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ABSTRACT

The western Indian Ocean (WIO) is recognized as a marine biodiversity hotspot with complex oceanographic circulation re-
sulting in limited connectivity between remote islands. This ocean region comprises several subregions of varying biodiversity,
with the northern Mozambique Channel standing out as the core of this hotspot. Although the hydroids in this region are known
to include cryptic species and show contrasting connectivity patterns, the mesophotic depths remain largely unexplored. The
Deep Reef Refuge Hypothesis suggests that mesophotic coral ecosystems may act as refuges. However, this hypothesis is based
on several prerequisites that could be affected by the presence of cryptic species. We investigated the genetic diversity and con-
nectivity of seven hydroid species by collecting samples at euphotic and mesophotic depths around the islands of Mayotte and
Reunion. Population genetic patterns were investigated using multivariate analyses and Bayesian clustering, with 8-18 microsat-
ellite markers per species. The results revealed greater genetic diversity in Mayotte than in Reunion, even though fewer samples
were collected there. This is in line with the location of the heart of the hotspot in the northern part of the WIO. In addition, all
species exhibited strong genetic differentiation between samples from the two islands, supporting the “one island, one species”
hypothesis previously proposed for hydroids in the region. However, contrasting values were obtained among depths depending
on the species and the island, demonstrating the importance of a multi-species approach. The inclusion of mesophotic samples
from the Taxella eximia/gracilicaulis and Macrorhynchia phoenicea species complexes provides new insights into the true bio-
diversity of these genera, revealing additional cryptic species and putative hybridization. Furthermore, the genetic connectivity
estimation performed here among depths highlights several species that could be evaluated in terms of the vertical connectivity
prerequisite of the Deep Reef Refuge Hypothesis in Mayotte and Reunion.

1 | Introduction coral reefs are vital to many tropical countries, including those in

the Western Indian Ocean (Wafar et al. 2011; Obura et al. 2022).

Coral reefs provide important ecosystem services worldwide
(Woodhead et al. 2019; Eddy et al. 2021), yet they are globally
threatened (Baker et al. 2008; Hughes et al. 2017; Hughes,
Anderson, et al. 2018; Hughes, Kerry, et al. 2018). Although the
Indian Ocean remains one of the least studied ocean basins,

This region is recognized as a biodiversity hotspot (Roberts
et al. 2002; Wafar et al. 2011; Marchese 2015), supported by
studies of corals, reef fishes, reef brittle stars, and giant clams
(Obura 2012; Hoareau et al. 2013; McClanahan et al. 2014; Borsa
et al. 2016; Fauvelot et al. 2020). Coral reefs in the Western
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Indian Ocean are now severely threatened (Obura et al. 2022),
and given their importance to the sustainability of nearby
human populations, urgent and continued efforts are needed to
better understand and safeguard their global functioning.

Population genetics is a powerful tool for conservation in ma-
rine environments that lack clear boundaries (O'Brien 1994;
Avise 1998; Ouborg 2010; Mertens et al. 2018). Marine con-
nectivity is driven by currents, and the Southwestern Indian
Ocean (SWIO), traditionally defined between the Seychelles in
the north, the Mascarene Islands in the east, the south coast of
Madagascar in the south, and the East African coastal coun-
tries (South Africa, Mozambique, Tanzania, Kenya) in the
west (fig. 1 from Obura et al. 2022), is characterized by com-
plex oceanographic processes (Schott et al. 2009; Vogt-Vincent
and Johnson 2023). The SWIO is divided into several sub-
regions, with low connectivity between them on short time
scales (Crochelet et al. 2016; Gamoyo et al. 2019; Vogt-Vincent
et al. 2024). In this context, population genetic studies highlight
the high genetic diversity and contrasting connectivity in this re-
gion according to several models: corals (Vogler et al. 2012; van
der Ven et al. 2021, 2022; Burt et al. 2024), sea stars (Otwoma
and Kochzius 2016), and reef brittle stars (Hoareau et al. 2013;
Boissin et al. 2017). While hydroids (Cnidaria, Hydrozoa) have
usually been neglected in studies of coral reefs compared with
corals (Di Camillo et al. 2017), several studies focused on them
in the SWIO. Population genetic studies of SWIO hydroids have
identified several cryptic species in different subregions, sup-
porting the hidden diversity and low connectivity observed in
this region (Postaire et al. 2016; Postaire, Gélin, Bruggemann,
and Magalon 2017; Postaire, Gélin, Bruggemann, Pratlong, and
Magalon 2017; Boissin et al. 2018). The observation of cryp-
tic species tied to different islands has inspired the hypothe-
sis that there could be one species per island: the “one island,
one species” hypothesis (Postaire, Gélin, Bruggemann, and
Magalon 2017; Boissin et al. 2018).

Recently, mesophotic coral ecosystems, located between 30 and
150m depth (Loya et al. 2019), have been investigated for the
Deep Reef Refuge Hypothesis (DRRH), that is, their potential
to act as refuges for the shallower threatened reefs (Bongaerts
et al. 2010). However, it needs to be further validated by test-
ing two main prerequisites: (1) the presence of the same species
at euphotic and mesophotic depths and (2) vertical connectiv-
ity among their populations. However, most mesophotic studies
do not account for possible speciation processes at mesophotic
depths (Glazier and Etter 2014; Prada and Hellberg 2021).
Cryptic species may be present at these depths, which does not
strictly validate the first prerequisite and subsequently may af-
fect the estimation of vertical connectivity (second prerequisite),
which must be taken into account when testing the DRRH.
Evaluations of the second prerequisite of the DRRH indicate
that it is not universally supported and appears to be both tax-
on- and region-dependent (Bongaerts et al. 2017; Morais and
Santos 2018; Medeiros et al. 2021; Loiseau et al. 2023). Moreover,
this prerequisite requires further testing, particularly in light of
the potential presence of cryptic species.

Mesophotic depths in the SWIO remain largely understud-
ied (Turner et al. 2017; Eyal et al. 2021). Existing studies have
primarily focused either on documenting the mesophotic

distribution of known species or on discovering new taxa at these
depths (Tea et al. 2019; Boissin et al. 2021; Hoarau et al. 2021;
Osuka et al. 2021; Muff et al. 2023). In contrast, comparisons
between euphotic and mesophotic depths to assess their poten-
tial to act as refuges are rare and not based on genetic methods
(Loiseau et al. 2023; Stefanoudis et al. 2023). Recent explorations
of mesophotic coral ecosystems around Reunion highlighted
the unknown diversity of hydroids (Gravier-Bonnet et al. 2022).
Notably, several hydroid species occur at both euphotic and
mesophotic depths, making them promising candidates for
testing the vertical connectivity prerequisite of the DRRH.
Furthermore, genetic markers are already available for some of
these species, providing a robust framework for assessing depth-
related population connectivity (Postaire et al. 2015a, 2015b;
Ory, Gravier-Bonnet, et al. 2025; Ory, Mouronvalle, et al. 2025).

This study investigates the genetic diversity and both hori-
zontal and vertical connectivity of seven widespread hydroid
species in the SWIO. Specimens were collected from both eu-
photic and mesophotic depths at two geographically distant lo-
cations, Reunion and Mayotte, allowing for the assessment of
regional (inter-island) and depth-related (intra-island) genetic
structuring.

2 | Materials and Methods
2.1 | Species and Sampling Sites

Seven hydroid species were selected for this study: Lytocarpia
brevirostris (Busk, 1852), Lytocarpia phyteuma (Stechow,

1919), Macrorhynchia phoenicea (Busk, 1852), Taxella
gracilicaulis (Jaderholm, 1903), Taxella eximia Allman,
1874 (Aglaopheniidae), Sertularella diaphana (Allman,

1885) (Sertularellidae), and Zygophylax rufa (Bale, 1884)
(Zygophylacidae). Sampling was carried out between 2020
and 2023 around two islands in the SWIO: Mayotte (Comoros
Archipelago) and Reunion (Mascarene Archipelago), and the
island of Moorea in French Polynesia in the Pacific Ocean (for
L. phyteuma). A total of 35 sites were sampled on Reunion, 19
on Mayotte, and 2 on Moorea at depths ranging from 13 to
104m (Figure 1). Sampling at mesophotic depths (below 40m)
was performed using closed-circuit rebreathers (CCR) with gas
mixes adapted to the targeted depths (hypoxic trimix diving
techniques). Previous mesophotic studies highlight a break be-
tween upper and lower mesophotic depths (Lesser et al. 2019;
Laverick et al. 2020), and given the light intensity at these depths
around Reunion (Hoarau et al. 2024), individuals were classified
according to their sampling depth: above 40 m = euphotic (Eu),
between 40 and 70 m = upper mesophotic (UM), and between 70
and 104 m =lower mesophotic (LM).

A total of 1570 samples were collected, 1215 from Reunion, 307
from Mayotte, and 48 from Moorea. A colony fragment was pre-
served in 96% ethanol for molecular analysis, and a subset of
representative specimens (whole colonies with species-typical
morphology and reproductive structures, when available) was
preserved in a 3.6% saline formaldehyde solution for taxonomic
studies. The genotypes from the 1215 Reunion samples of L. bre-
virostris, L.phyteuma, M.phoenicea, S.diaphana, and Z.rufa
were obtained from a study focusing on vertical connectivity
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FIGURE1 | Map of Reunion and Mayotte in the Indian Ocean, and Moorea in the Pacific Ocean. A total of 1570 samples were collected from 35

sites on Reunion, 19 on Mayotte, and 2 on Moorea at depths ranging from 13 to 104 m.

around Reunion (Ory, Gravier-Bonnet, et al. 2025). They were
analyzed simultaneously with the samples from Mayotte and
Moorea, as described below.

Two cryptic species of M. phoenicea, o. and f, were identified in
the SWIO according to Postaire et al. (2016). These cryptic spe-
cies were distinguished by shape and color: stiff and black and
white (cryptic species o), and gracile and brown (cryptic spe-
cies 8), and were genetically distinct (Fg=0.33 from Postaire
et al. 2016).

2.2 | DNA Extraction and Microsatellite
Amplification

DNA was extracted in columns using the DNeasy Blood and
Tissue Kit or the QIAamp 96 DNA Kit for the QIAcube HT
robot extractor (Qiagen, Hilden, Germany) according to the
manufacturer's protocols. Samples were genotyped using
microsatellite markers developed specifically for the species
studied here (Postaire et al. 2015a, 2015b; Ory, Mouronvalle,
et al. 2025). A total of 83 markers were amplified using the
same multiplex panels and annealing temperature as those
used for their development (Postaire et al. 2015a, 2015b; Ory,
Mouronvalle, et al. 2025), with the PCR cycling parameters
used in Ory, Mouronvalle, et al. (2025). Briefly, amplifica-
tions were performed using the Type-it Microsatellite PCR
Kit (Qiagen, Hilden, Germany) in an 11-uL total volume:
5-uL Type-it Multiplex PCR Master Mix [2X], 1-uL Q solution,
0.01 uL of each primer [100puM], 3.98-uL RNase-free water
and 1-uL DNA extract. PCR program is settled as follows: an
initial denaturation step of 5min at 95°C, followed by 40 cy-
cles consisting of: (i) 30s at 95°C, (ii) 1 min 30s at optimal
annealing temperature for each locus (53°C-60°C, see tab.
1 from Ory, Mouronvalle, et al. 2025), (iii) 30s at 72°C, and

a final extension step at 60°C for 30 min. PCR products were
visualized on 2% agarose gels and sent to GenoScreen (Lille,
France) for genotyping. Allele sizes were manually scored
using Geneious Prime software v.2022.2.2 (Biomatters, San
Diego, USA) and ambiguous peaks were considered as miss-
ing data. Individuals with readable peaks were considered
successfully genotyped, and the alleles were kept in the final
analyzed dataset.

2.3 | Verification of Genotypes

The presence of clones among genotypes was checked using the
R software v.4.3 (R Core Team 2023) with the RStudio interface
v.2024.04 (Posit Team 2024) and the R packages poppr v.2.9.6
(Kamvar et al. 2014) and adegenet v.2.1.10 (Jombart 2008) with
the “isPoly” and “mlg” functions. After removing duplicate gen-
otypes within each island, unique genotypes (MLG) were re-
tained in the following analyses (Data S1).

