacking either of the restriction sites, or containing 
ambiguous inline barcodes. For inclusion, we required 
sequences to have an average phred score of ten or 

Figure 2. Sampling and phylogeographic structure in Amietia nutti. A, sampling map with points coloured according to 
geographic structure identified in the ddRAD-seq data set. In all other panels, colours correspond to these localities. B, 
maximum likelihood gene tree inferred using RAxML for the mitochondrial gene ND2. Asterisks (*) at tips indicate indi-
viduals on long branches referenced in text. C, network of ddRAD-seq SNPs based on uncorrected p-distances. D, maximum 
likelihood phylogeny estimated in RAxML for the concatenated loci obtained from ddRAD-seq. The tree is rooted with A. 
nutti individuals from Burundi and Uganda. Support from RAxML and MrBayes are shown above and below the branches, 
respectively. An asterisk (*) indicates support > 95% in both analyses. At the tips of the phylogeny are STRUCTURE results 
for 2–6 genetic clusters. The colours in each bar indicate the probability of genetic cluster assignment for each individual. 
Labels for each clade (in black circles) identify populations used for ∂a∂i analyses (Table 1; Fig. 2G). E, polymorphism 
counts for the 25-Individual data set and estimates of genetic diversity for both SNP data sets (see Table 1). F, species tree 
estimated in SVDquartets, rooted with samples of A. nutti from Burundi and Uganda. Support values above and below the 
branches are for the 25-Individual and 25-Individual 1-PP SNP data sets, respectively. G, estimates of gene flow between 
geographically neighbouring populations as estimated in ∂a∂i (full results in Table S3). ddRAD-seq, double digest restriction 
site-associated DNA sequencing; SNP, single nucleotide polymorphism.
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higher in sliding windows of 15 bp. Next, we used 
the FASTX Toolkit (Gordon & Hannon, 2010) to 
trim restriction sites, trim all sequences to the same 
length (because of sequencing with different Illumina 
machines) and convert the sequences to FASTA for-
mat. All paired-end reads were concatenated for a total 
length of 188 bp per combined read.

We used the ustacks module in STACKS using the 
default settings to cluster sequences within each indi-
vidual. The output of ustacks was then used in the 
STACKS module cstacks to match loci between individ-
uals, using a range (N = 1–11) of allowed mismatches 
between individuals to be assigned to each locus. Here, 
we assessed how changing the number of mismatches 
across individuals affected downstream estimates of 
genetic diversity and differentiation using a subset of 
20 individuals (Table S3). Based on this preliminary 
analysis, we continued with five mismatches allowed 
between individuals to be assigned to the same locus. 
Lastly, we used the sstacks module in STACKS with 
default settings to compile results from the ustacks 
and cstacks modules.

With the STACKS catalogues, we used the popula-
tions module to filter the data sets and create final SNP 
matrices. Here, we required a minimum of five reads 
coverage for a SNP to be included per individual, a 
minimum minor allele frequency of 0.05 and maximum 
heterozygosity less than 50% across all individuals to 
reduce inclusion of paralogs. From this, we created two 
SNP data sets based on different coverages: (1) present 
in a minimum of 25 individuals and (2) present in a 
minimum of 25 individuals and at least one individual 
per identified clade. We initially tested the effects of 
changing the minimum required read depth for SNPs 
to be included (m = 5, 10, 15). Here, genetic differentia-
tion between sampling localities was consistent across 
the data sets (all R2 > 0.99). Based on this test, we con-
tinued downstream analyses with a minimum read 
depth of five to maximize the number of loci and SNPs 
maintained in the final data sets.

