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Abstract

Due to their life cycle shared between rivers and oceans, amphidromous organisms serve as
intriguing models for studying biogeography. To investigate the implications of their unique
life history, we examined the population structure of the amphidromous shrimp Caridina
natalensis across its known range in the South Western Indian Ocean. A total of 118 specimens
were collected from 7 islands (Mayotte, Mohéli, Mahé, Praslin, Silhouette, Mauritius and
Madagascar) and the African mainland (South Africa), and their 16S rRNA and Cox1
mitochondrial genes were sequenced. Our findings reveal significant regional structure among
archipelagos, suggesting complex patterns of dispersal involving successive events of
extinction-recolonization. By conducting a comparative analysis with six other amphidromous
species from the South Western Indian Ocean, based on literature sources, we were able to draw
conclusions regarding the amphidromous biogeography of the area. Furthermore, we propose a
novel classification of amphidromous species, considering their population structure and life
history traits. We defined four categories of increasing dispersal abilities and decreasing genetic
population structure: 1. Land-locked species; 2. Species with reduced or facultative
amphidromy; 3. Species with common amphidromy; and 4. Super-amphidromous species.

Lastly, we identified the Comoros Islands (namely Mayotte and Moheli) as a critical area for
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the dispersal of amphidromous species, emphasizing the need for prioritizing conservation
efforts in this region.

Keywords: Amphidromy, Biogeography, Conservation, Population structure, Haplotype

networks, mitochondrial markers
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Introduction

Insular freshwater systems of the tropical Indo-Pacific are mainly dominated by diadromous
species (i.e. organisms that migrate between freshwater and marine environments during their
life cycle, see Myers, 1949). This particular life trait represents a very important adaptation for
the colonization of these distinctive habitats, which are oligotrophic environments subject to
extreme climatic and hydrologic seasonal variations (Keith, 2003; McDowall, 2007). Spending
part of their life cycle at sea, diadromous species are able to escape drought or cyclonic flood
events in the rivers, and to colonize new and sometimes distant environments through their
oceanic dispersal phase. Amphidromy, a particular case of diadromy, is well represented in
insular freshwater macrofaunal biodiversity (Keith, 2003, McDowall, 2007, Keith and Lord,
2011b). In amphidromous species, the adults grow, feed and reproduce in rivers. After hatching,
larvae use the river flow to drift to the sea where they undergo larval development (Shen and
Tzeng, 2002, 2008; Crandall et al., 2009; Lord et al., 2010; Ellien et al., 2020). After larval
development in coastal or open ocean environments, the competent larvae (i.e. post-larvae)
must find and enter the mouth of a coastal river or stream. They actively swim towards the river
mouth, probably attracted by the freshwater signal, which they can perceive from the open sea
(Murphy and Cowan, 2007). In contact with desalinated water at the river mouth, post-larvae
metamorphose into juveniles and migrate up to the adult freshwater habitat, sometimes at
considerable distances from the sea.

The larvae of amphidromous organisms are planktonic during the marine stage and as such,
their dispersal patterns are influenced by the currents, which they cannot resist, as well as by
biotic factors such as their breeding season, potential diel vertical migration, food availability,
specific behaviour which varies between species, more or less lengthy larval duration, etc. Even
if PLD (Pelagic Larval Duration) is not a proxy of larval dispersal capacities, the longer an
individual stays at sea, the further it may go from its hatching site, but also the higher the
probability it dies before encountering a suitable habitat to pursue its life cycle (Heim-Ballew
et al., 2020). This context makes the marine dispersal phase difficult to study, and no larva of
amphidromous species has ever been caught at sea. Besides, amphidromy may show variations
across taxa depending on the physiology and/or behaviour of the larvae. The study of population
structure through haplotype networks can enlighten us on the dispersal capacities of
amphidromous species and in the Indian Ocean, hypotheses on larval dispersal vary according
to the taxa considered (e.g. Wood et al., 2019). Some species are widespread throughout the
Indo-West Pacific area and show no population structure in the Indian Ocean as there is a strong

connectivity between the different areas studied; these species probably have good dispersal
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abilities (see Cook et al., 2009). Species with a more structured population pattern with clear
geographical isolation can indicate limited dispersal abilities or different larval behaviour
and/or ecology.

