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Ecological niche models (ENMs) have been used in a wide range of ecological and evolutionary studies. In
biogeographic studies these models have, among other things, helped in the discovery of new allopatric
populations, and even new species. However, small sample sizes and questionable taxonomic delimita-
tion can challenge models, often decreasing their accuracy. Herein we examine the sensitivity of ENMs
to the addition of new, geographically isolated populations, and the impact of applying different taxo-
nomic delimitations. The East African reed frog Hyperolius substriatus Ahl, 1931 was selected as a case
study because it has been the subject of previous ENM predictions. Our results suggest that addition of
new data and reanalysis of species lineages of H. substriatus improved our understanding of the evolu-
tionary history of this group of frogs. ENMs provided robust predictions, even when some populations
were deliberately excluded from the models. Splitting the lineages based on genetic relationships and
analysing the ENMs separately provided insights about the biogeographical processes that led to the cur-
rent distribution of H. substriatus.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Ecological Niche Models (ENMs; sensu Peterson and Soberón,
2012) have become an important part of phylogeographical studies
(Chan et al., 2011). The approach provides a basis for estimating
current, past, and future distributions of species. ENMs have pro-
vided major insights across many fields of biology, but their results
can be difficult to interpret and quantifying their uncertainty diffi-
cult (e.g., Araújo and Guisan, 2006). Evaluating predictions of spe-
cies distributions based on ENMs in African ecosystems, which are
often characterised by incomplete information and uncertain evo-
lutionary and taxonomic statuses, remains a major challenge. Iden-
tification of potential cryptic diversity is an important step toward
ameliorating these difficulties because it allows the correct identi-
fication of species lineages and thus, the appropriate selection of
occurrence data to produce more accurate models.

Raxworthy et al. (2007) demonstrated how the accuracy of
niche models can be improved by separating species lineages from
species complexes. They generated ENMs for putative species of
day geckos (Phelsuma madagascariensis species group) and con-
cluded that ENMs based on the new species limits provided a bet-
ter fit to the known distribution of the geckos than models treating
all lineages as a single species. Likewise, de Aguiar et al. (2015)
show that the addition of new samples from geographically dis-
tinct populations improved the precision of ENMs for leaf-nosed
bats from South America.

The East African reed frog Hyperolius substriatus Ahl, 1931
occurs in moist and dry forests, from 300–2000 m above sea level
(asl), across the eastern Afromontane region of East Africa. This
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includes the Eastern Arc Mountains (EAM), Livingstone Mountains
and Southern Highlands of Tanzania, and the highlands of Malawi
and northern Mozambique (Fig. 1; IUCN SSC Amphibian Specialist
Group, 2013). The degree of isolation or connectivity between
forest-restricted communities throughout this region (such as
those containing H. substriatus) is poorly known, but it is hypothe-
sised that riverine corridors and watershed relationships may have
maintained gene flow between some forest fragments in montane
amphibians (Blackburn and Measey, 2009; Measey et al., 2007;
Measey and Tolley, 2011).

In the past 10 million years, the landscape of East Africa has
undergone substantial changes, including the uplift of the East
African Rift System (Sepulchre et al., 2006), aridification (Maslin
et al., 2014; Sepulchre et al., 2006), expansion of savannah ecosys-
tems, and fragmentation of forests (deMenocal, 1995; Maslin et al.,
2014). These changes were followed by large-scale shifts in faunal
communities as species either adapted to newly emerging niches
Fig. 1. Distribution map of Hyperolius substriatus. Black circles are populations included
populations recorded but lacking molecular data. Eastern Arc Mountains (EAM); Southe
of open savannah areas, or shifted distributions to maintain their
ecological niches (moved into or out of the region). Communities
of forest-restricted taxa became isolated in fragments scattered
along the coast or at higher elevations (e.g., Maslin et al., 2014)
as most lowland forested areas were converted to savannah.

