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Abstract The Western Indian Ocean biodiversity
hotspot hosts a remarkable array of endemic spe-
cies, but invasive alien species increasingly threaten
its unique ecosystems. Lizards of the West African
Agama agama species group are successful coloniz-
ers, with recent introductions to Grande Comore
(Comoros Archipelago) and Reunion Island. System-
atic revisions within the native range of the A. agama
species group have left many of the introduced pop-
ulations without clear identity. We used molecular
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methods to determine the identities of the Agama
species introduced to Grande Comore and Reunion
Island, define their respective likely origin, and assess
body size characteristics for each island population.
We identified Agama picticauda as the species pre-
sent on both islands with likely origins in two dis-
tinct Western African regions. Agamas from Reunion
Island had longer and wider heads with greater body
weight than Grande Comore individuals. Sexual size
dimorphism on both islands was driven by weight,
with males being heavier than females. We provide
foundations for further research on the ecology and
impacts of A. picticauda on Western Indian Ocean
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islands and to aid in the development of targeted
management strategies for controlling this invasive
reptile.

Keywords Body size - Comoros - Invasive alien
species - Phylogenetics - Range expansion - Reunion
Island

Introduction

The unique biodiversity of islands faces substantial
threats from invasive alien-species (IAS) introduc-
tions (Fernandez-Palacios et al. 2021). Island biota
often evolve in isolation, making them particularly
vulnerable to non-native species, that can outcom-
pete, prey on, or introduce diseases to native species
(Myers et al. 2000). The cumulative impact of these
invasions can disrupt ecological processes, reduce
biodiversity, and lead to the collapse of native eco-
systems, making IAS one of the leading causes of
species extinction on islands (Fernandez-Palacios
et al. 2021). Increased international trade and human
movement have accelerated the spread of IAS over
the recent past, causing IAS records to rise exponen-
tially worldwide (Mormul et al. 2022). IAS manage-
ment is critical for preserving native biodiversity,
protecting ecosystem integrity, and maintaining eco-
logical balance, but relies on detailed knowledge of
invasive-species biology and behaviour. Precise spe-
cies identification is therefore crucial for understand-
ing introduction pathways and specific threats as well
as developing targeted, effective management actions.

Lizards of the West African Agama agama spe-
cies group are successful colonizers that greatly profit
from globalisation. Introductions have been recorded
to many areas around the world, including numerous
island nations (Kraus 2009; Wagner et al. 2012), and
further spread is expected (van den Burg et al. 2024).
However, recent systematic revision within the native
range of the A. agama species group have left many
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of these introduced populations without clear identity
(Mediannikov et al 2012; Leaché et al. 2014, 2017,
Nuiiez et al. 2016), which also affects populations
on the islands in the Western Indian Ocean. In the
Comoros Archipelago, the introduction to Grande
Comore most likely dates to 1998 (Meirte 2004) with
a likely introduction pathway through parcel service
(Wagner et al. 2009). The Grande Comore population
was originally referred to as A. agama, but it exhibits
a relatively small adult body size compared to other
continental A. agama populations, warranting further
investigation of its identity (Wagner et al. 2009). On
Reunion Island, the first individuals were recorded
in 1995 at the main maritime port area, introduced
through container shipments (Guillermet et al. 1998).
The taxon was initially identified as A. agama (Guill-
ermet et al. 1998) and later assigned to the subspe-
cies A. a. africana (Probst et al. 2002). Given the
rapid spread of agamas on these two islands (Nature
Océan Indien 2023; KC Webster pers obs) and the
threat they pose to the islands’ unique biodiversity,
population assessments have become increasingly
urgent. Here, we use molecular analysis to determine
Agama species identity on Grande Comore and Reun-
ion Island, identify their places of origin, and assess
morphological differences between the two island
populations.

Materials and methods
Field sampling

Sampling of Agama spp. on Grande Comore and
Reunion Island was conducted in June to August
2022 (Fig. 1). The lizards were captured by hand
using lasso noosing or modified versions of com-
mercially available mammal glue traps. Body meas-
urements were taken using callipers for head dimen-
sions (to the nearest 0.01 mm), rulers for snout-vent
length (to the nearest 1 mm) and Pesola scales for
weight (to the nearest 0.5 g). Due to the non-native
and invasive status of agamas, all captured indi-
viduals were chemically euthanised using either an
overdose of Tricaine Methanesulfonate (MS222)
injected into the abdomen or an overdose of Lido-
caine applied to the mouth. Mechanical euthanasia
was also implemented on Grand Comore, which
combined decapitation and blunt force trauma
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Fig. 1 Sampling locations of Agama spp. for molecular dataset on a) Grande Comore and b) Reunion Island in the Western Indian

