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Abstract
The Natal multimammate mouse (Mastomys natalensis) is the most widespread rodent species in sub-Saharan Africa, often 
studied as an agricultural pest and reservoir of viruses. Its mitochondrial (Mt) phylogeny revealed six major lineages para-
patrically distributed across open habitats of sub-Saharan Africa. In this study we used 1949 sequences of the mitochondrial 
cytochrome b gene to elaborate on distribution and evolutionary history of three Mt lineages inhabiting the open habitats 
of the Zambezian region (corresponding roughly to the African savannas south of the Equator). We describe in more detail 
contact zones between the lineages—their location and extent of co-occurrence within localities—and infer past population 
trends. The estimates are interpreted in the light of climatic niche models. The lineages underwent reduction in effective 
population size during the last glacial, but they spread widely after that: two of them after the last glacial maximum and the 
last one in mid-Holocene. The centers of expansion, i.e., possible long-term savanna refugia, were estimated to lie close to 
the Eastern Arc Mountains and lakes of the Great African Rift, geomorphological structures likely to have had long-term 
influence on geographical distribution of the lineages. Environmental niche modeling shows climate could also affect the 
broad scale distribution of the lineages but is unlikely to explain the narrow width of the contact zones. The intraspecific 
Mt differentiation of M. natalensis echoes phylogeographic patterns observed in multiple co-distributed mammal species, 
which suggests the mammal communities in the region are shaped by the same long-term processes.
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Introduction

The Natal multimammate mouse (Mastomys natalensis) 
is the most widespread rodent species in sub-Saharan 
Africa, with geographical distribution spanning vast 
areas of Sahelo-Sudanian as well as Zambezian savan-
nas (Fig. 1; Galster et al. 2007; Colangelo et al. 2013; 

Monadjem et al. 2015). Although also living in natural 
savanna habitats, it is particularly abundant in agricultural 
landscapes, where it is considered a significant rodent pest 
(Makundi et al. 2007; Mulungu et al. 2013). Locally, it 
even becomes synanthropic (Granjon and Duplantier 1993) 
and it has been shown to form genetically distinct urban 
and rural populations (Gryseels et al. 2016). The species 
is also known to be a reservoir of various mammarenavi-
ruses (Olayemi et al. 2016; Goüy de Bellocq et al. 2020; 
Cuypers et al. 2020), including the one causing Lassa 
hemorrhagic fever (Monath et al. 1974). Given its impact 
on human society, population dynamics of the species have 
received a lot of attention. Like other Mastomys species, 
M. natalensis possesses high reproductive capacity with 
large litter size and short time between successive litters 
(Duplantier et al. 1996), it has been found promiscuous 
(Kennis et al. 2008) and lacking any territoriality (Bor-
remans et al. 2014). The highest breeding rates follow one 
to three months after abundant rains (Leirs et al. 1994) and 
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where the food is abundant, local population outbreaks can 
occur (Mwanjabe et al. 2002).

Colangelo et al. (2013) were first to study the mitochon-
drial phylogeography of M. natalensis across sub-Saharan 
Africa. They showed the species includes two major clades 
labeled A (distributed in the Sudanian region from West 
Africa to western Kenya) and B (in the Zambezian region, 
roughly south of the Equator) and they both split into 
three lineages labeled A1–3 and B4–6. (Instead of Roman 
numerals used by Colangelo et al. 2013 we use Arabic 
ones to improve readability of the labels and their automa-
tized processing in databases.) The lineages are basically 
parapatric but co-occurring locally in the areas of contact 
(Fig. 1). More specifically, lineage A1 is present in west-
ernmost sub-Saharan Africa from Senegal to the western 
part of Niger and Nigeria, where it is replaced by lineage 
A2, which is found from Nigeria to the Democratic Repub-
lic of Congo. Lineage A3 is known from the south-western 
Kenya and south-western Ethiopia. Within B clade, line-
age B4 can be found from southern Kenya and Rwanda to 
central and eastern Tanzania, where it meets at the Eastern 
Arc Mountains with lineage B5, which is found in south-
eastern Tanzania and northern Mozambique. The most 
widespread lineage, B6, inhabits a large part of Southern 
Africa—from south-western Tanzania to South Africa and 
Angola. The contact between lineage B6 and the other two 
clade B lineages follows the Great Rift Valley along the 
lakes Malawi, Rukwa and Tanganyika (Fig. 1).

