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ABSTRACT
African Vine Snakes of the genus Thelotornis are highly specialised arboreal colubrids distributed across sub-Saharan Africa.

Despite pronounced morphological conservatism, the genus occupies diverse forest, woodland and savanna-associated habitats.

The genus has long been characterised by unresolved species boundaries and taxonomic uncertainty, particularly regarding the

placement of the monotypic Xyelodontophis uluguruensis. We investigated phylogenetic relationships and species boundaries

within Thelotornis using an integrative framework with broad geographic and ecological sampling. Phylogenetic inference was

based on two mitochondrial (cyt b and ND4) and two nuclear (c-mos and NT3) markers analysed under maximum-likelihood (IQ-

TREE2) and multispecies coalescent (Species Tree And Classification Estimation, Yarely [STACEY]) frameworks. Species bound-

aries were further assessed using haplotype networks, mitochondrial divergence, single-locus barcoding (Assemble Species by

Automatic Partitioning [ASAP]) and unsupervised machine learning (UML) clustering (super self-organising map [SuperSOM])

integrating genetic, morphological, ecological and spatial data. Seven independently evolving lineages are supported, with

Thelotornis monophyletic only when Xyelodontophis uluguruensis is included. Thelotornis capensis subspecies are recognised as

distinct species, and an undescribed lineage from Vamizi Island, Mozambique, has been identified. Emergence of the genus trace

to theMid-Miocene (ca. 16.6 Mya), with Late-Miocene diversification giving rise to aWest–East African forest lineage (T. kirtlandii

and T. uluguruensis comb. nov.) and an East–Southern African lineage comprising habitat generalists (T. usambaricus, T. sp.,

T. mossambicanus and T. capensis) alongside the savanna specialist T. oatesi stat. nov. Morphological, ecological and genetic

evidence support the distinctiveness of all seven lineages, informing a revised diagnosis of Thelotornis. These results indicate a

recent ecological radiation shaped by historical habitat dynamics, facilitating forest niche conservatism while ecological opportu-

nity enabled savanna diversification, resolving taxonomic ambiguity and revealing hidden diversity.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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1 | Introduction

Vine snakes are characterised by a suite of morphological and
behavioural specialisations associated with an arboreal habitus
and, in many respects, represent the extreme of such adaptations
[1–3]. They are among the most specialised lineages for navigat-
ing structurally complex forest and savanna habitats, charac-
terised by markedly elongated, slender bodies and tails, cryptic
colouration and large and horizontally or keyhole-shaped pupils
that enhance camouflage and visual acuity. Despite these striking
phenotypic similarities, vine snakes comprise at least three geo-
graphically disparate and phylogenetically distant colubrid gen-
era: the Asian genus Ahaetulla (Ahaetuliinae), the American
Oxybelis (Colubrinae) and the African Thelotornis (Colubrinae)
[4, 5]. Among these, Thelotornis provides a particularly compel-
ling system for examining how African historical landscape
dynamics may have shaped lineage diversification under strong
ecological constraints.

Thelotornis belongs to an African arboreal colubrid radiation that
comprises two tribes, Philothamni and Dispholidini [6]. The
genus is placed within the Dispholidini, a clade that includes
two major groups distinguished by maxillary dentition and ven-
omous state. The opisthoglyphous, haemotoxic genera include
Dispholidus and Thelotornis, whereas the aglyphous genera com-
prise Thrasops, Rhamnophis, and the monotypic Xyelodontophis
uluguruensis. Under current taxonomy, Thelotornis include four
species and one subspecies: T. usambaricus, T. kirtlandii, T. mos-
sambicanus, T. capensis capensis and T. c. oatesi [7, 8]. Collec-
tively, these taxa are distributed across tropical and subtropical

regions of sub-Saharan Africa, including an insular population
on Vamizi Island, off the northern coast of Mozambique [9–12].

The broad geographic distribution and ecological similarity
among the African Vine Snakes obscure the extent to which
external morphology corresponds to independently evolving
lineages, highlighting the need for phylogenetic and integrative
analyses of species boundaries. Historically, in the absence of
phylogenetic data, species and subspecies were defined using
traditional characters such as lepidosis, colouration, particularly
of the head and neck (Figure 1), hemipenile morphology and
visceral anatomy [8, 13]. However, cryptic species resulting
from morphological conservatism are increasingly recognised
among arboreal colubrids, including members of the Dispholi-
dini and Philothamni tribes, suggesting that nominal species
boundaries within Thelotornismay not fully capture evolutionary
history ([14–16]; Madsen et al. in prep.). For example, Xyelodon-
tophis is morphologically very similar to Thelotornis, differing
primarily in dentition, with three dagger-shaped aglyphous pos-
terior maxillary teeth, and in having a pear-shaped rather than
keyhole-shaped pupil [13]. Furthermore, unpublished work indi-
cates that Xyelodontophis is phylogenetically nested within The-
lotornis [17], raising questions about the monophyly of
Thelotornis and the validity of the monotypic generic status of
Xyelodontophis.

These unresolved taxonomic patterns are best interpreted within
the broader evolutionary and biogeographic history of sub-
Saharan Africa. Thelotornis has a Mid-Miocene stem age of
approximately 16–17 Mya [18] and occurs across ecologically
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and geologically dynamic regions that have experienced recur-
rent forest contraction, climatic oscillations, tectonic activity and
a gradual shift toward savanna dominance since the Miocene
[19–23]. Given the arboreal habitus of African Vine Snakes, his-
torically stable refugial areas such as coastal and montane forests
may have preserved isolated forest-specialist lineages. At the
same time, Miocene heterogeneous forest and savanna mosaics
may have facilitated the emergence of forest–savanna generalists,
which could have tracked transitional habitats via arid corridors,
potentially leading to allopatric, parapatric or ecologically struc-
tured divergence. Conserved morphological variation, however,
may obscure these historical patterns, resulting in cryptic diver-
sity despite limited phenotypic differentiation (e.g., [7, 8, 13–15]).
Placing Thelotornis within a historical biogeographic framework,
therefore, provides a powerful means of interpreting speciation
processes and identifying evolutionarily independent lineages by
linking geographic, ecological and climatic dynamics to lineage
divergence. This interpretation aligns with broader patterns
documented in African vertebrates with comparable distribu-
tions and emergence times (e.g., [24–26]), highlighting the value
of biogeography as a mechanistic basis for delimiting species
boundaries in arboreal forest-associated snakes [27].

