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ABSTRACT
The reptile fauna of Tinhosa Grande islet, Gulf of Guinea, comprises
an endemic skink, Trachylepis adamastor, and an unidentified
species of gecko of the genus Hemidactylus. Until recently, no
molecular data were available for either species, impeding their
phylogenetic placement. However, due to several synapomorphic
characters, it was suggested that the Tinhosa Grande population
would be related to the congeners of the neighbouring islands of
Príncipe and São Tomé. In a recent survey of Tinhosa Grande islet
we collected fresh material of both species, allowing us to examine
their phylogenetic relationships to the other members of their
respective genera occurring on the neighbouring islands using
multigene Bayesian and maximum likelihood analyses. In contrast
with the morphological results and previous taxonomic allocations,
our molecular results suggest that both T. adamastor and the
unidentified Hemidactylus sp. are conspecific with their Príncipe
counterparts, Trachylepis principensis and Hemidactylus principensis.
While today Tinhosa and Príncipe differ strongly in their
environmental conditions, we show that the islands have been
repeatedly merged into a single landmass as a result of Quaternary
sea level fluctuations. We suggest that the repeated fusion of the
islands during low sea levels could have impeded the phylogenetic
divergence of both populations, while contrasting habitats might
have simultaneously promoted some morphological differences.
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Introduction

The herpetofauna of the insular nation of São Tomé and Príncipe, Gulf of Guinea, has been
the topic of considerable research in recent years. Since 2007, several new species of
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amphibians and reptiles have been described for the country. These include a puddle-
frog, Phrynobatrachus leveleve Uyeda, Drewes and Zimkus, 2007, a snake-eyed-skink,
Panaspis thomensis Ceríaco, Soares, Marques et al. 2017, and a cobra, Naja peroescobari
Ceríaco, Marques, Schmitz and Bauer, 2017, all endemic to São Tomé, a reed-frog,
Hyperolius drewesi Bell, 2016, and a house gecko, Hemidactylus principensis Miller, Sellas
and Drewes, 2012, both endemic to Príncipe; and three new skinks of the genus Trachy-
lepis, T. adamastor Ceríaco, 2015, T. principensis Ceríaco, Marques and Bauer, 2016, and
T. thomensis Ceríaco, Marques and Bauer, 2016, endemic to the islet of Tinhosa Grand,
Príncipe, and São Tomé, respectively.

All of these recent descriptions have been based on a combination of molecular and
morphological data, with the exception of T. adamastor. This species, endemic to the
Tinhosa Grande, a 20.5 ha islet that lies approximately 20 km off the coast of Príncipe
island, was described solely based on morphological data from historical specimens.
Due to long-term preservation in formalin, all attempts to extract molecular data from
the original type series were unsuccessful, and, given the lack of any fresh material,
it was impossible to place the newly described taxon in the existing phylogenies. None-
theless, given the morphological similarities of T. adamastor to its congeners of the sur-
rounding islands, at the time still considered as part of the Trachylepis maculilabris
(Gray, 1845) species complex, Ceríaco (2015) suggested that this Tinhosa Grande
endemic skink would be associated with that species complex. A subsequent revision
of the genus Trachylepis of the oceanic islands of the Gulf of Guinea shed some additional
light on the taxonomic identity and phylogenetic relationships of the island species.
Based on a combination of morphological and molecular data, Ceríaco et al. (2016) pro-
vided evidence that the T. cf. maculilabris populations of São Tomé and Príncipe were, in
fact, two different species, each endemic to its respective island. Additionally, these
authors provided evidence for the presence of a non-endemic species on Príncipe
island, Trachylepis affinis (Gray, 1838), and reviewed the identity of the Annobon island
endemic Trachylepis ozorii (Bocage, 1893). In this revision, the authors revisited the iden-
tity and taxonomic status of T. adamastor and compared its morphology to that of the
newly described species of São Tomé and Príncipe. As no molecular data were available
at the time and given the consistent morphological differences between the three taxa,
Ceríaco et al. (2016, 2018) continued to consider T. adamastor as a valid species. A
recent species-level phylogeny of the genus by Weinell et al. (2019) provided new data
on the phylogenetic relationship of some Gulf of Guinea Oceanic islands endemic
species, namely T. principensis, T. thomensis and T. ozorii, but molecular data for
T. adamastor was still not available.