While parapatric mitochondrial lineage ranges might sim-
ply be a sign of their stochastic expansion history within 
a single population under isolation by distance, a survey 
across the contact zone of Mt lineages B4 and B5 shows 
abrupt (20 km) changes in not only Mt lineage frequency, 
but also microsatellite markers on autosomes and a single 
nucleotide polymorphism (SNP) on the Y chromosome 
(Gryseels et al. 2017). The switch between these mitochon-
drial types is therefore marking the position of a multilocus 
species barrier within the M. natalensis range, a barrier that 
also appears to apply to rodent-borne viruses: Gairo mam-
marenavirus is found on the B4 lineage side of the contact 
zone, Morogoro mammarenavirus on the B5 lineage side, 
both being present at the center of contact (Gryseels et al. 
2017; Cuypers et al. 2020). Given similar genetic distances 
between each pair of Mt lineages that we consider here (Col-
angelo et al. 2013; Hánová et al. 2021a) it seems likely each 
Mt lineage pair’s contact marks its own multilocus barrier.

The high abundance (i.e., availability of samples), wide 
distribution and phylogeographic structure of the Natal mul-
timammate mouse make it an excellent model for the study 
of spread and contraction of savanna ecosystems in Pleisto-
cene and adaptation of savanna species to novel conditions 
of cultivated landscapes and human dwellings. At the same 
time, it became a promising model for the study of incipi-
ent speciation and evolution of pathogen specificity. Build-
ing up on the work of Colangelo et al. (2013), the present 
study uses a much more extensive data set to examine what 
population processes and ecological factors contributed to 
the distribution of mitochondrial lineages in the Zambezian 
region. More specifically, we estimated timing and putative 
centers of population expansions, which brought the lineages 
into their current distribution ranges, and examined whether 
they occupy different climatic niches.

Materials and methods

Sequence data

This work is based on a total of 1949 sequences of mito-
chondrial cytochrome b (CYTB) gene of M. natalensis, 
which were taken from published studies, many of them 
genotyped by the authors of this study (e.g., Gryseels et al. 
2016; Hánová et al. 2021a).

Out of those 1949 sequences 1784 were longer than 
700 bp, which was our threshold for distinguishing “long” 
and “short” sequences. The long sequences comprised 659 
unique haplotypes. The whole data set is documented in 
Supplementary material 1, which also cites sources of the 
published data, and the alignment of all CYTB sequences 
is provided in Supplementary material 2. All included 
sequences were georeferenced, originating from 342 distinct 

A1
A2
A3
B4
B5
B6

Fig. 1  Distribution of Mt lineages of Mastomys natalensis across sub-
Saharan Africa based on published CYTB sequences (listed in Sup-
plementary material 1). Actual sampling sites were pooled to account 
for differential sampling effort. The black outline shows the distribu-
tion of M. natalensis specified in the IUCN Red List (IUCN 2021)
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sampling sites. Their spatial distribution reflects differential 
sampling effort in various regions, however. Therefore, sites 
were pooled so that we worked with a spatial resolution at 
which their distribution is as even as possible (Fig. 1). This 
was achieved by successive merging of the nearest sites, 
each time re-estimating the nearest-neighbor distances and 
recording their variability as estimated by interquartile range 
(IQR). If there is a resolution at which the sampling sites 
collapse to fragments of a regular grid, its IQR is equal to 
zero. Accordingly, the merger with the minimum IQR was 
retained. This procedure resulted in 100 pooled sites.

Inference of cytochrome b tree

Delimitation of Mt lineages was based on a tree inferred in 
MrBayes 3.2.6 (Ronquist et al. 2012). Although 659 unique 
long haplotypes were present, only 100 were included in the 
tree to ease Markov Chain Monte Carlo (MCMC) conver-
gence. They were chosen by randomly picking one haplotype 
per pooled locality. Branch lengths were estimated as uncon-
strained and thus we also included nine outgroup sequences 
for post hoc rooting of the trees. They were taken from three 
other species of Mastomys: M. huberti, M. erythroleucus and 
M. kollmanspergeri (see Supplementary material 1).