We anticipated that lineage diversification within Thelotornis
primarily occurred during the Mid-Miocene to Late-Miocene,
coinciding with pronounced forest fragmentation and the rapid
expansion and stabilisation of savanna biomes driven by tectonic
uplift, climatic oscillations and long-term aridification in Africa.
Given the potential for conserved morphological variation to
mask cryptic diversity, we evaluated the monophyly of African
vine snakes (Thelotornis spp.) relative to the monotypic Dagger-
tooth Vine Snake (Xyelodontophis uluguruensis) and assessed
morphological species under the Unified Species Concept
(USC) [28, 29]. The USC defines species as independently evolv-
ing lineages and integrates multiple operational criteria for
delimitation. Phylogenetic relationships and species boundaries
were examined using barcoding-based species delimitation, a
multi-species coalescent probabilistic model and an integrative

framework combining molecular data, morphological characters,
macro- and micro-habitat associations and spatial information.
We also estimated patterns of intra-generic lineage diversifica-
tion. By integrating these complementary lines of evidence, we
were able to rigorously test whether currently recognised Thelo-
tornis lineages meet species-level criteria under the USC. We
refine African Vine Snake taxonomy accordingly, while advanc-
ing conceptual understanding of how historical landscape
changes, ecological specialisation and cryptic diversity interact
to drive speciation in Africa’s arboreal fauna.

2 | Materials and Methods

2.1 | Taxon Sampling

Ingroup taxa included in the study were Thelotornis c. capensis (n
= 11), T. c. oatesi (n= 8), T. kirtlandii (n= 10), T. mossambicanus
(n= 9), Thelotornis sp. from Vamizi Island—off the northern
coast of Mozambique (previously assigned to T. usambaricus;
fide [9]; n= 3), T. usambaricus (n= 6) and Xyelodontophis ulugur-
uensis (n= 3). Tissue samples and sequence data were sourced
from the South African National Biodiversity Institute BioBank,
from specimens collected during fieldwork by Harith Farooq,
Hanlie Engelbrecht M., Michele Menegon, Thomas G. Eimerma-
cher, Werner Conradie and from GenBank (Supporting Informa-
tion 1). Geographical sampling per taxon broadly represents
species’ distribution based on Broadley [8].

2.2 | DNA Extraction, Amplification and
Sequencing

To investigate the phylogenetic relationships among the focal
species, genomic DNA was used to amplify and sequence a com-
bination of two slow-evolving nuclear protein-coding markers—
neurotrophin-3 (NT3; primers: NT3-F3 and NT3-R4 [30]) and
oocyte maturation factor c-mos (c-mos; primers: S77 and S78,
[31])—as well as two mitochondrial protein-coding genes: cyto-
chrome b (cyt b; primers: L14910 and H16064 [32, 33]) and
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FIGURE 1 | Thelotornis variation in head scale pattern and colouration. (A1, B1, C1, D1, E1, F1) Line drawings highlighting dorsal and lateral head

scales (adapted from Broadley [8] and Broadley and Wallach [13]), (A2, B2, C2, D2, E2, F2) corresponding colour photographs of the same species. Six

species recognised based on existing species diagnoses using scale and colour patterns: (A) T. kirtlandii [Mt Tokedah, Liberia], (B) X. uluguruensis

[Mkingu Nature Forest Reserve, Nguru Mountains, Tanzania], (C) T. usambaricus Mkingu Nature Forest Reserve, Nguru Mountains, Tanzania, (D)

T. mossambicanus [Top: Pemba, Mozambique (https://www.inaturalist.org/observations/273566082); Bottom: Ribuae, Mozambique]; (E) T. capensis

oatesi [Longa, Angola] and (F) T. c. capensis [Top: Polokwane, South Africa; Bottom: Tshaulu, South Africa]. Photo credits: A –William R. Branch; B, C –

Michele Menegon; D – Florencio Thompson (Top), Werner Conradie (bottom); E – Werner Conradie; F – Ruan Stander. One additional undescribed

species from Vamizi Island, Mozambique, is not included here.
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NADH dehydrogenase subunit 4 (ND4; primers: NADH4 and
HIS12763V [34, 35]). Genomic DNA was extracted from tissue
samples using commercial DNA extraction kits (E.Z.N.A. Tissue
DNA Kit, Omega Bio-tek and QIAgen Blood and Tissue kit (QIA-
gen Inc., Canada)), following the manufacturer’s protocol, as well
as a salt extraction protocol [36]. The quality of extracted geno-
mic material was verified using a Thermo Scientific NanoDrop
OneC Microvolume UV–Vis Spectrophotometer. Amplification of
the relevant gene regions was done using 25 µL reaction volumes
that contained: genomic DNA, dH2O, 10x thermophilic buffer,
2.5mM MgCl2, forward and reverse primers of each relevant
marker, 0.2mM dNTPs and 0.2 U Super-Therm Taq DNA poly-
merase. The polymerase chain reaction (PCR) had a denaturation
step of 4min at 94°C, then 32 cycles of denaturation (40 s at
94°C), annealing (40 s at 48–64°C) and extension (1min at
72°C) and was ended with a final extension step of 10min 72°C.