When no data is available about the biology of a species, studying its population structure can
be a good proxy to predict its resilience against threats, in our case, the capacity to colonize
new habitats or recolonize habitats after catastrophic events (natural or caused by anthropogenic
activities), but also to inform about connectivity between isolated landmasses.
Amphidromous species are known in many taxa, namely decapod crustaceans in the families
Atyidae and Palaemonidae (Dennenmoser et al., 2010; Bauer, 2013), gastropods in the family
Neritidae (Crandall et al., 2009; Abdou et al., 2015) or fish in the families Eleotridae, Gobiidae
and Kuhliidae (Chubb et al., 1998; Keith and Lord, 2011a, 2011b; Feutry et al., 2013;
Mennesson et al., 2015).

Caridina natalensis De Man, 1908 is an amphidromous shrimp of the family Atyidae
commonly found in the lower reaches of rivers flowing to the South-West Indian Ocean (SWIO).
It has a very complex taxonomic history, being formerly known as C. longirostris H. Milne
Edwards, 1837 in Mayotte (see Hoareau and Valade, 2017 or Lagarde et al., 2020 for example),
in Reunion Island (see Keith et al., 1999), in Seychelles (Keith et al., 2006) and in Madagascar
(Holthuis, 1965) or as C. brachydactyla De Man, 1908 in South Africa (Richard and Clark,
2010), but it was recently revised and is now considered a valid species (de Mazancourt et al.,
2019), a taxonomic stabilisation which facilitates the understanding of its distribution area.
The aim of this paper is to study the genetic structure of Caridina natalensis populations
occurring on Comoros (Mayotte and Mohéli), Seychelles (Mahé, Praslin and Silhouette),
Mascarenes (Mauritius), Madagascar and South Africa and to infer possible dispersal
trajectories of larvae. By conducting this analysis, it will be possible to assess the level of
genetic isolation among these populations, thereby identifying key areas crucial for the
dispersal of the species, which will help implementing appropriate measures to manage and
protect the habitats.

Using numerous specimens collected by teams from the Muséum national d’Histoire naturelle
(MNHN, Paris) over the last 20 years in rivers of South Africa, North-East Madagascar,
Comoros, Mascarenes and Seychelles, we explored the population genetic structure of
C. natalensis. In order to investigate the existence of shared patterns of connectivity among
species with this life cycle, we compared its genetic structure to that of other amphidromous
organisms found in the Western Indian Ocean region, such as the decapod crustacean

Macrobrachium lar (Fabricius, 1798) (see Castelin et al., 2013), the gastropod Septaria
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borbonica (Bory de Saint-Vincent, 1804) (see Abdou, 2021), Neritina stumpffi Boettger, 1890
(see Abdou et al., 2019) and three fish, Eleotris klunzingerii Pfeffer, 1893 (Mennesson et al.,
2018), Kuhlia rupestris (Lacepéde, 1802) (see Feutry et al.,, 2013) and Sicyopterus
lagocephalus (Pallas, 1770) (see Lord et al., 2012).

Material and Methods

Field data collection

A total of 118 individuals of Caridina natalensis were sampled from Seychelles Islands (Praslin,
Mahé and Silhouette), Comoros Islands (Moheli and Mayotte), Mauritius Island, Madagascar
and South Africa (Supp. Tab. 1). All specimens were collected by electrofishing (portable
Dekka 3,000 electric device, Germany) and by hand nets (for South African localities). In the
field, caught specimens were fixed in 95% ethanol then preserved in 75% ethanol. All material

has been deposited in the collections of the MNHN in Paris (France).

DNA extraction, amplification and sequencing

DNA was isolated from abdominal tissues using the semi-automatic Eppendorf ep-Motion 5075
robot following the NucleoSpin 96 Tissue Core (Macherey-Nagel) protocol. Fragments of the
two mitochondrial markers 16S rRNA (~ 510 bp) and Cytochrome ¢ oxydase subunit 1 (Cox1)
(~ 650 bp) gene were amplified using respectively the pairs of primers 16Sar-Lmod
(TACTTCTGCCTGTTTATCAAAAA) / 16Sbmod (GGTCTGAACTCAAATCATGTAAA)
(de Mazancourt et al. 2019) and LCOI1490 (GGTCAACAAATCATAAAGATATTGG) /
HCO2198 (TAAACTTCAGGGTGACCAAAAAATCA) (Folmer et al., 1994). DNA
amplification was performed in 20ul PCR reactions, containing approximately 3 ng of template
DNA, 2.5 mM MgCI2, 0.26 mM of each nucleotide, 0.3 uM of each primer, 5% DMSO, 1 ng
of BSA and 1.5 units of QBIOTAQ polymerase (MP Biomedicals). Amplification products
were generated by an initial denaturation step of 4 min at 94°C followed by 35 cycles of
denaturation at 94°C for 30 sec, annealing at 52°C (16S) or 48°C (Cox1) for 40 sec, extension
at 72°C for 60 sec and a final extension step at 72°C for 7 min.

