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Abstract
Climate shifts during the Quaternary Period have driven changes in regional
range dynamics for many species, influencing population structure of species
and in some cases promoting speciation. Within southern Africa, the psammophine snakes Psammophis trinasalis and P. namibensis were historically considered subspecies of P. leightoni but were elevated to species rank based on
ecological differences. Preliminary phylogenetic analyses suggested intraspecific, not interspecific genetic variation between these taxa, but this finding was
based on very limited data and could not be confirmed. To assess the level of
genetic differentiation within the P. leightoni species complex, we explored the
evolutionary history of these snakes by combining phylogenetic analyses, species distribution modelling and an examination of morphology. We generated
a comprehensive, multi-gene phylogeny for Psammophis that included wider
geographic sampling of the three species in the complex. Using this phylogeny,
Bayesian and distance-based species delimitation analyses showed intraspecific,
not interspecific divergences between taxa in the complex, suggesting that they
collectively represent a single taxon. Furthermore, non-metric multidimensional
scaling analysis of scalation characters showed no differences between the species. Moreover, palaeo-modelling at three time periods since the last interglacial
period suggest that there have been varying levels of connectivity between these
taxa, which has likely facilitated gene flow between them. Given the evidence,
we propose that the P. leightoni complex represents a single species and therefore
formally synonymise the three species.
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I N T RO DU CT ION

Species geographical distributions are dynamic over time,
shifting as environmental conditions change. While this
process has occurred throughout Earth's history, the most
recent broad distributional shifts were caused by changing
conditions throughout the Quaternary Period (2.6 Mya–
present). Within the Quaternary, the Pleistocene Epoch
58
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(2.59 Mya–1.17 Kya) was characterised by cyclical glaciation that caused Earth's climate to cycle through multiple cold and warm periods (Chase et al., 2010; Dynesius
& Jansson, 2000; Sandel et al., 2011; Scott et al., 1995).
During the last interglacial period (LIG, ca. 127–116 Kya),
the climate was similar to, but slightly warmer than, present day (Tankard & Rogers, 1978). This was followed by
a cooling trend that lasted approximately 100,000 years
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and culminated in the last glacial maximum (LGM; ca.
33–16 Kya), during which there were cold, glacial conditions at the high latitudes and contraction of tropical
areas at the low latitudes (Cordova et al., 2017; Tankard
& Rogers, 1978; Van Zinderen Bakker, 1983). The Earth
entered a new interglacial at the start of the Holocene
Epoch (11.7 Kya–present) with a general warming trend
punctuated by small periods of cooler conditions (Nolan
et al., 2018; Van Zinderen Bakker, 1983). With each glacial
expansion and retreat over the Quaternary, species distributions would have been substantially altered (Gibson-
Reinemer et al., 2015; Waltari et al., 2007). Broadly
speaking, it is thought that the geographic distributions of
cool-adapted species would have expanded during glacial
maxima but contracted into refugia during interglacial
periods, whereas warm-adapted species would experience
the opposite effect (Carotenuto et al., 2016; Ohlemüller
et al., 2012).
Quaternary glacial cycling had direct impacts on the
distributions of high-latitude species through elimination of their habitat by the expansion and subsequent
retreat of large-scale ice coverage (Clark et al., 1999;
Hewitt, 2004; Kharouba et al., 2009; Petit et al., 2003;
Sommer & Zachos, 2009). The spatial and temporal dynamics of glacial refugia have received much attention for
species distributed in the high northern latitudes (Davis
& Shaw, 2001; Hewitt, 1996, 2000), despite only 8% of the
globe having been covered by ice sheets during the LGM
(Clark et al., 2002, 2009; Peltier, 2004). Thus, much of the
Earth was indirectly affected through climatic cooling
and most species, even those outside the high northern
latitudes, would have shifted their ranges due to climatic
changes and perturbations.
Generally, the southern African climate during the
LIG was relatively warm and mesic, with a progression
towards a cooler, more arid climate by the LGM (Chase &
Meadows, 2007; Tankard & Rogers, 1978) promoting arid
corridors. Since the LGM, there has been warming, but
with an overall increase in aridification resulting in warm
and dry periods alternating with intermittent cooler and
wetter periods (Bellstedt et al., 2012; Cordova et al., 2017;
Lim et al., 2016; Scott et al., 1995; Tankard & Rogers, 1978;
Van Zinderen Bakker, 1983). In southern Africa, the expectation is that arid-adapted taxa were more restricted
during the LIG and slowly expanded their ranges through
corridors or habitat reconnection until the LGM. Since the
LGM, arid-adapted taxa have been restricted to refugia
during the brief cooler, wetter periods, but with the overall trend for increasing aridity throughout the Holocene,
these taxa should have generally expanded their ranges
(e.g., Barlow et al., 2013).
There are three species of snakes in the Psammophis
leightoni (Boulenger, 1902) species complex. These
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are distributed across much of southern Africa in the
xeric, sub-tropical and the temperate Mediterranean-
like climatic zones (Figure 1). Psammophis namibensis
(Broadley, 1975) occurs in arid and semi-arid habitats
along the Atlantic coast from southern Angola, through
Namibia, to the Northern Cape Province of South Africa.
Psammophis trinasalis (Werner, 1902) is partly sympatric with P. namibensis along its western range edge but is
otherwise distributed inland across most of Namibia and
Botswana, into central and north-eastern South Africa.
Psammophis leightoni is more restricted, occurring only
along the extreme south-western margin of the continent,
in the Western Cape Province, South Africa, and is allopatric relative to the other two species. The three species
are primarily distributed over a gradient of xeric environments in a region that has displayed high climatic velocity through the Pleistocene (Kottek et al., 2006; Tolley
et al., 2014). Given the propensity for climatic shifts in the
region, the distributions of these species are likely to have
shifted substantially, particularly since the LIG.
Psammophis namibensis and P. trinasalis were historically considered subspecies of P. leightoni before being
elevated to species status despite weakly defined ecological differences and no clear diagnostic morphological
features (Table 1; Broadley, 2002; Marais, 2011). The “ecological differences” were attributed to their presumed isolated distributions and limited, poorly defined colour and
banding variation (Broadley, 2002). A molecular phylogeny for the genus Psammophis revealed that P. leightoni
and P. namibensis show intraspecific, rather than interspecific genetic variation, calling into question the validity of
all three species (Kelly et al., 2008). Unfortunately, Kelly
et al., (2008) that study included only a single representative for each of P. namibensis and P. leightoni and no representatives of P. trinasalis. Consequently, the taxonomic
status of these species remained unresolved.
Here, we examine the validity of the three taxa within a
phylogenetic framework that includes improved sampling
from across the species ranges. Because these species are
closely related, show some sympatry and have essentially
no strong diagnostic morphological differences, we predicted that they represent a single, widespread species. If
so, we propose that the minor, current day distributional
gaps between P. leightoni and the other two species are a
recent phenomenon brought about by the climatic shifts
since the LGM. Furthermore, we hypothesise that glacial
cycling since the LIG influenced the distribution of these
primarily arid-adapted taxa and that during the most arid
periods the distributions would have been continuous or
had considerable connectivity. To examine this, we used
species distribution modelling for each taxon to estimate
their geographic distributions during different climatic
phases since the LIG. This allowed us to assess whether
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F I G U R E 1 Approximated geographical distributions of the target Psammophis taxa and sampling localities marked for each individual
- symbols given in figure legend. Study region depicted in southern Africa—(A). South Africa—RSA, Namibia—NAM, Botswana—BWA,
Northern Cape Province—NC, Western Cape Province—WC