Ocean. Capital cities are labelled

applied to the head to destroy the central nervous
system. Sex was determined by examining the pres-
ence of femoral pores and hemipenal bulges and
confirmed through dissection to identify reproduc-
tive organs. Gravid females were recorded, and the
number of eggs counted. A tail or tongue muscle
tissue sample was collected from each individual
and stored in 95% ethanol at room temperature until
DNA extraction. We sampled 218 Agama spp. for
the molecular analysis, consisting of 31 individu-
als from Grande Comore and 187 individuals from
Reunion Island. Supplemental tissue samples from
the same individuals were deposited at the Museum
of Southwestern Biology, Albuquerque, New Mex-
ico, USA. Additional data on morphological traits
were collected from 21 females and 24 males in
Grande Comore during June 2024 fieldwork and are
included in the morphological analysis.

Molecular analysis

Out of 218 samples, we successfully sequenced 206
Agama vouchers from Grande Comore and Reun-
ion Island. We used the fast-evolving 16S rRNA
gene with its hypervariable regions, which perfectly
resolves the different species within this genus
(Mediannikov et al. 2012; Leaché et al. 2014). For
comparisons, we combined our newly sequenced
mitochondrial 16S data with previously published
sequences from GenBank (Leaché et al. 2014).
Total genomic DNA was extracted from tissue sam-
ples using the E.Z.N.A.Tissue DNA Kit (VWR/
Omega BioTek) following the manufacturer’s proto-
cols. A portion of the mitochondrial genome (16S
rRNA gene) was PCR-amplified and sequenced,
following the methods described in Schmitz et al.
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(2005). All sequences are deposited in GenBank
(Supplementary Information Table S1).

DNA sequences were aligned using the origi-
nal chromatograph data in the programme Geneious
Prime (version 2024.0.5; https://www.geneious.com)
and manual corrections as well as follow-up direct
sequence comparisons were done with the program
BioEdit (Hall 1999). We sequenced 507 bp of the 16S
rRNA gene, including some fast-evolving, indel-rich
loop regions for each voucher that could be unam-
biguously aligned. We used MEGA11 (Tamura et al.
2021) to calculate the uncorrected genetic distances
within and between the different geographic clades
using the “between group mean” and the “within
group mean” distance analyses with the pairwise
deletion option set for each analysis. Phylogenetic
analysis was conducted using Bayesian Inference
(BI) methods. The BI analysis was conducted with
MrBayes version 3.2.6 using the TrN+I1+G model
with 10 million generations, sampling every 1000
generations, with the first 25% of samples discarded
as burn-in. The best-fit model of sequence evolution
for the Bayesian analysis was selected using jModel-
test v.2.1.7 (Darriba et al. 2012) using the Bayesian
Information Criterion (BIC). We used Pseudotrapelus
sinaitus (GenBank accession number KU097432) as
an outgroup.

Morphological analysis

In the absence of prior data for these populations,
we defined the adult size threshold based on the
smallest gravid female measured in our dataset
(SVL=282.4 mm). To avoid skewed data, we removed
all non-adults (juveniles and subadults, n=53) from
the analysis. Furthermore, adults with missing data
(n=7) were also excluded, resulting in a final mor-
phological dataset of 203 Agama, comprising of 61
and 142 individuals from Grande Comore and Reun-
ion Island, respectively. We used principal component
analysis (PCA) to explore differences between islands
and sexes in three morphological traits adjusted for
body size, defined as snout-vent length (SVL). These
were head length (HL), head width (HW), and body
weight (Weight). Morphological traits often scale
differently by body size in males and females and
between populations (Balakrishna et al. 2021). There-
fore, we adjusted morphological variables to remove
the effect of size by transforming each variable as

@ Springer

— b
Z = Y(SVL/SVL,)

following Villamil et. Al. (2017). Z represents the
transformed value of the variable Y, which is the vari-
able affected by size. The exponent b is the slope of
the linear regression between log(Y) and log(SVL).
The transformation scales individuals to the same
size and adjusts their shape according to allometry
(Lleonart et al. 2000). To check that no size effect
persisted after transformation, a student’s t-test was
used to evaluate slopes of linear regression between
each transformed variable and SVL. Under a success-
ful size correction, a slope of zero is expected.