In recent expeditions to Tinhosa Grande we collected new specimens of T. adamastor,
as well as specimens of an unidentified species of Hemidactylus gecko. The newly collected
material allows us to resolve the taxonomic identity of the Tinhosa Grande reptiles, as well
as to understand their phylogenetic affinities. This is especially important as it may provide
novel data about the role of past sea level fluctuations, and subsequent repeated cycles of
island fusion and fission, in shaping the biodiversity of these islands. The Gulf of Guinea
islands differ greatly in terms of their ontogeny and bathymetry (Lee et al. 1994), and
the palaeogeography of each of these islands likely had a unique response to fluctuations
in sea level. It has been widely recognised that glacial-interglacial sea-level fluctuations
have shaped insular biodiversity and diversification across the globe by repeatedly
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connecting and disconnecting populations on landmasses (Woodruff 2010; de Bruyn et al.
2014; Rijsdijk et al. 2014; Fernández-Palacios et al. 2016; Fernández-Palacios 2016; Weigelt
et al. 2016; Norder et al. 2019). During periods of low sea level, increased geographic con-
nectivity might promote gene flow and as suchlimit divergence (Heaney et al. 2005; Ali and
Aitchison 2014; Papadopoulou and Knowles 2017), although it should be noted that even
when islands are physically connected, environmental differences between them could
still form a dispersal barrier for some species (Bell et al. 2017; Flantua et al. 2020). In con-
trast, the separation of islands during periods of high sea level might promote genetic and
phenotypic divergence in allopatry, leading to reproductive isolation (Gillespie and Roder-
ick 2014). For example, Late Pleistocene marine incursions that separated Bioko from the
African continent likely promoted the genetic and phenotypic divergence of frogs on
Bioko island (Bell et al. 2017; Charles et al. 2018). Similarly, it is possible that the fission
of Príncipe and Tinhosa Grande islet during interglacial high sea levels may have contrib-
uted to the isolation and subsequent speciation of the reptiles occurring on the islands;
alternatively their fusion during glacial lows may have prevented this process.

Here, we combine a phylogenetic analysis incorporating recently obtained molecular
data with a reconstruction of sea-level driven changes in palaeogeography of islands in
the Gulf of Guinea in order to provide a better understanding of the taxonomy and phy-
logenetic affinities of the Tinhosa Grande reptiles, as well as to gather insights into the
role of repeated island fusion and fission in morphological and phylogenetic divergence.

Materials and methods

Morphological methods

Specimens collected for this study were euthanised, preserved in 10% buffered formalin in
the field, and transferred to 70% ethanol for storage at the conclusion of the expedition.
Liver tissue was removed before formalin fixation, preserved in RNA later, and transferred
to 95%ethanol for long-term storage. Formensural andmeristic comparisons we examined
67 specimens of Trachylepis and Hemidactylus species (including the type series of
T. adamastor, T. principensis and T. thomensis) deposited in the California Academy of
Sciences (CAS; San Francisco, U.S.A.), the Instituto de Investigação Científica Tropical (IICT;
Lisboa, Portugal), and the Museu Nacional de História Natural e da Ciência (MUHNAC/MB;
Lisboa, Portugal). All specimens examined are listed in Supplementary Table 1. Information
onmorphological characters of species and/or typematerial that could not be examined, as
well as supplemental data for Hemidactylus species, was obtained from the relevant litera-
ture (e.g. Miller et al. 2012). For Trachylepis, morphological analyses followed the procedures
of Ceríaco (2015) and Ceríaco et al. (2016). The following characters were measured with a
digital calliper (0.01 mm): snout-vent length (SVL), from the snout to thevent; tail length (TL),
from cloaca to tip of tail, measured only in specimens with complete, original tails; head
width (HW); head length (HL), from tip of snout to anterior tympanum border; head
height (HH), from the base of the maxilla to the top of head; eye-snout distance (ES), from
the front of the eye to the tip of the snout; eye-nostril distance (EN), from the front of the
eye to the nostril; internostril distance (IN), minimum distance between the nostrils;
number of scale rows at midbody (MSR); number of scales dorsally (SAD), from the nuchal
(excluded from count) to base of the tail; number of scales ventrally (SAV), from the