2.3 | Phylogenetic and Multi-Species Coalescent
Inference

Sequences for each DNA marker were aligned separately using
MEGA 11 [37]. Alignments were checked for ambiguities, manu-
ally refined where necessary, trimmed and inspected for stop
codons. Final alignment lengths were 572 bp for c-mos, 506 bp
for NT3, 605 bp for cyt b and 621 bp for ND4. All protein-coding
genes (c-mos, NT3, cyt b and ND4) were analysed both under
codon-partitioned models and by grouping codon Positions 1
and 2 versus Position 3. To account for differences in mutation
rates among the four markers and to maximise phylogenetic reso-
lution across timescales, we analysed two complementary data-
sets: Dataset 1 combining all four markers (c-mos+NT3+ cyt b+
ND4), and Dataset 2 comprising only mitochondrial regions (cyt b
and ND4), which are particularly informative for recent diver-
gences and species boundary inference [38].

To reconstruct phylogenetic relationships within Thelotornis and
evaluate the placement of Xyelodontophis uluguruensis relative to
Thelotornis, we included out-group taxa representing additional
members of Dispholidini (Dispholidus typus, Rhamnophis batesii
and Thrasops jacksonii), representatives of the sister tribe Phi-
lothamnini (Hapsidophrys smaragdina and Philothamnus hoplo-
gaster) and the more distantly related colubrid Ptyas mucosa.
Maximum likelihood phylogenetic trees were constructed using
the ultrafast bootstrap method with 1000 replicates and the best-
fit DNA substitution model identified via ModelFinder under
site-specific partitioning, as implemented in IQ-TREE2 [39–44].
Branch support was also evaluated using the SH-like approxi-
mate likelihood ratio test (SH-aLRT), with 1000 replicates. Like-
lihood scores were compared across topologies to identify the
best-supported phylogenetic hypothesis. Species relationships
were considered strongly supported when node values met the
thresholds of UFBoot2 ≥95% and SH-aLRT ≥80% [42, 43, 45].

We further estimated a species tree for Thelotornis under the
multi-species coalescent framework implemented using the Spe-
cies Tree And Classification Estimation, Yarely (STACEY) pack-
age in Bayesian evolutionary analysis by sampling trees [46–48].
STACEY jointly infers lineage diversification, species delimita-
tion and species tree topologies by modelling gene tree discor-
dance under the multi-species coalescent with a birth–death-

collapse prior on lineages. The dataset comprised sequences
from two mitochondrial genes (ND4 and cyt b) and one nuclear
gene (c-mos), selected to maximise taxon coverage across in-
group and out-group taxa and to enable the placement of reliable
calibration points. Each marker was treated as a separate parti-
tion. Heterozygous sites in the nuclear marker were retained, and
phasing was integrated over by STACEY during the analysis,
removing the need for prior allele phasing. Substitution, clock
and site models were unlinked across loci, and an uncorrelated
log-normal relaxed clock was applied to each [49]. Taxon sets
were fixed a priori, considering all currently recognised species
and subspecies and the insular population; T. sp. as distinct taxa.

2.4 | Multi-Species Coalescent Lineage
Diversification

To estimate divergence times via STACEY, we applied fossil- and
biogeography-informed calibration points as log-normal priors.
The first calibration was placed on the divergence between east-
ern andwesternHemorrhois lineages (H. ravergieri+H. nummifer
vs. H. algirus+H. hippocrepis), informed by evidence that diver-
gence followed the collision of the Africa–Arabia plate with Eur-
asia approximately 16–18 Mya [50]. The second calibration
constrained the most recent common ancestor of Dolichophis,
Hierophis and Eirenis, based on fossil evidence for a minimum
age of 18 Mya [51]. Both calibrations were implemented in real
space as log-normal priors with means of 17.0 and 18.0, σ= 0.5
and offsets of 0.0 (Supporting Information 2). Six independent
MCMC runs were performed, each for 1,000,000,000 states, sam-
pling every 10,000 states, implemented in the BEAST2 XSEDE on
CIPRES Science Gateway (www.phylo.org). Log and tree files
from individual runs were combined using LogCombiner v2.7.8
(part of BEAST 2.7.8; [46, 52]), applying a 10% burn-in to the log
files. Convergence and mixing were assessed in Tracer v1.7 [53],
with effective sample sizes (ESSs) >200 considered indicative of
sufficient sampling [54]. Posterior trees from combined runs
were summarised in TreeAnnotator (part of BEAST 2.7.8; [46,
52]) to produce a maximum clade credibility (MCC) tree using
median node heights, which was visualised and annotated in
FigTree v1.4.4 [53].

2.5 | Species Delimitation

To investigate species boundaries within Thelotornis, we
employed an integrative workflow combining genetic barcoding,
sequence divergence analyses, haplotype networks and Bayesian
species delimitation using STACEY with STACEY Species
Delimitation Analyzer (SDA), alongside an integrative approach
incorporating DNA, morphology, spatial and habitat data.

Genetic barcoding enables rapid, objective partitioning of
sequences with minimal subjective bias. We applied Assemble Spe-
cies by Automatic Partitioning (ASAP) [55] to mtDNA loci, identi-
fying putative species boundaries by analysing genetic distances to
detect barcode gaps and partition sequences accordingly. Species by
automatic partitioning evaluates alternative partitions using a scor-
ing systembased on intra-group divergence, barcode-gapwidth and
an approximation of panmixia, assigning each partition an ASAP
score that reflects its relative support. Analyses were performed via
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the ASAP web-interface (https://bioinfo.mnhn.fr/abi/public/asap)
using mtDNA loci with default settings.

To complement the barcoding analyses, we calculated uncor-
rected pairwise and average sequence divergence for cyt b and
ND4 between individuals and lineages in MEGA 12 [56]. To
explore intraspecific variation and assess lineage coherence, we
constructed mitochondrial haplotype networks for cyt b. Unique
haplotypes were identified using DnaSP v6, and networks were
visualised in PopArt v1.7 under a statistical parsimony frame-
work [57, 58]. These networks were examined to assess concor-
dance with species boundaries inferred from ASAP and to detect
substructure within lineages, providing an additional perspective
on species-level differentiation.