Partitioning of the whole CYTB gene (1140 bp) according 
to codon position was selected using Bayes factors (BF; Fan 
et al. 2011), estimated on the 30 most divergent haplotypes. 
These were selected by a procedure iteratively looking for a 
pair of the most similar haplotypes and discarding one of its 
members, until the specified number of haplotypes was left. 
BFs were calculated as differences of log marginal likeli-
hoods, which were calculated by stepping-stone method (Xie 
et al. 2011) with 50 steps and alpha = 0.4. The three parti-
tioning schemes considered were 1 + 2 + 3, {1, 2} + 3 and {1, 
2, 3}, i.e., all three positions separated, just the third position 
kept apart and no partitioning, respectively. The analysis 
supported 1 + 2 + 3 model as the best one with BF = 13.16 
and 79.86 relative to the other two in the respective order. 
Each of the partitions was given its own nucleotide sub-
stitution model with substitution rate matrix sampled from 
the whole general time reversible family of models using 
reversible-jump MCMC (Green 1995). The substitution rate 
variability within each partition was modeled by a discre-
tized gamma distribution with four categories. Four inde-
pendent MCMC runs were conducted, and their convergence 
checked by three statistics: average standard deviation of 
split frequencies for tree topologies, potential scale reduction 
factor and effective sample size for all parameters as well as 
for prior and likelihood. After discarding 10% burn-in and 
a convergence check, the posterior samples were pooled, 
the trees were rooted, and the outgroup sequences removed. 
The maximum clade credibility (MCC) tree with common 
ancestor node heights (Drummond and Bouckaert 2015, p. 

94) was taken to represent the final sample of trees. The 
convergence check was performed in R (R Core Team 2021) 
using packages rwty (Warren et al. 2017) and coda (Plum-
mer et al. 2006). The MCC tree was calculated using pack-
ages ape (Paradis and Schliep 2018) and phangorn (Schliep 
2011) and R functions available at https:// github. com/ onmik 
ula/ mcctr ee_ mrbay es.

Delimitation of mitochondrial lineages

The delimitation of lineages on the tree was performed by 
the mPTP method (Kapli et al. 2017), which looks for the 
maximum likelihood partitioning of a tree into components 
(monophyletic lineages), each characterized by its own 
exponential distribution of branch lengths. It assumes the 
presence of K ≥ 1 terminal components and, if K > 1 , also 
the presence of one basal component connecting their ances-
tors. Differentiation of the lineages was quantified by aver-
age uncorrected genetic distances between their members, 
whereas mean genetic distances within the lineages estimate 
their haplotype variability and can serve as estimators of the 
effective population size parameter ( �).

The sequences not included in the tree were classified into 
the lineages using the nearest-neighbor criterion applied to 
uncorrected genetic distances. First, the excluded haplotypes 
were classified based on their distances to included ones and 
then the rest of sequences were compared to this enriched 
reference data set. Geographical distribution of lineages was 
described on this classification of all available CYTB data. 
Lineage co-occurrence was examined by depicting propor-
tions of their haplotypes in samples collected along six tran-
sects through the contact zones. For this purpose, we kept 
original sampling information (locality name and geographi-
cal coordinates) and we just omitted sites with only a single 
individual sequenced.

Population genetic analyses

Whereas unique haplotypes were sampled for the tree esti-
mation, spatial gradients in genetic diversity, past population 
trends and neutrality indices were estimated from a spatially 
balanced random sample of all sequences. This was achieved 
by randomly picking the maximum of m = 11 sequences 
from each of the pooled sites. The number 11 was chosen 
according to our predefined histogram symmetry criterion. 
Let ni denote sample size at site i. For every m from 2 to 
max (ni), every ni > m was changed to m, the frequency dis-
tribution of the resulting sample sizes was calculated, and 
its symmetry quantified as the mean distance between the 
frequencies listed in increasing and decreasing order. The 
symmetry should be maximum when some typical ni exists 
and m is not set too close to it. Using such m then keeps per 
site sample sizes reasonably balanced. The subsampling was 

https://github.com/onmikula/mcctree_mrbayes
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performed on the whole data set, with no reference to the 
classification into lineages.

The Genetic hubs algorithm attempts to estimate hotspots 
of genetic diversity from sparse genetic data by connecting 
sampling sites into a graph and looking for a graph node 
with the best accessibility to all observed alleles (Mikula 
2018). These sites (called genetic hubs) can correspond to 
locations of putative long-term refugia or centers of recent 
expansion.