202 L. M. P CERÍACO ET AL.



mental (excluded from count) to the anal plate (excluded); number of subdigital lamellae
under Finger-IV (LUFF); number of subdigital lamellaeunder Toe-IV (LUFT); numberof supra-
labials (SL), with those widened in subocular position indicated between brackets; number
of supraciliaries (SC); number of supraoculars (SO); number of nuchal scales (NS); number of
keels on dorsal scales (KDS); kind of contact between parietals (CP); kind of contact between
frontoparietals (CFP); kind of contact between supranasals (CSN); kind of contact between
prefrontals (CPF). For Hemidactylus, morphological analyses followed the procedures of
Miller et al. (2012). The following characters were measured: snout-vent length (SVL; from
tip of snout to vent), trunk length (TRL; distance fromaxilla to groinmeasured fromposterior
edge of forelimb insertion to anterior edge of hind limb insertion), body width (BW;
maximum width of body), crus length (CL; from base of heel to knee); tail length (TL; from
vent to tip of tail), tail width (TW;measured at widest point of tail); head length (HL; distance
between retroarticular process of jaw and snout-tip), head width (HW; maximum width of
head), head height (HH; maximum height of head, from occiput to underside of jaws),
forearm length (FL; from base of palm to elbow); orbital diameter (OD; greatest diameter
of orbit), nares to eye distance (NE; distance between anterior most point of eye and
nostril), snout to eye distance (SE; distance between anterior most point of eye and tip of
snout), eye to ear distance (EE; distance from anterior edge of ear opening to posterior
corner of eye), internarial distance (IN; distance between nares), interorbital distance (IO;
shortest distance between left and right supraciliary scale rows), longitudinal rows of
enlarged dorsal tubercles at midbody (DTR) and number of precloacal pores.

Molecular methods

Fresh tissues of T. adamastor and Hemidactylus sp. were collected on Tinhosa Grande,
allowing us to assess their relationships with the fauna of surrounding islands and main-
land Africa. We extracted DNA using a previously described ethanol precipitation protocol
(Aljanabi and Martinez 1997). We used polymerase chain reaction (PCR) to amplify the two
mitochondrial genes (16s, ND2) and one nuclear (RAG-1) gene for five Trachylepis:
T. adamastor, T. principensis, T. thomensis, T. maculilabris (continental Africa) and
T. affinis (Príncipe Island, used as outgroup), and four Hemidactylus: H. sp. from Tinhosa
Grande, H. greeffii, H. principensis and H. mabouia (used as outgroup) (Supplementary
Table 1). Primers used for amplification of 16s (16sA, 16sB), ND2 (Metf1, CO1R1, CO1R8,
L5002), and RAG-1 (RAG-1 F700, RAG-1R700, RAG1skinkF370, RAG1skinkF1200) were
obtained from previous studies (16s: Palumbi et al. 1991; ND2: Macey et al. 1997; Weisrock
et al. 2001; RAG-1: Bauer et al. 2007; Portik et al. 2010). Genes were sequenced on an ABI
3730 xl DNA analyser and contiguous sequences were aligned in Geneious v. 6.1 (Kearse
et al. 2012) and edited manually. Because no heterozygotes were found in the nuclear
(RAG-1) chromatograms, we did not phase these data. We inferred the species tree
using 16S, ND2, and RAG1 in a coalescent framework using BEAST2 (Bouckaert et al.
2014) and ran it for 100 million generations, sampling every 10,000 generations under
a Yule model of speciation. We used Tracer v 1.7 (Rambaut et al. 2018) to check for con-
vergence of the analysis (10% burn-in) and to check all estimated sample size (ESS) values.
All trees from the analysis were combined to obtain a maximum clade credibility tree
using TreeAnnotator. All Bayesian posterior probabilities values ≥0.95 are considered
strongly supported. Bayesian model selection for species tree analysis was performed
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on the partitioned datasets using bModelTest using the TransitionTransversionSplit
option as implemented in BEAST2 (Bouckaert and Drummond 2017). Mean uncorrected
pairwise distances between species were obtained using MEGA v7 (Kumar et al. 2016).
To quantitatively support phylogenetic interpretations of species boundaries, we ran
Markov Chain Monte Carlo (MCMC) sampling with a multirate Poisson Tree Processes
(mPTP) for species delimitation on all individual gene trees. The mPTP method delimits
species while taking phylogeny into account and does not require any input similarity
threshold (Kapli et al. 2017). We performed two MCMC runs using a single-threshold
for 500 million generations and a 10% burn-in.