rad-Seq analySeS

To investigate the phylogenetic relationships of all 
individuals, we created a network as well as inferred 
phylogenies in ML and Bayesian frameworks using 
the concatenated data set from a minimum of 25 indi-
viduals. First, in SplitsTree v4.14.4 (Huson & Bryant, 
2006), we used uncorrected p-distances and averaged 
ambiguous sites to create a network of all individuals. 
For phylogenetic analyses, we initially used PAUP* 
v4.0.a151 (Swofford, 2003) to compare models of 
sequence evolution and the Bayesian information cri-
terion to choose the best model (GTR + I + G). We then 
used RAxML v8 (Stamatakis, 2014) to estimate an ML 
tree with support assessed using 1000 quick bootstrap 
replicates. Next, we used MrBayes v3.2.6 (Ronquist & 
Huelsenbeck, 2003) with four MCMC chains for 5 mil-
lion generations sampled every 5000 iterations. We 
discarded the first 50% of trees as burn-in and used 
the remaining trees to identify a consensus topology 
and to provide posterior support values.

To infer genetic structure across individuals, we 
used the software STRUCTURE (Pritchard, Stephens 
& Donnelly, 2000). Here, we used the two SNP data 
sets, and subsampled one random SNP from each locus 
to reduce effects of linkage on genetic structure infer-
ence. We performed two replicates of subsampling to 
ensure our random subsets did not identify different 
patterns. In STRUCTURE, we initially inferred lambda 
with the number of populations set to one (k = 1). We 
subsequently set a constant lambda and ran a range 
of possible values for the number of genetic group-
ings (k = 1–9). For each value of k, we ran five repli-
cates. In STRUCTURE, we used the admixture model 
with correlated allele frequencies, using a burn-in of 
50 000 MCMC generations followed by an additional 
50 000. In the results, we manually looked for consist-
ency across replicates and across data sets. All random 
SNP data sets identified similar patterns of genetic 
structure; therefore, we used the most inclusive SNP 

Table 1. Summary of the SNP data sets used in analyses

Data set # Loci # SNPs # SNPs ingroup % Missing SNPs per locus*

25-Ind† 2296 8553 7092 22.50 3 (2.08)
25-Ind 1-PP‡ 1104 4265 3344 22.39 3.5 (2.17)
∂a∂i A-B§ 938 2035 – 8.53 2 (1.31)
∂a∂i B-C§ 779 1592 – 8.73 2 (1.19)
∂a∂i B-E§ 835 2033 – 7.69 2 (1.39)
∂a∂i D-E§ 1405 2906 – 8.55 2 (1.24)

SNP, single nucleotide polymorphism.
*Median (SD) SNPs per polymorphic locus.
†Data set requiring a SNP to be in a minimum of 25 individuals.
‡Data set requiring a SNP to be in a minimum of 25 individuals and represented by at least one individual in each clade (Fig. 2D).
§Data sets requiring a minimum of 80% of individuals from each group (see Fig. 2) for use in ∂a∂i analyses.
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data set (minimum of 25 individuals for a SNP to be 
included) for reporting results across a range of likely 
numbers of genetic clusters up to a maximum that 
appeared to be biologically relevant (Meirmans, 2015).

We used SVDquartets (Chifman & Kubatko, 2014), 
as implemented in PAUP* v4.0.a151 (Swofford, 2003), 
to infer relationships between populations (i.e. spe-
cies tree analysis). We assigned individuals to pop-
ulations based on the genetic clusters recovered 
from STRUCTURE and the phylogenetic analyses. 
SVDquartets infers a phylogeny for quartets of indi-
viduals, and then uses all sampled quartets to identify 
a species tree phylogeny. Here, we sampled all possible 
quartets of individuals, inferred the species tree from 
those quartets and assessed support with 100 boot-
strap replicates.