the taxon ranges might have contracted into refugia
during mesic periods but expanded during arid periods
and if corridors between these ranges may have persisted
even during mesic periods, thus facilitating gene flow.
Alternatively, their ranges could have remained disjunct
during arid periods, promoting divergence in allopatry.
The first scenario would support a phylogenetic hypothesis for one species, whereas the latter would support the
current taxonomic status for separate species given that
gene flow between disjunct distributions would presumably have been disrupted.

2

|

M AT E R IALS AN D M ET H O DS

2.1 | Samples, amplification and
sequencing
Sequence data from 135 individuals covering 27 of the
34 currently described species of Psammophis (Table S1)
were downloaded from GenBank. Additionally, twenty-
six samples of the target taxa from 24 localities were

sequenced: Psammophis leightoni (N = 12), P. namibensis
(N = 3) and P. trinasalis (N = 11; Figure 1). Field identifications of species in the P. leightoni complex were based
only on collection location, given the lack of meaningful
morphological traits that could be used to differentiate
these species.
For all new material, total genomic DNA was extracted
from the liver, tail tip, muscle tissue or blood using a salt
extraction protocol (Aljanabi & Martinez, 1997). Two mitochondrial (mtDNA) genes, NADH dehydrogenase subunit
4 (ND4, 700 bp; with flanking tRNAs, 182 bp) and cytochrome-b (Cyt-b, 1,099 bp), as well as the nuclear (nDNA)
gene oocyte maturation factor Mos (c-mos, 594 bp),
were amplified by polymerase chain reactions (PCR).
Amplification was carried out in a 25 µl reaction mixture
consisting of 2 µl of 25 ng/µl genomic DNA, 2.5 µl reaction buffer, 2.5 mM MgCl2, 2 µM of each primer, 0.2 mM
dNTP solution, 0.02 U/µl Taq Polymerase (SuperTherm)
and 25–50 ng/µl of DNA template. PCR cycling conditions included an initial denaturation step at 95°C for
4 min, followed by 35–38 cycles of denaturation at 94°C
for 30 s, annealing at 55–60°C for 30 s and extension at
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T A B L E 1 Morphological features commonly used to characterise and identify the species in the Psammophis leightoni complex. Ranges
of values cited in the literature are given for each character
P. leightoni

P. namibensis

P. trinasalis

Max body
length
(mm)

1,000

1,400

1,100

Midbody
scales

17

17

17

Ventrals

155–169

167–188

150–175

Subcaudals

Paired, 92–112

Paired, 90–116

Paired, 82–128

Anal shield

divided

divided

divided

Upper labials

8, 4 + 5 enter eye

8, 4 + 5 enter eye

7–9, 4 + 5 enter eye

Lower labials

9–10

9–11

9–11

Preocular

1

1

1–2

Postocular

2

2

2

Temporals

2+2+3

2+2+3

2+2+3

Colour

Dark brown, two yellow stripes,
barring on head

Dark brown, yellow stripes, barring
on head

Dark brown to light grey-brown, yellow
stripes, barring on head

72°C for 1 min for ND4 and c-mos, respectively; and 35 cycles of denaturation at 94°C for 30 s, annealing at 50°C for
45 s and extension at 72°C for 1 min for Cyt-b; all profiles
concluded with a final extension at 72°C for 10 min. PCR
products were visually inspected on 1% agarose gel electrophoresis stained with ethidium bromide, and products
were sequenced at Macrogen Inc.