Past population trends were estimated as changes in 
the effective population size ( N

e
 ) using Bayesian skyline 

plots (Drummond et al. 2005) as implemented in BEAST 
2 (Bouckaert et al. 2014). In short, this method assumes 
N
e
 to change in a stepwise manner between a pre-specified 

number of periods (four here) and co-estimates boundaries 
of these periods, N

e
 specific to each period and a coalescent 

tree of the sequences. Bayesian skyline plots were estimated 
separately for each of the lineages with 100 sequences taken 
randomly from the spatially balanced sample. Given low 
genetic variability within the lineages, the simplest JC sub-
stitution model (Jukes and Cantor 1969) was used to account 
for multiple mutations, but the alignment was partitioned 
to account for different mutation rates at different codon 
positions. The prior on molecular clock rates was normal 
( � = 0.08, � = 0.01 ) in millions of years (Ma) per bp. Its 
choice was motivated by a preliminary multispecies coa-
lescent analysis performed in StarBEAST 2 (Ogilvie et al. 
2017) and using the CYTB data set of all Mastomys species 
(for details, see Supplementary material 3). The skyline plot 
itself was reconstructed from the posterior sample of coales-
cent trees in Tracer 1.7 (Rambaut et al. 2018) and visualized 
in R. In addition to skyline plots, two neutrality indices were 
calculated for lineage-specific spatially balanced samples: 
Tajima’s D (Tajima 1989) and R2 (Ramos-Onsins and Rozas 
2002).

Environmental niche modeling

The MaxEnt inference (Phillips et al. 2006) was applied to 
predict probability of occurrence of lineages across the same 
background encompassing the whole documented distribu-
tion of lineages B4, B5 and B6. The background was dis-
cretized into quadrate cells with size of 0.5 × 0.5 degrees. 
All our presence records were projected to the cell grid. 
Climatic predictors were represented by average monthly 
precipitations, minimum temperatures, and maximum tem-
peratures, downloaded from the WorldClim database (Fick 
and Hijmans 2017) and subsampled to 0.5° resolution. These 
predictors should be treated as climatic curves (not iso-
lated monthly values) in the analyses, and we used them as 
described in Mikula (2021), including their superimposition 
and projection to natural cubic spline basis. Complexity of 
the spline basis was selected in a preliminary analysis using 

AICc (Burnham and Anderson 2002; Warren and Seifert 
2011) as a measure of model fit. The superimposition was 
based on precipitation curves only and the model selection 
suggested spline bases with 3, 3, and 11 knots for precipi-
tation, minimum temperature, and maximum temperature 
curves, respectively. In addition to the present data (col-
lected between 1970 and 2000; Fick and Hijmans 2017) we 
also downloaded climatic data reconstructed for the Last 
Glacial Maximum (LGM), presented in WorldClim v. 1.4 
(Hijmans et al. 2005) as simulated for a time of 21 thousand 
years (ka) before present using Community Climate System 
Model (Gent et al. 2011). LGM precipitation curves (and 
by extension also both temperature curves) were superim-
posed onto the present precipitation curves. The projected 
curves were used without any further transformation and 
lasso regularization was performed as a part of MaxEnt fit 
in R package maxnet (Phillips et al. 2017). The model was 
fitted separately for each lineage, but with the same back-
ground, to check for climatic suitability extending beyond 
the current lineage distributions. MaxEnt predictions come 
in the form of relative occurrence rates (RORs), which can 
be subjected to the complementary log–log transform and 
then (cautiously) interpreted as probabilities of presence in 
the cells. This allows a better comparison between the line-
ages. We did the comparison by calculating for every cell an 
index of exclusivity as the maximum of three values, which 
were probabilities that a given lineage is present in the cell 
and the other two are not. R functions necessary for handling 
climatic curves are available at https:// github. com/ onmik ula/ 
maxent_ tools.