We used the program ∂a∂i (Gutenkunst et al., 2009) 
to test different scenarios of divergence between geo-
graphically neighbouring genetic clusters. We omitted 
the single lowland individual, because it was a lone 
sample that appeared to be genetically distinct. For 
input in ∂a∂i, we reran STACKS for each population 
pair to obtain a large number of SNPs represented 
by at least 80% of individuals in each of two genetic 
clusters in the comparison and with no enforced minor 
allele frequency (Table 1). We tested four divergence 
scenarios: (1) no population split, (2) isolation with 
migration following divergence, (3) strict isolation fol-
lowing divergence and (4) equal bidirectional migra-
tion following divergence (Table S4). In ∂a∂i, we tested 
these models using a composite log-likelihood-based 
multinomial approach using site frequency spectra 
(Gutenkunst et al., 2009) derived from one biallelic 
SNP per locus. All frequency spectra were based on 
minor allele frequencies (folded terminology in ∂a∂i) 
and each divergence scenario was performed in tripli-
cate to ensure reproducible results (Table S4).

correlateS of population divergence

To assess possible restrictions to gene flow, we used a 
multivariate regression of distance matrices (Zapala & 
Schork, 2006) implemented in the R package ‘ecodist’ 
(Goslee & Urban, 2007). Here, we aimed to explain 
genetic differentiation (as measured by FST) between 
localities using a variety of distance measures: (1) 
geographic distance, (2) environmental distance, (3) 
number of a priori biogeographic barriers separating 
populations and (4) number of watersheds separat-
ing populations. The number of biogeographic barri-
ers was manually scored for population comparisons; 
these included the Blue Nile Valley, the Great Rift 
Valley and the Omo River Valley (Fig. 2A). The number 
of watersheds separating populations was calculated 
using ArcMap v10. Here, watersheds were based on a 

flow direction grid calculated from an elevation raster 
at 1-km resolution. Geographic distance (km) between 
localities was calculated using the R package ‘fossil’ 
(Vavrek, 2011).

We calculated environmental differences between 
populations using the methods of Lira-Noriega & 
Manthey (2014). Briefly, we created a niche model 
using all known occurrence points of A. nutti in 
the Ethiopian Highlands. One-third of occurrence 
points (n = 10) were not used to train the model, 
and were used as a testing dataset to assess the 
quality of the prediction. We used a subset of the 
bioclimatic variables from the WORLDCLIM data-
base at a resolution of 2.5’, reflecting averages and 
extremes of temperature and precipitation across 
the landscape (Hijmans et al., 2005). The subset of 
variables (Table S5) was chosen to reduce dimen-
sionality as well as remove some of the autocorre-
lation among layers (all r < 0.7 across Ethiopia). 
These environmental variables were used with 
occurrence points in Maxent (Phillips, Anderson 
& Schapire, 2006) to predict the geographic dis-
tribution of A. nutti in the Ethiopian Highlands. 
The model training region was set to Ethiopia. We 
converted the Maxent output to a binary presence/
absence matrix by setting a threshold on the output 
model inclusive of ≥ 95% of training points, with 5% 
omission to allow for some error (Peterson, Papeş 
& Soberón, 2008). We assessed the model perfor-
mance using a cumulative binomial test; here, the 
null probability of successfully predicting occur-
rence of the test points was the proportion of the 
model region predicted as suitable (~16%). Based 
on the binomial test, the model predicted the test 
occurrences better than by chance (P < 0.0001). 
To assess the environmental space for the species, 
we extracted the bioclimatic variables’ values for 
our genetically sampled points and 1000 random 
points from the binary niche model, and subse-
quently transformed the environmental data using 
principal components analysis (PCA) in R. From 
these points, we measured the Euclidean distance 
between sampled localities in the PCA-transformed 
environmental space.

Using all of the aforementioned distances (Table 
S6), we used multivariate regression of distance 
matrices (Zapala & Schork, 2006) to assess the 
effects of various distances on the FST estimates of 
genetic differentiation. Significance of the model 
was assessed using 10 000 matrix permutations. 
Because correlations between explanatory variables 
can impact model inferences, we used redundancy 
analyses implemented in the variance partitioning 
method (varpart) of the R package ‘vegan’ (Oksanen, 
2011) to assess the amount of variance explained in 
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the response data (genetic differentiation) by each of 
the explanatory variables.