Palaeogeographic reconstructions

To reconstruct changes in palaeogeography of the Gulf of Guinea Islands (Bioko, Príncipe,
São Tomé and Annobon) and surrounding islets (Tinhosa Grande) resulting from past sea-
level fluctuations, we used data from the Palaeo-Islands and Archipelago Configuration
(PIAC) database (Norder et al. 2018). Because no regional sea-level curve is available, we
compared the palaeogeography as reconstructed using available global sea-level curves
(Cutler et al. 2003; Lambeck et al. 2014). We then cropped a global Digital Elevation
Model (including bathymetry) to the extent of the Gulf of Guinea (GEBCO 2014) to deter-
mine the threshold sea level at which the repetitive fusion and fission of Príncipe and
Tinhosa Grande occurred. Finally, we used available data (Bintanja et al. 2005) to determine
the duration of the period over which sea levels were below this threshold during the past
1 Myr. With this approach, we were able to determine during which time intervals and how
frequently Príncipe and Tinhosa Grande were connected and separated.

Results

Morphology

Comparisons between T. adamastor from Tinhosa Grande islet, T. principensis from Prín-
cipe island and T. thomensis from São Tomé island are presented in Table 1. Comparisons
between Hemidactylus sp. from Tinhosa Grande islet, H. principensis from Príncipe Island
and H. greeffii from São Tomé Island are presented in Table 2. As noted by Ceríaco (2015)
and Ceríaco et al. (2016), T. adamastor differs from T. principensis and T. thomensis in
several characters, including size (Max SVL for T. adamastor 112.04 mm, versus 88.30 in
T. principensis, 92.10 in T. thomensis), the number of lamellae under the fourth toe (13–
20 for T. adamastor, versus 20–23 in T. principensis, 15–20 in T. thomensis) and coloration
pattern (dorsum homogenous dark-brown T. adamastor, versus brown in T. principensis,
brownish, with some dark and white speckles in T. thomensis Table 1). No significant
differences were found between the Tinhosa Grande Hemidactylus and H. principensis
(Table 2).

Genetic analyses

In the Trachylepis species tree, four groups were recovered: T. affinis (outgroup),
T. maculilabris, T. thomensis, and T. principensis + T. adamastor (Figure 1). The Hemidactylus
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species tree recovered three groups:H.mabouia (outgroup),H. greeffii andH. principensis +
H. sp. from Tinhosa Grande (Figure 2). All nodes in both species trees were strongly sup-
ported with the exception of the node subtending T. thomensis and T. principensis +
T. adamastor, as well as the node grouping all of the in-group Trachylepis (Figure 1). Uncor-
rected pairwise distances of the three genes used for each species show high species-level
divergence values between the different species pairs from São Tomé and Príncipe
(T. principensis/T. thomensis, H. greeffii/H. principensis; Tables 3 and 4), as well between
the island species and those of the mainland or respective outgroups. However, very low
divergence values (below the typical interspecific divergences among sister species in

Table 1. General comparison between Trachylepis species from Tinhosa Grande islet, Príncipe and São
Tomé Islands. Data presented as ‘min-max (mean ± standard deviation)’. Abbreviations are the same
as those described in Materials and methods.

T. adamastor (n = 22)
Tinhosa Grande islet

T. principensis (n = 13)
Príncipe Island

T. thomensis (n = 13)
São Tomé Island

SVL (mm) 72.00–112.04 (103.96 ± 8.02) 69.50–88.30 (81.75 ± 5.55) 74.00–92.10 (81.88 ± 6.54)
TL 23.00–175.64 (114.56 ± 36.43) 140.00–184.10 (157.06 ± 15.34) 116.3–180.00 (137.65 ± 17.14)
HW 9.49–15.85 (13.45 ± 1.56) 8.80–13.10 (10.87 ± 1.13) 9.00–13.5 (11.18 ± 1.25)
HL 12.15–22.37 (18.09 ± 1.96) 14.50–19.90 (17.56 ± 1.36) 15.30–21.00 (17.46 ± 1.58)
HH 5.44–13.00 (9.79 ± 1.57) 6.60–9.30 (8.12 ± 0.75) 6.30–11.10 (8.77 ± 1.48)
IN 2.50–4.18 (3.52 ± 0.46) 1.90–2.80 (2.38 ± 0.26) 1.50–3.70 (2.69 ± 0.60)
EN 4.34–7.42 (6.39 ± 0.73) 3.30–6.10 (4.87 ± 0.67) 3.90–6.20 (4.92 ± 0.80)
ES 6.71–10.08 (8.91 ± 0.99) 6.00–7.60 (6.82 ± 0.55) 6.10–8.80 (7.02 ± 0.85)
HL/SVL
(%)