2.4 | Data Analysis

Mean number of alleles per locus (My,), observed (H ) and
expected (H,) heterozygosities, and fixation indices (F¢) were
calculated using the R packages poppr and hierfstat v.0.5-11
(Goudet and Jombart 2022). The significance of global fixa-
tion indices (Fq) by islands per species was estimated using a
bootstrap method implemented in the hierfstat package with
100,000 repetitions. To account for the unbalanced number of
samples between islands, the mean number of alleles per locus
was also calculated using a rarefaction approach estimated
by the “allelic richness” function from the hierfstat package.
The rarefied mean number of alleles (R-M,) was estimated
from the break point in the rarefaction curves (M ,~number
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of alleles sampled, data not shown). The number of private al-
leles per island (N,,) was estimated using GenAlEx v.6.503
(Peakall and Smouse 2012). Again, to account for the unbal-
anced number of samples between islands, a random sam-
pling of individuals was performed to obtain populations of
equal size, with the number of samples corresponding to the
lowest population size available (i.e., the lowest MLG per is-
land for each species, Table 1). Similar random sampling was
performed 100 times per species, and for each repetition, the
number of private alleles per island was estimated for the sam-
pled populations using the “private_alleles” function from the
poppr package. The rarefied value of private alleles per island
(R-N,,) was calculated by averaging the number of private al-
leles estimated in the 100 repetitions.

The genetic differentiation values (F;) between islands were
estimated using GenAlEx. The significance of the pairwise
Fy. between islands for each species was estimated using
999 permutations in GenAlEx. For L. phyteuma, only 13 loci
were used for comparisons between the three islands (Lp21,
Lp26, Lp37 did not amplify in samples from Moorea). For
three species: L. brevirostris, L. phyteuma, and T. gracilicau-
lis, pairwise Fq; between depth classes (euphotic = Eu, upper
mesophotic=UM, lower mesophotic=LM) were estimated
using GenAlEx (999 permutations), and for each compari-
son, p-values were manually adjusted using the Benjamini
and Hochberg false discovery rate correction (BH, Benjamini
and Hochberg 1995). To estimate F; between depth classes,
some loci had to be removed from different datasets when
they were not amplified in the samples of certain islands. For
L. phyteuma, one locus was removed for each dataset: Lp37

for the Reunion dataset and Lp23 for the Mayotte dataset.
Additionally, on Mayotte, only one sample was collected from
LM depths, and it was decided to combine it with the UM sam-
ples. For T. gracilicaulis, two loci were removed for each data-
set: Tgl4, Tg29 for the Reunion dataset and Tg05, Tg29 for the
Mayotte dataset.

To visualize the differentiation between islands, principal coor-
dinate analysis (PCoA) was performed with the R packages ade4
v.1.7-22 (Thioulouse et al. 2018) and adegenet using Nei's genetic
distance. The Structure software v.2.3.4 (Pritchard et al. 2000),
Evanno's AK, calculated by the Structure Harvester program
(Evanno et al. 2005; Earl and vonHoldt 2012), and the log likeli-
hood Ln Pr(XIK) estimated by Structure (Pritchard et al. 2000;
Janes et al. 2017), were used to explore population structure
and determine the most likely number of genetic clusters. For
each species, analyses were performed with no prior and with
the sampling island and/or depth as prior. Simulations were
run with an assumed number of populations (K) from 1 to 10,
10 replicates for each value of K, and 1,000,000 Markov Chain
Monte Carlo (MCMC) with a burn-in length of 100,000 chains
per simulation.

Regarding the sampling of M. phoenicea cryptic species performed
in the present study, we decided to perform analyses with a dataset
combining the two cryptic species, with additional estimation of
Fq; between cryptic species and Structure analyses with cryptic
species as prior. For this species only, separate analyses of molec-
ular variance (AMOVA) were performed using the R packages
poppr and ade4 to determine the main factor explaining genetic
differentiation between islands, depths, or cryptic species.

TABLE1 | Summary of diversity metrics per island for the seven hydroid species.
NL  Island MLG M, (R-M,,) N, N, (R-N,) H, H, Fig
Lytocarpia brevirostris 8 Reunion 166 5.75 (4.92) 46 11 (9) 0.367 0.398  0.055*
Mayotte 82 10.25 (10.17) 82 47 (51) 0.476  0.588  0.188*
Lytocarpia phyteuma 16 (13)  Reunion 41 4.13 (3.30) 62 23 (23) 0.442  0.475 0.084
Mayotte 37 6.19 (5.11) 99 53 (54) 0.562 0717  0.262
Moorea 48 6.23 (4.01) 81 56 (52) 0.396  0.454 0.113
Macrorhynchia phoenicea 15 Reunion 141 8.60 (5.44) 129 91 (50) 0.375 0.591  0.390*
Mayotte 21 4.40 (4.40) 66 28 (37) 0.127 0.466 0.763*
Sertularella diaphana 18 Reunion 121 8.94 (5.28) 161 79 (36) 0.501  0.572  0.153*
Mayotte 15 6.72 (6.36) 121 39 (59) 0.525 0.692  0.268*
Taxella gracilicaulis 14 Reunion 67 7.86 (3.61) 110 71 (66) 0.230  0.541 0.317*
Mayotte 53 7.64 (3.99) 107 68 (69) 0.387 0.628  0.658*
Taxella eximia 14 Reunion 42 4.50 (2.46) 63 30 (27) 0.167  0.487  0.690*
Mayotte 32 6.43 (3.24) 90 57 (60) 0.296 0.663  0.578*
Zygophylax rufa 12 Reunion 369 19.42 (4.38) 233 167 (69) 0.361  0.621  0.444*
Mayotte 23 8.42(4.92) 101 35 (69) 0.465 0.743  0.383*

Note: Metrics are highlighted for Reunion in green, Mayotte in blue, and Moorea in purple.
Abbreviations: F 4, coefficient of inbreeding; H,, Expected heterozygosity; H,, observed heterozygosity; MLG, number of unique genotypes; M, ,, mean number of
alleles per locus; NL, number of microsatellite loci; Ny, , number of private alleles; R-My,, rarefied mean number of alleles per locus; R-N,,, rarefied number of private

alleles.
*Indicates significant p-values (<0.05).
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For Taxella species, individuals were separated by species only
for the PCoA and Structure simulations: T.gracilicaulis, T.ex-
imia, and a third group, T. eximia/gracilicaulis, with 13 speci-
mens that have the morphological characteristics of T. eximia
(Ronowicz et al. 2017) but the global shape of T.gracilicaulis
(large colony with distant ramifications) as well as by island
and depth. For the remaining analyses, these 13 specimens were
considered to be T.eximia specimens, including the additional
estimation of pairwise Fg among the species.

3 | Results
3.1 | Genetic Diversity

Of the 1570 hydroid samples successfully genotyped, a total of
1258 MLG were retained for analyses (947 from Reunion, 263
from Mayotte, 48 from Moorea) (Table 1). For the seven target
species, the rarefied mean number of alleles (R-My,) ranged
from 2.46 to 5.44 for Reunion and 3.24 to 10.17 for Mayotte.
The rarefied number of private alleles (R-N,,) was estimated to
range from 9 to 69 for Reunion. The rarefied number of private
alleles was globally higher in Mayotte than in Reunion, with R-
N,, ranging from 37 to 69 (Table 1).

The observed heterozygosities (H,) ranged from 0.167 to 0.501
for Reunion and 0.127 to 0.562 for Mayotte (Table 1). The ex-
pected heterozygosities (H,) were higher than the observed
heterozygosities, ranging from 0.398 to 0.621 and 0.466 to 0.743
for Reunion and Mayotte, respectively (Table 1). The fixation in-
dices were significant for six species on Reunion and Mayotte:
Lytocarpia brevirostris (F;g=0.05 and 0.19 for Reunion and
Mayotte, respectively), Macrorhynchia phoenicea (F;;=0.39 and
0.76), Sertularella diaphana (Fig=0.15 and 0.27), Taxella gracil-
icaulis (Fi4=0.32 and 0.66), Taxella eximia (F;3=0.69 and 0.58)
and Zygophylax rufa (F;;=0.44 and 0.38) (Table 1). The F4 val-
ues for these species were higher in Mayotte than in Reunion
(except for T. eximia and Z. rufa). These values suggest the exis-
tence of population structures on the two islands, which will be
estimated in the following analyses. For Lytocarpia phyteuma,
the fixation indices were not significant for any of the three

islands. The rarefied mean number of alleles (R-M,, =4.01), the
rarefied number of private alleles (R-N,, = 52), and the observed
(H,=0.40) and expected (H,=0.45) heterozygosities for L. phy-
teuma samples from Moorea were in the same range as those for
Reunion and Mayotte (Table 1).

3.2 | Population Structure Within Species

For the species that do not include cryptic species: L. brevirostris,
L.phyteuma, S.diaphana, and Z. rufa, genetic differentiation val-
ues (Fg;) were significant between populations of Reunion (R) and
Mayotte (M) (Fg._R-M=0.14-0.22), and for L. phyteuma between
populations of Moorea (Mo) and Reunion (Fg;_R-Mo=0.32) or
Mayotte (Fg. M-Mo=0.28) (Table 2). Genetic differentiation
values between depths were contrasted between species and is-
lands. For L. brevirostris, Fy; between depths was not significant,
except between euphotic and upper mesophotic depths (Fg;_Eu-
UM=0.008), while they were higher in Mayotte. However, they
were still weak (Fg;=0.025-0.032), and equivalents between the
different depths (Eu vs. UM vs. LM) (Table 3). For L. phyteuma,
the F between euphotic and mesophotic depths (upper and lower
mesophotic depths combined) was higher in Mayotte (Fy;=0.137)
than in Reunion (Fg=0.079) (Table 3). However, as no meso-
photic samples of L. phyteuma have been collected in Moorea, it
was not possible to estimate Fy; between euphotic and mesophotic
depths (Table 3). For S.diaphana and Z.rufa, the Fg, values be-
tween depths could not be estimated in Mayotte due to the small
number of samples collected. In Reunion, the Fg, between depths
for S. diaphana was not significant or weak between euphotic and
lower mesophotic depths (Fg;_Eu-LM =0.038) (Table 3), whereas
for Z. rufa, Fg; between adjacent depths was lower than between
distant depths (Table 3). Results for Reunion are the subject of a
specific paper focusing on vertical connectivity using the same in-
dividuals (Ory, Gravier-Bonnet, et al. 2025).

PCoAs clearly separated individuals of L. brevirostris, L. phyte-
uma, and S.diaphana by islands (Figure 2A,B,D). For Z. rufa,
some individuals from Mayotte were close to individuals from
Reunion (Figure 2E). However, considering the different depths,
the PCoA of L.brevirostris and S.diaphana did not separate

TABLE 2 | Pairwise genetic differentiation values (Fg,;) between islands.

Reunion (R) Mayotte (M)
Mayotte (M) Moorea (Mo)

Species NL Fyr R-M Fyr_R-Mo Fy_M-Mo
Lytocarpia brevirostris 8 0.220* — —
Lytocarpia phyteuma 13 0.197* 0.320* 0.227*
Macrorhynchia phoenicea 15 0.203* — —
Sertularella diaphana 18 0.140%* — —
Taxella gracilicaulis 14 0.208* — —
Taxella eximia 14 0.212% — —
Zygophylax rufa 12 0.160* — —

Abbreviations: Fg;_ M-Mo, between Mayotte and Moorea; F,
microsatellite loci.
*Indicates significant p-values (<0.05).

ST—

R-M, between Reunion and Mayotte; Fy; R-Mo,

between Reunion and Moorea; NL, number of
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TABLE 3 | Pairwise genetic differentiation values (Fg;) between depth classes.