PCR products were sequenced using the same primers and in both directions to insure the
accuracy of base calls. Chromatograms were viewed and edited using Geneious v.8 software
(http://www.geneious.com/ (Kearse et al. 2012)). All sequences were deposited in GenBank
(Numbers XXXXXX to XXXXXX for 16S and XXXXXX to XXXXXX for Cox1, see Supp.
Tab. 1).



http://www.geneious.com/

Molecular analyses

DNA sequenced for the study and two sequences retrieved from GenBank as outgroups
(Caridina gracilipes and C. typus) were aligned using MEGA X software (Kumar et al., 2018)
with Muscle algorithm (Edgar, 2004) and concatenated using Geneious. Using Bayesian
information criterion in jModelTest (Darriba et al., 2012; Guindon and Gascuel, 2003) the GTR
+ G + | model was retained for both concatenated markers (16S rRNA and Cox1). Best-scoring
Maximum Likelihood (ML) trees were estimated using RAXML HPC2 v.8.2.10 (Stamatakis,
2014) and best-scoring Bayesian Inference (Bl) trees were estimated using MrBayes v.3.2.6
(Ronquist and Huelsenbeck, 2003), both methods implemented in the Cyber Infrastructure for
Phylogenetic Research (CIPRES) portal v.3.1. Miller et al., 2010) (https://www.phylo.org/)

with the previously determined models, running for 10,000,000 generations, a sampling
frequency of 2,000 and a burn in of 25%. Support for nodes was determined using posterior
probabilities calculated by MrBayes implemented in CIPRES. One hundred independent
searches, each starting from distinct random trees, were conducted. Robustness of the nodes
was assessed using non-parametric bootstrapping (Felsenstein 1985) with 1,000 bootstrap
replicates.

Genetic diversity of 16S and Cox1 markers was examined using DNAsp v.6 (Rozas et al., 2017)
and Arlequin v.3.5 (Excoffier and Lischer, 2010) first separately and then concatenated. For
each population, genetic diversity indices were estimated by computing the number of
mitochondrial haplotypes (NH), number of segregating sites (S; Watterson, 1975), nucleotide
diversity (w; Tajima 1983; Nei 1987, i.e., average number of nucleotide differences between
pairs of sequences), and haplotype diversity (Hq; Nei, 1987) (Supp. Tab. 2).

To visualize the relationships among haplotypes and their geographical distribution, median-
joining networks (MJN) were constructed using the program NETWORK 10.2 (Bandelt et al.,
1999) with equal weights for variable sites (epsilon = 0) and connection cost calculation method.
To delete superfluous median vectors and links that are not contained in the shortest tree, a post-
processing maximum parsimony calculation was run.

The degree of genetic differentiation among populations was assessed using Arlequin v.3.5 with
an analysis of molecular variance (AMOVA,; Excoffier et al., 1992), for which the individuals
were partitioned into five geographical populations according to the locality they were sampled
from (Table 1). Genetic differentiation between each pair of populations was also assessed by
calculating pairwise Fst values (Wright, 1949). The demographic history of the various
populations of C. natalensis was inferred using Fu’s Fs statistics (Fu, 1997) implemented in the

same program. To test for isolation by distance, distances between sampled populations were
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plotted against pairwise Fst using a Mantel’s test based on 10,000 permutations (Mantel, 1967)
implemented in XLSTAT program (© Addinsoft) with log-transformed pairwise Fst
(calculated as Fst/(1 - Fst)) and geographic distances in km (Rousset, 1997; Rousset and
Raymond, 1997).

Results

Molecular results

A total of 104 16S sequences of 511 bp and 109 Cox1 sequences of 651 bp were obtained with
95 specimens having both genes sequenced (Supp. Tab. 1) The concatenated dataset only
included specimens that had information for the 16S at least.

Phylogenetic analyses.

The topologies of trees obtained separately from each marker were congruent, allowing us to
concatenate the datasets. Topologies derived from both the ML and Bl analyses were congruent
(Figs. S1, S2, S3 and S4). Each concatenated tree obtained (Fig. 1) supports the monophyly of
our specimens (PP = 1; B = 100), thus confirming they were correctly identified as C. natalensis.
Within that clade, the deep nodes are poorly supported in both methods. Shallower clades are
better supported, especially in Bl, with PP ranging from 0.75 to 1 and appear to be
geographically structured, with one clade of some specimens from Madagascar (PP = 0.89; B
= 71), one with Mayotte and Moheli specimens (PP = 0.98; B = 62), one containing all
specimens from the Seychelles and Mauritius (PP = 0.99; B = 48) and one clade (PP =0.9; B =
72) containing two subclades, one with the remaining Malagasy specimens (PP = 0.99; B = 69)
and the other with South African specimens (PP = 0.75; B = 42). Additionally, 4 South African

specimens have an unresolved position within the C. natalensis clade.