2.2
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Data matrix and alignment

In addition to the 144 ingroup taxa, 13 individuals were included as outgroup taxa (Aspidelaps scutatus, Atractaspis
bibronii, Buhoma procterae, Duberria lutrix, Lamprophis
guttatus and Pseudaspis cana). The combined data set of
three genes consisted of a total of 2,575 bp. Sequences
were aligned in Geneious v.11.1.5 (https://www.geneious.
com, Kearse et al., 2012) using the MUSCLE alignment
tool (Edgar, 2004). All sequenced gene regions were translated to amino acid sequences to check for premature stop
codons to validate whether the amino acid reading frame
was maintained. The 178-bp tRNA region following the
coding ND4 gene was aligned separately in Geneious and
hypervariable regions were excluded from the alignment
(79 bp).

2.3 | Phylogenetic analyses and species
delimitation
Phylogenetic analyses were run to estimate the evolutionary relationships within the Psammophis leightoni

complex relative to other members of the Psammophiidae
using maximum likelihood (ML) and Bayesian inference. Evolutionary models that best fit the data were
estimated separately for each marker using jModelTest
v.2.1.4 (Posada, 2008). By inspecting the Akaike information criterion (AIC), GTR + I + G was the model that
best fit ND4 + tRNA and Cyt-b, while GTR best fit the c-
mos data. Data were concatenated and partitioned (ND4
+ tRNA, Cyt-b and c-mos). ML analyses were run using
RAxML v.8 using the GTR + I + G model for all partitions
(Stamatakis, 2014). Nodes with bootstrap values ≥70%
were considered well supported (Hillis & Bull, 1993). The
Bayesian inference was run using a Markov chain Monte
Carlo (MCMC) framework in MrBayes v.3.2.2 (Ronquist
& Huelsenbeck, 2003), with the appropriate model applied to each partition. Four chains of the MCMC were
run for 10 million generations and sampled every 1,000
generations with the first 10% of the sampled trees discarded as burn-in. The effective sampling size (ESS) of all
parameters was assessed using TRACER v.1.6 (Rambaut
et al., 2015) with ESS > 200 considered acceptable. A 50%
majority consensus tree was derived from the remaining
trees. Nodes were considered supported by posterior probabilities ≥ 0.95 (Wilcox et al., 2002).
To ascertain the level of divergence between taxa of the
Psammophis leightoni complex, several species delimitation methods were used: (1) the Bayesian implementation
of general mixed Yule-coalescent model (bGMYC) and (2)
two distance-based barcoding approaches. The bGMYC
model (Reid & Carstens, 2012) was used for tree-based
delimitation using a single locus (usually mitochondrial:
Esselstyn et al., 2012; Fujisawa & Barraclough, 2013).
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Thus, the bGMYC was run using a data set for the two mitochondrial genes only. An ultrametric tree for the mtDNA
data set was constructed with BEAST v.2.4.7 (Bouckaert
et al., 2014) using a relaxed lognormal molecular clock
(Walther et al., 2016). The Monte Carlo Markov chain
was run for 10 million generations with the first 10% discarded as burn-in. The log files generated from the BEAST
analysis were inspected using TRACER v.1.6 (Rambaut
et al., 2015) with the ESS > 200 for all parameters considered sufficient. For both analyses, the maximum clade
credibility tree was created with TREEANNOTATOR
v.2.1.2 (Bouckaert et al., 2014) setting the posterior
probability limit to 0 (Lecocq et al., 2015). The bGMYC
R package (Reid & Carstens, 2012) was used to run the
analysis in R v.3.4.4 (R Core Team, 2013). To reduce compression of coalescent events towards the tips of the trees,
the outgroup taxa were removed before running bGMYC
(Michonneau, 2015). The MCMC sampler was run for 1
million generations, discarding the first 10% of the generations as burn-in and sampling every 1,000th generation. Groups with probabilities of ≥0.90 were considered
conspecific with strong support (Reid & Carstens, 2012).
Outputs from the analyses were assessed by inspecting the
distribution of ratios of coalescence to speciation events
to ensure that these ratios were well above 0, with no negative values. The log ratios of coalescence to speciation
events were also evaluated to ensure these were not less
than 0, as this would suggest the frequency of speciation
events is higher than divergence rates at a population level
(Reid & Carstens, 2012).
For the barcoding approach, uncorrected pairwise p-
distances were estimated using Species Identifier v.1.8
(Meier et al., 2006) for available African representatives of
Psammophis using the two mtDNA data sets, separately.
The study taxa were coded in the data sets as separate species to ascertain if the study taxa fell below the intraspecific threshold compared to other species in Psammophis.
The frequency of p-distances was then plotted as a histogram with the given barcoding gap for each mtDNA
marker. In addition, we ran Automatic Barcode Gap
Discovery (ABGD; Puillandre et al., 2012a), a distance-
based method known to perform well when compared
to tree-based coalescent methods (Blair & Bryson, 2017;
Puillandre et al., 2012b). Default settings were used for the
prior range for maximum intraspecific divergence (0.001,
0.1), estimating uncorrected p-distances, and minimum
slope increase (X) of 1.0 for two mtDNA markers, separately. Singletons were also removed from the data set as
this may bias the analysis (Puillandre et al., 2012). To examine if the study species share nuclear alleles, we generated a haplotype network for the c-mos marker using
the median-joining algorithm in PopArt v1.7 (Bandelt
et al., 1999; Leigh & Bryant, 2015). Some individuals were

TAFT et al.

excluded from the network due to short sequences (n =
39, 433bp).