RESULTS

mitochondrial dna Sequencing

We obtained alignments of 423 and 731 bp for the 16S 
and ND2 genes, respectively. When all samples were 
included (our samples plus sequences from GenBank), 
we obtained 47 parsimony informative sites (PIS) 
in the 16S gene and 101 in the ND2 gene. When we 
included only our newly sequenced Ethiopia samples 
(and no outgroups), we obtained 22 PIS in 16S and 58 
PIS in ND2.

Bayesian and ML phylogenies of the 16S gene gen-
erally showed a lack of support for any branches (Fig. 
S1), but did indicate that all our Amietia samples were 
closely related to other eastern African A. nutti sam-
ples. There was limited support that Ethiopian A. nutti 
are paraphyletic, with all other A. nutti derived from 
within the Ethiopian lineages. Because of the lack of 
phylogenetic support in the 16S phylogeny, we plotted 
a median-joining network (Bandelt, Forster & Röhl, 
1999) using PopART (Leigh & Bryant, 2015) for visual-
ization (Fig. 1B). Based on the haplotype network, our 
Ethiopian A. nutti samples appeared to be most closely 
related to samples from the Democratic Republic of 
Congo sequenced by Larson et al. (2016). Additionally, 
the Ethiopian A. nutti samples from Channing et al. 
(2016) appeared to be sister to all other A. nutti (most 
closely related to the outgroup; Fig. 1B). Although 
there is limited support, the haplotype network and 
phylogeny of the 16S data suggest that diversification 
of A. nutti originated in the Ethiopian Highlands with 
expansions to other eastern African regions.

Our ND2 phylogeny contained more PIS and as such 
the resulting topology was more resolved with strong 
support for several branches (Fig. 2B). We identified 
five main clades corresponding to geographic regions 
of Ethiopia (Fig. 2A, B). The clades largely appear to 

be separated by hypothesized biogeographic barriers 
including the Great Rift Valley, Omo River and Blue 
Nile Valley. Two individuals, one north-west of the 
Blue Nile Valley as well as the lone lowland individual 
in the south-west, are on their own long braches (Fig. 
2B). With the exception of one potentially introgressed 
mtDNA haplotype from neighbouring clades across 
the Great Rift Valley (between dark and light green 
populations in Fig. 2), all other geographic regions 
showed strong genetic structure and a lack of mtDNA 
introgression. Genetic diversity within major phylo-
geographic clades was not consistent between the 16S 
and ND2 data sets (Table 2), likely due to a lack of 
variable sites within some clades in the 16S data.

rad-Seq analySeS

We obtained a total of ~105 million reads across 39 
A. nutti individuals (Table S1), with a highly variable 
number of reads per individual (mean ~ 2.7 million 
reads, SD ~ 1.5 million reads). This resulted in between 
5628 and 24 962 RAD-tags per individual (Table S1; 
mean = 13 600 RAD-tags, SD = 4558). The final SNP 
data sets used for analyses of genetic variation included 
between 1100 and 2300 loci, inclusive of ~4300 to 8500 
SNPs, respectively (Table 1). This resulted in a median 
of three SNPs per locus (SD = 2.08) or about one SNP 
per 60 bp on average.

A network based on uncorrected p-distances (Fig. 
2C) and phylogenetic analyses (Fig. 2D) identified five 
geographically structured highland clades. The single 
lowland individual was sister to all highland Ethiopian 
A. nutti, with strong support for all clades (Fig. 2D). 
We consider the lowland individual separate from all 
highland clades because of its elevational dissimilarity 
to all other sampled individuals. The lowland individ-
ual was found at 1010 m, while the lowest elevation of 
all other sampled individuals was 1861 m (Table S1). 
The phylogeographic clades generally correspond with 
regions of Ethiopia and are separated by hypothesized 
biogeographic barriers: (1) east-southeast of the Great 
Rift Valley (dark green in Fig. 2); (2) south-west of the 