(Figure 1)

Haplotypes analyses.

16S sequences contained 27 polymorphic sites defining 23 unique haplotypes, whereas Cox1
sequences contained 43 polymorphic sites defining 33 unique haplotypes. Overall haplotype
diversity (Hq) was quite high, with 0.892 + 0.012 for 16S and 0.918 + 0.012 for Cox1. The
concatenated dataset contained 71 polymorphic sites defining 43 unique haplotypes, with a
haplotype diversity of 0.944 + 0.014. When analysing by locality, Hq was generally low, with
the lowest value being 0.471 in Madagascar (24 indiv.), and the highest being 0.792 in South
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Africa (22 indiv.). These numbers exclude Mauritius for which the number of haplotypes was
too low to provide accurate statistics (Supp. Tab. 3).

The median joining network (MNJ) of the concatenated dataset revealed three clear clusters:
(dotted circle 1 in Fig. 2) Comoros Islands (Mayotte and Mohéli islands), Seychelles (Silhouette,
Praslin, Mahé) and Mauritius with shared haplotypes and Madagascar with South Africa; well
separated from (dotted circle 2) Madagascar alone; and (dotted circle 3) South Africa alone
(Fig. 2). The network of the more variable Cox1 showed a stronger geographic structure with
five main genetic clusters: (1) Mayotte and Mohéli islands; (2) Silhouette, Praslin, Mahé
(Seychelles) together with Mauritius islands; (3) Madagascar with South Africa; (4)
Madagascar alone; and (5) South Africa alone (Fig. S5). Overall, significant genetic
differentiation was detected among the eight analysed sampling localities in both 16S (Fst =
0.691, p-value < 10°) and Cox1 (Fst = 0.733, P value < 10°) (Supp. Tab. 4). Pairwise Fst
comparisons indicated a significantly strong level of population structure between most
analysed sampling localities, except between Seychelles and Mauritius, for which no significant
genetic differentiation was detected despite the great geographical distance between these two
areas (Supp. Tab. 5). Based on the network and on the Fet results there seems to be 3 to 4 distinct
populations of C. natalensis in the Indian Ocean: Comoros (COM), Seychelles + Mauritius
(SEY+MAU), South Africa (SAF) and Madagascar (MAD). The Fst value between SAF and
MAD is 0.566 and is statistically significant, showing the presence of a genetic structure, but
these two localities also share haplotypes. The SAF+MAD population seem to have
intermediate haplotypes between COM and SEY+MAU.

Fu’s Fs value was significantly negative only for the Comoros Islands (Supp. Tab. 2), indicating
a genetic pattern expected under population growth. A Mantel test showed no significant
correlation (p-value = 0.139) between genetic differentiation and geographical distances (in
kilometres) based on the study of the 16S of the five geographical areas sampled. Geography
explained only about 10% of the genetic variation among populations (r = 0.100, Fig. 3).

(Figure 2)
(Figure 3)

Comparison with other amphidromous species from SWIO with published haplotype

networks



Through a bibliographic search, we were able to gather and compile data on six species of
amphidromous organisms for which genetic population structure has been studied in the SWIO:
the decapod crustacean Macrobrachium lar (Fabricius, 1798) (see Castelin et al, 2013), the
gastropods Septaria borbonica (Bory de Saint-Vincent, 1804) (see Abdou, 2021) and Neritina
stumpffi Boettger, 1890 (see Abdou et al., 2019) and three fish Eleotris klunzingerii Pfeffer,
1893 (see Mennesson et al., 2018), Kuhlia rupestris (Lacépede, 1802) (see Feutry et al., 2013)
and Sicyopterus lagocephalus (Pallas, 1770) (see Lord et al., 2012) (Table 1, Fig. 4).