15.50–20.63 (17.40 ± 1.24) 20.10–24.10 (21.50 ± 1.44) 19.20–24.20 (21.35 ± 1.45)

ES/HL (%) 39.24–57.65 (49.65 ± 6.41) 36.10–41.60 (38.83 ± 1.88) 37.10–49.30 (40.22 ± 3.09)
HH/HL (%) 43.87–70.47 (54.10 ± 6.97) 41.80–81.40 (57.69 ± 16.18) 41.30–62.00 (49.91 ± 5.32)
HW/HL
(%)

58.15–87.09 (74.64 ± 7.61) 55.30–65.90 (61.72 ± 2.75) 56.60–78.90 (63.91 ± 5.24)

TL/SVL
(%)

21.30–164.95 (111.19 ± 34.45) 167.10–228.10 (198.44 ± 22.73) 145.20–205.10 (167.10 ± 21.27)

LUFT 13–20 20–23 15–20
LUFF 15–17 16–18 15–22
MSR 31–35 31–33 31–35
SAD 48–54 47–51 55–59
SAV 56–66 57–64 58–64
KDS 3–6 5–6 4–6
CP Always in contact. or in contact

in a single point
Always in contact. or in contact in

a single point
Usually in contact. or in contact in

a single point
CFP Always in contact Always in contact Always in contact
CPF Variable Variable Variable
CSN Always in contact forming a

suture
Always in contact Always in contact

Coloration In preservative. the background
color of the flanks and the upper
side of head. neck. Back, legs and
tail is very dark-brown, with many
subtle white speckles on the

dorsum starting on the neck and
running through the entire

dorsum to the base of tail. A very
subtle darker lateral band, starting
on the extremities of the nuchals
continues until the arm insertion.
Lateral area of the body greyish,
with some brown stains. Venter
uniformly whitish. Supralabials
present a whithish area on the

base. black on the top.

Back uniformly brownish and
belly light bluish on alcohol

preserved specimens. and bluish
to greenish in life specimens.

Back brownish. with some dark
and white speckles and belly light

orange-yellow in alcohol
preserved specimens, pinkish-
yellow in live specimens. A thin
horizontal line composed by
approximately seven to eight

white speckles from the back of
the eye to the top of the

tympanum.
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these genera, see Ceríaco et al. 2016, 2020) are observed between Príncipe and Tinhosa
Grande populations/species (Tables 3 and 4).

The mPTP species delimitation analysis recovered H. mabouia and H. greeffii as distinct
species in the 16s and ND2 gene trees (See Supplementary material). The Tinhosa popu-
lations of Hemidactylus were grouped with H. principensis (i.e. synonymous), in the mito-
chondrial trees. All taxa of Hemidactylus were considered one species in the RAG-1 tree
(See Supplementary material). Both the 16s and ND2 Trachylepis trees delimited all
described species as distinct species with the exception of T. adamastor and
T. principensis, which were considered the same species by the analysis (See Supplemen-
tary material). Delimitation based on the RAG-1 Trachylepis tree grouped T. adamastor,
T. principensis, T. thomensis, and T. maculilabris as one species, and T. affinis as a second
species (See Supplementary material).

Palaeogeographic reconstructions

The four present-day Gulf of Guinea Islands show distinctive area changes in response
to eustatic sea-level fluctuations (Figures 3, 4, and 5). During the exceptionally low sea
level of the Last Glacial Maximum (LGM), Annobón was five times its present size, and

Table 2. General comparison between Hemidactylus species from Tinhosa Grande islet, Príncipe and
São Tomé Islands. Data presented as ‘min-max (mean ± standard deviation)’. Abbreviations are the
same as those described in Materials and methods.