Phylogenetic relationships and population structure within
Hyperolius substriatus were previously investigated by Lawson
(2013). She found that major and minor hydrological basins, which
act as barriers to dispersal, best explained population-genetic dif-
ferentiation, and population relatedness matched historical corri-
dors of suitable habitat areas predicted from ENMs. Lawson
(2013) identified three allopatric population lineages: northern/
central Malawian Highlands, EAM, and southern Malawian High-
lands. Populations from Mozambique (viz., Mt. Mabu, Mt. Namuli
and Serra Jeci; Bayliss et al., 2014; Portik et al., 2013), found after
the completion of Lawson’s (2013) analyses, were predicted to
cluster with populations from either the EAM or the southern
in Lawson’s (2013) study. Stars are newly discovered populations. White circles are
rn Highlands and Livingstone Mountains (SH); Highlands of Malawi (HM).
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Malawi highlands because they are found in the same major
hydrological basin.

We investigated the impact of expanded phylogenetic sampling
and improved phylogenetic resolution on ENM predictions. The
recent discovery of populations of H. substriatus outside the previ-
ously described range offers a unique opportunity to assess the
robustness of ENM predictions by examining the effect of inclusion
of new locality data on the models. We also examined the impact
of different species-level taxonomies on ENMs, given that the
genetic variation uncovered in phylogeographic studies can be
interpreted using different criteria. We examined ENMs generated
from splitting the dataset into distinct species to investigate
whether these allopatric lineages occupy similar niches (niche
conservatism).

Our overall aim was to examine the sensitivity of ENMs to sam-
ple completeness and to species recognition, and thus their impact
on phylogeographic studies. This may be particularly relevant in
ecosystems in which there is great uncertainty in the genetic con-
tinuity of populations, such as in a tropical environment in which
sampling may be incomplete and regionally biased by interna-
tional borders that affect collecting efforts.
2. Material and methods

2.1. Samples and sequencing

Our sampling includes 28 geographic sites of Hyperolius subs-
triatus, six of which are newly discovered. Four of the new sites
are from northern Mozambique (Mts. Chiperone, Mabu, Namuli,
and Serra Jeci), one from southern Malawi (Mt. Zomba), and one
from coastal Tanzania (Lindi Plateau). Locality data, voucher num-
bers, and GenBank accession numbers are presented in Table A.1 in
Supporting Information.

We extracted and sequenced DNA from liver and muscle of
freshly collected specimens preserved in 95% ethanol following
Bittencourt-Silva et al. (2016). To compare our newly collected
samples with those presented in Lawson (2013), we sequenced
the entire mitochondrial NADH dehydrogenase subunit 2 gene
(ND2), and the nuclear genes pro-opiomelanocortin (POMC), and
cellular myelocytomatosis proto-oncogene (C-myc). We also
sequenced part of the mitochondrial 16S rRNA gene (16S) with
the primers and PCR conditions described in Bittencourt-Silva
et al. (2016). Summary statistics of selected molecular markers
are shown in Table 1.
2.2. Data matrix and alignment

We combined sequences of Hyperolius substriatus from Lawson’s
(2010, 2013) studies, available on GenBank, with our newly
sequenced samples. The total number of sequences included in
the matrix per marker was 152 (ND2: 1152 bp), 155 (POMC:
628 bp), 152 (C-myc: 1303 bp), and 22 (16S: 527 bp). Sequences
were aligned in Geneious v.7.1 (Kearse et al., 2012) using MAFFT
v.7 (Katoh and Standley, 2013), applying the algorithm E-INS-i,
and subsequently aligned by eye. The combined dataset represents
172 individuals (3083 bp) of H. substriatus, plus an outgroup (H.
Table 1
Summary of variable and constant sites of selected molecular markers.

Locus N� sites N� variable sites N� parsimony-informative sites

16S 527 53 33
ND2 1152 142 242
C-myc 1303 48 48
POMC 628 20 43
mitchelli), based on the hypothetical relationships between these
taxa and the availability of sequences on GenBank.