(Table 1)
(Figure 4)

Discussion

Population structure of Caridina natalensis

Analyses of the population structure of eight locations of C. natalensis throughout its
distribution range in the South-West Indian Ocean region enable the proposal of hypotheses
regarding patterns of larval dispersal. Haplotype networks show strong genetic divergences
among Northeast Madagascar, South Africa, Comoros, and Seychelles. Interestingly,
haplotypes from the Seychelles have been found in Mauritius. This genetic differentiation is
supported by AMOV As suggesting an important and significant regional structure. The absence
of significant structure between Seychelles and Mauritius populations suggests that larval
exchanges are or have been possible between these regions separated by 1,700 km. These results
mostly show a consistency between geographic distribution and genetic structure of the
populations and highlight the existence of potential barriers or pathways for gene flows between
the surveyed regions (Barber et al, 2002). These barriers that seem particularly important
between Seychelles and the other islands studied (especially when analysing the Cox1) could
be explained by the distance between these localities. Indeed, Seychelles are distant by 1,420
km from Madagascar and the Comoros whereas the populations sampled in Mayotte and
Madagascar are only separated by 570 km. However, Mauritius being 1,700 km away from
Seychelles and 900 km from Madagascar harbours a 16S haplotype shared with Seychelles but
none with Madagascar. The study of specimens from Reunion Island would have been useful
to confirm the pattern observed in specimens from Mauritius, but unfortunately C. natalensis
has not been collected there despite several surveys conducted in the recent years and it is likely
extirpated. Connectivity between Seychelles and Mauritius has been shown in parrotfishes but

was explained by the Mascarene plateau serving as a stepping stone for migration rather than a
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current system connecting the two regions (Visram et al., 2010); that hypothesis does not hold
for C. natalensis. The genetic distance thus cannot be entirely explained by geographic distance,
which is confirmed by the results of the Mantel’s test (Fig. 3). Since this species has a marine
larval phase, the oceanic currents are likely to play a major role in the dispersal of the larvae,
shaping the population structure (Roberts, 1997). It is however important to note that the
observed genetic structure might be due to sampling bias, and increasing the number of
individuals at each locality or including new localities would maybe have decreased the
observed degrees of genetic structuration.

The distribution of genetic diversity of C. natalensis at the scale of its distribution range results
from the geographic isolation of the freshwater habitats, but also from its complex way of
dispersal. Indeed, one of the surprising results of this study is the coexistence of two distinct
genetic clusters in Madagascar and in South Africa (with shared haplotypes between both
localities seemingly intermediate between Seychelles/Mauritius and Comoros Islands).
Considering the environmental characteristics of the islands (i.e. climatic and hydrological
instability) and biological characteristics of the lifecycle of amphidromous organisms (i.e.
oceanic larval dispersal), coexistence of these genetically distinct groups strongly suggests
successive events of extinction/recolonization. In a fragmented habitat, spatio-temporal
heterogeneity of different habitat patches can lead to local extinctions of populations (Fahrig,
2002). It is probably currently the case in Reunion Island. Extinction can however be
counterbalanced by dispersal to more favourable habitat. The structure and functioning of these
populations result in a dynamic system of meta-populations (Hanski, 1999) where populations
are connected to their neighbours by stochastic mechanisms of dispersal, i.e. migration between
populations. According to this hypothesis, populations in Madagascar and South Africa could
for example be constituted of migrants through allo-recruitment processes (i.e. recruitment of
post-larvae from distant populations) and local genotypes through auto-recruitment processes
(i.e. post-larvae from local populations). Persistence of migrants in these areas could be
facilitated by continuous in-flow of migrants coming from distant source populations with more
favourable conditions (Hanski, 1999; Kritzer and Sale, 2004). It seems that the Comoros
population is in expansion, displaying a distinct star-shaped structure (Fig. 2). The central
geographic position of the archipelago in the SWIO would indeed provide good dispersal
opportunities for the larvae to all the other suitable habitats of the area. However, the oceanic
circulation of the Indian Ocean and in particular the strong southward Agulhas current (Fig. 5)
prevents the circulation of southern haplotypes towards Seychelles in the North. The shape of

the haplotype network and our analyses do not provide sufficient evidence to draw any definite
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conclusion about the area of origin of C. natalensis, but one can hypothesize that its ancestors
arrived from the East carried by the dominant South Equatorial current (as shown for Atyidae
by Bernardes et al., 2021) and settled in Comoros or Seychelles from where they colonized the
other surrounding localities.