To evaluate species boundaries using the STACEY outputs, we
implemented the STACEY SDA [47] in R Studio, using the follow-
ing packages: ape [59] and phangorn [60] for phylogenetic tree
manipulation, dplyr [61] and tidyr [62] for data wrangling, stringr
[63] for string operations and ggplot2 [64] and readr [65] for visual-
isation and data import. The analysis used the same molecular
dataset and partitions as the divergence dating analysis, with taxon
sets defined a priori for all currently recognised species and subspe-
cies, including T. sp. The STACEY SDA estimates the probability
that each lineage represents an independently evolving unit by
integrating over gene tree discordance under the multi-species coa-
lescent. Lineage stability was quantified as the proportion of the
posterior distribution in which each focal lineage was consistently
recovered within the same cluster, providing a probabilistic frame-
work for assessing species-level distinctiveness. The analysis was
configured with a collapse height of 1.0E-4 and a collapse weight of
0.5, that is, conservative settings favouring lumping of lineages
unless strongly supported by the data.

The integrative, unsupervised machine learning (UML) super
self-organising maps (SuperSOMs; [66]) approach was used to
project high-dimensional input data into a low-dimensional
space to estimate species clustering. The input data consisted of
a multi-layered matrix linking individual specimens to multiple
data types, including molecular data, traditional morphological
characters following Broadley [8] and Broadley andWallach [13],
spatial coordinates and ecological attributes such as macrobiome
and microhabitat affiliation based on the Terrestrial Ecoregions
of the World [67]. For the molecular data layer, individual-level
aligned DNA sequence data were encoded by converting each
nucleotide state at every alignment position into a numeric vari-
able, thereby transforming the multiple sequence alignment into
a high-dimensional genetic feature matrix suitable for
SOM–based clustering. Distance weights were calculated for
each data layer and normalised to the interval 0–1 to ensure
equal contributions to clustering while providing empirical esti-
mates of relative importance.

Cluster number (K) was determined using K-means clustering of
SuperSOM grid cells, evaluating the total weighted sum of
squares (WSS) across K= 2–10. The number of biologically mean-
ingful clusters was taken where within-cluster variance pla-
teaued and cluster assignments converged across data layers.
We also explicitly tested multiple delimitation hypotheses reflect-
ing current taxonomy and putative species boundaries: (1) K= 4,
grouping taxa by traditional morphology (X. uluguruensis, T. kir-
tlandii, T. usambaricus (including T. sp. from Vamizi Island) and

T. capensis sensu lato, here considered as T. c. capensis, T. c.
oatesi, and T. mossambicanus fide Broadley [7]); (2) K= 5, treat-
ing T. mossambicanus as a full species fide Broadley [8]; (3) K= 6,
treating the two T. capensis subspecies as full species; (4) K= 7,
treating all focal lineages and subspecies as distinct species
(X. uluguruensis, T. kirtlandii, T. usambaricus, T. sp., T. mossam-
bicanus, T. c. capensis and T. c. oatesi). The UML SuperSOM
integrative species delimitation analysis was implemented in R
Studio (version 2022.12.0+ 353;[68]) using R (version 4.2.2;[68])
and the following packages: APE v5.0 for loading genetic data
[69], kohonen v3.0.12 for training and constructing SOMs [70],
factoextra v1.0.7 for visualising optimal cluster numbers [71],
cluster v2.1.6 for clustering analyses [72], Rtsne v0.17 for con-
verting high-dimensional genetic data to low-dimensional
numeric matrices [73–75] and NbClust v3.0.1 for determining
the optimal number of clusters in the dataset [76].

3 | Results

3.1 | Phylogenetic and Multi-Species Coalescent
Inference

Maximum likelihood tree topologies, associated likelihood scores
and selected DNA substitution models were comparable between
data partitions tested for each marker separately, regardless of
whether branch lengths were linked or allowed to vary indepen-
dently across partitions. For most codon Positions 1 and 2 of
protein-coding markers, simpler models with fewer assumptions
and free parameters were selected. In contrast, codon Position 3 of
protein-coding markers was best fit by more complex models,
which incorporate additional parameters to account for the
observed patterns in the sequence data. Log-likelihood values
for phylogenetic trees—that is, gene trees and the two primary
data compositions constructed in our study—are not directly com-
parable across analyses, as datasets differ in DNA marker compo-
sition, mutation rates and taxon coverage. Thus, a more negative
log-likelihood does not necessarily indicate a worse tree; it may
simply reflect a more complex dataset. Accordingly, we report
phylogenetic patterns for our two primary DNA datasets: Dataset
1, c-mos+NT3+ cyt b+ND4 (log-likelihood=−15,694.606) and
Dataset 2, mitochondrial loci cyt b+ND4 (log-likelihood=
−7699.210). Seven well-supported monophyletic clades (SH-
aLRT >80%, UFBoot >95%) were consistently recovered across
both topologies (Figure 2A,B). These include Xyelodontophis ulu-
guruensis, which is nested within Thelotornis, rendering the latter
paraphyletic. The six remaining clades were: Thelotornis kirtlan-
dii, T. usambaricus, T. sp., T. mossambicanus, T. c. capensis and T.
c. oatesi.

The inclusion of Xyelodontophis uluguruensis within Thelotornis
was well-supported across both ML analyses (Datasets 1 and 2),
although its position relative to other Thelotornis species remains
unresolved (Figure 2A,B and Supporting Information 3). The total-
evidence dataset; Dataset 1 (Figure 2A), furthermore places T. sp. as
sister to two partially supported clades (SH-aLRT >80%):
T. usambaricus+T. mossambicanus and T. c. capensis+T. c. oatesi,
with the sister relationship between T. usambaricus and T. mos-
sambicanus supported only by SH-aLRT. An alternative hypothesis,
based on the mtDNA topology, Dataset 2 (Figure 2B), suggests that
T. usambaricus is sister to T. sp.+ [T. mossambicanus+ [T. c.
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capensis+ T. c. oatesi]], and indicates that T. c. capensis and T. c.
oatesi form two well-supported, distinct clades.