2.3. Phylogenetic analyses

Phylogenetic relationships were inferred for mitochondrial and
nuclear genes with maximum likelihood (ML) and Bayesian infer-
ence (BI) approaches. We used PartitionFinder v.1.1.1 (Lanfear
et al., 2012) to select the best-fit models of nucleotide substitution
and partition schemes with the Bayesian information criterion
(BIC; Table B.1). ML analyses were performed with RAxML v.8
(Stamatakis, 2014) and the GTR+GAMMA model, and support val-
ues were estimated using non-parametric bootstrap (auto-MRE).
BI analyses were performed in BEAST v.2.4.1 (Bouckaert et al.,
2014) in which time-calibrated trees were inferred based on esti-
mated substitution rates: 16S = 0.00277/lineage/my (Lemmon
et al., 2007), ND2 = 0.00957/lineage/my (Crawford, 2003), C-
myc = 0.0006334/lineage/my and POMC = 0.000721/lineage/my
(Lawson, 2010). A strict clock model and a constant population size
coalescent tree prior were used. The MCMC chains were run for 50
million generations and sampled at every 5000th generation; the
first 10% of the sampled trees were discarded as burn-in. A species
tree was estimated with a multilocus coalescent approach imple-
mented in ⁄BEAST v.2.4.1. (Bouckaert et al., 2014) to account for
incomplete lineage sorting and to avoid overestimation of diver-
gence times. ⁄BEAST was run for 100 million generations, sampling
every 1000th generation with the same substitution models, strict
clocks, and rates as in the BEAST analyses. A Yule species tree with
piecewise lineage and constant root prior was used with a random
starting tree. Convergences for both the BEAST and ⁄BEAST analy-
ses were examined by checking the effective sample size (ESS) val-
ues in Tracer v.1.6 (Rambaut et al., 2014) using a threshold of >200.
The program TreeAnnotator (Bouckaert et al., 2014) was used to
create the maximum clade credibility (MCC) tree for each analysis.

2.4. Identification of operational taxonomic units (OTUs)

We used Lawson’s (2013) three allopatric units, which were
supported in our analyses, as a basis for lineage delimitation. We
calculated the inter-lineage average and minimum uncorrected
pairwise distance (p-distance) between 16S sequences with MEGA
v.7 (Kumar et al., 2016). Lawson (2013) included populations from
the UdzungwaMountains in the EAM Lineage (named here Lineage
3), despite low support for association of the included samples.
Given the high number of endemic species found on this mountain
block (e.g., Menegon and Salvidio, 2005; Rovero et al., 2009), and
the large genetic distances when compared to populations from
other areas, we consider the populations from the Udzungwa
Mountains to be a separate historic unit. Nevertheless, because of
the reduced number of locality points compared to other groups,
we grouped this unit with Lineage 3 for ENMs and niche analyses.

2.5. Ecological niche models

We generated ENMs for the three main lineages recovered by
our species tree to determine whether there is a separation of eco-
logical niches among them. For comparison, a niche model using
all samples (‘‘lumped”) was also generated. ENMs were generated
using present and past (Last Glacial Maximum; LGM and Mid-
Holocene) climatic conditions to account for possible past connec-
tions between current forest fragments. Nine bioclimatic variables
were downloaded from the WorldClim database (Global Climate
Model: CCSM4; Hijmans et al., 2005) for current climate and
Mid-Holocene (ca.1-km resolution), and LGM (ca. 5-km resolution).
The selection of variables follows Lawson (2013). ENMs were gen-
erated in MaxEnt v.3.3.3k (Phillips et al., 2006) with the logistic
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outputs and the default settings from the program. The models
were validated using a k-fold cross-validation algorithm to account
for the small sample size of each lineage (Pearson et al., 2007). The
area of analysis was limited to Tanzania, Malawi, andMozambique.
To facilitate comparison of models, we created binary presence/
absence maps by applying a conservative threshold of the mini-
mum training presence (Pearson et al., 2007).