The population structure observed in C. natalensis appears to be intermediate between those
observed in other amphidromous species of Caridina. For C. typus and C. leucosticta, occurring
in Japan, the population was structured with few haplotypes at high frequencies, resulting in a
star-shaped network, whereas C. multidentata exhibited a high number of haplotypes at low
frequencies resulting in a scattered network (Fujita et al., 2016; Bernardes et al., 2017; Wood
et al., 2019). In the case of our study, C. natalensis has a comparatively lower number of
haplotypes with low frequencies. Furthermore, no clear geographical pattern could be discerned
in the population structure of the previously cited species, whereas C. natalensis exhibits strong
differentiation according to geography. On the other hand, some landlocked (i.e. with an
abbreviated larval phase taking place entirely in freshwater) species like C. indistincta in
Australia (Page and Hughes, 2007) or C. africana in South Africa (Wood et al., 2019) can show
the opposite with extreme geographic structure, having haplotypes restricted to single
watersheds. This would indicate that C. natalensis has lower dispersal abilities than
amphidromous species like C.typus, C. leucosticta or C.multidentata, but higher than
landlocked species. This could be due to a shorter larval duration (fewer zoeal stages), lower

salinity tolerance or different behaviour of the larvae (Fujita et al., 2016).

Comparison with other amphidromous organisms and discussion on SWIO biogeography

The seven amphidromous species considered in this study all have in overall high haplotype
diversity (e.g. Lord et al., 2012; Castelin et al., 2013), suggesting reduced connectivity between
populations. In the case of widespread species, i.e. with Indo-Pacific distributions, Indian Ocean
populations almost always show some degree of isolation compared to Pacific populations.
Indeed, usually, the West Pacific populations (roughly from Indonesia to Samoa) show no
structure but are isolated from French Polynesian populations (e.g. Abdou et al., 2019; Castelin
et al.,, 2013). Moreover, judging from haplotype diversity geographical patterns, these
widespread species all seem to have originated in the West Pacific and later dispersed to the
Indian Ocean, never the other way around, which is congruent with the dominant oceanic
currents flowing westward from Indonesia to the African coasts (Bernardes et al., 2021).
Another similarity shared by all these amphidromous species is that the Comoros Islands

(Mayotte + Comoros) seem to be a haplotype diversity hotspot. Its central position in the SWIO
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and at a crossroads of oceanic currents (Fig. 5) could indeed lead to an increased haplotype
diversity as larvae originating from various locations could recruit there.

Studied amphidromous species show differences in their population structure. Firstly, three of
them are restricted to the Indian Ocean (the shrimp C. natalensis, the snail S. borbonica and the
fish E. klunzingerii) whereas the others are found on both sides of the Indo-Pacific barrier and
have a wider distribution in the Indo-Pacific region. Within the SWIO, most species show a
low regional structure, with haplotypes being shared by several populations. This contrasts with
the results of the present study on C. natalensis where there is significant population structure
according to geography. This difference could suggest that C. natalensis has lower dispersal
abilities compared to the other amphidromous species considered here. Almost all species have
a high haplotype diversity across the SWIO, with the exception of the goby Sicyopterus
lagocephalus that shows a low haplotype diversity at the scale of the Indian Ocean which could
be explained by a recent colonisation of the region by individuals originating from the Pacific
(Lord et al., 2012) or better dispersal abilities in the area due to differences in the life history
traits such as an extended marine larval dispersal which can .range from 3 to 6 months (Lord et
al., 2012) or different behaviour.

Freshwater species could be classified into four categories according to their population
structure (Table 2):

- Land-locked species: having a very strong regional structure and high haplotype
diversity due to their very low dispersal ability (i.e. direct development entirely in
freshwater, no migration).

- Species with reduced amphidromy: showing some regional structure and/or high
haplotype diversity due to limited dispersal abilities (i.e. short planktonic larval
phase, development in estuarine conditions).

- Common amphidromous species: having a weak regional structure and high
haplotype diversity due to their good dispersal abilities (i.e. long planktonic larval
phase).

- Super-amphidromous species: having no regional structure and a lower haplotype
diversity due to their good dispersal abilities (i.e. very long planktonic larval phase
in fully marine conditions).

This classification enables the inference of life history traits of species from their population
structure and to predict their distribution, both aspects being critical when assessing the

conservation status of a species.

12

12



Our results are consistent with studies investigating pelagic larvae dispersal using models of
SWIO oceanic surface currents. Gamoyo et al. (2019) studied the dispersal pathways of coral
larvae testing four different PLD (from 5 to 60 days) and found that the Comoros archipelago
was central in the connectivity network of the region for PLDs longer than 5 days. They
explained this pattern by the oceanic circulation in the area, characterized by whirling currents
all year round in the Mozambique Channel (Fig. 5). Furthermore, the authors identified
geographic clusters that agree with our population structure for PLDs shorter than 30 days (with
Seychelles separated from Comoros, which are both separated from Madagascar for instance)
which would support a hypothesis of a shorter PLD for C. natalensis in contrast to common
amphidromous species in the same genus like C. typus with a PLD ranging from 18 to 48 days
(Nakahara et al., 2005).