PCA was performed on the scaled values and
Euclidean distance matrix using the vegan package
version 2.6-6.1 unconstrained redundancy analysis
(Okanasen et al. 2018). We performed permutational
multivariate analysis of variance (PERMANOVA)
based on the Euclidean distance matrix to identify
differences in morphological traits between islands
and sexes. All analyses were run in R 4.3.1 (R Core
Team 2023).

Results
Molecular analysis

Our phylogenetic analysis, which included all 206
newly generated sequences (see Supplementary
Information Table S1), consistently placed all sam-
pled individuals from Grande Comore and Reunion
Islands within the clade corresponding to A. picti-
cauda (Fig. 2). This clustering of our new vouch-
ers with reference sequences of A. picticauda from
other geographic regions was strongly supported
by high posterior probabilities (BI), thus verifying
that all individuals from Grande Comore and Reun-
ion Island are Agama picticauda. Also, subsequent
manual comparison of the alignment and the dif-
ferent haplotypes within A. picticauda showed that
consistent variation exists between different popula-
tions: we found well separated sub-clades within A.
picticauda with a principal separation between West
African- and Central African populations and another
less-pronounced split within the West Africa Ghana
grouping (1.26%). The A. picticauda individuals from
Grande Comore nearly all shared a single haplotype,
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Fig. 2 Evolutionary relationships of introduced populations of
Agama using Bayesian analyses and a reference dataset of Lea-
ché et al. (2014). The nodes marked with an asterisk (*) show
significant support values (>0.95)

with only 4 individuals showing a single-point muta-
tion each. The same situation was true for the indi-
viduals from Reunion Island, with nearly all sharing
the same haplotype, and with only a few isolated
single-point mutations in a few of the specimens. In
contrast, based on our MEGA11 distance analyses we
found a divergence of 1.29% between the haplotypes
from the two islands (Table 1). The Grande Comore
haplotypes fell into the West African clade, whereas
the Reunion Island haplotypes fell into the Central
Africa clade, supporting a likely different origin of
both populations. Our phylogenetic comparison with
published reference sequences of A. picticauda from
different West African countries (Fig. 2) indicate that
the origin of the Grande Comore A. picticauda likely
lies in the region of Ivory Coast, Ghana and Guinea,
whereas the origin of the Reunion Island individu-
als likely lies in the region of Cameroon, Congo and
Gabon.

Morphological analysis

The final morphological dataset consisted of 108
females and 95 males. Descriptive statistics of mor-
phological data are summarised in Supplementary
Information Table S2. Variation in body size-adjusted
morphological traits was mostly accounted for in the
first two principal components. The first two axes
of the PCA explained 79.8% of the variance in the
dataset (Fig. 3), with axis 1 capturing the geographi-
cal variation between the Grande Comore population
and the Reunion Island population, and axis 2 captur-
ing the variation between sexes mainly for the Reun-
ion Island population. Agama picticauda specimens
from Reunion Island were overall larger than Grand
Comore individuals, with longer and wider heads
and greater mass (F; 149=65.90, p<0.001). For the
two populations combined sexual size dimorphism
was pronounced in weight, with males being heavier
than females (F99=44.61, p<0.001). This pattern
was consistent for each island population (Grande
Comore: F;5=12.59, p<0.001; Reunion Island:
F| 140=27.32, p<0.001).

Discussion

Our molecular analysis identified Agama picticauda
as the Agama species present on Grande Comore and
Reunion Island. Aligning with previous data from
Leaché et al. (2014), the Grande Comore population
likely originated from the Ivory Coast/Ghana/Guinea
region, whereas the Reunion Island population likely
originated from the Cameroon/Congo/Gabon region,
confirming independent introductions to these two
islands. We found no variation within the sampled
individuals of both islands, pointing to a single intro-
duction event or possibly multiple introductions from
a small source population.