Hyperolius substriatus populations have also been found at Sanje
in the northeastern end of the Udzungwa Mountains (M. Menegon,
pers. comm.) and in the Niassa Game Reserve of northern Mozam-
bique (Branch, 2004). However, given the lack of molecular data,
and hence the uncertainty regarding their phylogenetic position,
these locality records were not included in the niche analyses.
2.6. Test for niche conservatism/divergence

The three lineages of H. substriatus have allopatric distributions,
which could lead to misleading conclusions about niche divergence
simply because of disjunct geographic ranges (i.e., spatial autocor-
relation). To account for this issue, we conducted a background test
to determine whether the ENMs of two disjunct populations are
more or less similar than expected by chance, given the geograph-
ical region where they occur (Warren et al., 2008, 2010). For each
lineage, a minimum convex polygon of the occurrence area was
created and used as ‘‘background area” (i.e., environmental back-
ground where the species occurs). Given the proximity and small
number of points (especially Lineages 1 and 3), a buffer zone of
10 kmwas created around each point before drawing the polygons.
The population from Lindi in the coastal region of Tanzania occurs
in an isolated patch of coastal forest considered to be a subcentre
of endemism containing about 30 km2 of forest (Burgess et al.,
2007). This locality was excluded from the polygon because its
inclusion would add a large area of habitat unsuitable (i.e., the sur-
rounding miombo woodland) for H. substriatus.

To account for niche similarities among lineages, we calculated
niche overlap between each pair of lineages with Schoener’s D
metric. If the observed value of the niche similarity among lineages
(Schoener’s D) is significantly higher (niche conservatism) or lower
(niche divergence) than expected from the null distribution, the
null hypothesis is rejected (i.e., niche conservatism/divergence
between lineages is no more than expected based on the availabil-
ity of habitat). For comparison, the test was conducted in two
ways, (i) using continuous probabilities of habitat suitability gen-
erated by the ENMs, and (ii) applying a minimum training presence
threshold (MTP). When this threshold is applied, the minimum
value for habitat suitability (presence) corresponds to the lowest
occurrence point, and every cell with a greater or equal value is
treated as suitable (presence). Hence, it would be expected that
the background area is less likely to include unsuitable areas for
Hyperolius substriatus. Both niche-similarity analyses and back-
ground tests were conducted using ENMTools (Warren et al.,
2010).
3. Results

3.1. Phylogenetic analyses

The topology of our estimated multilocus coalescent species
tree agrees with the topology presented by Lawson (2013) with
respect to the position of the three main lineages: (1) northern/
central Malawian Highlands; (2) southern Malawian Highlands;
and (3) Eastern Arc Mountain (i.e., Lineage 3 + Udzungwa; Fig. 1).
However, the support for the sister-group relationship of
Udzungwa Mountains and the rest of the EAM was weak (⁄BEAST)
or unresolved (RAxML) in both our study and that of Lawson
(2013). Herein, we consider the populations from the Udzungwa
Mountains to be a separate lineage, and the remaining populations
of the Eastern Arc Mountains to be part of Lineage 3. In the ⁄BEAST
tree, the six newly discovered populations of Hyperolius substriatus
group within Lineage 2. The estimated divergence time between
Lineage 1 and the other two lineages is about 6 mya (million years
ago) in the late Miocene, and the split between Lineage 2 and 3 is
estimated to have occurred in the late Pliocene about 3 mya. Tree
topologies from multilocus, nuclear, and mitochondrial genes are
provided in the supplementary material (Fig. A.1).