NL Island Fyr_Eu-UM Fy_Eu-LM Fy. UM-LM

Lytocarpia brevirostris 8 Reunion 0.008* 0.019 0.016

Mayotte 0.025* 0.026* 0.032*
Lytocarpia phyteuma 15 Reunion 0.079* — —

Mayotte 0.137* —
Taxella gracilicaulis 12 Reunion 0.037* 0.070* 0.039*

Mayotte 0.165* 0.233* 0.060*
Sertularella diaphana 18 Reunion 0.025 0.038* 0.121
Zygophylax rufa 12 Reunion 0.056* 0.178* 0.049*
Macrorhynchia phoenicea 15 Reunion 0.078* 0.132* 0.017*

Note: For L. phyteuma: Lp37 was removed for the Reunion dataset and Lp23 for the Mayotte dataset. Only one sample was collected from LM depths, it was combined
with the UM samples. For T. gracilicaulis: Tgl4, Tg29 were removed for the Reunion dataset and Tg05, Tg29 were removed for the Mayotte dataset. F, values are

highlighted for Reunion in green, and for Mayotte in blue.

Abbreviations: Fg;_Eu-LM, between euphotic and lower mesophotic depths; Fg
upper and lower mesophotic depths.

*Indicates significant p-values (<0.05).

individuals by depth (Figure 2A,D), whereas for L. phyteuma the
PCoA separated individuals between euphotic and mesophotic
depths on the second axis, especially for those from Mayotte
(Figure 2B).

Estimates of the most likely number of populations determined
by Evanno's AK and log likelihood Ln Pr(XIK) methods were
similar, except for some species (S.diaphana and Z.rufa) for
which the log likelihood method does not show a clear plateau
(Figure S1). In these cases, the values retained are those of
Evanno's AK (Tables S1 and S2). Thus, the most likely number of
populations estimated was K=2 for L. brevirostris, S.diaphana
and Z.rufa, and K=4 for L.phyteuma (Figure S1, Tables S1
and S2). For L.brevirostris and S.diaphana, these estimated
clusters (K=2) clearly correspond to the island populations
(Figure 3A,D). However, for the two other species (L. phyteuma
and especially Z. rufa), the estimated cluster did not clearly cor-
respond to the island population. For L.phyteuma, structure
assignments separated individuals from Reunion, Moorea, and
Mayotte. However, individuals from Mayotte were further sep-
arated by sampling depth, with a euphotic and a mesophotic
cluster, and admixture between them with four mesophotic in-
dividuals assigned to the euphotic cluster (Figures 3B and 4A).
For Z. rufa, the estimated clusters (K=2) did not correspond to
the island populations, either with or without islands as prior
(Figures 3E and 4F). The individuals from Mayotte (both eu-
photic and mesophotic) were clustered together, as well as those
from Reunion (Figures 3E and 4F). The Reunion individuals
were separated into the two clusters that tend to assign individ-
uals by depth, but with admixture between the clusters.

3.3 | Genetic Differentiation and Structure
of Macrorhynchia phoenicea Species Complex

In the present study, the two cryptic species of M. phoenicea are
mainly identified by coloration (0.=black and white, f=brown),
which can be variable. Examination of the reproductive structures:

T—

Eu-UM, between euphotic and upper mesophotic depths; Fy;, UM-LM, between

size and shape of the phylactocarps (Gravier-Bonnet N. personal
observation) also helps to separate the two species, but this distin-
guishing character was not found in all our samples.

The cryptic species a was found only on Reunion, often at me-
sophotic depths, whereas species § was found only at euphotic
depths on Reunion and at all depths on Mayotte. The genetic
differentiation value between the two cryptic species, mix-
ing Reunion and Mayotte samples, was significant but low
(F4;=0.075, p-value <0.001) and lower than that between the
islands (Fg;=0.203) (Table 2). PCoA separated individuals be-
tween islands along Axis 2 but four individuals from Mayotte
were clustered with individuals from Reunion (Figure 2C). In
contrast, Axis 1, which accounted for a greater proportion of
variance (26.7% vs. 13.2%), separated individuals according to
depth: Eu and some UM individuals on one side and UM and
LM individuals on the other (Figure 2C). However, this anal-
ysis did not clearly separate individuals by cryptic species. The
additional PCoA showed that cryptic species appear to be seg-
regated along Axis 1 in relation to depth (Figure S2). Cryptic
species 3 was found in Eu and UM specimens from Reunion
and Mayotte (the lone LM specimen from Mayotte was also a
B). According to the PCoA, individuals were separated by ge-
netic cryptic species based on a threshold along Axis 1 (settled at
0.14, Figure 2C, Figure S1). A total of 80 individuals of M. phoe-
nicea were assigned to cryptic species o (86% of concordant mor-
phological identification) and 82 as 8 (77%). Using this factor,
the differentiation value between the two cryptic species was
higher than with the morphological identification (Fy,=0.180,
p-value <0.001). Parts of the genetic variance estimated using
AMOVA were first by island (29.7%, p-value <0.001), then by
genetic cryptic species (28.6%, p-value<0.001), depth (14.4%,
p-value <0.001) and finally by morphological cryptic species
(12.8%, p-value < 0.001).

The likely number of populations was K=2 for simula-
tions with islands as prior or without prior (Tables S1 and
S2). However, the two clusters were not related to the island
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Principal coordinate analysis (PCoA) of five species. (A) Lytocarpia brevirostris, (B) Lytocarpia phyteuma, (C) Macrorhynchia phoe-

nicea (o and f3), (D) Sertularella diaphana, and (E) Zygophylax rufa. Individuals are colored by sampling depth: Eu =euphotic in yellow, UM =upper

mesophotic in light blue, and LM =lower mesophotic in dark blue. Individuals are connected by colored lines, cyan for Mayotte, green for Reunion,
purple for Moorea, to island centroids. Variance explained by the axis is given in brackets.

population: the first contained the Mayotte individuals from
both euphotic and mesophotic depths, with some Reunion
individuals from euphotic depths, and the second contained
Reunion individuals from mesophotic depths and some eu-
photic individuals from Reunion (Figures 3C and 4B). In ad-
dition, several Reunion and Mayotte individuals had admixed
profiles with admixture between the two clusters, suggesting
a complex structure and hybridization in the M. phoenicea spe-
cies complex (Figures 3C and 4B). With morphological cryptic
species as prior, the likely numbers of populations estimated
were K=2 and K=4 by Evanno's AK, and K=4 by the log like-
lihood Ln Pr(XIK) (Figure S1, Table S2). The assignment for

K =2 with morphological cryptic species as prior (Figure 4C)
was similar to that with islands as prior or without prior
(Figures 3C and 4B), showing that clusters were not clearly
assigned to cryptic species. All individuals of cryptic species
a from the mesophotic depth of Reunion were assigned to one
cluster, but individuals of the other cryptic species were also in
the same cluster (Figure 4C). For K =4, individuals were first
separated by islands, with two clusters each for Mayotte and
Reunion (Figure 4D). For the Mayotte clusters, admixture be-
tween individuals from mesophotic and euphotic depths was
observed. Similarly, admixtures between cryptic species and
sampling depths were observed for the Reunion clusters, with
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FIGURE 3 | Assignment plots for five species without prior using K estimated by Evanno's AK and log likelihood Ln Pr(XIK) for each spe-
cies (Table S1). (A) Lytocarpia brevirostris, (B) Lytocarpia phyteuma, (C) Macrorhynchia phoenicea (0. and f8), (D) Sertularella diaphana, and (E)
Zygophylax rufa. Individuals are sorted by island and by depth, with the assumed population of Reunion colored in green, Mayotte in cyan, and

Moorea in purple.

a tendency to segregate mesophotic individuals of cryptic spe-
cies o and euphotic individuals of cryptic species 8 (Figure 4D).
With genetic cryptic species as prior, both methods estimated
the likely number of populations to be K= 2 (Tables S1 and S2).
The two populations assigned in the structure analysis were as-
sumed to correspond to the cryptic species a and 8 (Figure 4E).
This population assignment was compared with the PCoA as-
signment of individuals to assess whether the Structure anal-
ysis was supported. As with morphological species as prior,
individuals of cryptic species a from the mesophotic depths of
Reunion were supported by PCoA and Structure assignments
(Figure 4E). Meanwhile, the other clusters contained individ-
uals with unsupported assignments, such as the four individ-
uals from Mayotte who are assigned as 8 by PCoA and a by
Structure (Figure 4E). Additionally, this assignment also had
admixed profiles, which are ambiguous to compare with PCoA
results, suggesting again the complex structure and hybridiza-
tion in this species complex (Figure 4E).

3.4 | Genetic Differentiation and Structure in
the Taxella Species Complex

Globally, the two Taxella species were genetically separated
(FgTe-Tg=0.07, p-value<0.001) with 91 and 33 private alleles
for T.gracilicaulis and T.eximia, respectively. The PCoA result
showed that the three species groups (T. gracilicaulis, T.eximia,
T. eximia/gracilicaulis) were closely related, except for the Reunion
individuals of T. eximia (Figure 5). The T. eximia/gracilicaulis spec-
imens and the Mayotte individuals of T. eximia were intermediate
between the Mayotte and Reunion individuals of T.gracilicaulis
(Figure 5), and the same result was obtained when the Reunion
outgroup of T.eximia was removed (Figure S3). When consider-
ing only T. gracilicaulis, three distinct groups were observed: one
for each island, constituted only by individuals from Reunion or
Mayotte, and a third group mixing individuals from Reunion and
Mayotte, mainly from euphotic depths (Eu), but also from upper
(UM) and lower (LM) mesophotic depths (Figure S4).
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Genetic differentiation values between islands were similar and
significant for T. gracilicaulis and T. eximia (F=0.21, Table 2).
The two Taxella species were also genetically distinct within
islands, with Fg; Te-Tg=0.18 (p-value <0.001) in Reunion and
0.15 (p-value<0.001) in Mayotte. For T.gracilicaulis, the ge-
netic differentiation values between depths were all significant
for both Mayotte and Reunion (Table 3). In Reunion, the Fy;
between distant depths (Fg;_ Eu-LM=0.07) was higher than
those between adjacent depths (Fg Eu-UM=0.037 and Fg;_
Eu-LM =0.039). However, these values remained lower than
those in Mayotte, where a strong genetic differentiation was

observed between the euphotic and mesophotic depths (Fq;._Eu-
UM=0.165 and Fy . Eu-LM=0.233) and between upper and

ST—
lower mesophotic depths (F,. UM-LM =0.060) (Table 3).

ST—
Evanno's AK and log likelihood Ln Pr(XIK) methods esti-
mated six populations without prior (K=6). With species as
prior, Evanno's AK estimated three populations (K= 3), but Ln
Pr(XIK) method did not allow for a clear estimate (Figure S1,
Tables S1 and S2). For K=3, the assumed clusters corre-
sponded to the populations of the species: (1) T. gracilicaulis
individuals from Mayotte, (2) T. gracilicaulis individuals from
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Reunion with the T.eximia/gracilicaulis specimens, and (3)
T. eximia individuals from Mayotte and Reunion (Figure 6B).
For K=6, the results were similar with and without spe-
cies as prior (Figure 6A,C), but the assignment of individu-
als was clearer without prior (Figure 6A). The six assumed

populations corresponded to the individuals of (1) mesophotic
T.gracilicaulis from Mayotte, (2) euphotic T.gracilicaulis
from Mayotte, (3) mesophotic and some euphotic T. gracil-
icaulis from Reunion, (4) euphotic T. gracilicaulis from the
southwest (SW) and west (W) coasts of Reunion, (5) T. eximia

Taxella species
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A 1M
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Axis 2 (10.0 %)

D Taxella gracilicaulis

I:l Taxella eximia/gracilicaulis

D Taxella eximia
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FIGURE 5 | Principal coordinate analysis (PCoA) of Taxella species. Individuals are colored according to species: Taxella gracilicaulis in ma-
genta, Taxella eximia in red, Taxella eximia/gracilicaulis in black, and by depth: Eu=euphotic in yellow, UM =upper mesophotic in light blue, and
LM =lower mesophotic in dark blue. Individuals are connected to island centroids by colored lines, cyan for Mayotte, green for Reunion. Variance
explained by the axis is given in brackets.
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FIGURE 6 | Assignment plots for Taxella species without prior and with Island Prior using the highest peaks of AK (Tables S1 and S2). (A)
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species, by island, and by depth. Individuals from Reunion are sorted by coast: S=south, SW =southwest, W =west.
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from Mayotte, and (6) T.eximia from Reunion (Figure 6A).
Moreover, admixtures between several populations were ob-
served for the different species, in particular for the T. eximia
population from Mayotte, which contained individuals asso-
ciated with Reunion or Mayotte populations of T. gracilicau-
lis (Figure 6A). Although their morphological identifications
were closer to T. eximia species, the T. eximia/gracilicaulis in-
dividuals were assigned to the T. gracilicaulis cluster for K=3
(Figure 6B) and were not related to any T. eximia individuals
from Mayotte or Reunion, either without or with species as
prior (Figure 6A,C).