Conservation implications

Haplotype networks can indeed be used as a tool for conservation biology of amphidromous
species as a proxy for life history traits (Cook et al., 2009; Fujita et al., 2016; Wood et al., 2019),
to assess if and which populations are increasing, decreasing or stable (Chubb et al., 1998) and
to identify areas of conservation priority. In the case of C. natalensis, our study showed that the
populations seem to be increasing in most surveyed areas, and that the species is likely to belong
to the reduced-amphidromous type (Table 5). According to our bibliographic search, the
Comoros Islands (Mayotte + Comoros) seem to be a critical area for amphidromous species as
all the species considered show their highest haplotype diversity there (Table 4) and should be
given priority for conservation efforts.

Amphidromous species require particular attention when implementing conservation efforts
due to the fact that they follow the same rules as marine species for their larval life but are
limited to freshwater habitats in adulthood. As a result, they should not be treated in the same
way as primary freshwater species (sensu Myers, 1938) nor as marine species. The colonisation
of habitats of amphidromous species throughout their current distribution area relies on a
stepping-stone process using island streams (Han et al., 2022). Unfortunately, insular
freshwater habitats are heavily threatened due to pollution like in Mauritius (pesticides from
sugarcane monoculture) or Reunion Island (bleach poisoning for commercial fishing) or in the
Comoros, where rivers are used as running water for domestic purposes (washing clothes,
dishes, etc.). This pollution can lead to eutrophication of the watercourses, often associated with
deoxygenation of the water, incompatible with the recruitment of certain amphidromous species

(C. Ellien, pers. comm.). Then, some of these stepping-stones have already disappeared, like in
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Rodrigues Island where no permanent rivers remain due to deforestation (see de Mazancourt et
al., 2021). Two freshwater shrimps have already been impacted, as C. natalensis seems to have
been extirpated from Reunion Island and Macrobrachium hirtimanus, endemic to the
Mascarenes (assessed by the IJUCN as Endangered in 2013) has not been reported since the
1980’s (Keith et al., 2006). Amphidromous species rely on the sea and on the entire river
courses to fulfil their life cycle as they undertake two migrations: downstream migration at
hatching and upstream migration as they recruit back to rivers. Continous ocean-river corridors
should be maintained and river systems from lower to upper courses should remain free of any
impassable barrier. These conditions are absolutely necessary for the maintenance of
amphidromous species.

Conclusions

Our study has given new insights into the population structure of the amphidromous shrimp
C. natalensis. By comparing it with other amphidromous species from the South Western
Indian Ocean, we were able to draw conclusions about the local biogeography, highlighting the
importance of the Comoros Islands as a central hub for the dispersal of amphidromous species.
Furthermore, a new classification of amphidromous species was proposed based on population
structure and life history traits. Further research is required to enhance our understanding of the
biology of these species, as there are still many unknown aspects regarding their larval
development (such as larval stage duration, depth, salinity, etc.). These factors could influence
our understanding of their dispersal abilities and facilitate the implementation of a more

informed conservation strategy..
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Legends to tables and figures:

Table 1. Comparison with other amphidromous species from SWIO with published haplotype

networks.

Table 2. Classification of life histories in freshwater organisms.

Figure 1. Concatenated (16S + COIl) phylogenetic tree of Caridina natalensis obtained by
Bayesian Inference. Colours indicate the sampling locality of the specimens. Numbers above
branches correspond to Bayesian posterior probabilities. Numbers under branches correspond

to Maximum-Likelihood bootstrap numbers. Scale represents genetic p-distance.

Figure 2. Median-joining network obtained from the 16S mitochondrial marker. Circles are
color-coded based on sampling locality as figured on the map and are sized according to the
relative abundance of each haplotype. Each full line connecting a circle equals one mutation,
each bar breaking the line correspond to one additional mutation. Small red circles represent
missing or unsampled haplotypes. Photo credit: P. Keith.

Figure 3. Isolation by distance. Genetic distance Fst/(1-Fst) calculated for each population pair
from the 16S dataset plotted against geographic distance in kilometres. Regression line is

pictured with a solid black line.
Figure 4. Haplotype networks of the other amphidromous organisms from the South-Western

Indian Ocean. A: Neritina stumpffi from Abdou et al., 2019; B: Macrobrachium lar from

Castelin et al., 2013; C: Septaria borbonica from Abdou, 2021; D: Eleotris klunzingerii from
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Mennesson et al., 2018; E: Sicyopterus lagocephalus from Lord et al., 2012; F: Kuhlia rupestris
from Feutry et al., 2013.