Both multilocus and mitochondrial trees have two sympatric
populations in Serra Jeci (Fig. B.1)—one groups with populations
from southern Malawi (Serra Jeci 1), and the other with popula-
tions from Lindi (Serra Jeci 2). The 16S p-distance between Serra
Jeci 1 (including the Southern Highlands and southern Malawi lin-
eage) and Serra Jeci 2 (including Lindi) is 3.8%, whereas the differ-
ence between the latter and the lineage comprising Mts. Mabu,
Namuli, and Chiperone (Mozambican lineage) is only 1.6%. Despite
the short distance separating them, the difference between the lin-
eage including Mt. Mulanje and the Mozambican lineage is more
than twice (4.3%) the one observed between the latter and the
Serra Jeci 2 + Lindi. Fig. B.1 shows the topology of the mitochon-
drial tree and the average 16S p-distance between lineages.

3.2. Ecological niche models

Mean temperature of coldest quarter is the main constraint for
Lineages 1, 2, and the ‘‘lumped” model, whereas for Lineage 3, this
variable is the second most important. Precipitation of driest quar-
ter is the main constraint for Lineage 3. The AUC values and the
contributions of the bioclimatic variables that contributed the
most to each model are summarised in Table B.2. Fig. 3 shows
the ENMs for the ‘‘lumped” and separated lineages of H. substriatus.

If we consider Hyperolius substriatus to be one species (i.e.,
‘‘lumped”), the ENM predicts the coastal region (Lindi) to be suit-
able; this area was not predicted in Lawson’s (2013) ENM for cur-
rent climate (Fig. 4 in Lawson 2013). If the Lindi point is removed,
the area still is predicted as suitable by our newmodels, suggesting
that some of the other newly added populations share some eco-
logical niche characteristics with the coastal population and are
contributing to the accuracy of the ENM.

As expected, the area of suitable habitat for Hyperolius substria-
tus has diminished substantially since the LGM (ca. 22 ka) in all
models, especially for Lineages 1 and 2. When considering the
ENMs of separate lineages, the connection between the isolated
coastal population and other populations most likely occurred
through the past distribution of the coastal forest in northern
Mozambique (Coastal Forest belt; sensu Burgess et al., 2000), which
extended inland toward the southern highlands of Malawi. Alter-
nately, the ‘‘lumped” ENM suggests a historical dispersal corridor
between the coastal region and the Udzungwa Mountains.

3.3. Test for niche conservatism/divergence

The background test showed sensitivity to the threshold
applied (Fig. 4), especially when we compared niches of Lineages
1 and 3. When we used the continuous probability of habitat suit-
ability, the results were non-significant (i.e., the similarity/differ-
ence between lineages is no more than expected based on the
habitats in which they occur). However, when the minimum-
presence threshold is applied, the results are significant, and the
observed niche similarity is greater than the null distribution, indi-
cating niche conservatism (Fig. 4d). In the case of Lineages 1 and 2,
and Lineages 2 and 3, with and without the threshold (Fig. 4),
niches are more similar (niche conservatism) than expected by
chance.



Fig. 2. StarBEAST (*BEAST) gene tree of populations of Hyperolius substriatus with branch lengths proportional to time. Values above the nodes are posterior probabilities;
below are ages in millions years. Terminals are colour-coded according to each inferred population lineage. (Refer to Methods section for further information on lineage
identification.) Bottom-left box shows average and minimum (in parenthesis) inter-lineage pairwise distances between 16S sequences. Map shows the distribution of each
lineage (colour-coded). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4. Discussion

4.1. Ecological niche analyses

The newly discovered populations from northern Mozambique
were found in areas predicted as suitable by Lawson’s (2013)
ENM. Lindi, where the coastal population was found, was not pre-
dicted to be suitable for Hyperolius substriatus in Lawson’s current
climate ENM, but in her predictions for the LGM it appears as suit-
able. The addition of the new populations improved the accuracy of
both the ‘‘lumped” and independent the ENMs because, even
excluding the population from Lindi, the ENMs can now predict
the coastal area to be suitable for H. substriatus.

