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Abstract

Myosorex varius is a South African generalist shrew, which has been found to consist of several genetic clades across its
range. A northern clade inhabits the more mesic, summer-rainfall areas of grassland and savannah in the east of South
Africa. A southern clade occupies areas of fynbos in the south, and can be further divided into a western subclade occupy-
ing winter-rainfall areas and an eastern subclade occupying areas with aseasonal rainfall. Non-South-African members of
the African genus Myosorex primarily are limited to isolated montane habitats along the East African Rift System. Here, we
used palaeoclimatic niche modelling to examine the effects of Pliocene and Pleistocene climate change on the distributions
of M. varius, its clades and the genus as a whole. Results indicate that repeated cycles of range expansion during glacial
periods and fragmentation during interglacials are responsible for current phylogeographic patterns within M. varius. Based
on their close alignment with rainfall zones and lack of genetic mixing despite areas of contact, it is likely that these (sub)
clades are locally adapted to their respective areas. Earlier climatic fluctuations allowed the genus to ‘island hop’ south from
East Africa along the East African Rift System, expanding in range during cooler periods and retreating to montane refugia
during warmer periods. Areas currently occupied by Myosorex species largely correspond with predicted montane refugia
that have allowed them to survive previous warm periods.

Keywords Environmental niche modelling - Palacoclimates - Myosorex varius - Genetic clades - Glacial cycles - Past
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Introduction relationship between environmental parameters and the suit-

ability of habitat) can then be projected using new environ-

Environmental niche modelling involves the use of artificial
intelligence algorithms to model the environmental niche
of a species based on distribution data and a set of envi-
ronmental variables. This niche (essentially a mathematical
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mental layers to predict the range of a species under new
environmental conditions (Peterson 2001). Niche modelling
based on climatic variables is commonly used to predict the
likely effects of anthropogenic climate change on species
distributions (Meynard et al. 2017; Ramirez-Preciado et al.
2019). However, climatic niches can also be projected using
palaeoclimate data to predict species distributions under
past climatic conditions, allowing researchers to explore
the ancient range changes, colonisation routes and refugia
that have produced present species distributions (Waltari and
Guralnick 2009; Levinsky et al. 2013). Where phylogeo-
graphic data for a species are available, niche models can
account for within-species diversity by modelling genetic
clades individually (Pahad et al. 2020). Palaeoclimatic
niche modelling also can be used to test phylogeographic
theories regarding climatically induced range changes and
lineage divergence by identifying periods of vicariance and
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connectivity, range expansion and contraction, and the loca-
tion of refugia (Waltari et al. 2007; Pahad et al. 2020).

Myosorex is a sub-Saharan genus of shrew commonly
known as forest or mouse shrews. Together with Congosorex
and Surdisorex, they make up the subfamily Myosoricinae
within the family Soricidae (Quérouil et al. 2001). The book
‘Mammals of Africa Vol IV: Hedgehogs, Shrews and Bats’
(Happold and Happold 2013) lists 14 species of Myosorex.
However, the IUCN red list (IUCN 2022) currently lists 19
species of Myosorex, though little is known about most of
them and many are recent discoveries (Kerbis Peterhans
et al. 2008, 2010; Taylor et al. 2013).

Myosorex varius occupies the more mesic southern and
eastern areas of South Africa. Despite its common name
(forest shrew), M. varius primarily inhabits areas of savan-
nah, fynbos and grassland. These shrews also occupy much
of the Drakensburg mountain range, and have been found
on rocky slopes at altitudes over 2200 m. Whilst primarily
nocturnal, they can shift to more diurnal habits to avoid for-
aging on cold winter nights (Skinner and Chimimba 2005).
They can eat a wide variety of invertebrates and will even
feed from rodent carcasses (Goulden and Meester 1978) but
have a high metabolic rate and will die quickly if deprived
of food or water (Skinner and Chimimba 2005). This species
was considered to be a wide-ranging generalist but phyloge-
netic studies confirmed the presence of well-differentiated
genetic clades. There is a northern clade occupying summer-
rainfall areas of savannah and grassland in the east of South
Africa, and a southern clade primarily occupying winter and
aseasonal rainfall areas of Fynbos along the south coast. The
southern clade further subdivides into an eastern subclade
occupying aseasonal rainfall areas and a western subclade
occupying winter-rainfall areas (Willows-Munro and Mat-
thee 2011). Members of the northern clade typically inhabit
areas of dense vegetation near water (dense grass/thicket/
forest) whereas those of the southern clade can be found in
more arid areas with cover provided by succulent bushes
(Skinner and Chimimba 2005). The breeding season relies
on rainfall, with the northern clade breeding in summer
whilst the southern clade, at least in the Western Cape, has
been found to breed mostly in the winter months (Skinner
and Chimimba 2005).