4 | Discussion

This study estimated the genetic diversity and population
structure of seven hydroid species between Mayotte and
Reunion islands in the SWIO using microsatellite markers,
across both euphotic and mesophotic depths. Our results re-
vealed strong genetic differentiation between the two islands,
along with contrasting levels of genetic diversity. Notably,
cryptic diversity was suggested by the distinction between
mesophotic and euphotic populations for some of the species
(L. phyteuma, M. phoenicea, T.eximia/gracilicaulis, Z.rufa),
highlighting the potential influence of depth on population
divergence in this regional context.

4.1 | Contrasted Genetic Diversity Between
Islands in the Southwestern Indian Ocean

Overall, allelic diversity and the number of private alleles
were higher in Mayotte than in Reunion, despite fewer sam-
ples collected in Mayotte. The only exception was M. phoeni-
cea, which showed lower allelic diversity in Mayotte, probably
related to the presence of two cryptic species (Postaire
et al. 2016). Previous studies of L. brevirostris and M. phoe-
nicea showed similar results (Postaire et al. 2016; Postaire,
Gélin, Bruggemann, and Magalon 2017; Postaire, Gélin,
Bruggemann, Pratlong, and Magalon 2017), and additional
genetic studies of hydroids and scleractinian corals showed
higher genetic diversity in northern Madagascar (including
the Comoros Archipelago) than in the Mascarenes (Boissin
et al. 2018; van der Ven et al. 2021, 2022).

The contrasting genetic diversities can be attributed to multiple
factors: life-history strategies, demographic history, evolution-
ary process, etc. (Pauls et al. 2013; Alcala and Vuilleumier 2014;
Romiguier et al. 2014; Ellegren and Galtier 2016; Manel
et al. 2020). In our case, several hypotheses could explain the
globally higher genetic diversity in Mayotte than in Reunion.
First, anthropogenic pressures are known to affect the ge-
netic diversity of natural populations (Ayre and Hughes 2004;
DiBattista 2008). Reunion reefs have been severely affected by
natural and anthropogenic pressures in recent decades with
a global low coral cover of 20% (Bigot et al. 2000; Chabanet
et al. 2002; Ahamada et al. 2008; Broudic et al. 2024), whereas
Mayotte reefs, with a coral cover of 80%, may have better pre-
served genetic diversity (Wickel et al. 2015; Gudka et al. 2023).
However, the lack of genetic diversity monitoring does not allow
us to conclude on this hypothesis.

Another factor is oceanographic isolation. The Mascarene
Islands, located at the southern boundary of the South
Equatorial Current, are more isolated from regional currents
compared with the northern Mozambique Channel (NMC),
which receives influences from Madagascar, East Africa, and
the northern Western Indian Ocean (Schott et al. 2009; Vogt-
Vincent and Johnson 2023). This connectivity contributes to the
NMC's recognition as the heart of the Western Indian Ocean
biodiversity hotspot, whereas the Mascarenes remain rela-
tively isolated (Obura 2012; Hoareau et al. 2013; McClanahan
et al. 2014; Fauvelot et al. 2020).

Finally, the historical evolution of the region may explain the
observed genetic diversity patterns. The origin of the Western
Indian Ocean hotspot dates back to the Eocene (~56 million
years (Ma) ago) when it was connected to the highly diverse
Tethys Ocean (Renema et al. 2008; Leprieur et al. 2016; Hou
and Li 2018). Over time, the Tethys Ocean closed (~20Ma) and
later, the Indian and Pacific Oceans were separated by the for-
mation of the Indo-Australian Archipelago (~6 Ma), which is the
most diversified region nowadays (Renema et al. 2008; Leprieur
et al. 2016; Hou and Li 2018). Mayotte emerged ~9Ma ago in
the NMC (Nougier et al. 1986), while Reunion emerged ~3Ma
ago (McDougall 1971; Camoin et al. 2004). More recently, the
NMC is thought to have acted as an evolutionary hotspot in
the fragmented Western Indian Ocean. During the last gla-
cial period in the Miocene (18,000-17,000years ago), sea level
dropped down to 110-115m below the present level leading to
habitat fragmentation and loss of connectivity between islands
(Camoin et al. 2004). This historical evolution is supported by
occurrences of speciation events (Hoareau et al. 2013; Fauvelot
et al. 2020; Li et al. 2021) and may have allowed the emergence
and maintenance of high genetic diversity in Mayotte, but not
in Reunion.

4.2 | Population Structure and Limited Horizontal
Connectivity

In this study, numerous private alleles and significant genetic
differentiation between islands were estimated for the seven
species, supported by PCoAs and Structure assignments. This
finding suggests a lack of connectivity between these two is-
lands in the SWIO. Our results for M. phoenicea and L. bre-
virostris confirm those obtained in previous studies where
weak connectivity was shown between populations from
the Mascarene Islands and the northwestern Mozambique
Channel (Postaire et al. 2016; Postaire, Gélin, Bruggemann,
and Magalon 2017; Postaire, Gélin, Bruggemann, Pratlong,
and Magalon 2017). In addition, mitochondrial DNA analy-
sis (16S gene) of some species (L. phyteuma, T.gracilicaulis,
Z.rufa) confirmed the absence of shared haplotypes between
islands (Boissin et al. 2018). These results are consistent with
previous population genetic studies which estimated strong ge-
netic differentiation between remote regions of the SWIO for
coral species (van der Ven et al. 2021, 2022), and between the
Mascarene and Comoros islands for hydroids and scleractin-
ian corals (Postaire et al. 2016; Postaire, Gélin, Bruggemann,
and Magalon 2017; Postaire, Gélin, Bruggemann, Pratlong,
and Magalon 2017; Boissin et al. 2018; Oury et al. 2024).
This lack of connectivity is largely attributed to the complex
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oceanographic circulations in the region (Schott et al. 2009;
Vogt-Vincent and Johnson 2023). As mentioned above, the
south equatorial current is a major current of the SWIO that
isolates the Mascarene archipelago from the NMC. The south
equatorial current and the formation of gyres in the NMC cre-
ate a barrier to gene flow, preventing the spread of propagules
from the western (NMC) to the eastern (Mascarenes) part
of the SWIO. Modeling studies of connectivity in the SWIO
are consistent, estimating limited connectivity in the short
term, but not over multi-generational or evolutionary times-
cales (Crochelet et al. 2016; Gamoyo et al. 2019; Vogt-Vincent
et al. 2024).

On a broader Indo-Pacific scale, genetic structure was ob-
served between L.phyteuma populations in the SWIO
(Reunion and Mayotte) and in the Pacific Ocean (Moorea,
French Polynesia), supported by Fg;, PCoA, and Structure
analyses. This result is consistent with the lack of connectiv-
ity between the Indian and Pacific Oceans observed for the
hydroids L. brevirostris and M. phoenicea (Postaire et al. 2016;
Postaire, Gélin, Bruggemann, and Magalon 2017; Postaire,
Gélin, Bruggemann, Pratlong, and Magalon 2017), as well
as other benthic taxa (Hoareau et al. 2012; Oury et al. 2021).
The lack of connectivity between the Pacific Ocean and the
SWIO may be explained by two strong barriers to gene flow.
First, the Indo-Australian Archipelago, which acts as a barrier
between the Pacific and Indian Oceans for numerous organ-
isms (Carpenter and Springer 2005; Gaither and Rocha 2013;
Bowen et al. 2016). The second is the thousands of kilometers
of open ocean between the eastern and western parts of the
Indian Ocean (Schott et al. 2009; Vogler et al. 2012; Otwoma
and Kochzius 2016; Cacciapaglia et al. 2021).

Distinguishing between intraspecific genetic structure and
true cryptic speciation remains difficult, as the line separat-
ing the two is often blurred. Studies on hydroids have shown
that cryptic species are often found in widespread species
(Moura et al. 2008). For example, cryptic species have been re-
ported for Pteroclava krempfi in the Caribbean and Maldives
(Maggioni et al. 2016; Montano et al. 2017) and for the
Plumularia setacea species complex (Schuchert 2014). Cryptic
species were also identified among SWIO hydroids, using
both mitochondrial (16S gene), conserved nuclear (calmod-
ulin gene), or microsatellite markers (Postaire et al. 2016;
Postaire, Gélin, Bruggemann, and Magalon 2017; Postaire,
Gélin, Bruggemann, Pratlong, and Magalon 2017; Boissin
et al. 2018). These studies support the “one island, one spe-
cies” hypothesis, suggesting fine-scale endemism, where each
island or island group hosts a distinct genetic lineage (Postaire
et al. 2016; Postaire, Gélin, Bruggemann, and Magalon 2017;
Postaire, Gélin, Bruggemann, Pratlong, and Magalon 2017;
Boissin et al. 2018).

4.3 | Population Structure and Connectivity
Between Euphotic and Mesophotic Depths

Vertical population structure in the SWIO was suggested by
PCoAs and Structure assignments for two species: L. phyteuma
and Z.rufa. For L.phyteuma, strong vertical differentiation

between mesophotic and euphotic depths was supported by
pairwise Fg; values in Mayotte, but not in Reunion. However,
L. phyteuma is rarely found at mesophotic depths in Reunion,
with only 10 samples collected after 50 mesophotic dives,
compared with 14 samples obtained after only seven meso-
photic dives in Mayotte. This suggests that mesophotic habi-
tats in Reunion might not be suitable for this species contrary
to mesophotic habitats in Mayotte. Reunion island is young
(McDougall 1971; Camoin et al. 2004), and its mesophotic coral
ecosystems are close to the coast, which are highly anthropized
(Ahamada et al. 2008; Broudic et al. 2024). In contrast, Mayotte
Island is older (Nougier et al. 1986), and its mesophotic coral eco-
systems are farther from the coast and potentially less affected
by disturbances (Figure 1). Due to the different latitudes of the
two islands, water temperature could also explain our result,
but there is no temperature monitoring in the mesophotic zone
to support this theory. For Z. rufa, the low number of euphotic
samples from Mayotte prevented us from estimating F, values
between depths. On Reunion, Z. rufa shows lower genetic dif-
ferentiation values between adjacent depths (euphotic vs. upper
mesophotic, upper vs. lower mesophotic) than between distant
depths (euphotic vs. lower mesophotic). This vertical “step-by-
step” pattern of connectivity is similar to the stepping stone
pattern already described on the horizontal dimension (Kimura
and Weiss 1964). The second prerequisite of vertical connectiv-
ity from the DRRH implicitly assumes that connectivity occurs
from mesophotic to euphotic depths by bottom-up gene flow
(Bongaerts et al. 2010, 2017; Sturm et al. 2022, 2023). Then, a
vertical stepping stone pattern is not incompatible with this pre-
requisite as long as there is bottom-up gene flow. For Z. rufa on
Reunion, analyses show bottom-up gene flow from lower me-
sophotic to euphotic depths, which supports the DRRH prereq-
uisite of vertical connectivity (Ory, Gravier-Bonnet, et al. 2025).
It will be interesting to go further and perform the same anal-
yses on additional samples from Mayotte, especially in light of
the results of the present study. Our results revealed vertical
population structures for L. phyteuma and Z. rufa in the SWIO,
highlighting the importance of including mesophotic samples
in population genetic studies to better understand large-scale
connectivity.