2.4
2.4.1

|

Species distribution models

|

Current climate envelope

Species distribution modelling was carried out using the
maximum entropy approach in Maxent v.3.3.3 (Phillips
et al., 2006; Phillips & Dudík, 2008). This method was
the preferred approach, as it performs better than other
approaches when using presence-only data and smaller
sample sizes (Elith et al., 2006; Pearson et al., 2007). Each
of the target taxa was modelled separately and combined
into a single species treatment (SST) assuming the three
taxa represent a single species. All available occurrence
records (52 P. leightoni, 132 P. namibensis and 253 P. trinasalis) were compiled from ReptileMap (https://vmus.
adu.org.za) supplemented with museum records collated
by Broadley (2002). The occurrence records were rarified at 10 km between unique localities to reduce spatial
autocorrelation.
Nineteen bioclimatic variables were downloaded from
the WorldClim database (Hijmans et al., 2005) at a resolution of 30 arc seconds and 2.5 arc minutes. The models
presented here include only climatic variables because
there are no accurate geological data available for palaeoclimate conditions for the study area. Models were
run for climate covering Namibia, Botswana and South
Africa in QGIS v.2.14.15 (QGIS, 2017) to reduce the effects
of the spatial extent on model predictions (Anderson &
Raza, 2010; Barve et al., 2011). Autocorrelation between
the bioclimatic variables was examined using ENMtools
1.4.3 (Warren et al., 2010) with a pairwise Pearson correlation, and all highly correlated variables (r ≤ |0.75|) were
removed (Cooper et al., 2016; Dagnino et al., 2017).
Within Maxent, changes to the regularisation multiplier and feature types were tested on the data set to improve model performance (Merow et al., 2013; Morales
et al., 2017; Radosavljevic & Anderson, 2014); however,
the default settings best suited the data of P. namibensis and P. trinasalis when using a bias grid file. Maxent
assumes that occurrence data were spatially unbiased when sampled. To account for sampling bias, the
Gaussian kernel density of sampling localities tool was
used from the SDMToolbox in ArcGIS (Brown, 2014).
Modelling P. leightoni required no bias file (as occurrence records showed no significant clusters after being
rarified) and the regularisation multiplier was set at 1.5,
while default feature types were used. Models were run
for 100 replicates with 25% random test subsample to
ascertain the model's predictive power on the locations
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used. Maximum iterations were increased to 5,000 to
allow the models to converge. Results of all replicates
were inspected by reviewing the test area under the curve
(AUC) statistic of the receiver operating characteristic
(ROC) plots, the table of variable contributions and the
three jackknife tests (regularised training gain, test gain
and AUC). To refine and select variables for final models,
bioclimatic variables that contributed <1% to the model
performance, considering the permutation importance,
resulted in no change in model predictive performance
(according to at least one of the jackknife tests) were removed. Final models were run using the reduced set of
bioclimatic variables, with variables removed until the
remainder only improved the models’ predictive power.
The outputs from the final models were evaluated with
the final set of variables (Table S2). Area under the curve
measures are known to be correlated with area size, as
well as being sensitive to occurrence data spatial density
(Lobo et al., 2008). For this reason, the AUC scores were
supplemented with the true skill statistic (TSS: Allouche
et al., 2006) when assessing final model performance.
The replicate with highest TSS value, assessed with the
degree of agreement (Monserud & Leemans, 1992), was
selected for further processing. The 10% training presence logistic threshold was used to identify suitable
and non-suitable habitat. This threshold best suited the
data as it is less sensitive to outliers and reduces over-
predictions made by the model (Ficetola et al., 2009; Hu
& Jiang, 2010).

2.4.2

|

Palaeoclimate envelope

Large-scale climatic shifts occurred between the last
interglacial (127–116 Kya), the last glacial maximum
(33–16 Kya) and the mid-Holocene (6 Kya). Therefore,
predicted distributions for the study taxa at these
time periods were modelled using palaeoclimate environmental variables downloaded from WorldClim
(Palaeoclimate Modelling Intercomparison Project
Phase II [PMIP2]: Braconnot et al., 2007), derived
from the general circulation models (GCMs; CCSM-4,
MIROC-ESM and MPI-ESM-P: Hijmans et al., 2005)
based on CMIP5 (Taylor et al., 2012) data. These data
are widely used when constructing palaeoclimate models incorporating climate cycles (e.g., Alvarado-Serrano
& Knowles, 2014; Brown & Knowles, 2012; Edwards
et al., 2012; Ornelas et al., 2015; da Silva & Tolley, 2017).
Suitable climate during the LGM and mid-Holocene
were predicted by projecting the reduced set of bioclimatic variables from the optimised current climate
model. LGM variables are only available at a resolution of 2.5 arc minutes (Braconnot et al., 2007) so to
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maintain uniformity, mid-Holocene variables were applied at this resolution. LIG variables are only available
at a resolution of 30 arc seconds (Braconnot et al., 2007).
Current climate data at a resolution of 30 arc seconds
were used for LIG projections. As with the current day
climate models, a 10% training presence logistic threshold was used when identifying suitable and non-suitable
habitat. When mapping suitable palaeoclimate habitat,
models for each GCM were combined and classed for
climate suitability (grid cells predicting presence in all
GCMs = high suitability; grid cells predicting presence
in two GCMs = moderate suitability: grid cells predicting presence in one GCM = low suitability; grid cells
never predicting presence = not suitable).

2.4.3 | Detecting refugia with
climate stability
To identify potential refugia, areas with high climatic
stability over time were identified. The suitability maps
for each of the four time slices, the last interglacial (127–
116 Kya), the last glacial maximum (33–16 Kya), mid-
Holocene (6 Kya) and present day, were re-classed to
binary (suitable and non-suitable climate) for each taxon
and as a singles species, using the 10% training presence
logistic threshold as the cut-off value. Climate stability
was then estimated by summing the binary maps in QGIS,
with four different possibilities for each grid cell (suitable
in three periods = 3, suitable in two periods = 2, suitable in one period = 1, not suitable in any period = 0).
Climatically stable grid cells, therefore, would have high
suitability across all four time slices (e.g., da Silva &
Tolley, 2017). Conversely, low stability would be reflected
by a lack of suitability across the time slices.