Table 2. Nucleotide diversity in the five highland clades of Amietia nutti in this study

Clade Data set*

16S ND2 RAD (25-Ind) RAD (25-Ind 1-PP)

(A) South-west 0 0.0055 0.0016 0.0016
(B) North-west of Rift 0 0.0076 0.0022 0.0021
(C) South-east of Rift 0.0059 0.0016 0.0010 0.0009
(D) Far North 0.0019 0.0016 0.0010 0.0009
(E) North-west of Blue Nile 0.0092 0.0128 0.0017 0.0016

*The data sets include two mitochondrial genes (16S and ND2), and two restriction site-associated DNA sequencing data sets with different filtering 
restrictions: minimum of 25 individuals (25-Ind) and minimum of 25 individuals and including a minimum of one individual per clade (25-Ind 1-PP).
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Omo River (black in Fig. 2); (3) central highlands sur-
rounded by the Great Rift Valley, Omo River and Blue 
Nile Valley (light green in Fig. 2); (4) north-west of 
the Blue Nile Valley (light blue in Fig. 2); and (5) Far 
North near the Simien Mountains (dark blue in Fig. 
2). While most breaks correspond with hypothesized 
inhospitable low elevation biogeographic barriers for 
highland species, there is also a split of the northern-
most population from all others (dark blue in Fig. 2), 
potentially due to an isolated population, geographic 
distance or an unidentified biogeographic barrier. The 
highland clades correspond directly with clades identi-
fied with the mtDNA ND2 gene (Fig. 2B). While most 
of the phylogenetic relationships among these groups 
are consistent between data sets, the south-western 
clade (coloured black and labelled ‘A’ in Fig. 2) appears 
in different lineages in the mtDNA and RAD data sets.

STRUCTURE analyses showed genetic clusters con-
sistent with the RAD phylogeny (Fig. 2D) and indicated 
little evidence for admixture between the five high-
land clades and single lowland individual. Nucleotide 
diversity within each of these clades was consist-
ent across data sets (Fig. 2E), but was not correlated 
with mtDNA nucleotide diversity (all P-values > 0.15; 
Table 2). None of the clades were obviously enriched 
for fixed or private polymorphisms (Fig. 2E); each clade 
had a proportion of fixed differences, but a much larger 
proportion of SNPs shared across clades (Fig. 2E). The 
species tree inferred in SVDquartets was consistent 
with the genetic clusters identified in the individual-
based phylogeny of genome-wide SNPs (Fig. 2F). The 
SVDquartets species tree was rooted with individuals 
of A. nutti from Uganda and Burundi.

Using a multivariate regression of distance matri-
ces, biogeographic barriers and geographic distance 
alone can explain about 19% of the variance in genetic 
differentiation between localities (as estimated by FST; 
Table 3). The entire model, including all variables and 
possible interactions, explained ~36% of the variation 
in the data (Table 3). Variance partitioning showed 

that the strongest explanatory variables for genetic 
differentiation were geographic distance between 
localities and biogeographic barriers, suggestive of a 
large role for landscape topography in shaping phylo-
geographic structure.

All divergence scenarios estimated in ∂a∂i based on 
site frequency spectra suggested very low or complete 
lack of gene flow between clades following divergence 
(Fig. 2G; Table S4). Across several of the comparisons, 
multiple scenarios might equally well explain the 
data (based on ∆AIC values; Table S4). For example, 
a scenario of strict isolation with no gene flow may 
be equally likely to an isolation with migration model 
with very low levels of gene flow (2Nm < 0.2) between 
clades. Nevertheless, across all comparisons, no sce-
narios existed with 2Nm > 1 (Table S4), which would 
suggest low enough levels of gene flow so as not to 
counteract the effects of genetic drift in isolation.