The multi-species coalescent tree indicates an overall well-
resolved topology for Thelotornis, with high posterior support at
most nodes (Figure 2C). Xyelodontophis uluguruensis was con-
firmed to be nested within the genus. Low posterior support is
restricted to two nodes: the unresolved placement of T. sp. and the
uncertain sister relationship between T. capensis and T. oatesi.

3.2 | Multi-Species Coalescent Lineage
Diversification

Divergence time estimates were broadly consistent with previous
studies (e.g., [18, 25]). The stem age of Thelotornis is estimated at
approximately 16.61 Mya (Mid-Miocene), representing the split
from its sister genus, Dispholidus. Intrageneric diversification
commenced around 8.25 Mya, giving rise to two geographically
and ecologically distinct lineages (Figure 3): a West–East African

T. kirtlandii
OG

X. uluguruensis

T. sp.

T. usambaricus

T. mossambicanus

T. c. oatesi

T. c. capensis

ðAÞ

T. kirtlandii

OG

T. sp.

X. uluguruensis

T. usambaricus

T. mossambicanus

T. c. oatesi

SH-aLRT/UFBS %

≥80/≥95
≥80/*
*/≥95

T. c. capensis

ðBÞ

T. kirtlandii
OG

T. sp.

X. uluguruensis

T. usambaricus

T. mossambicanus
≥0.95 pp

<0.95 pp

T. c. oatesi

T. c. capensis

ðCÞ

FIGURE 2 | Phylogenetic relationships of Thelotornis inferred from nuclear and mitochondrial markers and coalescent analysis. (A) Maximum-

likelihood tree from total evidence including nuclear (c-mos, NT3) and mitochondrial genes (cyt b and ND4). (B) Maximum-likelihood tree from

mitochondrial genes only (cyt b and ND4). (A, B) Node support is represented as SH-aLRT/UFBoot values, with supported nodes (SH-aLRT ≥80% and

UFBoot ≥95%) indicated as black half circles. Branch lengths are scaled to the number of substitutions per site. (C) Coalescent species tree inferred with

STACEY, showing posterior probabilities at nodes. Posterior probabilities ≥0.95 are considered supported and indicated as black circles at nodes.
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species assemblage (comprising T. kirtlandii and X. uluguruensis)
confined to the Congolian forest belt and an East–Southern Afri-
can species assemblage (T. usambaricus, T. sp., T. mossambica-
nus, T. c. oatesi and T. c. capensis), occupying forest-savanna
mosaics and savanna. Subsequent divergence events occurred
sequentially within the East–Southern lineage: T. usambaricus
diverged at approximately 5.54 Mya, followed shortly by T. sp.
at ca. 4.51 Mya. Thelotornis c. oatesi emerged ca. 0.67 Mya and the
most recent divergence occurred at ca. 0.42 Mya, separating T. c.
capensis and T. mossambicanus. These results are consistent with
the hypothesis that Thelotornis lineage diversification com-
menced during the Mid–Late Miocene, coinciding with major
forest fragmentation and habitat shifts in East Africa.

3.3 | Species Delimitation

Among the species delimitation scenarios generated by ASAP,
the scheme with the lowest (i.e., best) ASAP score—ranked first
in the analysis—identified seven putative species based on the
mtDNA dataset. The seven putative species correspond to the
seven major phylogenetic clades (Figures 2 and 4). The resulting
ASAP barcoding gap was dT= 3.4% for the mtDNA loci (cyt b+
ND4) between ingroup taxa (Figure 4A). Complementary mean
uncorrected pairwise sequence divergences for the cyt b dataset,
between Thelotornis and Xyelodontophis lineages ranged from
4.91% to 12.37%. We interpret sequence divergence in the context
of the phylogenetic relationships (Figure 2A), where clades with
low divergence correspond to closely related lineages, and higher
divergences align with more deeply divergent clades. Within The-
lotornis, the lowest divergences were between T. c. capensis and
T. c. oatesi (4.91%) and between T. mossambicanus and T. usam-
baricus (5.64%), suggesting very recent divergence or potentially
conspecificity. Mean uncorrected pairwise sequence divergences
for the ND4 dataset among Thelotornis lineages ranged from
4.55% to 11.94%. The ND4 results closely mirror that of cyt b,
though with slight shifts in relative divergence values across
some lineage pairs. The lowest divergence was between T. c.
capensis and T. c. oatesi (4.55%), as in cyt b, supporting their close

relationship and possible recent divergence. In contrast to cyt b,
the divergence between T. mossambicanus and T. usambaricus

was notably higher (7.61%), suggesting a more substantial evolu-
tionary separation between these lineages than previously indi-
cated. The most divergent lineage remained T. kirtlandii, with
pairwise values of 10.38%–11.94% from other ingroup taxa.

Although cyt b sequence divergence suggests a closer relation-
ship between T. mossambicanus and T. usambaricus, ND4
sequence divergence suggests that T. mossambicanus is geneti-
cally closer to T. capensis sensu lato. Overall, divergences among
these lineages are modest (5.1%–7.6%), consistent with recent
shared ancestry. In contrast, X. uluguruensis and T. kirtlandii
consistently shows higher divergence values (9.5%–12.4% and
>11.4%, respectively) from all other in-group taxa. Overall, the
genetic distances and phylogenetic relationships reveal a hierar-
chical structure of divergence within Thelotornis, ranging from
recent splits to deeply divergent clades consistent with indepen-
dently evolving lineages.