2.5

|

Morphological analyses

To identify distinct morphological groups within the study
taxa, a non-metric multidimensional scaling (NMDS)
analysis was run for morphological data collected from
280 museum specimens (P. leightoni: n = 27, P. namibensis: n = 100, P. trinasalis: n = 153) using the vegan package (Oksanen et al., 2020) in R, with default parameters.
Body size and tail length were measured to the nearest
mm, and twelve scale counts were quantified (Table S3;
see Broadley, 2002). To test for differences between groups
based on NMDS results, a permutational multivariate
analysis of variance (PERMANOVA) test using the Adonis
code within the vegan package was used, with 1,000 permutations. The assumption of homogeneity of multivariate dispersion was assessed using an analysis of variance
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(ANOVA) to test whether the variation between groups is
equal.

3

|

R E S U LT S

3.1 | Phylogenetic analyses and species
delimitation
Maximum likelihood, Bayesian inference and BEAST
analyses produced trees with the same basic topology
(Figure 2). All individuals of the Psammophis leightoni
complex form a well-supported clade, within which there
are three clades with shallow divergence between them.
These three clades, however, do not correspond with
the currently described species. Psammophis namibensis
is paraphyletic, with individuals from the southern part
of the range grouping with P. leightoni. Psammophis namibensis individuals from the northern part of the range
are in a separate clade, as are all individuals of P. trinasalis.
The bGMYC analysis indicated that all described species within the Psammophis leightoni complex form a
single taxon (posterior probability, PP ≥ 0.95; Figure 2b).
Although beyond the scope of our study, the bGMYC
analysis additionally identified two currently recognised
species (P. angolensis and P. crucifer) as potentially representing multiple species (PP: 0.90–0.95), warranting
further investigation. Levels of sequence divergence between species within the P. leightoni complex fall well
below the intraspecific thresholds based on uncorrected
pairwise p-distances (Figure 3). The observed pairwise p-
distances for Cyt-b and ND4 for these taxa ranged from
0.87% to 6.1% and 1.56% to 6.51%, respectively (Table 2).
Psammophis namibensis had the highest within taxon divergence: 2.91% (Cyt-b) and 5.32% (ND4). In contrast, taxa
of the P. leightoni complex are more than 9.42% (Cyt-b) and
9.35% (ND4) divergent to the nearest congener, P. notostictus (Table 2). The ABGD analysis, excluding singletons,
suggested a total of 26 species using the Cyt-b data set,
with a barcode gap of 6.8% and prior maximal distance of
p = 0.02 (Figure 2c). Most currently described species were
supported, with similar results to both SpeciesIdentifier
and bGMYC. In contrast, results of the analysis using the
ND4 data set suggested 35 species with a barcode gap of
3.2% and prior maximal distance p = 0.01 (Figure 2d).
This analysis is likely over-splitting, given that many of
the currently described species are not supported. Similar
to the other species in the analysis, the ABGD results were
equivocal with respect to the P. leightoni complex, with the
Cyt-b data set supporting a single taxon but the ND4 data
set supporting three taxa. The haplotype network shows
that there are three c-mos alleles for the species in the P.
leightoni complex, each separated by a single base pair. All

P. namibensis (including a sample from Namibia), share
a single allele with P. leightoni (Figure S3), whereas one
P. leightoni sample has a separate allele. Furthermore, all
P. trinasalis individuals share the same allele, separated
by a single bp. On average, most of the other species of
Psammophis are separated from each other by several base
pair changes.

3.2

|

Species distribution models

All models attained acceptable levels of performance, considering both AUC and TSS scores (Table 3). Psammophis
leightoni maintained scores ≥0.99 for both AUC and TSS,
although TSS scores for P. namibensis and P. trinasalis
were between 0.07 and 0.26 lower than their respective
AUC scores.
The current climate envelope (CCE) of Psammophis
namibensis extends further south than currently recognised from the existing occurrence records (Figure 4a).
Psammophis leightoni has a comparatively restricted
climate envelope. The CCE of Psammophis trinasalis
showed the largest extent, overlapping with P. namibensis
in Namibia (Figure 4a), and with potentially suitable climate pockets along the west coast regions of South Africa.
The CCE predicted for the single species treatment is divided into two main areas (Figure 4b): the southern end of
the Kalahari Basin extending eastwards to central South
Africa and the west coast region extending into western
parts of South Africa and central Namibia.
The palaeoclimate climate envelope of Psammophis
namibensis for the mid-Holocene extends further south
than the present (Figure 4c). Similarly, the palaeoclimate
envelope of P. leightoni suggests a more restricted, southerly distribution (Figure 4c). The P. trinasalis model had
high-moderate climate suitability through central regions
of South Africa and parts of southern Botswana and central Namibia (Figure 4c). However, two additional disjunct
regions are predicted to have been suitable for P. trinasalis—in the east of South Africa and along the west coast
overlapping with envelopes of P. namibensis and P. leightoni. The single taxon treatment suggests there was connectivity through South Africa, Botswana and Namibia
with regions of high-moderate suitability being maintained throughout (Figure 4d). Along the west coast, suitability is highest in the north and the south, with interior
regions lower in suitability overall. However, connectivity
could have been maintained through these areas of lower
suitability, which are interspersed with small patches of
high suitability.
For the LGM, the model shows the climate envelope for
Psammophis namibensis likely persisted on the west coast,
occupying land exposed by sea-level retractions (high
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F I G U R E 2 Bayesian inference 50% majority-rule consensus phylogram from the concatenated data set for Psammophis. Node
support is indicated on each branch as Bayesian posterior probability/ML bootstrap. Nodes not supported by either Bayesian or maximum
likelihood analyses are denoted with a hyphen. The Psammophis phylogeny shows corresponding species delimitation methods indicated by
greyscale bars. (a) Barcoding results based on both mtDNA gene regions. (b) bGMYC delimited taxa based on probabilities ≥0.90. (c) ABGD
species estimation based on Cyt-b data set. (d) ABGD species estimation based on ND4 data set. Each bar represents a species based on the
delimitation method. Bars that are broken up indicate splitting by the delimitation method