Results

Delimitation and distribution of Mt lineages

The CYTB tree of Mt B lineages of M. natalensis is pre-
sented in Fig. 2. Its maximum likelihood partitioning is 
congruent with the classification of Colangelo et al. (2013): 
three lineages with a strong phylogeographic signal (Fig. 3) 
were recovered. Lineage B4 is distributed from southern 
Kenya and Rwanda to eastern Tanzania. Lineage B5 is found 
in south-eastern Tanzania and northern Mozambique near 
Lake Malawi. Lineage B6 is sister to lineage B5 with pos-
terior probability (PP) = 0.91 and occupies the area from 
south-western Tanzania to South Africa in the south and 
Angola in the west. The zones of contact between these 
lineages are shown in detail in Fig. 4. The lineages were 
separated by mean uncorrected genetic distances of 3.68% 
(B4 × B5), 3.12% (B4 × B6) and 3.05% (B5 × B6). Mean 
internal genetic distances were equal to 0.64% (B4), 0.75% 
(B5) and 1.00% (B6).

https://github.com/onmikula/maxent_tools
https://github.com/onmikula/maxent_tools
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The genetic hubs analysis shows spatial gradients of 
genetic variation within each of the lineages, as indicated 
by the color tint in Fig. 3. The most pronounced is the gra-
dient in lineage B4 whose genetic hub lies near Handeni 
town in Tanzania, very close to the contact with lineage B5. 
In contrast, the areas adjacent to Lake Tanganyika and the 
Albertine Rift highlands appear depleted of CYTB variation. 
In lineages B5 and B6 the trends are shallower, and their 
genetic hubs are found in Mkuranga district in the Pwani 
region (B5) and near the border between Malawi and Zambia 
close to Mchinji (B6).

History of population expansions

The Bayesian skyline plot of the B5 lineage shows a sharp 
recent increase in N

e
 , whereas in lineage B4 and especially 

lineage B6 the growth was slower and started earlier (Fig. 5). 
In particular, the most rapid population expansion took place 
5.4 ka ago in lineage B5, whereas it is dated to 17.6 ka and 
18.1 ka in lineages B6 and B4, respectively. The neutrality 

indices confirm this scenario. Tajima’s D was significantly 
negative in all three lineages: –3.02 (P = 0.0026) in lineage 
B4, –2.64 (P = 0.0084) in lineage B5 and –2.67 (P = 0.0075) 
in lineage B6, with P values based on normal approximation. 
The values of R2 were significantly small: 0.01 in lineage 
B4, 0.02 in lineage B5 and 0.01 in lineage B6 with P values 
always < 0.001 (according to coalescent simulations with 
parameters theta calculated from the observed numbers of 
variable sites).

Climate‑based distribution models for Mt lineages

Predicted distributions (i.e., high RORs) of lineages B4 and 
B5 are associated mostly with their current distributions, 
but in the northeast of Tanzania both predicted distribu-
tions extend to the current distributions of the other lineage 
(Fig. 6). The predicted RORs of lineage B6 are spread over 
most of the considered area, although they take lower values 
in the current distributional range of lineage B4. Predic-
tions for the Last Glacial Maximum show a very similar pic-
ture, but the extents of inhospitable areas are larger, and the 
predicted distribution of lineage B5 is smaller and largely 
restricted to its current distribution.

The areas where the probability of presence is high 
for one lineage and low for the other two are indicated in 
Fig. 7. The exclusive presence of lineage B4 is predicted 

B4

B5

B6

1.00

0.91

1.00

1.00

1.00

0.01

Fig. 2  Cytochrome b tree of Mastomys natalensis, B lineages. Three 
lineages delimited by mPTP are indicated by color, branch labels 
show posterior probabilities of monophyly of the lineages. The scale 
bar shows branch length corresponding to 0.01 sequence divergence 
(corrected for multiple mutations)

Fig. 3  Geographical distribution of B Mt lineages of Mastomys natal-
ensis. Colors indicate proportional representation of lineages in all 
sequences obtained from the site, color shades indicate site’s posi-
tion on genetic diversity gradient as estimated by Genetic hubs (more 
intensive colors indicate higher diversity). Black dots indicate the hub 
sites



244 A. Hánová et al.

1 3

mostly around the northern volcanoes (Kilimanjaro, Meru, 
Kitumbeine), the area of exclusive presence of lineage B5 
is restricted to the northern part of its current distribution 
range, close to the Indian Ocean coast, but with lower prob-
ability it also includes the nearby contact zone with lineage 
B4 including its genetic hub location. Lineage B6 appears 
exclusive to its core distribution area in north-eastern Zam-
bia and around Lake Malawi. Interestingly, it extends con-
siderably into the distribution ranges of the other two line-
ages and in the case of lineage B5 distribution (namely the 
southern part of Eastern Arc Mountains, eastern side of Lake 
Malawi) it does so with rather high probability.