For the STACEY Species Delimitation Analysis (SDA), lineage
stability was quantified as the proportion of the posterior distri-
bution of trees in which each focal lineage was consistently
recovered within the same cluster. All seven focal lineages
were recovered together as a single, distinct cluster with posterior
probability= 1 under the multi-species coalescent framework
implemented in STACEY (Species Tree And Classification Esti-
mation; [47]). At lower posterior probabilities, a subset of three
lineages (T. mossambicanus, T. usambaricus and T. sp.) occasion-
ally formed their own cluster, though not supported. The overall
signal across the posterior strongly supports recognition of all
seven lineages as distinct evolutionary units (Figure 4B).

Haplotype networks constructed from cyt b sequences revealed
strong concordance with species-level boundaries inferred from
ASAP and genetic distances between taxa. Across the seven focal
lineages of Thelotornis (including X. uluguruensis), each was
recovered as distinct, with no haplotype sharing observed between
lineages (Figure 4C). The number of unique haplotypes

T. kirtlandii

T. sp.

X. uluguruensis

T. usambaricus

T. mossambicanus

Miocene

22 20 18 16 14 12 10 8 6 4 2 Mya

Pliocene Pleisto-
cene

T. c. oatesi

T. c. capensis

FIGURE 3 | Temporal and biogeographic context of Thelotornis diversification. The coalescent species tree (STACEY) shows median divergence

dates for lineages, with node bars representing 95% highest posterior density intervals. Sampled localities for the dataset are shown on the accompanying

biome map [67]. Shading intensity ranges from dark to light, corresponding to a continuum from closed forest habitats to open habitats (including

savanna).
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varied from one to five within each lineage, given the
dataset (T. kirtlandii = 5, T. usambaricus = 4, T. sp. = 1,
T. mossambicanus= 4, T. c. capensis= 3, T. c. oatesi= 4 and
X. uluguruensis= 2), and several mutation steps and unsampled
haplotypes exist between the seven lineages. Overall, the mito-
chondrial haplotype networks provide an independent, mater-
nally inherited perspective that supports the distinctiveness of
all seven lineages.

The UML SuperSOMmodels stabilised after 5000 iterations, indi-
cating sufficient training of the SOM and robust cluster assign-
ment (Supporting Information 4). When exploring the optimal
number of K = 2–10 alongside assessing changes in total
weighted sum of squares (WSS) across this range, we observed
a distinct pattern in model fit, with the stability zone reached at
K= 7. Clusters at K= 7 correspond with results from the barcod-
ing species delimitation, as well as phylogenetic and

morphological groupings, reinforcing its interpretation as the
most biologically meaningful species delimitation scenario for
Thelotornis (including X. uluguruensis; Figure 4D). Alternative
clustering solutions (K= 4–6) shows partial concordance with
morphology and geography, but conflated lineages that are not
closely related, failing to preserve phylogenetic and biological
distinctiveness. When the individual components of the UML
SuperSOM are combined into three main data layers, that is,
genetic, morphological and habitat affiliation, the morphological
data layer appears to carry the strongest signal for lineage delin-
eation and/or putative species clustering, while DNA and envi-
ronmental data contribute equally to species delimitation when
combined (Figure 4E). However, examination of the individual
components within these three layers indicates that genetic data
carries the strongest signal (Figure 4E and Supporting Informa-
tion 4).
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FIGURE 4 | Integrative delimitation of seven Thelotornis lineages. Multiple independent analytical approaches consistently recover the same seven

distinct lineages. Colours are matched to terminal tips in the species tree (A) to aid visual comparison across panels. (A) ASAP barcode lineages are

shown as coloured bars adjacent to the coalescent species tree (STACEY), which provides contextual support with posterior probabilities at nodes (black

≥0.95; white <0.95). (B) Lineage stability across SDA clustering replicates, with bar width indicating the proportion of posterior clusters in which each

lineage is recovered as distinct. (C) Statistical parsimony cyt b haplotype network (POPART) showing no shared haplotypes among lineages, consistent

with strong mitochondrial divergence and lack of recent gene flow. Circle size reflects haplotype frequency. (D) Unsupervised machine-learning analysis

(SuperSOM) identifying seven discrete clusters congruent with the phylogenetic lineages; each hexagon represents a neurone in the SOM grid, coloured

by lineage identity. (E) Relative contributions of data layers to the UML SuperSOM clustering, showing that morphology provides the strongest

discriminatory signal, followed by biome affiliation and DNA data.
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4 | Discussion

We present the first multilocus coalescent phylogeny of Thelotor-
nis, integrating genetic, morphological and ecological data. Our
analyses recover the genus, including Xyelodontophis uluguruen-
sis, as monophyletic with a stem age of approximately 16.6 Mya,
coinciding with the later phase of the Mid-Miocene climatic opti-
mum [77–79]. African Vine Snake radiation appears to have been
shaped by habitat fragmentation and varying ecological toler-
ances, facilitating persistence across forest, woodland and thicket
habitats and ultimately giving rise to seven independently evolv-
ing, diagnosable species. Across all analyses, support for seven
independently evolving lineages emerges from the congruence of
multiple, partially independent data sources. Phylogenetic topol-
ogy and divergence times provide a temporal framework, mito-
chondrial genetic distances (both bar-coding and mean
uncorrected pairwise sequence divergences) and haplotype net-
works quantify lineage separation, and integrative UML Super-
SOM clustering synthesises genetic, morphological and
ecological information, with confidence in species limits arising
from the convergence of these approaches despite known limita-
tions of each method.

Although the stem of Thelotornis dates to the Mid-Miocene, the
crown age indicates that diversification within the genus was
delayed until the Late Miocene, ca. 8.3 Mya. A major split then
separated a West–East African forest lineage, ancestral to T. kir-
tlandii and X. uluguruensis, from an East–Southern African line-
age. This East–Southern African lineage subsequently gave rise
to habitat generalists (T. usambaricus, T. sp., T. mossambicanus
and T. c. capensis) as well as the savanna specialist T. c. oatesi.
This diversification was likely shaped by Late-Miocene tectonic
activity, fire regimes and aridification, which fragmented forests,
promoted savanna expansion and facilitated southward dispersal
of lineages [22].