Table 1 Estimates of

. . Outgroup Reunion Island Grande Comore Central Africa West Africa
evolutionary divergence
over sequence pairs Outgroup - 0.0399 0.0444 0.0419 0.0432
between groups Reunion Island ~ 0.0006 - 0.0129 0.0003 0.0096
Grande Comore  0.0006 - 0.0138 0.0072
Central Africa 0.0000 - 0.0098
West Africa 0.0071 -

@ Springer



86 Page 6 of 9

M. A. Roesch et al.

e S
|

Variable PC1 PC2 | ! Sex

{E\gen value 1672 0723 |

|
! ' 1 Island
| [ ]
| HL 0.608 0034 | @ Female| ! ® Grande Comore !
24 : HW 0.558 0.729 : ! A Male | ! Reunion Island |
| Weight 0564 0684 | L-------- P lemomm e
|

\N?;\g“’\

PC1 (55.7%)

Fig. 3 Results from principal component analysis (PCA) of
the relationships of body-size adjusted morphological traits
between islands and sex in Agama picticauda as described by
the first two principal components. Points represent individu-
als, with color depicting the island and shape depicting the sex.
Black arrows represent the strength (arrow length) and direc-

Florida holds the first reported introduction of
Agama spp. Outside of their native range in 1976
(Nufiez et al. 2016). Molecular analysis identified
Florida’s population as A. picticauda with four hap-
lotypes originating in the broad region of Western
Africa, indicating several independent introductions,
most likely through released individuals from the pet
trade (Nuifiez et al. 2016). Anecdotal evidence sug-
gests the Grande Comore population might have been
founded by released pets as well; however, accidental
introduction through commercial transport of goods is
more likely (Wagner et al. 2009). On Reunion Island,
the first individuals were found in the main maritime
port area where container shipments arrive regularly
from western Africa, indicating their introduction via

@ Springer

tion of the variables. Ellipses represent 1 SD from the centroid
of each island group. The inset shows principal components
and factor scores (unrotated). Morphological traits (factors)
with an eigen value of greater than +0.4 are in bold. HL =head
length, HW =head width

trade (Guillermet et al. 1998). Our results underscore
the necessity of managing trade-related IAS risks and
emphasize the importance of implementing biosecu-
rity measures, including stricter pre-border and bor-
der policies and controls.

Morphological differences between the island pop-
ulations are pronounced, with Reunion Island individ-
uals being overall larger, with longer and wider heads
and greater weight compared to Grande Comore
individuals, thus confirming previously found rela-
tively small adult sizes on Grande Comore (Wagner
et al. 2009). Interestingly, individuals from Ghana,
a possible country of origin for the Grande Comore
population, display larger mean SVL in both, females
and males than does the Grande Comore population
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(Supplementary Information Table S2, Krishnan et al.
2019). Agama picticauda exhibits sexual size dimor-
phism with females smaller than males (van den Burg
et al. 2024), which we also observed in our island
populations. Our findings provide a foundation for
further research on the biology and ecology of these
two A. picticauda populations so as to elucidate their
evolution and adaptations, and assess the colonization
risk posed by these continental invaders.

Agama picticauda is known to be aggressively
territorial (Yeboah 1982) and prey on a variety of
arthropods and reptiles (Henigan et al. 2019; Ofori
et al. 2023), presenting a possible threat to the unique
biodiversity on both islands. In particular, Oplu-
rus cuvieri comorensis an endemic lizard of con-
servation concern on Grande Comore is predicted
to be negatively impacted by the spread of A. picti-
cauda through predation and habitat competition
(Hawlitschek et al. 2011; Vences and Hawlitschek
2011). On Reunion Island, A. picticauda has rapidly
spread across all coastal areas, and the first stable,
reproducing populations at higher elevation were
recorded as of 2022 (Cilaos, 1200 m asl.; Nature
Océan Indien 2023). The Critically Endangered Phel-
suma inexpectata on Reunion Island relies heavily
on urban gardens for habitat (Sanchez 2021), and the
spread of A. picticauda could possibly drive these
small, fragmented gecko populations to extinction
through predation and possible disease transmission.
Research is urgently needed to assess the impacts
of A. picticauda on the biodiversity of both islands,
which remain unquantified.

Despite the high number of invasions of alien rep-
tiles on islands (Capinha et al. 2017), efforts to eradi-
cate established populations remain limited (Spatz et al.
2022). From Reunion Island, A. picticauda could poten-
tially invade Mauritius, while its presence on Grande
Comore risks spreading to neighbouring islands in the
Comoros archipelago. On Reunion Island, an Invasive
Species Strategy and Action Plan for A. picticauda has
been established through a collaborative effort between
governmental and non-governmental organisations to
mitigate the spread and associated risks of this inva-
sive reptile (Nature Océan Indien 2023). Similar ini-
tiatives are urgently needed in the Comoros. Overall,
biosecurity across the Western Indian Ocean islands
must be strengthened through improved regulations,
stricter quarantine protocols, enhanced monitoring, the

development of effective control tools, and capacity-
building and awareness initiatives.
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