During the early Miocene (23—16 Ma), South Africa still
was most mostly forested, but over the middle and late Mio-
cene (16-5.3 Ma), global cooling led to a cooling and drying
of southern Africa (Neumann and Bamford 2015). By the
end of the Miocene (5.3 Ma), more modern biomes were
forming, with a winter-rainfall zone in the south-western
Cape leading to the emergence of fynbos and succulent
vegetation (Verboom et al. 2009), and the arrival of arid
adapted C, grasses transforming large areas of woodland
into grassland and savannah (Edwards et al. 2010). Further
global cooling during the late Pliocene (3.2-2.6 Ma) led to
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the glacial cycles of the Pleistocene (from 2.6 Ma; Sosdian
and Rosenthal 2009). By this time, the present-day biomes
of Southern African had been established (Neumann and
Bamford 2015) though glacial cycling would result in a
constant shifting of the boundaries between these biomes
(Partridge et al. 1999).

Based on fossil evidence, the genus Myosorex first
appeared in North Africa at least 12 Ma and had reached the
Cape by 5 Ma (Furi6 et al. 2007). Although formerly wide-
spread on the continent, Myosorex exists today mostly as
isolated relict populations (Furi6 et al. 2007). In the African
tropics, the genus consists of multiple species each of which
is limited to small patches of montane forest (Taylor et al.
2013). In southern Africa, M. varius has been able to adapt
to more arid areas including savannah, grassland and fynbos
whilst other Myosorex species are limited to patches of forest
and riverine thicket (Willows-Munro and Matthee 2009).

Of the five species of Myosorex found in South Africa, M.
varius, M. cafer, M. tenuis, and M. sclateri form a clade that
diverged from M. meesteri (Zimbabwe and Mozambique)
about 5.1 Ma and split to form the current species group
between 4 and 2 Ma (Taylor et al. 2013). These southern
African species split from the Tanzanian M. zinki around
8.9 Ma (Taylor et al. 2013) suggesting a migration route
south along the mountains of the East African Rift System.
The remaining South African species, M. longicaudatus,
split from the Tanzanian species M. geata and M. kihaulei
around 10 Ma, and is thought to be the remnant of a pre-
vious, similar southward expansion (Taylor et al. 2013;
Willows-Munro and Matthee 2009). Myosorex varius itself
diverged from M. tenuis (Taylor et al. 2013) which is cur-
rently found in Limpopo province, in the far north of the
range of M. varius. These two species split around 2.7 Ma
(around the start of Pleistocene glacial cycling), and the
clades and subclades within M. varius formed some time
later, around 2 Ma (Taylor et al. 2013; Willows-Munro and
Matthee 2011). Since their formation, these (sub)clades have
experienced little to no gene flow, despite contact between
them (Willows-Munro and Matthee 2011).

The primary aim of the present study was to use paleocli-
matic niche modelling to understand how Pleistocene glacial
cycles led to the present distribution of Myosorex varius and
its clades, and how ecologically divergent the clades have
become. A secondary aim was to extend this analysis into
the Pliocene, using the limited location data available for
Mpyosorex as a whole, to see how climatic fluctuations during
this period may have facilitated the spread of the genus south
along the East African Rift System, leading to the arrival of
M. varius in South Africa.
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Methods
Data sources
Environmental data

Environmental data were downloaded from the PaleoClim
online database (Brown et al. 2018). The paleoclimatic
simulations used were: current (Karger et al. 2017), last
glacial maximum (Karger et al. 2017), last interglacial
(Otto-Bliesner et al. 2006), Pleistocene MIS19 intergla-
cial (Brown et al. 2018), mid-Pliocene warm period (Hill
2015) and Pliocene M2 glaciation (Dolan et al. 2015). The
simulations of the last glacial maximum (21 ka), the last
interglacial (120 ka) and the Pleistocene MIS19 intergla-
cial (787 ka) were used as an indication of the climatic
extremes during the glacial cycles of Pleistocene (2.6 Ma
to 11.7 ka), when the current clades within M. varius were
forming. The simulations of the mid-Pliocene warm period
(3.2 Ma) and the Pliocene M2 glaciation event (3.3 Ma)
were used as an indication of the climatic extremes of
the Pliocene (5.3-2.6 Ma) during the latest southward
expansion of Myosorex into South Africa. The model for
the current time period is based on climatic data from
1979 to 2013 and is recommended on the PaleoClim data-
base (Brown et al. 2018) for use with the paleoclimatic
simulations.