The finding of the new population from Lindi strengthens the
idea that this area represents a sub-centre of endemism, which is
defined by Burgess et al. (1998) as an area possessing at least 10
species of endemic plants, or three endemic vertebrates or more
than three species of butterflies. This population is a relict that
was probably connected to populations from northern Mozam-
bique via the Coastal Forest belt (LGM model in Fig. 4). A combina-
tion of climatic fluctuations, human activity, and sea-level changes
provide a plausible explanation for the fragmentation of the coastal
populations (Burgess et al., 1998).

The population from Niassa, in northern Mozambique (Fig. 1),
was excluded from this study because it lacks molecular data
and thus, could not be assigned to any lineage. When all locality
points were used for the ENM (‘‘lumped”), Niassa is not shown to
be a suitable area for Hyperolius substriatus. However, the ENMs
for Lineage 2 predict that the Niassa area is suitable, both in past
and current predictions; for this reason the Niassa population is
expected to group with the other populations from Lineage 2, espe-
cially Lindi and Serra Jeci.
The predictions for past climate revealed another advantage of
splitting the lineages before generating the ENMs. In the case of
Lineage 2, a connection between populations from northern
Mozambique and Lindi via the Coastal Forest belt may have existed
during the LGM and later disappeared. This may explain why the
coastal population is more closely related to the populations from
Mozambique than to the more close-lying Uluguru Mountains.
Two other species of frogs have similar distributions through the
Coastal Forest belt, occurring from the northern coast of Mozam-
bique (Taratibu) to the west, toward Mt. Mulanje, and some coastal
forest fragments in eastern Zimbabwe (Bittencourt-Silva et al.,
2016; Farooq et al., 2015). Therefore, we agree with Raxworthy
et al. (2007) that the accuracy of niche models is affected by the
species concept applied, given that phylogeographic studies deal
with cases above and below species level. Documentation of
genetic variation that is associated with locality data will produce
more reliable ecological niche models.

Wiens and Graham (2005) considered niche conservatism in
allopatric sister lineages as an important signal of allopatric speci-
ation. This scenario involves a formerly widespread ancestor hav-
ing had its distribution bisected (via some vicariant process),
with each daughter lineage remaining ecologically similar. The
ENM predictions for the split lineages (Lineages, 2, and 3
+ Udzungwa) allowed us to compare niches among the lineages
and to test whether they show signals of niche conservatism or
divergence. As we identified potential niche conservatism in these
allopatrically distributed lineages, it is likely that physical barriers
underlie these divergences. Within Lineage 1, the intervening areas
between populations are predicted as suitable for dispersal, sug-
gesting that dispersal and gene flow may occur. However, some
areas separating populations within Lineages 2 and 3, respectively,



Fig. 3. Ecological niche models of Hyperolius substriatus using past and present bioclimatic data. Ecological niche models (ENMs) show the distribution of suitable habitats
when treating each lineage from our phylogeny (Lineages 1, 2, and 3+ Udzungwa) as a different species lineage. The ‘‘lumped” model treats all populations as the same
species. Warmer colours (toward red) indicate areas with suitable habitat for H. substriatus, and cooler colours (toward blue) indicate unsuitable habitats. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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are predicted to be unsuitable (Fig. 3), indicating a climatic barrier
for gene flow exists among some populations.

There are important caveats concerning ecological niche analy-
ses. McCormack et al. (2010) suggested that using only ENMs to
study niche divergence could be misleading because local-scale
ecological differences might be overlooked. It also is possible that
the environmental variables used for the ENMs did not capture
the niche divergences between different lineages.

4.2. Genetic structure and biogeography of the three major population
lineages

We identified three allopatrically distributed lineages of Hyper-
olius substriatus (Lineage 1, Lineage 2, and Lineage 3 + Udzungwa)
that occupy similar niches (niche conservatism). This observation
supports the idea that barriers interrupted gene flow between
them leading to an allopatric speciation process.