ROR-weighted climatic curves (Fig. 8) show it is lineage 
B6 whose preferred climate differs most from the others. 

It differs in the timing of precipitation peak (rainy season) 
and in the temperature extremes, namely, in the annual tem-
perature minimum and in the abrupt onset of the maximum 
temperature peak.

Discussion

Phylogeography of M. natalensis in the Zambezian 
region

In this study we present the most detailed and comprehen-
sive set of genetically confirmed presence data for the Natal 
multimammate mouse (M. natalensis), one of the most 

Fig. 4  Area where the contact 
of M. natalensis B Mt lineages 
takes place. The names indicate 
the position of administra-
tive and geographical features 
mentioned in the text. The num-
bered sub-figures at the margin 
show the distribution of Mt line-
ages in six transects through the 
contact zones, whose locations 
are indicated by gray frames 
in the map. In the sub-figures 
each pie plot corresponds to a 
single sampling site. For this 
display, we used 105 original 
(not pooled) sampling sites with 
more than one sequence, while 
34 sites with a single sampled 
sequence were omitted
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widespread autochthonous mammal species in sub-Saharan 
Africa (Hánová et al. 2021a). Compared to the previous phy-
logeographic study of Colangelo et al. (2013), it includes 
newly published sequences from the periphery of the distri-
bution range, namely from Ethiopia (Martynov et al. 2020) 
and Angola (Krásová et al. 2021), as well as abundant new 
data from the northern Zambezian region. Phylogeographic 
analysis confirms the principal previous findings: in the 
Zambezian region M. natalensis mitochondria are struc-
tured into three haplogroups (B4-6) with limited geographi-
cal overlap. The only remaining sampling gap, which could 
harbor an undescribed mitochondrial lineage, now appears 
to be in the Horn of Africa. Here, the species occurrence is 
predicted by the International Union for Conservation of 
Nature (IUCN) Red List (IUCN 2021), but not supported 
by any museum record (Bryja et al. 2019, p. 164), nor by 
climatic niche modeling (Martynov et al. 2020). Biodiversity 
data from that region is very scarce, however, and new inves-
tigations are necessary to examine whether M. natalensis is 
present there and what type of mtDNA it harbors.

The presence of such mitochondrial differentiation is 
commonplace in African rodent taxa, both in forests (e.g., 
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Bohoussou et al. 2015; Mizerovská et al. 2019; Pradhan et al. 
2021) and savanna (e.g., McDonough et al. 2015; Petružela 
et al. 2018; Mikula et al. 2020; Zemlemerova et al. 2021) 
and its origin is suggested to lie in the history of climatic 
changes and associated habitat fragmentation (Demos et al. 
2014; Huntley et al. 2019; Couvreur et al. 2021). The general 
idea is that under unfavorable climatic conditions, only a few 
small and isolated populations survive to become sources 
for population expansion when the conditions improve. The 
expansion leads to population reconnection and admixture, 
but in the next period of population reduction the traces of 
admixture may be largely erased due to local extinction. If 
the same happens repeatedly and in a stable coarse scale 
spatial setting, the species becomes internally structured 
and eventually can split due to reproductive incompatibili-
ties accumulating between its phylogeographic lineages. The 
effects of this reduction-expansion dynamics are exagger-
ated by presence of migration barriers that prevent popula-
tion contact, or diminish its intensity, even at the peak of 
expansion.

This dynamic can be reconstructed from genetic data, 
especially when multiple unlinked loci or the whole genome 
sequences are analyzed (Li et al. 2020; Coimbra et al. 2021), 
because overlapping effects of recombination events allow 
detection of events at multiple temporal scales. With con-
temporary sequences of a single non-recombining locus, 
our perspective was largely restricted to the most recent 
demographic events. Nevertheless, their reconstruction 
can still provide valuable insights into processes that have 
shaped current population structure. To achieve this goal, 

we combined inference of past population trends (Bayes-
ian skyline plots) with estimation of the most recent centers 
of expansion (Genetic hubs) and climatic niche modeling 
(MaxEnt). In summary, our results show that all three Mt 
lineages underwent recent population expansion (Fig. 5) 
from regions that were surprisingly close to each other 
(Fig. 3) and that are coincident with areas estimated as the 
most suitable during the last glacial maximum (Fig. 6).