Of the 19 bioclimatic variables available, 8 were cho-
sen to provide an ecologically relevant and understandable
overview of temperature and rainfall patterns, whilst keep-
ing the models relatively simple for a robust projection to
paleoclimatic surfaces. These were: bio 1—annual mean
temperature, bio 10—mean summer temperature (based
on warmest quarter), bio 11—mean winter temperature
(based on coldest quarter), bio 12—annual rainfall, bio
16—wet season rainfall (based on wettest quarter), bio
17—dry season rainfall (based on driest quarter), bio 18—
summer rainfall (based on warmest quarter) and bio 19—
winter rainfall (based on coldest quarter). For the eastern
and western subclade, bio 15—precipitation seasonality
was included, as this variable is thought to be a possible
contributor to the divergence between the two subclades
(Willows-Munro and Matthee 2011).

Location data

For M. varius, the location data were obtained from the
study by Willows-Munro and Matthee (2011). This pro-
vided 57 location points spread across the range of the
species, with all locations genetically sampled to confirm
the species and identify the (sub)clade. The data included

36 locations for the northern clade and 23 for the southern
clade (with the 2 clades co-occurring at 2 locations). Of
the 23 southern clade locations, 11 were from the eastern
subclade and 13 were from the western subclade (with
the 2 subclades co-occurring at 1 location). Present day
location data for the genus Myosorex were obtained from
GBIF.org (2021). To achieve this, all the location data for
Myosorex were downloaded, including samples not allo-
cated a species but excluding fossil samples. This resulted
in 681 locations spread along the mountains of the East
African Rift System and in the more mesic areas of South
Africa. The low number of samples for many individual
species and the high number of samples only identified
to genus level made it impossible to reliably model other
species individually. However, these data were sufficient
to attempt to model the niche of the genus as a whole,
which shows a preference for mesic, seasonal and rela-
tively cool habitat across all species. A single location
point in Sri Lanka was omitted because the genus is not
found outside Africa. West African species of Myosorex
were represented by a single location point only, presum-
ably due to low sampling effort in this area. To avoid the
incorrect assumption that there is virtually no suitable
habitat in West Africa, this single location point was left
out and the niche model for Myosorex was trained on a
map limited to eastern and southern Africa, which is the
area of interest for our investigation into the southward
dispersal of the genus.

Data processing

Environmental data layers were trimmed to the required
extent and converted to ASC files in ArcGIS (ESRI 2017).
Location data were converted to a CSV format.

The niche models and projections were produced using
MaxEnt (Phillips et al. 2006). This programme uses max-
imum-entropy-based machine learning to find the simplest
possible relationship between species presence and environ-
mental data that still conforms to the location data provided
(Phillips et al. 2004) and has consistently been found to per-
form well compared to other niche modelling algorithms
(Ashraf et al. 2017; Elith et al. 2006; Heikkinen et al. 2012;
Tognelli et al. 2009). It also works well with limited location
data (Phillips et al. 2006).

Niche models were run using a tenfold cross-validation
technique in which the location data are randomly divided
into ten equal groups and the model run ten times. On
each run, a different 10% of the location data are left out
of model construction and used for model evaluation. The
results produced are averages over the ten runs. To avoid
overfitting (the construction of niche models using unre-
alistically complex relationships between presence and
environmental variables; Bell and Schlaepfer 2016), the
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regularisation value in MaxEnt was raised to three. This
prevents overfitting by increasing the penalisation of more
complex solutions over simpler ones (Li and Wang 2013).
Otherwise, the default settings were used.

The niches of M. varius and its (sub)clades were mod-
elled and projected using the Pleistocene climate data to
see how glacial cycling facilitated the formation of the
current distribution of the species and its (sub)clades. The
niche of Myosorex as a whole was modelled and projected
using the Pliocene climate data to see how climatic fluc-
tuations during this period facilitated the spread of the
genus along the East African Rift System. The niche of
the northern clade of M. varius also was projected in this
way as a proxy for an initial, summer-rainfall-adapted M.
varius population that had yet to expand to occupy the
south coast.