DISCUSSION

phylogeographic patternS

We identified strong phylogeographic structure across 
the range of A. nutti in the Ethiopian Highlands, based 
on two mitochondrial genes and thousands of SNPs 
(Figs 1, 2). We identified five highland phylogeographic 
clades, with little evidence for gene flow between lin-
eages. This is consistent with previous studies that 
showed pronounced genetic variation across the 
range of A. nutti (Channing et al., 2016; Larson et al., 
2016). Although we found high levels of genetic struc-
ture across the species’ range in Ethiopia, we did not 
observe markedly different patterns of genetic diver-
sity within each of the clades (Fig. 2E; Table 2).

The phylogeographic clades are split by three 
hypothesized biogeographic barriers: Great Rift Valley, 
Blue Nile Valley and Omo River. A putative biogeo-
graphic barrier separates the Far North population 
from all others, possibly due to large tracts of dry 
and inhospitable areas; this region requires further 
investigation. These phylogeographic splits observed 
in A. nutti’s nuclear genome are consistent with pre-
vious studies that identified phylogeographic breaks 
across Ethiopia using mtDNA (Fig. 3). The Great Rift 
Valley has acted as a barrier to dispersal for several 
taxa, including species of mammals (Gottelli et al., 
2004; Belay & Mori, 2006; Taylor et al., 2011), plants 
(Kebede et al., 2007; Silvestrini et al., 2007) and other 
frogs (Evans et al., 2011; Freilich et al., 2014, 2016). 
Fewer studies have investigated taxa across the other 
barriers identified here, although there are at least 
two other taxa sharing each of the breaks identified 
in highland populations of A. nutti (Fig. 3). Several 
frog species have distributional limits bordering these 

Table 3. Explanatory model of genetic differentiation 
between populations

Coefficient P-value Var-Part

Full model (R2 = 0.364, P < 0.001)
 Intercept 0.5042 0.494
 Environmental distance −0.0291 0.140 0.033
 Geographic distance 0.0007 0.012 0.123
 Watershed crossings −0.0435 0.281 0.011
 # Biogeographic barriers 0.0774 0.049 0.066

Results of the multiple regression of distance matrices, including all 
explanatory variables of genetic differentiation. Var-Part indicates the 
amount of variation explained by each variable alone based on variance 
partitioning.
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barriers, supporting the hypothesis that the barriers 
limit gene flow. Leptopelis yaldeni and Ptychadena cf. 
neumanni 5 are range-restricted to the region north-
west of the Blue Nile Valley (Largen & Spawls, 2010; 
Freilich et al., 2014) and L. vannutellii is only found 
west of the Great Rift Valley and south of the Blue Nile 
Valley (Largen & Spawls, 2010).

While the Omo River has not been hypothesized as a 
barrier in previous phylogeographic studies of Ethiopian 
taxa, it separates tropical forest in the south-west from 
the plateaus of central Ethiopia. Some amphibian spe-
cies, such as the Ethiopian caecilian (Sylvaecilia grandi-
sonae) and Clarke’s banana frog (Afrixalus clarkeorum), 
are endemic to this region south-west of the Omo River 
(Largen & Spawls, 2010). In addition, several species of 
Central African affinity, such as De Brazza’s monkey 
(Cercopithecus neglectus), are found in this region. In two 
species, A. nutti (Fig. 2) and L. gramineus (Freilich et al., 
2016), individuals collected south-west of the Omo River 
appear genetically distinct from other populations. In 
contrast, we may not expect the Omo River as a barrier 
to species not completely restricted to highland or forest 
habitats. This idea is supported by a lack of phylogeo-
graphic structure across the Omo River in two mid-ele-
vation grassland frogs (P. cf. neumanni 1 & P. erlangeri) 
(Freilich et al., 2014, 2016). Overall, based on our ex-
tensive sampling and identification of phylogeographic 
structure across many highland regions of Ethiopia, sev-
eral regions (i.e. far northern and south-western areas of 

Ethiopia) harbour genetically distinct populations that 
have been undetected previously. This warrants more 
widespread sampling of genomic variation in Ethiopian 
taxa in general.