The genetic analyses show considerable structure within and
among the three main lineages (Fig. 2). Inter-lineage differences
observed for the 16S mitochondrial gene range from 3.5–4.5%,
which is considered high among conspecific populations, though
not substantial between sibling species of amphibians (Vences
et al., 2005; Vieites et al., 2009). For Hyperolius substriatus, these
distinct lineages may represent candidate species; however,
additional lines of evidence (e.g., morphological, bioacoustical)
are necessary to confirm their taxonomic status. This complex level
of population structure, also noted by Lawson (2013), is similar to
other amphibian species within the fragmented Eastern Arc



Fig. 4. Projected distribution of lineages and test of niche conservatism and divergence. Top box: shaded areas represent the projected distributions of lineage (a) without
threshold, and (b) when applying the minimum training presence threshold (MTP). Lower box: Background test used to determine whether ENMs from any two lineages are
more similar than expected by chance based on the geographical region in which they occur. (c) Using continuous measures of habitat suitability. (d) Applying MTP threshold.
Niche conservatism (‘‘C”) is supported when the observed niche overlap (indicated by black arrow) is higher than expected under the null hypothesis.

G.B. Bittencourt-Silva et al. /Molecular Phylogenetics and Evolution 114 (2017) 261–270 267



268 G.B. Bittencourt-Silva et al. /Molecular Phylogenetics and Evolution 114 (2017) 261–270
Mountains (e.g. Burgess et al., 2007; Lawson et al., 2015; Loader
et al., 2014).

The two sympatric populations from Serra Jeci, despite being
morphologically indistinguishable, have a genetic signature of iso-
lation (p-distance = 4%). In the mitochondrial tree, Serra Jeci 1
groups with populations from the Southern Highlands in Tanzania
and southern Malawi, both of which are classified as montane
forest-grassland mosaic (Fig. B.2; Burgess et al., 1998). In contrast,
Serra Jeci 2 groups with Lindi, and with Mts. Mabu, Namuli, and
Chiperone. These areas are encompassed by the Coastal Forest belt
(Fig. B.2), which is composed of a different vegetation type from
the EAM and the highlands of Malawi (Burgess et al., 1998). This
difference in vegetation types was not fully explored here because
modelling the niches of the two lineages separately would reduce
the number of data points in each lineage and compromise the
accuracy of the models. Targeted surveys could potentially solve
this issue and should be considered for future studies with this
group.

The estimations of divergence times among the three lineages
correspond to two main vicariant events—viz., the southern rift
formation and the aridification process in East Africa.

Southern rift formation – The divergence time between Lineage 1
(northern Malawi) and the other lineages coincides with the for-
mation of the southern rift in northern Malawi; the rift is esti-
mated to have started in this region about 8 Ma (Foster et al.
1997). This tectonic event affected the hydrological system of East
Africa by reversing the flow direction of some rivers (Banister and
Clarke, 1980; Stankiewicz and de Wit, 2006). Hence, rift formation
is a plausible explanation for the cessation of gene flow between
Lineage 1 and the other lineages, as it would have changed the
boundaries of the major drainage basins and altered potential gene
flow among populations. This geological event also is thought to
have promoted cladogenesis in the Tanzanian mole rats Fucomys
(Faulkes et al., 2010).