Table 1 AUC values for Myosorex varius and its (sub)clades

Clade AUC (mean and std
deviation of ten runs)

Myosorex varius 0.884+0.050

M. varius northern clade 0.884+0.031

M. varius southern clade 0.966+0.019

M. varius western subclade 0.982+0.025

M. varius eastern subclade 0.979+0.013

Results
Niche models for Myosorex varius and its (sub)clades

The models for M. varius and its (sub)clades performed
well, with all AUC values above 0.8 (Table 1). The models
for the southern clade and the subclades had higher AUC
values that those for the whole species and northern clades,
though this could be due to the larger amount of unoccupied
territory for these maps. The projections for the present also
produced range maps that closely fit the empirical presence
data (Fig. 1) as well as the known range of the species (Tay-
lor et al. 2016). Note that in the projection for the whole
species (Fig. 1b), some of the location points (especially in
the northern part of the northern clade) are in marginally
suitable habitat only. The fit between the projected niche
and the location data improved when the northern clade was
modelled separately (Fig. 1¢). Modelling the southern clade
separately (Fig. 1d) also results in a small improvement in
fit along the west coast, and modelling the eastern subclade
separately (Fig. le) resulted in a better fit compared to mod-
els for the southern clade or the whole species. This is sug-
gestive of local adaptation amongst the clades.

In addition to range maps, MaxEnt calculates the percent-
age contribution of each climatic variable to the model and
produces response curves that show the relationship between
a climatic variable and habitat suitability for a species or
taxon being studied. Response curves have been included in
an appendix. For the whole species, the most important vari-
ables were winter rainfall (74%), mean summer temperature

Fig. 1 Heat maps showing the present suitability of habitat for each
clade of Myosorex varius based on the niches modelled by MaxEnt.
Hotter colours indicate more suitable habitat. The suitable habitat
should match the location data used in model construction (shown as
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squares). a Map of Africa indicating the geographic location of maps.
b Whole species, ¢ northern clade, d southern clade, e western sub-
clade and f eastern subclade
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(14%) and annual rainfall (6%). Response curves (Appendix)
indicate that the species can survive in a wide range of con-
ditions but is intolerant of extreme heat and aridity, explain-
ing its absence from South Africa’s arid western interior and
the more tropical areas to the north.

For the northern clade, the most important variables by
percentage contribution were: dry season rainfall (55%),
annual rainfall (24%) and mean summer temperature (17%).
Summer rainfall only contributed 2% but had a permutation
importance of 5%, indicating that changing this variable had
an impact on model performance. Response curves (Appen-
dix) indicate a preference for cooler, more mesic areas, simi-
lar to the species as a whole but with more emphasis on
summer rainfall. The northern clade can tolerate a fairly arid
dry season, but requires a wetter summer. The northern clade
has suitable habitat extending into the range of the east-
ern subclade (Fig. 1), suggesting that it could occupy this
area if it was not already occupied by the eastern subclade.
An initial species adapted to the summer-rainfall zone cur-
rently occupied by the northern clade would, therefore, have
already been capable of colonising part of the south coast,
separated from the rest of the population by an area of less-
suitable habitat (Fig. 1c).

For the southern clade, the most important variables were
winter rainfall (85%) and summer rainfall (12%). Response
curves (Appendix) indicate that the clade requires medium
to high winter rainfall and low summer rainfall, restricting
it to the winter and aseasonal rainfall zone.

For the western subclade, the most important variables
were also winter rainfall (66%) and summer rainfall (31%).
Response curves (Appendix) reveal environmental require-
ments that are similar to the southern clade as a whole but
with a greater need for winter rainfall and a reduced tol-
erance for summer rainfall. This subclade is found in the
winter-rainfall zone in the far south west of the country;
however, there is a single location point within the range of
the eastern subclade (Fig. le).

For the eastern subclade, the model was based entirely
on the seasonality of rainfall (100%). The response curve
(Appendix) indicates that this subclade is limited to areas
of aseasonal rainfall, i.e. where rainfall is distributed evenly
around the year so there is no wet/dry season. The close
association of the eastern subclade with the aseasonal rain-
fall zone suggests that the subclade is locally adapted, as a
genetically distinct population formed by vicariance alone
would have to have aligned with the aseasonal rainfall zone
by coincidence.

Pleistocene projections for Myosorex varius and its
(sub)clades

The Pleistocene paleoprojections for M. varius and its (sub)
clades (Fig. 2) indicate that ranges expanded during glacial

periods and contracted during interglacials. The projections
for the last interglacial are similar to those for the present day
but with slightly more suitable habitat and greater range con-
nectivity. The more ancient MIS19 interglacial projections,
however, show a more severe impact on the ranges of the
species and its (sub)clades, resulting in range fragmentation.