The effective population sizes of all three Mt lineages 
are similar at present, but it was not the case in the past. The 
most recent population expansion of lineages B4 and B6 was 
simultaneous, it started substantially earlier than in lineage 
B5, but it was not so abrupt. Overall, the effective popula-
tion size of lineage B6 was higher compared to lineages B4 

B4
B5
B6

Fig. 7  The exclusivity of occurrence probabilities estimated by line-
age-specific MaxEnt models
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Fig. 8  ROR-weighted means of climatic curves. The temperature 
curves are for monthly average maximum and minimum temperature. 
Separate ROR-weighted means are presented for curves that were 
shifted differently in the superimposition. Their thickness is propor-
tional to the number of the curves involved
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and B5 throughout the period covered by the analysis. Our 
estimates of long-term mutation rates point towards approxi-
mately mid-Holocene (5 ka) and post-LGM (18 ka) date 
of these expansions. During LGM (26.5–19 ka; Clark et al. 
2009), lineages B4 and B6 were already expanding, while 
lineage B5 survived it in low numbers. The most recent 
expansion of lineages B4 and B6 thus took place in dry con-
ditions of LGM and slowed down only with successive shifts 
towards more humid climate in the last 17 ka (Gasse 2000). 
The expansion of lineage B5 was more abrupt but delayed 
until the end of so-called African Humid Period, a period of 
continent-wide increase in precipitation (14.8–5.5 ka; Shan-
ahan et al. 2015). Due to its position on the Indian Ocean 
coast the distribution range of lineage B5 could particularly 
be affected by this continent-wide increase in precipitation 
(cf. Tierney et al. 2011), which would prevent spread of 
open habitats and savanna-dwellers including M. natalensis.

The estimated demographic trends are in accord with 
climatic niche modeling, which predicted LGM distribu-
tions of lineages B4 and B6 to be of similar extent as the 
current ones, but that of lineage B5 to be smaller (Fig. 6). 
Even more importantly, the predicted LGM distributions are 
coincident with the present ones which suggests they can 
persist despite major changes of global climate. Consist-
ent with this conclusion is the placement of genetic hubs, 
which are estimates of the centers of expansion. The Mt 
lineages, therefore, likely survived the last glacial in areas 
including our genetic hubs. It remains to be understood how 
restricted the areas were, but notwithstanding the details of 
the process, the estimates of genetic hubs and climatically 
suitable areas are based on entirely different data and their 
coincidence brings confidence into the basic scheme of this 
phylogeographic scenario.

Habitat suitability and contact zones

Environmental niche modeling can target either the funda-
mental or the realized niche of the species. The MaxEnt 
modeling balances the two. Its inherent tendency to the 
most uniform (= maximum entropy) distribution of occur-
rence rates targets the fundamental niche, while its reliance 
on constraints imposed by the presence records makes the 
predictions closer to the realized niche. This is necessary 
to consider when interpreting MaxEnt maps. The predicted 
distributions of three mitochondrial lineages of M. natal-
ensis cover their observed counterparts but extend also to 
the observed distributions of the other lineages (Fig. 6). It 
means the climate differs between lineage-specific distribu-
tion ranges, cf. the ROR-weighted climatic curves (Fig. 8), 
but the differences are not big enough to prevent spread of 
the Mt lineages beyond their current distributions.

This is relevant for understanding the contact zones 
between the Mt lineages. They occur along the Eastern Arc 

Mountains as well as along the Great Rift Valley and in the 
lowlands of southern Tanzania and northern Mozambique. 
A detailed study of B4–B5 contact zone revealed limited 
gene flow along a transect running between two massifs of 
Eastern Arc Mountains. Given that frequencies of lineage-
specific mitochondrial DNA, a Y-chromosome SNP, nuclear 
markers and even mammarenaviruses change in narrow (ca. 
20 km) and coincident clines (Gryseels et al. 2017), the con-
tact zone can be interpreted as a tension zone sustained by a 
balance between dispersal into the zone and selection against 
hybrids (Slatkin 1973; Barton and Hewitt 1985) as opposed 
to selection along an environmental gradient.