The West–East African forest lineage of Thelotornis, emergence ca.
8 Mya, appears to have remained genetically cohesive through
repeated episodes of habitat contraction, although some forest-
associated lineages may have gone extinct, as documented in other
Afrotropical taxa with comparable distributions and ages [80]. Dur-
ing Late-Miocene aridification between approximately 10 and 6.5
Mya, African tropical forests experienced abrupt and spatially het-
erogeneous losses, with substantial extinction acrossmultiple forest
clades [81, 82]. However, humid refugia persisted in topographi-
cally and climatically buffered regions, including the Eastern Arc
and East African coastal forests [83]. These refugial areas likely
enabled Thelotornis populations to persist while intervening popu-
lations were extirpated, with subsequent Pliocene humid phases
temporarily reconnecting forest blocks and restoring limited gene
flow [84, 85]. Renewed tectonic activity and global cooling during
the Plio-Pleistocene, from approximately 3.6 to 1.4 Mya, further
fragmented coastal and montane forests [22, 86], possibly isolating
T. kirtlandii in lowland forests west of the Eastern Arc and X. ulu-
guruensis in montane habitats by ca. 1.53 Mya, consistent with the
Pliocene–Pleistocene forest refuge hypothesis [26, 87]. This long-
term persistence, punctuated by habitat fragmentation, is reflected
inmitochondrial genealogies: both species are separated from other
lineages bymultiple mutational steps, share no haplotypes and lack
star-like topologies, suggesting prolonged population stability
rather than recent demographic expansion. Although mitochon-
drial data capture only maternal histories, their concordance with

multilocus phylogenetic structure supports long-standing isolation
and refugial persistence.

The East–Southern African lineage diversified more rapidly dur-
ing the early-mid Pliocene, giving rise to two Eastern African
coastal species, T. usambaricus and T. sp. (ca. 5.5 and 4.5 Mya),
which represent the first apparent habitat generalists within the
genus. Fossil and isotopic evidence indicate that, in the Early–Mid
Pliocene ‘Golden Age’, moist evergreen and semi-deciduous for-
ests extended along the East African coast, facilitating dispersal
into coastal forest–savanna mosaics [22, 83, 84]. From approxi-
mately 4 Mya onward, the progressive expansion of C4-dominated
ecosystems fragmented these humid forests into heterogeneous
mosaics, a transitional phase during which the emergence of these
lineages likely reflects ecological flexibility in response to increas-
ingly seasonal and structurally complex habitats [88]. Subsequent
East African Rift tectonics, Late-Pliocene aridification and sea-
level fluctuations ca. 2.7 Mya further subdivided coastal forests,
potentially isolating T. usambaricus in northern regions and T. sp.
farther south. Persistence of ancestral populations in southern
Tanzanian coastal forests may have enabled colonisation of
Vamizi Island off the north coast of Mozambique during Pleisto-
cene lowstands, given the short mainland distance of approxi-
mately 4 km and the island’s patch reef structure [89, 90],
although rare rafting events cannot be excluded [91–93]. This
scenario does not require persistence of the founding population
to the present day and is equally compatible with subsequent local
extirpation, undetected persistence or absorption into the broader
southern mainland radiation. In addition, a secondary island-to-
mainland colonisation cannot be excluded. Such a model would
require multiple dispersal and recolonisation events and is there-
fore not favoured relative to a simple mainland-to-island coloni-
sation scenario, especially given that phylogenetic topology does
not resolve directionality and the Vamizi lineage predates diversi-
fication of the southern mainland clade. Nonetheless, the result-
ing insular lineage is genetically distinct and indicates a strong
founder effect, represented by a single haplotype separated from
mainland lineages by several mutational steps with no intermedi-
ates, consistent with isolation following Pleistocene colonisation
rather than very recent dispersal.

Although temporal estimates broadly align with patterns observed
across deeper squamate evolutionary timescales (e.g., [18]), limited
nuclear sampling warrants caution when interpreting species
boundaries and divergence timing at finer phylogenetic resolution.
For example, the youngest diversification within Thelotornis gave
rise to T. mossambicanus, T. c. capensis and T. c. oatesi, which have
persisted since ca. 0.67 Mya. These lineages occupy distinct, but
parapatric ecological settings: T. mossambicanus occurs across a
relatively broad expanse of East–Southern coastal–lowland
mosaics, T. c. capensis is restricted to southern coastal thicket habi-
tats and T. c. oatesi specialises in open savanna, a pattern consistent
with the establishment of C4 grasslands by ca. 1 Mya [7, 88, 94].
Against this ecological backdrop, signatures of incomplete lineage
sorting (ILS) may be evident, potentially reflecting gradual separa-
tion within heterogeneous coastal, thicket and savanna mosaics, as
suggested by phylogenetic inference methods. Consistent with this
interpretation, the mitochondrial genealogy resolves distinct
lineages separated by relatively fewmutational steps, while barcod-
ing indicates that taxa remain diagnosable despite low uncorrected
sequence divergence. However, these patterns are comparable to
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shallownuclear divergence observed in other young radiations [95],
which also reflect ongoing lineage sorting rather than complete
isolation. In this context, and in accordance with the USC adopted
here, the observed signatures of ILS are interpreted as an early stage
of divergence, particularly in clinal or ecotonal settings where bar-
riers to gene flow arise gradually [29].