The projections for the whole species (Fig. 2a-d) indicate
that, despite range connectivity being maintained during the
last interglacial (Fig. 2¢), the MIS19 interglacial (Fig. 2d)
would have caused the northern part of the range to frag-
ment and separate from the habitat along the south coast.
The range along the south coast remained relatively con-
tinuous, although this whole species projection ignores any
local adaptation. It is also worth noting the small areas of
suitable habitat in the far north of the range (circled in red
in Fig. 2a) which also became isolated during the MIS19
interglacial. This is the area currently occupied by M. tenuis,
the sister species to M. varius. The two are hypothesised to
have diverged approximately 2.7 Ma, around the start of
the Pleistocene glacial cycles, and the range of M. tenuis
currently is within that of M. varius (Taylor et al. 2013).
Unfortunately, there is insufficient location data available
currently for M. tenuis to adequately model its niche. How-
ever, the niche projections for M. varius suggest that an early
interglacial similar to the MIS19 interglacial was responsible
for the divergence between the two species, and that the cur-
rent range overlap is due to the expansion of M. varius after
reproductive isolation was established.

The projections for the northern clade (Fig. 2e-h) fol-
low the pattern of range connectivity increasing during the
glacial period and decreasing during interglacials, with the
MIS19 interglacial (Fig. 2h) resulting in severe fragmenta-
tion. Here we see the northern clade fragment to form a cen-
tral cluster of refugia that is well separated from any suitable
habitat on the south coast. These projections suggest that an
initial species with the habitat requirements of the northern
clade would have been able to colonise the south coast dur-
ing glacial periods, but would have been isolated from south
coast populations during interglacials. The isolation of areas
currently occupied by M. tenuis (as in the whole species
projection) also is present in this scenario.

The projections for the southern clade (Fig. 2i-1) indicate
that, for a clade adapted to the south coast range as a whole,
there were frequent periods where the taxon’s range would
have been split into an eastern and western range with little
to no connectivity between them. This can be seen not only
in the MIS19 interglacial (Fig. 21), but also, surprisingly, in
the last glacial maximum (Fig. 2j) when the range expands
overall. Even in the present (Fig. 2i), there is an area of
reduced habitat suitability in the centre of the range.

The projections for the western subclade (Fig. 2m—p)
show a small but very stable range in the southwest corner
of South Africa. During the last glacial maximum (Fig. 2n),
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Whole species

Fig.2 Heat maps showing the niches of Myosorex varius and its
(sub)clades during Pleistocene glacial cycling. Hotter colours indi-
cate more suitable habitat. From left to right: present, last glacial

we see that the range of this clade extends westward along
the coast on land exposed by lower sea levels. This could
account for the small population of western subclade indi-
viduals found within the range of the eastern subclade
(Fig. 1e). This population could constitute a relict isolated
by changing climate and rising sea levels since the end of
the last ice age. Given that most of the Pleistocene has been
glaciated with only brief interglacials, the separation of this
population from the rest of the western clade may only be
occasional and temporary.

The projections for the eastern subclade (Fig. 2q—t) show
areduction in range size during the interglacials, particularly
the MIS19 interglacial (Fig. 2t), presumably due to shrink-
ing of the aseasonal rainfall zone. Even during the MIS19
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maximum (21 ka), last interglacial (130 ka) and MIS19 interglacial
(787 ka). The current know range of M. tenuis has been circled in red
in the present-day distribution map for the whole species (map a)

interglacial, however, some suitable habitat remains. This
suggests that a subclade adapted to aseasonal rainfall could
have persisted in small refugia despite habitat loss during
interglacial periods.

The clades and subclades of M. varius are thought to have
diverged early on in the Pleistocene: Willows-Munro and
Matthee (2011) give a rough estimate of around 2 Ma, with
a likely range between 1.75 and 2.7 Ma. As there are no
paleoclimatic models available for this time, we used the
models available to give us an idea of the extremes in cli-
mate experienced during the glacial cycles of the Pleistocene
(from about 2.6 Ma). Whilst the last interglacial (130 ka)
produced ranges similar to those present today, the MIS19
interglacial (787 ka) resulted in range fragmentation with
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patterns of vicariance that would potentially result in the
current genetic distribution of the species. The MIS19 inter-
glacial itself is too recent to be responsible for the diver-
gence of the (sub)clades; however, the patterns of vicari-
ance produced make interglacials in the early Pleistocene a
likely cause of the divergences. The trend seen here is that
the more ancient interglacial (MIS19) resulted in greater
range contraction and fragmentation than the more recent
ones (the last interglacial and the present, which is also an
interglacial). However, more data points would be needed
to determine whether or not this represents a general trend
throughout the Pleistocene.