H. sp. (n = 8) H. principensis (n = 8) H. greeffii (n = 3)
Tinhosa Grande islet Príncipe Island São Tomé Island

SVL (mm) 26.73–61.05 (39.14 ± 11.81) 48.07–60.73 (55.23 ± 4.21) 59.57–74.10 (66.25 ± 7.33)
TRL 10.84–26.52 (16.02 ± 5.50) 17.19–24.29 (21.91 ± 2.78) 24.52–26.29 (25.67 ± 1.00)
BW 4.84–15.46 (8.31 ± 3.66) 7.12–13.74 (11.32 ± 2.00) 12.79–14.53 (13.56 ± 0.89)
CL 5.55–11.38 (8.01 ± 2.04) 10.95–14.56 (12.82 ± 1.32) 15.23–17.40 (15.98 ± 1.23)
TL 8.10–32.12 (22.59 ± 10.06) 21.58–70.03 (53.02 ± 16.64) 47.67–92.47 (70.12 ± 22.40)
TW 2.08–8.04 (3.92 ± 2.03) 5.13–7.83 (5.86 ± 1.00) 5.64–7.56 (6.44 ± 1.00)
HL 6.87–14.20 (9.44 ± 2.52) 11.49–13.86 (12.82 ± 0.76) 13.94–15.80 (14.77 ± 0.95)
HW 5.54–13.01 (8.05 ± 2.35) 9.05–12.08 (10.50 ± 0.94) 11.81–13.86 (12.49 ± 1.18)
HH 3.05–7.38 (4.53 ± 1.39) 4.86–6.30 (5.57 ± 0.50) 6.85–7.56 (7.24 ± 0.36)
FL 3.00–7.75 (4.63 ± 1.65) 5.43–7.79 (6.68 ± 0.70) 8.01–10.29 (9.17 ± 1.14)
OD 2.03–3.44 (2.51 ± 0.47) 2.26–3.45 (2.84 ± 0.39) 3.87–4.47 (4.07 ± 0.35)
NE 2.67–5.67 (3.59 ± 1.04) 3.60–5.66 (4.67 ± 0.66) 5.19–6.93 (5.99 ± 0.88)
SE 3.62–7.30 (4.86 ± 1.29) 5.48–7.51 (6.64 ± 0.68) 7.31–8.39 (7.69 ± 0.60)
EE 2.66–5.34 (3.80 ± 0.97) 4.37–5.95 (4.87 ± 0.52) 4.55–5.52 (5.19 ± 0.55)
IN 1.56–2.78 (1.97 ± 0.42) 1.57–2.07 (1.94 ± 0.17) 2.33–2.80 (2.50 ± 0.26)
IO 3.16–6.91 (4.55 ± 1.21) 5.00–6.33 (5.87 ± 0.41) 6.00–7.58 (6.99 ± 0.86)
Precloacal pores (in males) 26–34 26–39 42–48
Longitudinal rows of
tubercles

17–21 18–21 17–21

Divided lamellae on 3rd
finger (left hand)

7–8 7–8 9–9

Divided lamellae on 3rd
finger (right hand)

7–8 7–8 9–10

Divided lamellae on 3rd
finger (left foot)

7–8 8–9 10–11

Divided lamellae on 3rd
finger (right foot)

7–8 8–9 10–11

Supralabials left side 9–12 10–12 10–11
Supralabials right side 9–12 10–13 10–11
Infralabials left side 8–9 9–10 9–9
Infralabials right side 8–10 8–11 8–9
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Figure 1. Maximum clade credibility tree of Trachylepis of São Tomé, Príncipe and surrounding Islets.
Open and filled nodes represent low (≤0.94) and high (≥0.95) Bayesian posterior probabilities,
respectively.

Figure 2. Maximum clade credibility tree of Hemidactylus of São Tomé, Príncipe and surrounding
Islets. Filled nodes represent high (≥0.95) Bayesian posterior probabilities.
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Bioko was connected to continental Africa. Area change of Príncipe has been
much more drastic compared to São Tomé. While today São Tomé is six times the
size of Príncipe, during periods of extremely low sea levels they both approximated
1 400 km2 (Figure 3). Repeated island fusion and fission took place between 71 m
and 70 m below the present-day sea level (Figure 4). Regardless of which sea-level
curve is used (Cutler et al. 2003; Lambeck et al. 2014), at the resolution of 1 km2

considered here, the timing of the most recent separation is identical; Príncipe and
the Tinhosa Islets were still connected at 13 ka, but separated at 12 ka.
Over the past 1 Myr, Príncipe and the Tinhosa Islets were connected 14 times
(Figure 5) and were merged into a single palaeo-island for 42% of the time over the
past 1 Myr.

Table 3. Mean uncorrected pairwise distances (in %) between the compared Trachylepis species, for
mitochondrial and nuclear genes. Grey-shaded boxes represent mean intraspecific gene distances.
Parenthetical numbers indicate specimen sample sizes for the respective taxa.