Overall, the observed patterns of lineage differentiation in The-
lotornis are most parsimoniously interpreted as biologically
meaningful divergence rather than methodological artefacts.
This interpretation is supported by the concordance among
genetic, morphological and ecological lines of evidence, reducing
the risk of both over- and under-splitting and yielding more
defensible taxonomic inferences [66, 96, 97]. Within this integra-
tive framework, each analytical approach contributes comple-
mentary and partially independent insights but also imposes
distinct limitations. Phylogenetic inference and coalescent mod-
els provide temporal and relational structure but remain sensitive
to marker sampling and ILS. Mitochondrial genealogies capture
lineage separation and historical isolation yet reflect only mater-
nal histories. Morphological data offer discriminatory power that
is contingent on the number and selection of measured variables.
The UML SuperSOM integrates multiple data types while
remaining dependent on data composition and scaling. Species
boundaries are therefore inferred from patterns of concordance
across methods rather than from any single analytical outcome.
Similar patterns of biome-associated diversification have been
documented in other African reptiles, including arboreal colu-
brids, indicating that arboreality and the capacity for range
expansion may consistently shape lineage divergence across com-
parably structured landscapes [14, 24, 25, 98].

Morphological characters for Thelotornis species correspond
closely to evolutionary relationships (e.g., X. uluguruensis–T. kir-
tlandii and T. mossambicanus–T. c. capensis–T. c. oatesi), in con-
trast to many colubrid genera where morphology often poorly
reflects genetic divergence [14, 99–101]. These hierarchical pat-
terns suggest that certain traits diversified alongside lineages,
potentially reflecting functional adaptations associated with
arboreality, including visual and locomotory demands [1–3,
102]. Morphological diversification along lineages is further clari-
fied when considered in the context of habitat affiliation use,
highlighting both evolutionary resilience and conservation implica-
tions. For example, T. kirtlandii, previously thought to range
broadly from West to East Africa, may in fact be restricted to low-
land forest and mangrove habitats east of the Albertine Rift, with
reported populations in Tanzanian montane habitats likely repre-
senting misidentifications of X. uluguruensis or T. usambaricus
(Massisiswi, Udzungwa Mountains and Pasagulu) [8, 13, 103]. In
turn, X. uluguruensis occupies a wider distribution extending
beyond the Uluguru Mountains into South–Eastern Tanzania,
including the Udzungwa Mountains, where it remains associated
withmontane forest, whileT. usambaricus, originally described as a
coastal forest specialist, inhabits a broader array of habitats, includ-
ing mangroves, miombo woodlands, bushland and thicket [8, 13].

The concordance among morphology, ecology and multilocus
genetic evidence provides a robust basis for taxonomic inference
withinThelotornis, largely building on previously described species,
with the exception of T. sp. from Vamizi Island, Mozambique,
which represents an undescribed lineage (Farooq et al. in prep.).

Based on these lines of evidence, we formally recognise seven spe-
cies: T. kirtlandii, T. uluguruensis comb. nov., T. usambaricus, T. sp,
T. mossambicanus and two taxa formerly treated as subspecies of
T. capensis, here elevated to species rank as T. capensis and T. oatesi
stat. nov. In conjunction with these taxonomic updates, we amend
the diagnosis of Thelotornis to include a rounded pupil and strongly
curved rear maxillary teeth with sharp anterior and posterior
flanges and a narrow base, as exemplified by T. uluguruensis.
Collectively, Thelotornis appear to form a monophyletic, relatively
young radiation, likely influenced by historical climate change and
habitat fragmentation. Improved geographic coverage and targeted
investigation of possible ecomorphological adaptations will be
essential to further elucidate how habitat structure drives func-
tional and ecological divergence among African Vine Snakes.
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Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting Information 1. Sample information for Thelotornis, including
specimen IDs, voucher numbers, localities, and GenBank accession num-
bers. Specimen ID numbers correspond to DNA field numbers, which
indicate the collector as follows: BHMP=Buyisile Makhubo and Hanlie
M. Engelbrecht (Mpumalanga); BILL, NR=William R. Branch; CMRK=
Chris Kelley; CT=Colin Tilbury; EI=Luke Verburgt (Enviro-Insight cc.);
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GNK=Gary Nicolau; KT, MOZ=Krystal Tolley; MBUR=Marius Burger;
PVP= Pedro Vaz Pinto; TGE= Thomas Eimermacher; TB= Thomas
Branch; WC=Werner Conradie; WW=Wolfgang Wüster; CRT=TBA.
Voucher numbers indicate museum catalogue numbers: IPMP= Institute
of Pharmacy and Molecular Biotechnology; MTSN=Museo Tridentino di
Scienze Naturali; PEM=Port Elizabeth Museum; USNM=United States
National Museum; UTEP=University of Texas at El Paso Biodiversity
Collections; YPM = Yale Peabody Museum. NA indicates missing
information.

Supporting Information 2. BEAST 2 XML input file for coalescent-based
species tree inference, lineage diversification and downstream species
delimitation using STACEY and the STACEY Species Delimitation Ana-
lyser. The file includes sequence alignments, taxon assignments, coales-
cent tree priors for species tree inference, and STACEY-specific settings
for Bayesian inference of lineage diversification and species boundaries.
This input file was used for six independent runs, each initiated with a
different random seed.

Supporting Information 3. Maximum likelihood trees inferred using IQ-
TREE. (A) Dataset 1: c-mos+NT3+ cyt b+ND4. (B) Dataset 2: mito-
chondrial loci cyt b+ND4. These trees include all sampled individuals
with their corresponding field numbers as tip labels. Node support is
represented as SH-aLRT/UFBoot values, with strong support defined as
SH-aLRT ≥80% and UFBoot ≥95%. Branch lengths are scaled to the
number of substitutions per site.

Supporting Information 4. Unsupervised machine-learning (UML)
SuperSOM analyses of Thelotornis lineages. Panels show the SuperSOM
training process and outputs used for integrative lineage delimitation. (A)
Combined training progression for all data layers, illustrating conver-
gence and network stability. (B) Training dynamics for individual data
layers, highlighting their relative contributions to map formation. (C)
Feature importance, showing the influence of each morphological, eco-
logical, and genetic variable on cluster assignment. (D) Estimation of the
optimal number of clusters based on network stability and convergence
metrics.
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