Based on these data, it seems most likely that the ini-
tial population of M. varius (before the divergence of the
clades) was similar in its distribution and habitat require-
ments to the northern clade today. The niche model for
the species as a whole was less successful at predicting
the current species’ distribution than those for each of the
clades, suggesting that the clades are locally adapted. It
also is unlikely that a species originating in the north east
of South Africa (and ultimately from more tropical popu-
lations) would be preadapted for the more Mediterranean
climate of the south coast. Furthermore, the model for the
northern clade predicts ideal patterns of climate-driven
cycles of isolation and connectivity, both from the south-
ern clade and from the range of M. fenuis in the north. This
initial M. varius population would have been able to move
into the more aseasonal areas along the south coast during
glacial periods (Fig. 2f). Such populations then would have
become isolated during interglacials (Fig. 2h), promoting
the divergence of the clades and the adaptation and spread
of the southern clade along the southern coast. This south-
ern clade then would have experienced periodic fragmen-
tation between winter-rainfall areas in the west and asea-
sonal rainfall areas in the east (Fig. 2i-1), promoting the
divergence and local adaptation of the eastern and western
subclades. It is worth noting that the clades and subclades

Fig.3 Heat map showing the
present suitability of habitat for
the genus Myosorex based on
the niche modelled by MaxEnt.
Hotter colours indicate more
suitable habitat. The suitable
habitat should match the loca-
tion data used in model con-
struction (shown as squares).

a Map of Africa indicating the
geographic location of map b, b
Myosorex

of M. varius have experienced little to no genetic mixing
since their reciprocal divergence, despite the establish-
ment of secondary contact between them (Willows-Munro
and Matthee 2011). Given that the interglacials driving
divergence represents only very brief periods during long
glacial periods of connectivity, it is likely that this genetic
isolation was reinforced by ecologically divergent natural
selection. For the Pliocene projections (Fig. 4), the north-
ern clade is used as a proxy for the initial population of
M. varius.

Niche model for Myosorex

The niche model for the genus Myosorex performed sur-
prisingly well, considering that it attempted to capture
the range of a genus composed of many species that pre-
sumably exhibit some variation in environmental toler-
ances amongst them. The mean AUC value was high and
remained well over 0.8 even at the lower range of the
standard deviation (0.954 +0.061). The range map for the
genus (Fig. 3b) fits the location data across most of the
range, but loses this correlation somewhat in the north-
eastern part of the range. This close fit suggests that the
genus inhabits areas with similar environmental conditions
across its range, and has been fairly conservative in terms
of environmental tolerances and habitat requirements dur-
ing its radiation. As the location data for Myosorex across
Africa are limited, the location data may underrepresent
somewhat the range of the genus.

The most important variables for the genus as a whole
were dry season rainfall (31%), mean annual temperature
(28%), mean winter temperature (15%), annual rainfall
(8%), mean summer temperature (8%) and winter rainfall
(8%). Response curves (Appendix) indicate that the genus
is limited to cool, fairly mesic areas with a dry season.
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Myosorex varius (northern clade)

Fig.4 Heat maps showing the niches of Myosorex varius (northern
clade) and Myosorex (entire genus) during climatic extremes of the
late Pliocene. Hotter colours indicate more suitable habitat. From left

Pliocene projections for Myosorex and the northern
clade of M. varius

The Pliocene projections for the northern clade of M.
varius (Fig. 4a—c) support the idea of divergence from M.
tenuis due to climate-induced range fragmentation. Dur-
ing ancient warm periods (represented by the mid-Pliocene
warm period), the niche for the northern clade would have
retreated south away from the area currently occupied by
M. tenuis, whilst during ancient glacial periods (represented
by the Pliocene M2 glacial event), the niche would have
extended north to connect with it. Myosorex varius and M.
tenuis are thought to have diverged around 2.7 Ma, although
this divergence could have taken place up to almost a mil-
lion years earlier or later (Taylor et al. 2013). The ancestral
stock of M. varius and M. tenuis diverged from the east coast
Myosorex (M. cafer and M. sclateri) around 3.7 Ma (Tay-
lor et al. 2013), and therefore putatively should have been
established by the time of the mid-Pliocene warm period,
ca. 3.2 Ma.

The Pliocene projections for the northern clade
(Fig. 4a—c) also show that, even during the glaciation event,
there was a lack of connectivity with quality habitat on
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to right: present, mid-Pliocene warm period (3.2 Ma) and the Plio-
cene M2 glacial event (3.3 Ma). On the northern clade maps (a—c),
the current known range of M. tenuis has been circled in red

the south coast. This conforms to the pattern seen in the
Pleistocene projections (Fig. 2) of increasing range reduc-
tion and fragmentation in the more distant past. It also leads
to the hypothesis that, after the establishment of an initial
M. varius population in the area currently occupied by the
northern clade, there may have been a delay before the south
coast could be colonised. This fits with gap between the esti-
mated divergence times of M. varius and M. tenuis (roughly
2.7 Ma; Taylor et al. 2013) and the northern and southern
clades of M. varius (roughly 2 Ma; Willows-Munro and Mat-
thee 2011).