Aridification process – Climatic fluctuations also might have
contributed to divergence of lineages in response to expansion
of corridors of wetter/forested habitat between highland areas
during warm/humid climatic cycles and contraction in cool/dry
cycles (deMenocal, 1995). Variation in habitat connectivity may
have compounded the effects of the rifting event, further isolat-
ing lineages. The estimated divergence time between the EAM
lineage (Lineage 3 + Udzungwa) and Lineage 2, which includes
the mountains of northern Mozambique, is about 3 Ma. This
might have been driven by the gradual aridification of East
Africa during the last 4.5 Myr (Sepulchre et al., 2006; Trauth
et al., 2005). Hyperolius substriatus would have experienced a loss
of mid- and low-elevation habitat as forests transitioned to open
habitats (e.g., savannah and grasslands) during this period
(Kissling et al., 2012). Similarly, Bryja et al. (2014) estimated
the separation between the EAM lineage and the Mulanje
+ Mozambique lineage of the forest-dependent mountain rodent
Praomys to have occurred in the early Pleistocene. The bat spe-
cies complex Rhinolophus hildebrandtii also diverged at the same
time (Taylor et al., 2012). Temporal congruence of divergence
among these organisms may suggest a common biogeographic
event driving these patterns. In contrast, some species such as
the pygmy chameleons (Rhampholeon spp.) have been isolated
on the Mozambican mountains since the mid-Miocene (Branch
et al., 2014). Complex biogeographic patterns are to be expected
given differences in vagility of organisms, and the many climatic
fluctuations affecting East Africa’s habitats (deMenocal, 1995;
Maslin et al., 2014). Broader biogeographic studies focussed on
multiple lineages will be required to clarify the biogeography
of Mozambican mountains relative to other Eastern Afromontane
areas.
4.3. Impact of waterways on gene flow

The role of rivers as dispersal barriers is controversial because
studies of different faunal groups have contrasting results (e.g.
Da Silva and Patton, 1998; Gascon et al., 2000). There are poten-
tially contrasting patterns in this study—e.g., a river seems to
impose a barrier to dispersal on the one hand, but on the other, a
river seems to serve as a corridor connecting distant populations.
In particular, the high genetic differentiation between the
Udzungwa population (Dabaga and Ivalla) with respect to the
EAM lineage (Lineage 3) suggests limited gene flow between them
(p-distance between lineages = 4%; Fig. 2). The position of the
Great Ruaha River may be a barrier hindering gene flow between
these populations (Fig. 2). Stanley and Esselstyn (2010) suggested
that the Great Ruaha separates two lineages of mouse shrew: Myo-
sorex geata occurs in the EAM to the northeast of the river, and M.
kihaulei in the Udzungwa and Southern Highlands to the south-
west. If this river imposes a barrier between the Udzungwa to
the south and the other mountains to the northeast, the population
of Hyperolius substriatus from Sanje would be expected to group
genetically with the other Udzungwa populations, despite the clo-
ser geographic proximity to Malundwe (Fig. 1).

Conversely, populations from Lineage 2, which are separated by
approximately 500 km (Lindi-Serra Jeci), are distributed both north
and south of the Rovuma River (Fig. 2). The genetically unsampled
population from Niassa in northern Mozambique may represent a
connection between the coastal region (Lindi) and Serra Jeci, near
Lake Malawi; this awaits future testing. The riverine forest along
the Rovuma River connecting Lindi to Serra Jeci might have facili-
tated dispersal, connecting these populations. Bryja et al. (2016)
presents evidence of a connection between the East African coastal
forest and the highlands in Malawi (Mt. Mulanje) possibly via
riverine forest.

River width, flow speed, and seasonality are some of the factors
that could determine whether the river is a barrier or a corridor for
Hyperolius substriatus. Because these factors are affected by geolog-
ical and climatic changes, reconstructing biogeographic history is a
complex challenge. It is important to remember that tectonic
events had considerable effects on the hydrological system of East
Africa, when some rivers disappeared or had their flow direction
reversed by geological processes (Banister and Clarke, 1980;
Stankiewicz and de Wit, 2006). Our results show the differential
impact of hydrological basins on phylogeographic patterns.

5. Conclusions

With the addition of locality data, we confirm predictions of
previous niche models, thereby improving our understanding of
population structure in Hyperolius substriatus. Modelling the niches
for separated species lineages based on genetic relationships
improved the accuracy of the models and provided new insights
about the phylogeographical history of this frog.
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