Identification of previously under or unappreciated 
genetic variation within species is a common trend 
in highland species of the Horn of Africa region, with 
complex and fragmented montane systems in the 
Ethiopian Highlands, the Eastern Arc Mountains and 
mountain ranges of the Albertine Rift. Several frog spe-
cies show complex patterns of diversification and con-
tain high amounts of genetic variation across several 
mountain chains in the Albertine Rift (Portillo et al., 
2015; Larson et al., 2016) and Eastern Arc Mountains 
(Lawson, 2010; Lawson, 2013). These general trends 
show the prevalence of distinct evolutionary units 
across taxa in isolated mountain ranges of the Eastern 
Africa Rift System and the Horn of Africa biodiversity 
hotspot. It is necessary to continue identifying unique 
genetic variation across many regions in the Horn of 
Africa to minimize the risk of devaluing certain areas 
for conservation strategies, an issue that has already 
been emphasized with a focus on birds by Kahindo et 
al. (2007).

evolutionary mechaniSmS

The diversification of A. nutti appears to have origi-
nated in the Ethiopian Highlands with expansions to 

Figure 3. Phylogeographic barriers shared across Ethiopian montane taxa. Four phylogeographic barriers are observed 
between highland populations of Amietia nutti (dashed lines). Taxa that share phylogeographic breaks on either side of the 
barrier are denoted at each label. In the Ethiopian wolf, one extinct population north-west of the Blue Nile was distinct from 
populations to the south-east (white shading), but formed a genetic cluster with individuals north of the Far North barrier 
(denoted by arrows indicating gene flow on map). Two species of Ptychadena show no phylogeographic structure across the 
Omo River barrier. References: Otomys: Taylor et al. (2011); Canis: Gottelli et al. (2004); Theropithecus: Belay & Mori (2006); 
Xenopus: Evans et al. (2011); Ptychadena: Freilich et al. (2014); Leptopelis: Freilich et al. (2016); Lobelia: Kebede et al. (2007); 
Coffea: Silvestrini et al. (2007).
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other eastern African regions. Non-Ethiopian lineages 
of A. nutti appear derived from within the lineages of 
Ethiopian A. nutti based on 16S data (Fig. 1B; Fig. S1). 
While the support for an out-of-Ethiopia hypothesis is 
weak because of the limited amount of phylogenetic 
information in the 16S data, this pattern has also been 
described in other east African taxa, including rodents 
in the genera Mus and Lophuromys (Lavrenchenko 
et al., 2007; Bryja et al., 2014). Alternatively, a wide-
spread ancestor of all A. nutti may have colonized 
Ethiopia in one or two different events. These alterna-
tive possibilities will require further investigation.

In Ethiopia, the history of divergence between pop-
ulations may be best characterized as isolation with 
a lack of gene flow or small levels of gene flow (Fig. 
2; Table S4). The general pattern of isolation and lit-
tle effective gene flow is evident by a general lack of 
haplotype sharing between mtDNA clades (Fig. 2B), a 
lack of apparent mixing in the nuclear genome based 
on genetic structure results (Fig. 2D) and demographic 
modelling using SNP site frequency spectra (Fig. 2G).