Various patterns of vertical connectivity between taxa (Bongaerts
et al. 2017) and regions (Brazeau et al. 2013; Serrano et al. 2014;
Studivan and Voss 2018; Sturm et al. 2023) have been observed
for scleractinian corals in the Caribbean Sea and the Great
Barrier Reef. Similar results have been observed for hydroids in
Reunion, with different patterns of connectivity between species
and between different areas of the island (Ory, Gravier-Bonnet,
et al. 2025). In the context of euphotic reef degradation and the
potential for mesophotic reefs to reseed shallower reefs (DRRH),
further investigation of mesophotic connectivity across species
and regions is essential.

4.4 | Hidden Diversity and Structure in the Taxella
eximia/gracilicaulis Species Complex

Complex patterns of genetic differentiation were observed for
the T.eximia/gracilicaulis species complex, suggesting vertical
genetic structure and differentiation between islands. Results
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revealed different levels of population structure among species,
islands, and depths. First, for T. gracilicaulis, individuals were
separated into three groups: two groups consisting of individuals
from Reunion or Mayotte and a third group consisting of individ-
uals from the two islands. In analyses involving all Taxella spe-
cies, this third group was not clearly identified, as it was mixed
with some T. eximia and hybrid individuals. In Mayotte, individ-
uals were strongly separated between euphotic and mesophotic
depths, whereas in Reunion, no depth-related separation was
noted. However, the euphotic individuals from the western and
southwestern regions of Reunion were separated from the other
T. gracilicaulis, suggesting the presence of local cryptic species.
Genetic differentiation values were similar to those for Z. rufa
in Reunion, supporting the vertical connectivity prerequisite
of the DRRH (Ory, Gravier-Bonnet, et al. 2025). Thus, Taxella
gracilicaulis is a good candidate species to test this prerequisite
of the DRRH in Reunion, but additional samples are required
to perform gene flow analysis. Conversely, T.eximia displayed
population structure between islands but not across depths in
Mayotte, also making it a candidate species for the DRRH. In
Reunion, euphotic samples of T. eximia are strongly separated
from the other clusters, with no mesophotic samples obtained,
suggesting its absence at such depths for an unknown reason.
Future mesophotic sampling should prioritize Taxella species to
continue testing the DRRH.

A previous systematic study of the Gymnangium and Taxella
rehabilitated the Taxella genus but also revealed that the dis-
tinction between T. gracilicaulis and T.eximia species is not
supported by single gene DNA barcoding analysis, despite
morphological differences (Ronowicz et al. 2017). Genetic dif-
ferentiation and cryptic species between regions of the SWIO
have already been studied in this species complex (Boissin
et al. 2018). However, both studies used only one mitochon-
drial marker (16S gene), which did not allow the separation of
the two species. Here, microsatellite markers developed spe-
cifically for T. gracilicaulis and used by cross-amplification on
T. eximia (Ory, Mouronvalle, et al. 2025) provided better reso-
lution of this species complex, successfully distinguishing the
two species and misidentified individuals. Our results are en-
couraging because the microsatellite marker set successfully
separated the species, including misidentified individuals,
such as the T eximia/gracilicaulis individuals that clustered
with T. gracilicaulis although morphologically related to T. ex-
imia. Furthermore, the results for these T. eximia/gracilicaulis
individuals, considering that the two species and these inter-
mediate forms were found in sympatry, suggest possible ge-
netic hybridization between T. gracilicaulis and T. eximia. In
addition, the results globally highlight a true species complex
consisting of multiple, potentially hybridizing genetic groups
and an underestimation of the diversity in this genus. These
nuclear markers now allow further identification of potential
cryptic Taxella species. Continued investigation using inte-
grative taxonomy will be essential to accurately characterize
species diversity within this complex and to elucidate the evo-
lutionary forces at work.

Several systematic revisions of hydroid families have already
been carried out, highlighting the underestimation of spe-
cies diversity worldwide (Schuchert 2004; Cairns 2005; Moura
et al. 2008, 2011a, 2011b, 2012, 2018; Maronna et al. 2016;

Ronowicz et al. 2017; Miglietta et al. 2019; Galea et al. 2020; Galea
and Maggioni 2024). Upon closer inspection, they also highlight
paraphyly and polyphyly in several genera. Furthermore, studies
at mesophotic and deep depths are followed by the discovery of
new genera/species, adding further complexity (Gravier-Bonnet
et al. 2022; Gu et al. 2022; Maggioni et al. 2022). Integrative
studies using powerful molecular markers, such as the micro-
satellites used here or single nucleotide polymorphisms (SNPs)
in combination with morphological studies may be the key to
resolving systematic incoherences in hydroids.

4.5 | Mesophotic Samples Provide New Insights
Into M. phoenicea Species Complex

For another known species complex, M. phoenicea (Postaire
et al. 2016; Postaire, Gélin, Bruggemann, Pratlong, and
Magalon 2017; Boissin et al. 2018), the addition of mesophotic
samples from Reunion and Mayotte brings new insights to its
understanding. The analyses did not clearly distinguish indi-
viduals by island, depth, or cryptic species, suggesting greater
complexity than previously recognized. Previous studies found
cryptic species a on different SWIO islands, while species § was
restricted to Reunion, where the species are sympatric, some-
times at the same sampling sites (Postaire et al. 2016; Postaire,
Gélin, Bruggemann, Pratlong, and Magalon 2017). Here, the
cryptic species § was found on both Mayotte and Reunion,
whereas the cryptic species o was found only on Reunion. In pre-
vious studies of M. phoenicea in the SWIO, no specimens of the
cryptic species 8 were sampled in Mayotte (Postaire et al. 2016;
Postaire, Gélin, Bruggemann, Pratlong, and Magalon 2017).
However, the color or shape of the specimens is variable, lead-
ing to possible misidentifications, as supported by the different
analyses (AMOVA, F,, Structure) performed between mor-
phological and genetic cryptic species. Here, our genetic results
place the specimens identified as § from Mayotte closer to the
cryptic species 8 from Reunion, suggesting that both species
may be present on Mayotte. Our results also provide new in-
sights for M. phoenicea on Reunion, with the cryptic species a
found mainly at mesophotic depths and the cryptic species 5 at
euphotic depths, but overlapping at certain depths (Ory, Gravier-
Bonnet, et al. 2025). These results suggest possible gene flow
between the two cryptic species. The presumed clusters of indi-
viduals based on cryptic species (identified by morphology), is-
lands, and sampling depths did not coincide with the estimated
genetic groups (with the exception of the cryptic species o from
mesophotic depths of Reunion).

Some aspects of the Taxella and M. phoenicea species complex
results look like gray zones of speciation, suggesting that some
cryptic species may currently be undergoing speciation (Roux
et al. 2016; Dufresnes et al. 2023). The increase in mesophotic
studies made possible by the democratization of exploration
techniques (CCRs and remotely operated underwater vehi-
cles) is leading, as here, to the discovery of new species (Muir
et al. 2018; Pyle and Copus 2019; Tea et al. 2019; Gravier-Bonnet
et al. 2022; Anker et al. 2023) and cryptic diversity at these
depths (Prata et al. 2022; Gijsbers et al. 2023; Eckert et al. 2024).
Continued research efforts at mesophotic depths will lead to the
discovery of new species and improve our understanding of evo-
lutionary mechanisms at these depths.
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5 | Conclusion

This population genetic study based on microsatellite markers
uncovers cryptic diversity between islands, lending strong sup-
port to the “one island, one species” hypothesis for hydroids. Our
findings also suggest that cryptic diversity extends into meso-
photic depths, highlighting the importance of considering multi-
ple sites and depths in population genetic studies. Microsatellite
markers have proven to be very effective for examining species
complexes, for which the contribution of mesophotic samples
brings new light, such as in the genus Taxella. Further integra-
tive studies combining genetics, morphology, and ecology are
needed to clarify hydroid systematics. The estimation of verti-
cal connectivity suggests several putative species (Lytocarpia
brevirostris, Sertularella diaphana, Taxella eximia, Taxella gra-
cilicaulis, and Zygophylax rufa) as promising models to test the
vertical connectivity prerequisite of the DRRH in the SWIO.
Future research should aim to expand our understanding of me-
sophotic connectivity at broader spatial scales, while accounting
for regional specificities in order to support the development of
more effective and context-sensitive conservation strategies.

Author Contributions

David Ory: data curation (equal), formal analysis (lead), investiga-
tion (lead), methodology (lead), writing — original draft (lead). Nicole
Gravier-Bonnet: data curation (equal), formal analysis (supporting),
investigation (equal), methodology (equal), validation (equal), writing -
review and editing (equal). Pascale Chabanet: project administration
(equal), resources (equal), supervision (supporting), writing — review
and editing (equal). Chloé A. F. Bourmaud: conceptualization (equal),
investigation (equal), methodology (equal), project administration
(equal), supervision (equal), validation (equal), writing - review and ed-
iting (equal). Emilie Boissin: conceptualization (equal), data curation
(equal), formal analysis (supporting), funding acquisition (lead), inves-
tigation (equal), methodology (equal), resources (equal), supervision
(equal), validation (equal), writing — original draft (supporting), writing
- review and editing (equal).

Acknowledgments

Hydroid specimens have been collected during research programs fo-
cused on mesophotic exploration on (1) Mayotte Island: MesoMay (sup-
ported by LIFE4BEST, LIFE, the French Biodiversity Agency (OFB) and
the LIFE4BEST program of the Agence Francaise de Développement
(AFD)), MesoHydro (supported by Laboratory of Excellence CORAIL
and the National Inventory of Natural Heritage, INPN), and (2) Reunion
Island: MesoRun (supported by LIFE program, the French Biodiversity
Agency (OFB) and LIFE4BEST program of the Agence Frangaise de
Développement (AFD)), HydMeR (supported by National Inventory
of Natural Heritage, INPN), ConnectMesoHydro (supported by OFB:
OFB.21.1025), ECOMER (supported by FEDER 2014-2020), COMHyR
and PACHICON (supported by Laboratory of Excellence CORAIL).
David Ory was supported by a doctoral fellowship from the Regional
Council of La Réunion (D2021/2796). These programs were carried out
in partnership with BioRécif (Thierry Mulochau), the association Vie
Océane, the association Poisson Lune in Reunion, and the association
Deep Blue Exploration in Mayotte. Mesophotic sampling was carried
out by professional CCR divers from Poisson Lune: P. Plantard and
C. Loisil. We thank Dr. G. Quéré (CRIOBE), Dr. J.P. Quod (ARVAM),
L. Hoarau and S. Bureau (ENTROPIE), and O. Desbonnes (ARBRE)
for their help during the sampling. We also thank Dr. F. Trentin (Vie
Océane) for hosting our field laboratory and providing space and equip-
ment during the different sampling missions.

Funding

This study was supported by the Inventaire National du Patrimoine
Naturel (INPN), Laboratoire d'Excellence Corail, Agence Francaise de
Développement, Office Francais de la Biodiversité, European Regional
Development Fund.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

Sample information, multilocus genotypes, and GPS coordinates are
provided in Data S1. Script of R packages and functions used for analyses
are given in Data S2. Files are available at: https://zenodo.org/records/
17360631?token=eyJhbGciOiJIUzZUxMiJ9.eyJpZCI6IjAyNzc5Y WFm
LTVmY TgtNGRjNyliOWJKLTFmNWIOODNkYzU1ZSIsImRhdGEiOn
t9LCJyY W5kb20iOiJIMTIJINjJiODYzZjBhZGNkMzYXxOWZmMzY0
NmMS5YjNIOCJ9.-neTOY17Qbjhpkx7SASTIGMGr3uAfwTvRLK1
dEvoxHXH4ZgrM70L3jnD9UO_8Lsqo_Ghitd21 HR8tfOBWkrx5g.

References

Ahamada, S., J. Bijoux, B. Cauvin, et al. 2008. “Status of the Coral Reefs
of the South-West Indian Ocean Island States: Comoros, Madagascar,
Mauritius, Reunion, Seychelles.” 73-79.

Alcala, N., and S. Vuilleumier. 2014. “Turnover and Accumulation
of Genetic Diversity Across Large Time-Scale Cycles of Isolation and
Connection of Populations.” Proceedings of the Royal Society B 281:
20141369.

Anker, A., S. Vimercati, F. Barreca, et al. 2023. “Mesophotic and Bathyal
Palaemonid Shrimp Diversity of the Red Sea, With the Establishment of
Two New Genera and Two New Species.” Diversity 15: 1028.