suitability for this species), while extending southward
into South Africa (Figure 4e). The LGM model indicates
low suitability regions for P. leightoni with an envelope
with restricted to 310 km2 (on land formerly exposed due
to sea level retractions) which overlapped with the region of low suitability for P. namibensis (Figure 4e). The
predicted climatic envelope for P. trinasalis suggests the
range could have been highly fragmented, regardless of
whether treated as a separate species or as a single species
(Figure 4e,f). In particular, the models show a substantial
gap between the area currently occupied by P. trinasalis
and the other two taxa and that the range of P. trinasalis
was more contracted and shifted east.
When modelled for each described species, the LIG climate space for P. namibensis was predicted as being similar to current climatic conditions. However, the range may
have extended further south than present day, overlapping with P. leightoni (Figure 4g). Furthermore, suitable
climate may have existed for P. leightoni far to the north
of the current range, overlapping substantially with that
of P. namibensis. The predicted climate space for the currently widespread P. trinasalis may have been contracted
to a very small area in the south. Modelled as a single species, the predicted climate envelope during the LIG was
restricted along the west coast. (Figure 4h).

3.3
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Refugia with climate stability

When treated as three separate taxa, the most climatically
stable area for P. namibensis was along the west coast,
similar in area and extent to the current day distribution
along the coast (Figure 5a). Conversely, P. trinasalis may
have been restricted to multiple, fragmented inland refugia, whereas climate velocity for P. leightoni appears to
be high, with no stable areas that could act as long-term
refugia.
Stable climate space for the single species treatment
showed three main areas of high stability connected by
intermediate corridors with moderately stable climates.
Most notably, a potential refuge persists along the entire west coast (Figure 5b). The northern and southern
extremes of this area are highly stable, connected by a
corridor of moderate stability. There is an area of high stability inland which might have formed a second refuge,
but this is connected to the western refuge only towards

the northern region. Thus, the southern and inland areas
were likely to have little connectivity.

|

3.4

Morphological analyses

A solution to the NMDS analysis was reached with a stress
value of 0.074. No distinct morphological groups were recovered that reflect the three described species (Figure
S1). Additionally, no significant differences were found
between the defined groups (PERMANOVA: F2, 277 = 2.55,
p ≥ 0.05, ns). The assumption of homogeneity of multivariate dispersion was met as the variation between defined
groups is equal (ANOVA: F2, 277 = 2.98, p ≥ 0.05, ns).
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DISC USSION

The currently described species within the Psammophis
leightoni complex form a single, well-supported clade.
Genetic structure within this clade divergences are shallow
compared to other species in the genus, and our analyses
indicate the clade represents a single, widespread taxon
rather than three separate species. Likewise, species distribution models suggest that there has been connectivity
among the distributions of the three taxa, but the degree of
connectivity has varied over time. Despite some variation
in body coloration and patterning across the range, there
are no morphological differences to support their status
as separate species. Therefore, we revise the taxonomy by
formally relegating both P. namibensis Broadley, 1975 and
P. trinasalis Werner, (1902) into synonymy with P. leightoni Boulenger, 1902. Psammophis leightoni Boulenger,
1902 published in February 1902 takes precedence over
P. trinasalis Werner, 1902 published in March 1902.

4.1
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Species concepts and taxonomy

Our analyses provide multiple lines of evidence to support
the concept of a single species rather than three species,
consistent with the general lineage concept of species (de
Queiroz, 2007; Speybroeck et al., 2020). The Bayesian species delimitation recovered these taxa as a single species,
and similarly, the distance-based barcoding values fall
within the level of intraspecific variation for the genus.
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F I G U R E 3 Frequency of uncorrected pairwise p-distances based on ND4 (a) and Cyt-b (b) gene regions for Psammophis. Grey bars:
intraspecific uncorrected p-distances. Black bars: interspecific uncorrected p-distances. A—Variation between P. leightoni and P. namibensis
(southern). B—Variation between P. leightoni and P. namibensis (northern). C—Variation between P. leightoni, P. namibensis and
P. trinasalis. D—Variation between P. leightoni, P. namibensis, P. trinasalis with the closest sister, P. notostictus. Light grey shading displays
the barcoding gap transitioning between inter- and intraspecific distances. Dotted line indicates intraspecific cut-off
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Psammophis

leightoni

namibensis

trinasalis

notostictus

leightoni

0.87/1.56

5.35

6.51

9.35

namibensis

6.1

2.91/5.32

6.33

9.35

trinasalis

5.91

4.21

1.09/2.93

9.45

notostictus

11.05

9.42

11.41

1.72/3.17

T A B L E 2 Uncorrected net p-distance
matrix for Cyt-b and ND4 gene regions of
the Psammophis leightoni complex, with
comparison values for its closest sister
taxon, P. notostictus

Note: Cyt-b p-distances (%) are on the bottom matrix, ND4 p-distances (%) are on the top matrix.
Maximum within taxon distance (%) (Cyt-b/ND4) falls along the diagonal.