Trachylepis
maculilabris

Trachylepis
affinis

Trachylepis
thomensis

Trachylepis
adamastor

Trachylepis
principensis

Trachylepis
maculilabris

16S (33) 0.4 10.3 7.3 6.7 7.0
ND2 (17) 0 25.9 20.2 20.8 21.1
RAG1 (18) 0.1 2.7 0.9 1.1 1.1

Trachylepis
affinis

16S (7) 10.3 0.4 9.4 10.7 10.3
ND2 (2) 25.9 0.2 23.9 23.2 23.4
RAG1 (3) 2.7 0.2 3.1 3.4 3.3

Trachylepis
thomensis

16S (19) 7.3 9.4 0.1 6.6 6.7
ND2 (2) 20.2 23.9 0 19.2 19.5
RAG1 (3) 0.9 3.1 0 1.4 1.4

Trachylepis
adamastor

16S (14) 6.7 10.7 6.6 0 0.4
ND2 (4) 20.8 23.2 19.2 0.4 0.4
RAG1 (3) 1.1 3.4 1.4 0.6 0.6

Trachylepis
principensis

16S (5) 7.0 10.3 6.7 0.4 0.1
ND2 (5) 21.1 23.4 19.5 0.4 0.5
RAG1 (3) 1.1 3.3 1.4 0.6 0.2

Table 4. Mean uncorrected pairwise distances (in%) between the compared Hemidactylus species, for
mitochondrial and nuclear genes. Grey-shaded boxes represent mean intraspecific gene distances.
Parenthetical numbers indicate specimen sample sizes for the respective taxa. Taxa represented by
only one specimen do not have calculated intraspecific distances (NA).

Hemidactylus
mabouia

Hemidactylus
greeffii

Hemidactylus
principensis

Hemidactylus sp.
(Tinhosa)

Hemidactylus
mabouia

16S (4) 0 13.8 13.0 13.0
ND2 (6) 0 29.6 33.6 32.4
RAG1
(3)

0 3.9 3.9 4.4

Hemidactylus greeffii 16S (3) 13.8 0 2.6 2.6
ND2 (3) 29.6 0.1 8.4 7.4
RAG1
(1)

3.9 NA 0.3 0.9

Hemidactylus
principensis

16S (8) 13.0 2.6 0.2 0.3
ND2 (8) 33.6 8.4 0.6 1.2
RAG1
(1)

3.9 0.3 NA 0.7

Hemidactylus sp.
(Tinhosa)

16S (7) 13.0 2.6 0.3 0.2
ND2 (7) 32.4 7.4 1.2 0.2
RAG1
(1)

4.4 0.9 0.7 NA
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Discussion

Our results corroborate that both T. adamastor and the Hemidactylus sp. from Tinhosa islet
belong to the same species complex of their counterparts in Príncipe island as already
been proposed by Ceríaco (2015) and Ceríaco et al. (2016), suggesting, however, that con-
trary to what was assumed, the Tinhosa Grande populations are not endemic to the islet,
but rather are isolated populations of Príncipe taxa. Although the absence of fossil data
precludes a precise calibration of evolutionary rates, our results support a very recent
divergence between Tinhosa and Principe populations for both genera. Considering

Figure 3. (A) Area change curves of Príncipe, São Tomé, and Annobón; (B) Area of islands today, and
extreme area at the last glacial maximum (LGM, approximately 21 ka).
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estimated rates of evolution for skinks (see Smith 2007), the level of mitochondrial diver-
gence between the Tinhosa Grande and Príncipe populations seems to roughly agree
with the inferred Quaternary fusion of the island and islet when the global sea-level
first fell below the critical level of −71 m msl (Bintanja and van de Wal 2008). This
initial connection, potentially allowing for the colonization of Tinhosa from Príncipe,
was followed by repetitive cycles of island separation and connectedness. However,
because the amplitude of sea-level fluctuations has increased over the past 3 Myr
(Bintanja and van de Wal 2008), both the frequency and duration of island connection
has gradually increased towards the present (Figure 5). The levels of divergence for
ND2 between Tinhosa and Principe Hemidactylus are about three times that of the Trachy-
lepis species, but it has been observed that mitochondrial evolutionary rates in geckos are
generally much greater than other squamates (Jesus et al. 2005; Miller et al. 2012). These
results are in accordance with other cases that found that populations on islands that
were merged during lower sea-levels showed lower genetic divergence than populations

Figure 4. (A) Palaeo-configuration of Príncipe and Tinhosa Grande at the threshold between
−71 m msl (solid line) and −70 m msl (dotted line); (B) Number of occurrences and duration of
Príncipe and Tinhosa Grande connectivity over the past 1 Ma.
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on islands that were never connected (Heaney et al. 2005; Ai and Aitchison 2014; Papado-
poulou and Knowles 2017). Analyses are currently being conducted to better understand
and provide approximate timings for the speciation events for most of the squamate
species of the Gulf of Guinea Oceanic islands, which will also contribute to fine-tune
the Tinhosa Grande and Príncipe populations isolation events (Ceríaco et al. unpubl. data).