Avise, J. C.1998. “Conservation Genetics in the Marine Realm.” Journal
of Heredity 89: 377-382.

Ayre, D. J., and T. P. Hughes. 2004. “Climate Change, Genotypic
Diversity and Gene Flow in Reef-Building Corals.” Ecology Letters 7:
273-278.

Baker, A. C., P. W. Glynn, and B. Riegl. 2008. “Climate Change and
Coral Reef Bleaching: An Ecological Assessment of Long-Term Impacts,
Recovery Trends and Future Outlook.” Estuarine, Coastal and Shelf
Science 80: 435-471.

Benjamini, Y., and Y. Hochberg. 1995. “Controlling the False Discovery
Rate: A Practical and Powerful Approach to Multiple Testing.” Journal
of the Royal Statistical Society. Series B, Statistical Methodology 57:
289-300.

Bigot, L., L. Charpy, J. Maharavo, et al. 2000. “Status of Coral Reefs of
the Southern Indian Ocean: The Indian Ocean Commission Node for
Comoros, Madagascar, Mauritius, Réunion and Seychelles.” 77-94.

Boissin, E., C. A.-F. Bourmaud, L. Ballesta, T. Mulochau, and N. Gravier-
Bonnet. 2021. “Millepora Aff. Exaesa (Cnidaria, Hydrozoa) Recorded
in the Mesophotic Environment of Mount La Pérouse, Southwestern
Indian Ocean—Expedition La Pérouse 2019.” Diversity 13: 474.

Boissin, E., T. B. Hoareau, G. Paulay, and J. H. Bruggemann. 2017. “DNA
Barcoding of Reef Brittle Stars (Ophiuroidea, Echinodermata) From
the Southwestern Indian Ocean Evolutionary Hotspot of Biodiversity.”
Ecology and Evolution 7: 11197-11203.

Boissin, E., T. B. Hoareau, B. Postaire, N. Gravier-Bonnet, and C.
A.-F. Bourmaud. 2018. “Cryptic Diversity, Low Connectivity and
Suspected Human-Mediated Dispersal Among 17 Widespread Indo-
Pacific Hydroid Species of the South-Western Indian Ocean.” Journal of
Biogeography 45: 2104-2117.

14 of 18

Ecology and Evolution, 2025


https://zenodo.org/records/17360631?token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6IjAyNzc5YWFmLTVmYTgtNGRjNy1iOWJkLTFmNWI0ODNkYzU1ZSIsImRhdGEiOnt9LCJyYW5kb20iOiJlMTJlNjJiODYzZjBhZGNkMzYxOWZmMzY0NmM5YjNlOCJ9.-neTOYl7Qbjhpkx7SAST9GMGr3uAfwTvRLK1dEvoxHXH4ZgrM70L3jnD9UO_8Lsqo_Ghitd21HR8tf0BWkrx5g
https://zenodo.org/records/17360631?token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6IjAyNzc5YWFmLTVmYTgtNGRjNy1iOWJkLTFmNWI0ODNkYzU1ZSIsImRhdGEiOnt9LCJyYW5kb20iOiJlMTJlNjJiODYzZjBhZGNkMzYxOWZmMzY0NmM5YjNlOCJ9.-neTOYl7Qbjhpkx7SAST9GMGr3uAfwTvRLK1dEvoxHXH4ZgrM70L3jnD9UO_8Lsqo_Ghitd21HR8tf0BWkrx5g
https://zenodo.org/records/17360631?token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6IjAyNzc5YWFmLTVmYTgtNGRjNy1iOWJkLTFmNWI0ODNkYzU1ZSIsImRhdGEiOnt9LCJyYW5kb20iOiJlMTJlNjJiODYzZjBhZGNkMzYxOWZmMzY0NmM5YjNlOCJ9.-neTOYl7Qbjhpkx7SAST9GMGr3uAfwTvRLK1dEvoxHXH4ZgrM70L3jnD9UO_8Lsqo_Ghitd21HR8tf0BWkrx5g
https://zenodo.org/records/17360631?token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6IjAyNzc5YWFmLTVmYTgtNGRjNy1iOWJkLTFmNWI0ODNkYzU1ZSIsImRhdGEiOnt9LCJyYW5kb20iOiJlMTJlNjJiODYzZjBhZGNkMzYxOWZmMzY0NmM5YjNlOCJ9.-neTOYl7Qbjhpkx7SAST9GMGr3uAfwTvRLK1dEvoxHXH4ZgrM70L3jnD9UO_8Lsqo_Ghitd21HR8tf0BWkrx5g
https://zenodo.org/records/17360631?token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6IjAyNzc5YWFmLTVmYTgtNGRjNy1iOWJkLTFmNWI0ODNkYzU1ZSIsImRhdGEiOnt9LCJyYW5kb20iOiJlMTJlNjJiODYzZjBhZGNkMzYxOWZmMzY0NmM5YjNlOCJ9.-neTOYl7Qbjhpkx7SAST9GMGr3uAfwTvRLK1dEvoxHXH4ZgrM70L3jnD9UO_8Lsqo_Ghitd21HR8tf0BWkrx5g
https://zenodo.org/records/17360631?token=eyJhbGciOiJIUzUxMiJ9.eyJpZCI6IjAyNzc5YWFmLTVmYTgtNGRjNy1iOWJkLTFmNWI0ODNkYzU1ZSIsImRhdGEiOnt9LCJyYW5kb20iOiJlMTJlNjJiODYzZjBhZGNkMzYxOWZmMzY0NmM5YjNlOCJ9.-neTOYl7Qbjhpkx7SAST9GMGr3uAfwTvRLK1dEvoxHXH4ZgrM70L3jnD9UO_8Lsqo_Ghitd21HR8tf0BWkrx5g

Bongaerts, P., T. Ridgway, E. M. Sampayo, and O. Hoegh-Guldberg.
2010. “Assessing the ‘Deep Reef Refugia’ Hypothesis: Focus on
Caribbean Reefs.” Coral Reefs 29: 309-327.

Bongaerts, P., C. Riginos, R. Brunner, N. Englebert, S. R. Smith, and
O. Hoegh-Guldberg. 2017. “Deep Reefs Are Not Universal Refuges:
Reseeding Potential Varies Among Coral Species.” Science Advances 3:
€1602373.

Borsa, P., J.-D. Durand, W.-J. Chen, et al. 2016. “Comparative
Phylogeography of the Western Indian Ocean Reef Fauna.” Acta
Oecologica 72: 72-86.

Bowen, B. W., M. R. Gaither, J. D. DiBattista, et al. 2016. “Comparative
Phylogeography of the Ocean Planet.” Proceedings of the National
Academy of Sciences of the United States of America 113: 7962-7969.

Brazeau, D. A., M. P. Lesser, and M. Slattery. 2013. “Genetic Structure
in the Coral, Montastraea cavernosa: Assessing Genetic Differentiation
Among and Within Mesophotic Reefs.” PLoS One 8: €65845.

Broudic, L., M. Pinault, and R. Claud. 2024. “UTOPIAN - Etat
Ecologique des Récifs Coralliens de La Réunion 2021-2023 - Bilan d'Ac-
tivité 2023-2024.” 66.

Burt, A. J., N. Vogt-Vincent, H. Johnson, et al. 2024. “Integration of
Population Genetics With Oceanographic Models Reveals Strong
Connectivity Among Coral Reefs Across Seychelles.” Scientific Reports
14: 4936.

Cacciapaglia, C. W., M. B. Bush, and R. Van Woesik. 2021. “Legacies
of an Ice-Age World May Explain the Contemporary Biogeographical
Provinces of Corals.” Frontiers of Biogeography 13: €50008.

Cairns, S. D. 2005. “Revision of the Hawaiian Stylasteridae (Cnidaria:
Hydrozoa: Athecata).” Pacific Science 59: 439-451.

Camoin, G. F., L. F. Montaggioni, and C. J. R. Braithwaite. 2004. “Late
Glacial to Post Glacial Sea Levels in the Western Indian Ocean.” Marine
Geology 206: 119-146.

Carpenter, K. E., and V. G. Springer. 2005. “The Center of the Center of
Marine Shore Fish Biodiversity: The Philippine Islands.” Environmental
Biology of Fishes 72: 467-480.

Chabanet, P, L. Bigot, O. Naim, R. Garnier, E. Tessier, and M. Moyne-
Picard. 2002. “Coral Reef Monitoring at Reunion Island (Western
Indian Ocean) Using the GCRMN Method.” Proceedings of the Ninth
International Coral Reef Symposium 2: 873-878.

Crochelet, E., J. Roberts, E. Lagabrielle, D. Obura, M. Petit, and P.
Chabanet. 2016. “A Model-Based Assessment of Reef Larvae Dispersal
in the Western Indian Ocean Reveals Regional Connectivity Patterns—
Potential Implications for Conservation Policies.” Regional Studies in
Marine Science 7: 159-167.

Di Camillo, C. G., G. Bavestrello, C. Cerrano, et al. 2017. “Hydroids
(Cnidaria, Hydrozoa): A Neglected Component of Animal Forests.” In
Marine Animal Forests, edited by S. Rossi, L. Bramanti, A. Gori, and C.
Orejas, 397-427. Springer International Publishing.

DiBattista,J.D.2008. “Patternsof Genetic Variationin Anthropogenically
Impacted Populations.” Conservation Genetics 9: 141-156.

Dufresnes, C., N. Poyarkov, and D. Jablonski. 2023. “Acknowledging
More Biodiversity Without More Species.” Proceedings of the National
Academy of Sciences of the United States of America 120: €2302424120.

Earl, D. A., and B. M. vonHoldt. 2012. “STRUCTURE HARVESTER:
A Website and Program for Visualizing STRUCTURE Output and
Implementing the Evanno Method.” Conservation Genetics Resources 4:
359-361.

Eckert, R. J., A. B. Sturm, A. M. Carreiro, A. M. Klein, and J. D. Voss.
2024. “Cryptic Diversity of Shallow and Mesophotic Stephanocoenia
intersepta Corals Across Florida Keys National Marine Sanctuary.”
Heredity 133: 137-148.

Eddy, T. D., V. W. Y. Lam, G. Reygondeau, et al. 2021. “Global Decline
in Capacity of Coral Reefs to Provide Ecosystem Services.” One Earth
4:1278-1285.

Ellegren, H., and N. Galtier. 2016. “Determinants of Genetic Diversity.”
Nature Reviews. Genetics 17: 422-433.

Evanno, G., S. Regnaut, and J. Goudet. 2005. “Detecting the Number
of Clusters of Individuals Using the Software Structure: A Simulation
Study.” Molecular Ecology 14: 2611-2620.

Eyal, G., J. H. Laverick, P. Bongaerts, O. Levy, and J. M. Pandolfi.
2021. “Mesophotic Coral Ecosystems of the Great Barrier Reef Are
Understudied and Underexplored.” Frontiers in Marine Science 8: 622856.

Fauvelot, C., D. Zuccon, P. Borsa, et al. 2020. “Phylogeographical
Patterns and a Cryptic Species Provide New Insights Into Western
Indian Ocean Giant Clams Phylogenetic Relationships and Colonization
History.” Journal of Biogeography 47: 1086-1105.

Gaither, M. R., and L. A. Rocha. 2013. “Origins of Species Richness
in the Indo-Malay-Philippine Biodiversity Hotspot: Evidence for
the Centre of Overlap Hypothesis.” Journal of Biogeography 40:
1638-1648.

Galea, H. R., and D. Maggioni. 2024. “On Some Tropical Hydroids
(Cnidaria: Hydrozoa), with Descriptions of Four New Species.” Zootaxa
5428:1-57.

Galea, H. R., D. Schories, V. Hiussermann, and G. Forsterra. 2020.
“Taxonomic Revision of the Genus Sertularella (Cnidaria: Hydrozoa)
From Southern South America and the Subantarctic, With Descriptions
of Five New Species.” Revue Suisse de Zoologie 124: 255-321.