TABLE 3

Summarised MaxEnt model performance scores (AUC and TSS) for each taxon separately and combined as a single species
leightoni
Psammophis

Current
Mid-Holocene

LGM

LIG

namibensis

trinasalis

Single species

AUC

TSS

AUC

TSS

AUC

TSS

AUC

TSS

0.99

0.993

0.965

0.871

0.89

0.69

0.868

0.651

CCSM−4

0.996

0.994

0.94

0.853

0.899

0.632

0.864

0.655

MIROC-ESM

0.996

0.992

0.958

0.866

0.895

0.681

0.875

0.648

MPI-ESM-P

0.995

0.993

0.962

0.831

0.869

0.635

0.863

0.629

CCSM−4

0.994

0.991

0.961

0.888

0.881

0.659

0.853

0.631

MIROC-ESM

0.995

0.994

0.961

0.861

0.859

0.683

0.869

0.621

MPI-ESM-P

0.997

0.992

0.956

0.847

0.826

0.728

0.874

0.641

0.998

0.998

0.971

0.818

0.899

0.702

0.864

0.632

Notably, these values are well below the divergence values
between sister species P. shokari and P. aegyptius (Rato
et al., 2007) and that of the recently recognised sister species pair P. ansorgii and P. jallae (Branch et al., 2019).
While previous studies advocate using a p value ~0.01
when interpreting ABGD results (Puillandre et al., 2012a),
we find the number of species are over-estimated in our
data set (Figure S2). We therefore take a conservative approach (p = 0.02; Puilandre et al., 2012a), which partitions
species congruent with the other delimitation methods.
Furthermore, the genetic variation between clades within
the P. leightoni complex is low, and P. namibensis is paraphyletic, with some individuals from the south of the
range grouping with P. leightoni. While the P. namibensis
individuals from the north of the range are slightly divergent, they all share the same nuclear c-mos allele with P.
leightoni. Collectively, these genetic-based results strongly
support a concept of a single species.
Quantification and analyses of morphological features
also support these taxa as a single species. Firstly, comparison of the morphological characters previously used
to define the three taxa does not show any clearly distinguishing features (Table 1). Furthermore, our quantitative
analysis does not recover distinct morphological groups
with the three taxa overlapping in multivariate space. As
with the genetic analysis, the morphological assessment
also supports the concept of a single species.
At present, there is a distribution gap between
Psammophis leightoni sensu stricto and P. namibensis
sensu stricto (see Maritz, 2014a, 2014b) which has been

used to support the premise that these are distinct species in allopatry. However, there are other potential explanations for this distribution gap. For example, this
area is not well-sampled (see Branch, 2014) and the distribution gap could be an artefact of that. Alternatively,
this gap could be real, possibly due to environmental features of the landscape that are not linked to climate. For
example, the gap corresponds with an ancient river delta
(i.e., the Knersvlakte), where the substrate and vegetation differ from the surrounding region (Desmet, 2007;
Kounov et al., 2008; van Wyk & Smith, 2001). While the
Knersvlakte could be a barrier to gene flow, inland routes
could be available during periods with suitable climate, allowing for connectivity. Overall, the species distribution
models suggest there has been varying levels of connectivity across the distribution, creating opportunities for sustained gene flow on the larger scale.
Given that Psammophis leightoni can now be considered
a single widespread taxon, several important morphological features should be consolidated for identification purposes in relation to congeners. Psammophis leightoni sensu
lato has 17 midbody scale rows and eight supralabials, with
the fourth and fifth supralabials entering the orbit. There
is one preocular scale, a divided posterior nasal scale and
a divided cloacal shield (Fitzsimons, 1962). Intraspecific
coloration and banding are variable as with most species
of Psammophis (Broadley, 2002). Individuals from the interior population (previously P. trinasalis) have a lateral
stripe on the temporal scales continuing as a dorsolateral
stripe along the entire body. In comparison, the partially
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F I G U R E 4 Predicted climate
envelopes for the Psammophis leightoni
complex, as separate taxa (a, c, e and g)
and single taxon treatment (b, d, f and
h), for current, mid-Holocene, last glacial
maximum and last interglacial time
slices. Inset i–iv: an enlarged view of the
area of connectivity between taxa of the
P. leightoni complex during respective
time slices. Dark-to-light colour shades
indicate high-to-low climate suitability

sympatric congeners P. crucifer has 15 midbody scale rows
and 8 supralabials, while P. trigrammus has 17 midbody
scale rows, a posterior nasal scale that may be horizontally
divided, and nine supralabials, with the fifth and sixth supralabial entering the orbit (Broadley, 2002). The partially
sympatric P. notostictus can be distinguished by having a
cloacal shield that is entire, unlike its congeners where the
shield is divided (Broadley, 1977, 2002), but the number of

midbody scale rows, labials and nasal scales are the same
as for P. leightoni sensu lato and are not useful for distinguishing those two species from each other. Finally, colour
and patterning cannot be used to distinguish the species.
While P. leightoni sensu lato shows colour variation across
the range, the pale dorsolateral stripe pattern on rows 4
and 5 is widespread in Psammophis. Psammophis trigrammus and P. notostictus usually lack stripes on rows 4
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F I G U R E 5 Climate stability maps for
respective taxa depicting areas of climatic
stability as possible climate refugia for
separate taxa in the Psammophis leightoni
complex (a) and the single species
treatment (b). Darkest colour shades
indicate high stability with low-stability
areas shown in grey

and 5, although some populations still retain this striped
patterning.