The Pliocene projections for the genus Myosorex
(Fig. 4d-f) show that habitats typical of the genus (mesic
montane environments in the tropics, spreading into cooler
lowland environments in southern Africa) have been strongly
affected by climate fluctuations in the past. This suggests
that cooler periods provided the opportunity for the genus
to ‘island hop’ southward along the string of mountains
formed by the Rift Valley from equatorial regions to south-
ern Africa, whilst warmer periods caused species to retreat
upslope or further south (in southern Africa), creating highly
isolated populations. In the projection for the mid-Pliocene
warm period (Fig. 4e), the genus is reduced to a series of



Palaeoclimatic niche modelling reveals the phylogeographic history of the South African shrew... 587

M. okuensis

M. rumpii
M. eisentrauti

O

- M. blarina
M. babaulti, ]

M. jejei

M. schalleri

M. bururiensis &
M. kabogoensis

M. meesteri
M. tenuis

M. cafer M. sclateri

M. varius east

Fig.5 Heat map showing the modelled niche of the genus Myosorex
projected to the mid-Pliocene warm period (3.2 Ma) together with
present-day species’ locations based on the IUCN red list. Hotter
colours indicate more suitable habitat. For M. varius, the (sub)clades
have been included

small refugia. Interestingly, these refugia closely match the
ranges of extant species (Fig. 5).

Figure 5 shows the projection for the mid-Pliocene warm
period together with the locations of the 19 species of Myos-
orex based on their respective IUCN red list assessments
(Baxter et al. 2020a, b; Cassola 2016; Dando 2021; Engel-
brektsson 2016a, b; Engelbrektsson and Kennerley 2020;
Gerrie and Kennerley 2019; Kennerley 2016a; b, c, d, e, f,
2019; Kerbis Peterhans and Demos 2021; Plumptre et al.
2019; Taylor and Baxter 2020; Taylor et al. 2021). For M.
varius, the locations of the (sub)clades have been included.
Mpyosorex sclateri, M. cafer and M. longicaudatus all occupy
small areas of forest and wetland within the range of M. var-
ius. Note that the three species of West Central Africa (M.
okuensis, M. rumpii and M. eisentrauti) were not represented
in the location data. Because they occur far from the other
species and occupy montane areas within the tropical for-
ests of Central Africa, it is likely that they have a somewhat
different climatic niche. Nonetheless, M. okuensis is repre-
sented by a patch of partly suitable habitat. There are two
areas of predicted high suitability that do not correlate with
any known living species of Myosorex. One is in the Kenyan
highlands (north of M. zinki) and the other is in the Ethio-
pian highlands (in the far north east of the map). The Kenyan
highlands are the home of members of the closely related
genus Surdisorex (S. norae and S. polulus) as well as many

species of Crocidura (Musila et al. 2019), which may replace
Myosorex in this area. Ethiopia is thought to be where the
more successful shrew genus Crocidura first appeared (Furid
et al. 2007), which could have replaced Myosorex in this
area. There are 26 species of Crocidura in Ethiopia, includ-
ing many forest and montane species (Lavrenchenko et al.
2016). This area also is isolated from Myosorex populations
to the south by unsuitable habitat that remained even dur-
ing the Pliocene glaciation (Fig. 4f). It also is possible that
there are undiscovered species of Myosorex in some areas.
Although the mid-Pliocene warm period (Fig. 5) represents
only a single time period, it demonstrates that the present
distribution of the genus can largely be explained by the
location of refugia during warm periods.

Discussion

Based on the data presented herein, it appears that the for-
mation of M. varius and its (sub)clades was assisted by
climatic fluctuations that caused range expansion during
glacial periods and range contraction and fragmentation
during warmer interglacials. The most likely evolutionary
scenario is that M. varius split off from a common ancestor
with M. tenuis towards the end of the Pliocene or around
the Pliocene—Pleistocene transition. That initial M. varius
population most likely had a distribution similar to that of
the northern clade today, and expanded along the south coast
to form the current (sub)clades during the early Pleistocene
glacial cycles. This scenario also matches up with the esti-
mated divergence times in the literature (Taylor et al. 2013;
Willows-Munro and Matthee 2011).