Gamoyo, M., D. Obura, and C. J. C. Reason. 2019. “Estimating
Connectivity Through Larval Dispersal in the Western Indian Ocean.”
JGR Biogeosciences 124: 2446-2459.

Gijsbers, J. C.,N.Englebert, K. E. Prata, et al. 2023. “Global Phylogenomic
Assessment of Leptoseris and Agaricia Reveals Substantial Undescribed
Diversity at Mesophotic Depths.” BMC Biology 21: 147.

Glazier, A. E., and R. J. Etter. 2014. “Cryptic Speciation Along a
Bathymetric Gradient.” Biological Journal of the Linnean Society 113:
897-913.

Goudet, J., and T. Jombart. 2022. “Hierfstat: Estimation and Tests of
Hierarchical F-Statistics.”

Gravier-Bonnet, N., E. Boissin, L. Hoarau, et al. 2022. “Diving Into the
Lower Mesophotic Coral Ecosystems (65-93 m Depth) of Reunion Island
(Southwestern Indian Ocean) Sheds Light on the Hidden Diversity of
Hydroids (Cnidaria, Hydrozoa).” Marine Biodiversity 52: 38.

Gu, Z., B. Ruthensteiner, C. J. Moura, L. Liu, R. Zhang, and X. Song.
2022. “Systematic Affinities of Zygophylacidae (Cnidaria: Hydrozoa:
Macrocolonia) With Descriptions of 15 Deep-Sea Species.” Zoological
Journal of the Linnean Society 196: 52-87.

Gudka, M., S. Aboud, and D. Obura. 2023. “Establishing Historical
Benthic Cover Levels for Coral Reefs of the Western Indian Ocean.”
WIO Journal of Marine Science 22: 103-115.

Hoarau, L., F. Guilhaumon, S. Bureau, et al. 2024. “Marked Spatial
Heterogeneity of Macro-Benthic Communities Along a Shallow-
Mesophotic Depth Gradient in Reunion Island.” Scientific Reports 14:
32021.

Hoarau, L., H. Rouzé, E. Boissin, et al. 2021. “Unexplored Refugia With
High Cover of Scleractinian Leptoseris spp. and Hydrocorals Stylaster
flabelliformis at Lower Mesophotic Depths (75-100 m) on Lava Flows at
Reunion Island (Southwestern Indian Ocean).” Diversity 13: 141.

Hoareau, T. B., E. Boissin, and P. Berrebi. 2012. “Evolutionary History
of a Widespread Indo-Pacific Goby: The Role of Pleistocene Sea-
Level Changes on Demographic Contraction/Expansion Dynamics.”
Molecular Phylogenetics and Evolution 62: 566-572.

Ecology and Evolution, 2025

150f 18



Hoareau, T. B., E. Boissin, G. Paulay, and J. H. Bruggemann. 2013.
“The Southwestern Indian Ocean as a Potential Marine Evolutionary
Hotspot: Perspectives From Comparative Phylogeography of Reef
Brittle-Stars.” Journal of Biogeography 40: 2167-2179.

Hou, Z., and S. Li. 2018. “Tethyan Changes Shaped Aquatic
Diversification.” Biological Reviews 93: 874-896.

Hughes, T. P., K. D. Anderson, S. R. Connolly, et al. 2018. “Spatial and
Temporal Patterns of Mass Bleaching of Corals in the Anthropocene.”
Science 359: 80-83.

Hughes, T. P., M. L. Barnes, D. R. Bellwood, et al. 2017. “Coral Reefs in
the Anthropocene.” Nature 546: 82-90.

Hughes, T. P., J. T. Kerry, A. H. Baird, et al. 2018. “Global Warming
Transforms Coral Reef Assemblages.” Nature 556: 492-496.

Janes,J.K.,J. M. Miller, J. R. Dupuis, et al. 2017. “The K= 2 Conundrum.”
Molecular Ecology 26: 3594-3602.

Jombart, T. 2008. “Adegenet: A R Package for the Multivariate Analysis
of Genetic Markers.” Bioinformatics 24: 1403-1405.

Kamvar, Z. N., J. F. Tabima, and N. J. Griinwald. 2014. “Poppr: An R
Package for Genetic Analysis of Populations With Clonal, Partially
Clonal, and/or Sexual Reproduction.” PeerJ 2: e281.

Kimura, M., and G. H. Weiss. 1964. “The Stepping Stone Model of
Population Structure and the Decrease of Genetic Correlation With
Distance.” Genetics 49: 561-576.

Laverick, J. H., R. Tamir, G. Eyal, and Y. Loya. 2020. “A Generalized
Light-Driven Model of Community Transitions Along Coral Reef Depth
Gradients.” Global Ecology and Biogeography 29: 1554-1564.

Leprieur, F., P. Descombes, T. Gaboriau, et al. 2016. “Plate Tectonics
Drive Tropical Reef Biodiversity Dynamics.” Nature Communications
7:11461.

Lesser, M. P., M. Slattery, J. H. Laverick, K. J. Macartney, and T. C.
Bridge. 2019. “Global Community Breaks at 60 m on Mesophotic Coral
Reefs.” Global Ecology and Biogeography 28: 1403-1416.

Li, C., M. Olave, Y. Hou, et al. 2021. “Genome Sequences Reveal Global
Dispersal Routes and Suggest Convergent Genetic Adaptations in
Seahorse Evolution.” Nature Communications 12: 1094.

Loiseau, N., S. Villéger, C. Le Bozec, M. Gimenez, S. L. Kawahara,
and T. Claverie. 2023. “Mesophotic Reefs Are Not Refugia for Neither
Taxonomic nor Functional Diversity of Reef Fishes.” Coral Reefs 42:
63-75.

Loya, Y., K. A. Puglise, and T. C. L. Bridge. 2019. Mesophotic Coral
Ecosystems. Springer International Publishing.

Maggioni, D., S. Montano, D. Seveso, and P. Galli. 2016. “Molecular
Evidence for Cryptic Species in Pteroclava krempfi (Hydrozoa,
Cladocorynidae) Living in Association With Alcyonaceans.” Systematics
and Biodiversity 14: 484-493.

Maggioni, D., T. I. Terraneo, G. Chimienti, et al. 2022. “The First Deep-
Sea Stylasterid (Hydrozoa, Stylasteridae) of the Red Sea.” Diversity 14: 241.

Manel, S., P.-E. Guerin, D. Mouillot, et al. 2020. “Global Determinants of
Freshwater and Marine Fish Genetic Diversity.” Nature Communications
11:692.

Marchese, C. 2015. “Biodiversity Hotspots: A Shortcut for a More
Complicated Concept.” Global Ecology and Conservation 3: 297-309.

Maronna, M. M., T. P. Miranda, A. L. Pefia Cantero, M. S. Barbeitos,
and A. C. Marques. 2016. “Towards a Phylogenetic Classification of
Leptothecata (Cnidaria, Hydrozoa).” Scientific Reports 6: 18075.

McClanahan, T. R., M. Ateweberhan, E. S. Darling, N. A. J. Graham,
and N. A. Muthiga. 2014. “Biogeography and Change Among Regional
Coral Communities Across the Western Indian Ocean.” PLoS One 9:
€93385.

McDougall, 1. 1971. “The Geochronology and Evolution of the
Young Volcanic Island of Réunion, Indian Ocean.” Geochimica et
Cosmochimica Acta 35: 261-288.

Medeiros, A. P. M., B. P. Ferreira, F. Alvarado, R. Betancur-R, M. O.
Soares, and B. A. Santos. 2021. “Deep Reefs Are Not Refugium for
Shallow-Water Fish Communities in the Southwestern Atlantic.”
Ecology and Evolution 11: 4413-4427.

Mertens, L. E. A., E. A. Treml, and S. Von Der Heyden. 2018. “Genetic
and Biophysical Models Help Define Marine Conservation Focus
Areas.” Frontiers in Marine Science 5: 268.

Miglietta, M. P., D. Maggioni, and Y. Matsumoto. 2019. “Phylogenetics
and Species Delimitation of Two Hydrozoa (Phylum Cnidaria):
Turritopsis (McCrady, 1857) and Pennaria (Goldfuss, 1820).” Marine
Biodiversity 49: 1085-1100.

Montano, S., D. Maggioni, P. Galli, and B. W. Hoeksema. 2017. “A
Cryptic Species in the Pteroclava krempfi Species Complex (Hydrozoa,
Cladocorynidae) Revealed in the Caribbean.” Marine Biodiversity 47:
83-89.

Morais, J., and B. A. Santos. 2018. “Limited Potential of Deep Reefs to
Serve as Refuges for Tropical Southwestern Atlantic Corals.” Ecosphere
9:e02281.

Moura, C. J., M. R. Cunha, F. M. Porteiro, and A. D. Rogers. 2011a.
“Polyphyly and Cryptic Diversity in the Hydrozoan Families
Lafoeidae and Hebellidae (Cnidaria: Hydrozoa).” Invertebrate
Systematics 25: 454.

Moura, C. J.,, M. R. Cunha, F. M. Porteiro, and A. D. Rogers. 2011b.
“The Use of the DNA Barcode Gene 16S mRNA for the Clarification
of Taxonomic Problems Within the Family Sertulariidae (Cnidaria,
Hydrozoa).” Zoologica Scripta 40: 520-537.

Moura, C. J., M. R. Cunha, F. M. Porteiro, and A. D. Rogers. 2012.
“A Molecular Phylogenetic Appraisal of the Systematics of the
Aglaopheniidae (Cnidaria: Hydrozoa, Leptothecata) From the North-
East Atlantic and West Mediterranean.” Zoological Journal of the
Linnean Society 164: 717-727.

Moura, C. J., D.J. Harris, M. R. Cunha, and A. D. Rogers. 2008. “DNA
Barcoding Reveals Cryptic Diversity in Marine Hydroids (Cnidaria,
Hydrozoa) From Coastal and Deep-Sea Environments.” Zoologica
Scripta 37: 93-108.

Moura, C. J., H. Lessios, J. Cortés, et al. 2018. “Hundreds of Genetic
Barcodes of the Species-Rich Hydroid Superfamily Plumularioidea
(Cnidaria, Medusozoa) Provide a Guide Toward More Reliable
Taxonomy.” Scientific Reports 8: 17986.

Muff, M., M. Jaquier, V. Marques, et al. 2023. “Environmental DNA
Highlights Fish Biodiversity in Mesophotic Ecosystems.” Environmental
DNA 5:56-72.

Muir, P. R., C. C. Wallace, M. Pichon, and P. Bongaerts. 2018. “High
Species Richness and Lineage Diversity of Reef Corals in the Mesophotic
Zone.” Proceedings of the Royal Society B 285: 20181987.

Nougier, J., J. M. Cantagrel, and J. P. Karche. 1986. “The Comores
Archipelago in the Western Indian Ocean: Volcanology, Geochronology
and Geodynamic Setting.” Journal of African Earth Sciences (1983) 5:
135-145.

O'Brien, S. J. 1994. “A Role for Molecular Genetics in Biological
Conservation.” Proceedings of the National Academy of Sciences of the
United States of America 91: 5748-5755.

Obura, D. 2012. “The Diversity and Biogeography of Western Indian
Ocean Reef-Building Corals.” PLoS One 7: e45013.

Obura, D., M. Gudka, M. Samoilys, et al. 2022. “Vulnerability to
Collapse of Coral Reef Ecosystems in the Western Indian Ocean.”
Nature Sustainability 5: 104-113.

16 of 18

Ecology and Evolution, 2025



Ory, D., N. Gravier-Bonnet, P. Chabanet, C. A.-F. Bourmaud, and E.
Boissin. 2025. “Contrasting Patterns of Connectivity Between Populations
of Euphotic and Mesophotic Hydroids in Reunion Island Support the
Deep Reef Refuge Hypothesis.” Molecular Ecology 34: €70089.

Ory, D., C. Mouronvalle, P. Chabanet, C. A. F. Bourmaud, and E.
Boissin. 2025. “Development of Novel Microsatellite Marker Sets for 5
Common Tropical Hydrozoan Species (Cnidaria: Hydrozoa) From the
Southwestern Indian Ocean.” Molecular Biology Reports 52: 91.