4.2
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Consequences of shifting climate

Many species are postulated to have shifted their ranges
due to Quaternary climate shifts, presumably due to development of unfavourable climate conditions outside
of their tolerances or preferences (Erasmus et al., 2002;
Hewitt, 2004; Waltari et al., 2007). This has been shown
for African ungulates (Lorenzen et al., 2012), the African
lion, Panthera leo (Cooper et al., 2021) and Iranian lizards
(Kafash et al., 2020) as well as Psammophis (Gonçalves
et al., 2018). Climate cycling has shown to influence the
distribution of the Psammophis shokari in North Africa.
While conditions were not always climatically favourable,
gene flow is maintained through climate refuges functioning as stable corridors, particular along the Atlantic coast
(Gonçalves et al., 2018). Likewise, the single-species distribution model scenarios for P. leightoni sensu lato are
suggestive of notable distribution shifts between the LIG
and present, contracting into refugia during warmer periods but expanding out of refugia during colder, arid periods. There appear to be three core areas that remain stable
over time, forming refugia in the south-west, the north-
west and the interior (Figure 5). Similarly, the south-west
and the interior also have been identified as refugia for
the partly co-distributed Puff Adder (Bitis arietans) during
the LGM (Barlow et al., 2013), although a north-west refuge was not recognised for this species. These areas seem
to form stable climatic zones for other arid-adapted taxa
(Chase et al., 2010; Maswanganye et al., 2017; Péron &
Altwegg, 2015; Wogan et al., 2020) suggesting some level
of common response to climatic dynamics.
Of these refugia, the west coast seems to be the most
stable area through time, with the interior region becoming completely unsuitable during the warm LIG period.

Thus, during the LIG P. leightoni sensu lato may have been
considerably constricted towards the Atlantic seaboard.
Similarly, the centrally located Nama-Karoo biome contracted repeatedly between the LIG and the LGM (Tolley
et al., 2014) potentially reflecting the dynamic nature of
the interior region and the concomitant loss of suitable
climate space in the interior for P. leightoni sensu lato.
Expansion since the LGM appears to have resulted in the
formation of three fairly large core areas that have had little connectivity between them. Despite the larger distribution, the fragmentation between areas would limit gene
flow between the three populations, providing a mechanism for the clade diversity observed in the phylogeny.
At the LGM, the western region likely became divided
into north and south populations, and this could have temporarily reduced gene flow. Furthermore, the range probably expanded inland through the mid-Holocene, but with
this interior population being isolated. This pattern appears to be reflected by the presence of three clades in the
phylogeny that correspond with those geographic areas.
Similarly, palaeo-modelling for the Puff Adder also shows
a similar north-south distribution gap in the west during
the LGM, as well as a separate inland refuge, mirroring
clade structure (Barlow et al., 2013). While broad similarities between P. leightoni sensu lato and the Puff Adder
could indicate a common response to Quaternary climatic
shifts, palaeo-modelling for reptiles from the region are
too few to infer any universal patterns or responses.
The modelling shows that as the climate warmed but
remained arid into the mid-Holocene, connectivity probably increased between the northern areas, but not in
the southern part of the range. Connectivity in the north
would have allowed previously disjunct populations in
the interior regions to come into secondary contact with
the north-western population. This pattern was, however,
not detected in our phylogenetic analysis. That is, the inland and the north-west populations were reciprocally
monophyletic with no obvious secondary contact. Yet, the
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species distribution modelling also predicted that this area
would have considerable connectivity, especially in cooler
periods. Our sampling did not allow for directly testing the
hypothesis of secondary contact, because we did not have
any samples that would fall in a potential contact zone
(e.g., Figure 1). However, the expectation is that individuals from the area of sympatry should become distributed
across both clades as secondary contact between populations intensifies. If the clade structure remains distinct in
the zone of sympatry (i.e., no introgression), then it is possible that the two clades represent separate lineages that
have not yet diversified significantly in terms of genetics
or morphology, but which have come into secondary contact and remain distinct due to other pre- or postzygotic
mechanisms.
Overall, the repeated connectivity demonstrated by the
climatic models suggests that gene flow was maintained
between populations over the long-term, hampering speciation in allopatry. To some degree, this is reflected by
individuals from fairly distant sites along the west coast
(that were originally identified as P. leightoni and P. namibensis) falling into the same clade. In addition, by considering the palaeo-biogeography, that is that the presence
of distribution gaps have fluctuated over time, the present-
day gap in occurrence records (i.e., at the Knersvlakte) can
be reinterpreted as representing natural fragmentation
and patchiness of distribution, but not as the boundary
between allopatric species. Similarly, tortoises (Chersina
angulata: Spitzweg et al., 2020 and Homopus areolatus:
Hofmeyr et al., 2020), occurring in the south-west have
clade structures that reflect temporary isolation of populations during the LGM. However, secondary contact due
to expanding ranges after the LGM re-initiated gene flow
preventing speciation in allopatry (Spitzweg et al., 2020).
Thus, for speciation in allopatry to occur, barriers to gene
flow need to be maintained over the long-term without opportunities for secondary contact. Because the geographic
area appears to have been climatically dynamic for the
last 120,000 years, these opportunities probably have been
limited.
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CO N C LU SION

Using multiple lines of evidence, our findings allow us to
synonymise P. namibensis and P. trinasalis with P. leightoni. Although there appears to be some genetic structure
within P. leightoni sensu lato, this is considered to be population level structure that has been influenced by range
dynamics since the last interglacial. As expected, interior
portions of the range were probably contracted at the interglacial, due to the more mesic conditions, but expanded
by the cool, arid LGM phase, promoting secondary contact
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between clades. Connectivity likely increased during the
arid, but warm mid-Holocene. Overall, the western part of
the range has probably been the most stable over time, acting as a primary refugium, but there are at least two other
refugia present across most of the time periods. Our findings highlight how the distribution of a single species can
be dynamic over time, and this can affect the clade structure. Furthermore, ranges that are fragmented at present
do not necessarily represent permanent or persistent barriers to gene flow. By interrogating potential historical distributions and phylogenetics in parallel, the species paradigm
can be more deeply considered and sensibly attributed.
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