There also is evidence that the (sub)clades of M. varius
have undergone local adaptation. First, modelling of (sub)
clades separately tended to improve the performance of the
models, both in terms of AUC and the ability of projected
contemporary niches to match current location data. Second,
the (sub)clades occupy distinct climatic niches, based largely
on the seasonality of rainfall. The northern clade inhabits
mesic, summer-rainfall zones, the western subclade inhabits
mesic winter-rainfall zones and the eastern subclade inhabits
aseasonal rainfall zones. The eastern subclade in particular
has a distribution that so perfectly matches the aseasonal
rainfall zone that its niche model can be accurately con-
structed based on the seasonality of rainfall alone.

Aside from M. varius, other species of Myosorex tend to
be lacking in location data, which makes it impossible to
construct quality niche models for most of them. The ‘quick
and dirty’ method of modelling the genus as a whole, how-
ever, yielded surprisingly enlightening results, perhaps due
to low levels of ecological diversification within the genus
(i.e. most are still limited to cool, mesic montane areas).
The general pattern seen in M. varius of range expansion
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during glacial periods and contraction during warm periods/
interglacials also holds true for the genus overall, with cool
periods allowing the genus to ‘island hop’ south along the
mountains of the East African Rift System towards South
Africa. Furthermore, the extant species of the genus are
associated with refugia that were predicted to remain suit-
able even during the mid-Pliocene warm period. A similar
pattern of historical persistence in montane refugia has been
found for Hylomyscus mice (Rodentia:Muridae:Murinae:Pr
aomyini) and Sylvisorex shrews (Crocidurinae) in the east-
ern Afromontane regions of the Kenyan Highlands and the
Albertine Rift (Demos et al. 2014).

With regard to future climate change, it should be noted
that most species within the genus Myosorex already are
reduced to ranges within the interglacial montane refugia
that previously allowed them to survive the glacial cycles of
the past 2.6 million years. These species, therefore, are likely
to be highly vulnerable to anthropogenic climate change that
takes conditions beyond the range of the glacial cycles they
have survived thus far. Of the 19 known species of Myoso-
rex, one (M. eisentrauti) is critically endangered (Ken-
nerley 2016f), seven are endangered (Baxter et al. 2020a;
Engelbrektsson 2016b; Kennerley 2016a, d, 2019; Kerbis
Peterhans and Demos 2021; Taylor et al. 2021), five are vul-
nerable (Baxter et al. 2020b; Engelbrektsson 2016a; Engel-
brektsson and Kennerley 2020; Kennerley 2016e; Taylor
and Baxter 2020), two are data deficient (Kennerley 2016b;
Plumptre et al. 2019) and only four are in the least concern
category (Cassola 2016; Dando 2021; Gerrie and Kennerley
2019; Kennerley 2016c). It has been estimated that more
than half of all data-deficient mammals are threatened with
extinction (Borgelt et al. 2022). Given the threat levels of
the majority of the species in this genus, it is likely that one
or both of the data-deficient Myosorex also are threatened
with extinction. Furthermore, according to the same assess-
ments, the critically endangered species, six of the seven
endangered species, three of the five vulnerable species, and
one of the four least concern species have declining popula-
tions. The population trends of the two data-deficient species
and one of the least concern species are unknown, whilst the
remaining four Myosorex species have stable populations. A
recent study assessing the effects of anthropogenic climate
change on the five South African Myosorex (Taylor et al.
2017) predicted range reductions for M. varius, M. cafer and
M. longicaudatus.

As more location data and more paleoclimatic reconstruc-
tions become available, it should become possible to pro-
duce quality niche models for more species of Myosorex as
well as for time periods more congruent with these species’
estimated times of divergence. Using only the last glacial
maximum and last interglacial as an indication of range fluc-
tuations during the glacial cycles of the Pleistocene would
have provided little to no evidence of vicariance amongst
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the clades of M. varius. The more recently produced ‘deep
time’ paleoclimates provided evidence of vicariance in more
ancient warm periods. Physiological studies comparing the
clades of M. varius also would be useful in testing for physi-
ological evidence of local adaptation.

Using palaeoclimate niche modelling, we have shown that
Pleistocene glacial cycling can account for the distribution
of genetic variation seen in M. varius today. We hypothesise
that the current (sub)clades and their distributions are the
result of climate-induced vicariance followed by adaptation
to local environmental conditions. Palaeoclimatic niche
modelling based on earlier climate fluctuations also corrobo-
rates the genetically inferred colonisation route of the genus
Myosorex along the East African Rift System. The current
locations of Myosorex species coincide with climatic refugia
that allowed them to survive previous warm periods. As they
are already reduced to their ‘warm period refugia’, many of
these species are likely to be at serious risk of extinction in
the face of further temperature increases due to anthropo-
genic climate change.
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