Osuka, K. E., C. McClean, B. D. Stewart, et al. 2021. “Characteristics
of Shallow and Mesophotic Environments of the Pemba Channel,
Tanzania: Implications for Management and Conservation.” Ocean and
Coastal Management 200: 105463.

Otwoma, L. M., and M. Kochzius. 2016. “Genetic Population Structure
of the Coral Reef Sea Star Linckia laevigata in the Western Indian Ocean
and Indo-West Pacific.” PLoS One 11: €0165552.

Ouborg, N. J. 2010. “Integrating Population Genetics and Conservation
Biology in the Era of Genomics.” Biology Letters 6: 3-6.

Oury, N., P. Gélin, and H. Magalon. 2021. “High Connectivity Within
Restricted Distribution Range in Pocillopora Corals.” Journal of
Biogeography 48: 1679-1692.

Oury, N., S. Mona, and H. Magalon. 2024. “Same Places, Same Stories?
Genomics Reveals Similar Structuring and Demographic Patterns for
Four Pocillopora Coral Species in the Southwestern Indian Ocean.”
Journal of Biogeography 51: 754-768.

Pauls, S. U,, C. Nowak, M. Balint, and M. Pfenninger. 2013. “The Impact
of Global Climate Change on Genetic Diversity Within Populations and
Species.” Molecular Ecology 22: 925-946.

Peakall, R., and P. E. Smouse. 2012. “GenAlEx 6.5: Genetic Analysis
in Excel. Population Genetic Software for Teaching and Research—An
Update.” Bioinformatics 28: 2537-2539.

Posit Team. 2024. RStudio: Integrated Development Environment for R.
Posit Software, PBC.

Postaire, B., D. Aurelle, C. A. F. Bourmaud, J. H. Bruggemann, and H.
Magalon. 2015a. “Isolation and Characterisation of 16 Microsatellite
Loci From a Widespread Tropical Hydrozoan, Lytocarpia brevirostris
(Busk, 1852).” Conservation Genetics Resources 7: 505-507.

Postaire, B., D. Aurelle, C. A. F. Bourmaud, J. H. Bruggemann, and H.
Magalon. 2015b. “Isolation and Characterisation of 26 Microsatellite
Loci From a Widespread Tropical Hydrozoan, Macrorhynchia phoe-
nicea (Leptothecata, Aglaopheniidae), and Cross-Amplification in
Closely Related Species.” Biochemical Systematics and Ecology 62:
137-141.

Postaire, B., P. Gélin, J. H. Bruggemann, and H. Magalon. 2017. “One
Species for One Island? Unexpected Diversity and Weak Connectivity in
a Widely Distributed Tropical Hydrozoan.” Heredity 118: 385-394.

Postaire, B., P. Gélin, J. H. Bruggemann, M. Pratlong, and H. Magalon.
2017. “Population Differentiation or Species Formation Across the
Indian and the Pacific Oceans? An Example From the Brooding
Marine Hydrozoan Macrorhynchia phoenicea.” Ecology and Evolution
7: 8170-8186.

Postaire, B., H. Magalon, C. A.-F. Bourmaud, and J. H. Bruggemann.
2016. “Molecular Species Delimitation Methods and Population
Genetics Data Reveal Extensive Lineage Diversity and Cryptic Species
in Aglaopheniidae (Hydrozoa).” Molecular Phylogenetics and Evolution
105: 36-49.

Prada, C., and M. E. Hellberg. 2021. “Speciation-By-Depth on Coral
Reefs: Sympatric Divergence With Gene Flow or Cryptic Transient
Isolation?” Journal of Evolutionary Biology 34: 128-137.

Prata, K. E., C. Riginos, R. N. Gutenkunst, et al. 2022. “Deep
Connections: Divergence Histories With Gene Flow in Mesophotic
Agaricia Corals.” Molecular Ecology 31: 2511-2527.

Pritchard, J. K., M. Stephens, and P. Donnelly. 2000. “Inference of
Population Structure Using Multilocus Genotype Data.” Genetics 155:
945-959.

Pyle, R. L., and J. M. Copus. 2019. “Mesophotic Coral Ecosystems:
Introduction and Overview.” In Mesophotic Coral Ecosystems, edited by
Y. Loya, K. A. Puglise, and T. C. L. Bridge, 3-27. Springer International
Publishing.

R Core Team. 2023. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing.

Renema, W., D. R. Bellwood, J. C. Braga, et al. 2008. “Hopping Hotspots:
Global Shifts in Marine Biodiversity.” Science 321: 654-657.

Roberts, C. M., C. J. McClean, J. E. N. Veron, et al. 2002. “Marine
Biodiversity Hotspots and Conservation Priorities for Tropical Reefs.”
Science 295:1280-1284.

Romiguier, J., P. Gayral, M. Ballenghien, et al. 2014. “Comparative
Population Genomics in Animals Uncovers the Determinants of
Genetic Diversity.” Nature 515: 261-263.

Ronowicz, M., E. Boissin, B. Postaire, C. A.-F. Bourmaud, N. Gravier-
Bonnet, and P. Schuchert. 2017. “Modern Alongside Traditional
Taxonomy-Integrative Systematics of the Genera Gymnangium Hincks,
1874 and Taxella Allman, 1874 (Hydrozoa, Aglaopheniidae).” PLoS One
12:e0174244.

Roux, C., C. Fraisse, J. Romiguier, Y. Anciaux, N. Galtier, and N.
Bierne. 2016. “Shedding Light on the Grey Zone of Speciation Along a
Continuum of Genomic Divergence.” PLoS Biology 14: €2000234.

Schott, F. A., S. Xie, and J. P. McCreary. 2009. “Indian Ocean
Circulation and Climate Variability.” Reviews of Geophysics 47:
2007RG000245.

Schuchert, P. 2004. “Revision of the European Athecate Hydroids
and Their Medusae (Hydrozoa, Cnidaria): Families Oceanidae and
Pachycordylidae.” Revue Suisse de Zoologie 111: 315-369.

Schuchert, P. 2014. “High Genetic Diversity in the Hydroid Plumularia
setacea: A Multitude of Cryptic Species or Extensive Population
Subdivision?” Molecular Phylogenetics and Evolution 76: 1-9.

Serrano, X., I. B. Baums, K. O'Reilly, et al. 2014. “Geographic Differences
in Vertical Connectivity in the Caribbean Coral Montastraea cavernosa
Despite High Levels of Horizontal Connectivity at Shallow Depths.”
Molecular Ecology 23: 4226-4240.

Stefanoudis, P. V., N. Fassbender, K. Samimi-Namin, et al. 2023.
“Trait-Based Approaches Reveal That Deep Reef Ecosystems in the
Western Indian Ocean Are Functionally Distinct.” Science of the Total
Environment 872: 162111.

Studivan, M. S., and J. D. Voss. 2018. “Population Connectivity Among
Shallow and Mesophotic Montastraea cavernosa Corals in the Gulf of
Mexico Identifies Potential for Refugia.” Coral Reefs 37: 1183-1196.

Sturm, A. B., R. J. Eckert, A. M. Carreiro, et al. 2023. “Does Depth
Divide? Variable Genetic Connectivity Patterns Among Shallow and
Mesophotic Montastraea cavernosa Coral Populations Across the Gulf
of Mexico and Western Caribbean.” Ecology and Evolution 13: €10622.

Sturm, A. B., R. J. Eckert, A. M. Carreiro, and J. D. Voss. 2022.
“Population Genetic Structure of the Broadcast Spawning Coral,
Montastraea cavernosa, Demonstrates Refugia Potential of Upper
Mesophotic Populations in the Florida Keys.” Coral Reefs 41: 587-598.

Tea, Y.-K., H. T. Pinheiro, B. Shepherd, and L. A. Rocha. 2019.
“Cirrhilabrus wakanda, a New Species of Fairy Wrasse From
Mesophotic Ecosystems of Zanzibar, Tanzania, Africa (Teleostei,
Labridae).” ZooKeys 863: 85-96.

Thioulouse, J., S. Dray, A.-B. Dufour, A. Siberchicot, T. Jombart, and
S. Pavoine. 2018. Multivariate Analysis of Ecological Data With ade4.
Springer.

Ecology and Evolution, 2025

17 of 18



Turner, J. A., R. C. Babcock, R. Hovey, and G. A. Kendrick. 2017. “Deep
Thinking: A Systematic Review of Mesophotic Coral Ecosystems.” ICES
Journal of Marine Science 74: 2309-2320.

van der Ven, R. M., J.-F. Flot, C. Buitrago-Lépez, and M. Kochzius. 2021.
“Population Genetics of the Brooding Coral Seriatopora hystrix Reveals
Patterns of Strong Genetic Differentiation in the Western Indian
Ocean.” Heredity 126: 351-365.

van der Ven, R. M., H. A. Ratsimbazafy, and M. Kochzius. 2022. “Large-
Scale Biogeographic Patterns Are Reflected in the Genetic Structure of a
Broadcast Spawning Stony Coral.” Coral Reefs 41: 611-624.

Vogler, C., J. Benzie, P. H. Barber, et al. 2012. “Phylogeography of the
Crown-of-Thorns Starfish in the Indian Ocean.” PLoS One 7: e43499.

Vogt-Vincent, N. S., A. J. Burt, R. M. Van Der Ven, and H. L. Johnson.
2024. “Coral Reef Potential Connectivity in the Southwest Indian
Ocean.” Coral Reefs 43: 1037-1051.

Vogt-Vincent, N. S., and H. L. Johnson. 2023. “Multidecadal and
Climatological Surface Current Simulations for the Southwestern
Indian Ocean at 1/50\Degree Resolution.” Geoscientific Model
Development 16: 1163-1178.

Wafar, M., K. Venkataraman, B. Ingole, S. Ajmal Khan, and P.
LokaBharathi. 2011. “State of Knowledge of Coastal and Marine
Biodiversity of Indian Ocean Countries.” PLoS One 6: €14613.

Wickel, J., A. Jamon, J.-B. Nicet, et al. 2015. “Mayotte.” 100-109.

Woodhead, A. J., C. C. Hicks, A. V. Norstrom, G. J. Williams, and N. A.
J. Graham. 2019. “Coral Reef Ecosystem Services in the Anthropocene.”
Functional Ecology 33: 1023-1034.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Appendix S1: ece372665-sup-0001-
AppendixS1.zip. Figure S1: Log likelihood plots for structure analyses
of the seven species. Figure S2: Principal coordinate analysis (PCoA)
of Macrorhynchia phoenicea (0. and f) from Figure 2C with the distinc-
tion of cryptic species of individuals. Figure S3: Principal coordinate
analysis (PCoA) of Taxella species excluding the outgroup of Taxella
eximia from Reunion. Figure S4: Principal coordinate analysis (PCoA)
of Taxella gracilicaulis. Table S1: Details of Evanno's AK and log like-
lihood results for structure analyses without prior. Table S2: Details of
Evanno's AK and log likelihood results for structure analyses with prior.

18 of 18

Ecology and Evolution, 2025



	Cryptic Diversity and Genetic Differentiation of Mesophotic Hydroids in the Southwestern Indian Ocean
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Species and Sampling Sites
	2.2   |   DNA Extraction and Microsatellite Amplification
	2.3   |   Verification of Genotypes
	2.4   |   Data Analysis

	3   |   Results
	3.1   |   Genetic Diversity
	3.2   |   Population Structure Within Species
	3.3   |   Genetic Differentiation and Structure of Macrorhynchia phoenicea Species Complex
	3.4   |   Genetic Differentiation and Structure in the Taxella Species Complex

	4   |   Discussion
	4.1   |   Contrasted Genetic Diversity Between Islands in the Southwestern Indian Ocean
	4.2   |   Population Structure and Limited Horizontal Connectivity
	4.3   |   Population Structure and Connectivity Between Euphotic and Mesophotic Depths
	4.4   |   Hidden Diversity and Structure in the Taxella eximia/gracilicaulis Species Complex
	4.5   |   Mesophotic Samples Provide New Insights Into M. phoenicea Species Complex

	5   |   Conclusion
	Author Contributions
	Acknowledgments
	Funding
	Conflicts of Interest
	Data Availability Statement
	References