While we did not perform divergence dating with 
the RAD SNP data, a previous study (Freilich et al., 
2016) used mtDNA and three nuclear genes to iden-
tify and date the most divergent lineages (clades 
B, C and E in Fig. 2D); they found that all of the 
diversification within A. nutti in Ethiopia likely 
took place within the last 2 million years. While 
the orogeny of the region is old (pre-dating the 
Miocene), the formation of the Ethiopian Rift Valley 
began around 20 Mya and continues to this day 
(Sepulchre et al., 2006; Frisch, Meschede & Blakey, 
2010). The rift formation includes the main portion 
of the Great Rift Valley as shown in the figures in 
this paper, as well as the area around Lake Tana, 
i.e. the mouth of the Blue Nile River (Frisch et al., 
2010). Even with some error allowed in divergence 
dating, the formation of major geological structures 
does not coincide with diversification in A. nutti. 
Rather, the diversification within Ethiopian A. nutti 
appears to be explained best by the colonization of 
new areas followed by little or no gene flow between 
neighbouring regions. Habitat elevational shifts 
across the Ethiopian Highlands during Pleistocene 
climatic cycles may have facilitated colonization of 
new areas as well as allowed a relatively increased 
amount of connectivity between currently separated 
populations, especially during glacial maxima. This 
is supported by increased potential suitable habitat 
of several highland Ethiopian frog species during 
glacial maxima as inferred via ecological niche mod-
elling (Freilich et al., 2016). However, despite poten-
tial increased connectivity between populations 
during glacial maxima, we recovered little evidence 
that significant gene flow occurred between the 
major regions of the Ethiopian Highlands. Overall, 

we suggest that genetic variation across popula-
tions of the Ethiopian Highlands is due to a combi-
nation of topographic complexity limiting gene flow 
and colonization of new areas during distributional 
shifts facilitated by Pleistocene climate cycles. 
These hypotheses are supported by the combined 
patterns of genetic structure (Fig. 2), lack of gene 
flow between major regions (Fig. 2G) and explana-
tory variables best able to describe genetic differ-
entiation: geographic distance and biogeographic 
barriers (Table 3).

In one clade (south-western Ethiopia), we found con-
flicting relationships between mtDNA and nuDNA 
(Fig. 2). In both cases, all samples formed a clade, with 
strong support for phylogenetic relationships. As has 
been shown across many vertebrates, discordant mito-
nuclear phylogeographic patterns are common (Toews 
& Brelsford, 2012). There are several possible explana-
tions for this pattern depending on the context in par-
ticular species, including incomplete lineage sorting and 
introgression due to hybridization. Here, mito-nuclear 
discordant patterns are likely due to stochasticity asso-
ciated with lineage sorting, as we find a complete lack 
of evidence for gene flow between the south-western 
Ethiopia clade (clade A, black colour in Fig. 2) and other 
clades.

CONCLUSIONS

We investigated the patterns and processes of diver-
sification of the frog species A. nutti in the Ethiopian 
Highlands, part of the Horn of Africa biodiversity 
hotspot. We found strong phylogeographic structure 
across the region, with diversification largely due to 
colonization followed by isolation and a general lack 
of gene flow. Several of the phylogeographic breaks 
observed here in A. nutti are concordant with other 
taxa from the Ethiopian Highlands. For one clade, 
we identified discordant mito-nuclear patterns, likely 
due to stochasticity associated with lineage sorting. In 
general, our results suggest the necessity for assessing 
patterns of genetic variation across species’ entire dis-
tributions in the fragmented and topographically com-
plex montane areas of the East African Rift System to 
minimize devaluation of peripheral montane areas in 
conservation strategies.
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Additional Supporting Information may be found in the online version of this article at the publisher’s website:

Figure S1. ML tree of 16S with labelled groups.
Table S1. Sampling information for this study. This table summarizes data for each individual, including sam-
pling locality, sample number, sequencing coverage, number of RAD-tags recovered and coverage of all loci used 
for downstream analyses.
Table S2. List of NCBI GenBank accession numbers for mitochondrial DNA sequences from previous studies that 
were included in this study.
Table S3. Testing the cstacks module N parameter effects. This table summarizes how changing the cstacks N par-
ameter changes inference of genetic diversity within and genetic differentiation between a subset of individuals.
Table S4. Full results of demographic analyses performed in ∂a∂i. Highlighted results indicate models that 
explained the site frequency spectra best or close to the best model (∆AIC < 10).
Table S5. Bioclimatic variables used for ecological niche modelling and calculation of environmental distances 
between populations.
Table S6. Distances used for multivariate regression of distance matrices. Population labels correspond to those 
identified in Table S1 (Locality).
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