Based on our molecular and species delimitation results, the Tinhosa Grande skinks and
geckos are conspecific with their Príncipe counterparts. The palaeogeographic reconstruc-
tions corroborate the phylogenetic results and low interisland genetic distances between

Figure 5. Habitat at Tinhosa Grande (top) and Príncipe Island (below). Photos by Luis MP Ceríaco.
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Tinhosa Grande and Príncipe geckos and skinks. We note that themean pairwise RAG1 dis-
tance between T. adamastor and T. principensis is 0.60%; however, one specimen had a
lower quality assembled sequence, which caused artefactual and ambiguous base pair
calls and increased the mean pairwise distance for this pairwise comparison. Additionally,
the RAG-1 species delimitation analyses resulted in the grouping of several taxa that were
recognised as distinct in the other gene mPTP analyses; this is most likely due to mPTP
being a tree-based process and RAG-1 having a less resolved gene tree than themitochon-
drial genes. These results have important taxonomic implications, especially for our current
understanding of the number of species that occur in São Tomé and Príncipe as a whole.
Based on our results, T. principensis is a junior synonym of T. adamastor, and
T. adamastor should no longer be considered a Tinhosa Grande islet endemic, but a
species comprising two populations, one on Príncipe and another on Tinhosa Grande. It
could be argued, following the recent interpretation of the subspecies concepts by
Kindler and Fritz (2018) that these two population are in fact subspecies. The arguments
in favour of this interpretation are that the twopopulation showmorphological differences,
are allopatric (at least currently), and exhibit limited molecular distinctiveness, and there-
fore these two populations may represent a case of incipient speciation (Kindler and
Fritz 2018). Furthermore, as noted by Hawlitschek et al. (2012) and Kindler and Fritz
(2018), the adoption of subspecies concepts may be helpful for the communication of
science and conservation. Although we recognise the validity of these arguments, we
refrain from adopting the subspecies concept. This decision is based on two main argu-
ments: 1) the genetic differentiation is veryminimal andwedid not use any kind of analyses
(such asmicrosatellites or population structure analyses) thatwould fully support theirmol-
ecular distinctiveness; and 2) whether the observed pattern of sea-level changes is main-
tained in the future, Tinhosa and Príncipe will again be connected, and population
admixture is expected. Further research on the topic may yield new data that allow
different interpretations, but for now we opt to consider the skink and gecko Tinhosa
Grande populations as conspecific with those of Príncipe Island.

Ceríaco (2015) and Ceríaco et al. (2016) considered the Tinhosa Grande skink as a
different taxon from those of Príncipe because of its differences in body size, colouration
and meristic data. These differences were comparable with those found between other
congeners (see, for example, Marques et al. 2019). Although our molecular results unam-
biguously show that, for the present case, these characters do not reflect the genetic dis-
tinctiveness of the two populations. Phenotypic changes are important drivers of
speciation in vertebrates (Rabosky et al. 2013) and have been reported to occur in
lizards at an extremely rapid pace in island contexts (Amorim et al. 2017; Donihue et al.
2018; Senczuk et al. 2018). However, morphological and molecular diversifications are
not necessarily correlated, with cases showing that rapid molecular diversification can
occur with little morphological change and vice versa (Adams et al. 2009; Brawand
et al. 2014). As we opted to follow a more conservative and integrative interpretation
of taxonomy, in which for any taxonomic entity to be recognised would require both mor-
phological and molecular differences, even if small (Hawlitschek et al. 2012; Kindler and
Fritz 2018; Hillis 2019, 2020), the Tinhosa island populations are therefore considered con-
specifics with the Principe counterparts. Habitat differences in island systems can act as
selective pressures driving rapid morphological and ecological divergence in reptiles,
even without any tangible genetic divergence (Vitt et al. 1997; Luiselli et al. 2005;
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Bauer et al. 2012; Sagonas et al. 2013, 2014). The differences between Tinhosa Grande, an
exposed rock islet, and Príncipe, covered with dense tropical vegetation (Figure 5), likely
played a role in shaping the observed morphological divergence, as this has already been
observed in other insular systems (Senczuk et al. 2018).
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