Our MaxEnt models show that whereas adaptation to 
different climates can explain broad scale distribution of 
the lineages, the gradient of environmental suitability is 
not sharp enough to explain the narrow width of the clines 
(Barton and Hewitt 1989). At other places, however, the 
mitochondrial co-occurrence seems to be more extensive 
(e.g., B4–B5 contact in north-eastern Tanzania, cf. Fig. 4) 
and its correlation with climate and other environmental 
parameters (primary productivity, vegetation structure etc.) 
is worth more detailed investigation.

As selection in a tension zone is not tied to the environ-
ment, these zones can move under differential dispersal pres-
sures between taxa, one expanding and the other retreating 
until they become aligned with dispersal barriers or density 
troughs (Barton and Hewitt 1989). This prediction was made 
for short-term dynamics taking place on a fine spatial scale, 
but it can apply likewise to long-term dynamics on a broad 
spatial scale. The latter can explain the contact zones we 
observe here being approximately aligned with the Eastern 
Arc Mountains and the Great Rift Valley, where the forested 
hills and deep lakes can work as long-term dispersal barriers. 
Paleovegetation data indeed suggest the moist forest per-
sisted during LGM on the Eastern Arc Mountains (Mumbi 
et al. 2008; Finch et al. 2009), although locally it could be 
replaced by montane grassland mosaic (Finch et al. 2014).

In any case, the current position of a contact zone may 
represent an equilibrium, which is most easily established 
where local population density is low, or a transitional 
state of an ongoing movement. In accord with this inter-
pretation, the population expansion started later in lineage 
B5, co-occurrence of lineages B4 and B5 is limited, and it 
takes place where population density is presumably low. In 
addition, predicted RORs of lineage B5 in the current B4 
range are higher under current compared to LGM condi-
tions, while predicted RORs of lineage B4 in the current 
B5 range are high in both time layers. Therefore, it is pos-
sible that the contact zone has been moving in the past, 
more specifically that lineage B5 has expanded into the B4 
range, until it was trapped at its present location. Testing 
this hypothesis requires, however, analysis of more and 
higher quality multilocus data (e.g., a genome-wide set of 



248 A. Hánová et al.

1 3

SNPs). The other two contact zones, B4–B6 and especially 
B5–B6, may have a similar history, but also in these cases 
more detailed geographical sampling is necessary.

Similar phylogeographic patterns are present in several 
small mammal taxa of the region (reviewed by Cuypers 
et al. 2022). In some of them, the Mt lineages were shown 
to match populations with separate nuclear gene pools and 
possibly a degree of phenotypic differentiation. Namely, 
this applies to Lemniscomys zebra/rosalia (Hánová et al. 
2021b), Acomys muzei/ngurui (Petružela et al. 2018) and 
Heliophobius kapiti/argenteocinereus (Uhrová et al. 2022), 
whose divergences are dated to be ~ 2.5 million years (Ma) 
old. Other such lineages are of younger age (~ 1.0 Ma) and 
more detailed analyses have not been conducted yet, which 
is the case of Aethomys chrysophilus (Mazoch et al. 2018) 
or Mus minutoides (Bryja et al. 2014). According to our 
estimate of mutation rates, the complex of M. natalensis 
B lineages is even younger, just about 0.4 Ma old. The 
Malawi-Rukwa-Tanganyika section of the Great Rift valley 
was described as a phylogeographic boundary also in some 
large savanna mammals: roan antelope (Hippotragus equi-
nus; Gonçalves et al. 2021), common eland (Taurotragus 
oryx; Lorenzen et al. 2010) or vervet monkey (Chloroce-
bus pygerythrus; Haus et al. 2013).

The sharing of phylogeographic patterns suggests that 
climatic and vegetational differentiation of the regions is 
stable over long periods of time, although their bounda-
ries can change and allow colonization of the regions by 
immigrants from the surroundings. More detailed phylo-
geographic analyses of other co-distributed taxa is nec-
essary to understand whether the regional species pools 
change in mutual concert. If, for instance, the demographic 
trends of all savanna-dwelling taxa are similar and whether 
their centers of expansion are coincident. Deeper under-
standing of biodiversity dynamics of the region will also 
require examining the nature of other contacts between 
other intraspecific lineages as the tension zone between M. 
natalensis B4 and B5 may not be the only one.
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