Figure 5. Oceanic surface circulation in the South-Western Indian Ocean.
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Table 1: Comparison with other amphidromous species from the South Western Indian

EQUATORIAL

COUNTER-CURRENT

NORTH EAST

SOUTH EQUATORIAL
CURRENT

-

1,000km

Ocean (SWI0O) with published haplotype networks.

Species Distribution ~ Adult habitat Larval Pelagic larval Regional
habitat duration genetic
structure
DECAPODA
Caridina natalensis Endemic to Freshwater, Unknown Unknown Strong
(Atyidae) the SWIO lower course
Macrobrachium lar Indo-Pacific  Freshwater, Marine (35.5 >89 days Strong
(Palaemonidae) ubiquitous g/l) (Atkinson, (Castelin et
(Atkinson, 1977) al., 2013)
1977)
GASTROPODA
Septaria borbonica Endemic to Freshwater, Unknown Unknown Weak
(Neritidae) the SWIO lower course (Abdou,
2021)
Neritina stumpffi Indo-Pacific Freshwater, Unknown Unknown Weak (Abdo
(Neritidae) lower course etal., 2019)
TELEOSTEI
Kuhlia rupestris Indo-Pacific ~ Freshwater, Marine 27-58 days Weak (Feutr
(Kuhliidae) ubiquitous (Feutry etal., etal., 2013)
2012)
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Eleotris valadei Endemic to Freshwater, Marine 38-141 days
(Eleotridae) the SWIO lower course (Mennesson
etal., 2015)
Sicyopterus lagocephalus | Indo-Pacific Freshwater, Marine 130 days
(Gobiidae) ubiquitous (Lord et al,
2010)
Table 2: Classification of life histories in freshwater organisms.
Type of life | Regiona | Haplotyp | Planktoni | Developme | Expected Examples
history I e ¢ larval | nt distributio | (*: fish, ©:
structur | diversity | phase conditions n gastropod,
e duration D.
decapod)
Land- Highest | Highest | Absent Freshwater | Small Caridina
. africana (see
locked (endemicto | wood et al,
one 2019) °
Caridina
landmass cantonensis (see
or a few | Tsang et al,
2016)°
Watersheds Caridina zebra
) (see Hughes et
al., 1996)®
Macrobrachium
australiense (see
Carini & Hughes,
2004) P
Rhinogobius sp.
(see Maruyama
etal., 2001)"
Reduced Marked | High Short to | Estuarine to | Large Caridina
natalensis ®
amphidrom long marine (across Caridina
y mu|tip|e leucosticta  (see
Fujita et al,
(may  be watersheds 2016)°
facultative) or short
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Weak
(Mennesson
et al., 2018)

Weak (Lord
al., 2012)
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seawater

stretches)

Neritina canalis
(see Abdou et al.,
2019) ¢
Rhinogobius
gigas (see Liao et
al., 2021)F
Sicyopus
zosterophorum
(see Taillebois et
al., 2013) "
Lentipes
concolor (see
Heim-Ballew et
al., 2020)F
Eleotris
sandwicensis
(see Heim-
Ballew et al.,
2020)F
Stenogobius
hawaiiensis (see
Heim-Ballew et
al., 2020) "

Common

amphidrom

y

Marked

to low

High

Long

Marine

Larger
(across big
seawater

stretches)

Eleotris
klunzingerii *
Macrobrachium
lar®

Neritina
stumpffi ©
Septaria
borbonica®
Caridina
multidentata (see
Fujita et al,
2016)°
Caridina  typus
(see Bernardes et
al., 2017)°
Cryphiops
caementarius
(see
Dennenmoser et
al., 2010)°
Macrobrachium
digueti (Garcia-
Velazco et al,
2017)°
Macrobrachium
occidentale (see
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Garcia-Velazco
etal., 2014)°

Macrobrachium

olfersii (see
Rossi &
Mantellato,
2013)°

Smilosicyopus
fehlmanni  (see
Taillebois et al.,
2013)F
Stiphodon
percnopterygion
us (see Lord et
al., 2015)F
Sicyopterus
aiensis (see Lord
etal., 2015)F
Sicyopterus
sarasini (see
Lord et al., 2015)

F

Super-
amphidrom

y

Lowest

Lowest

Very long

Marine

Widesprea
d (across

oceans)

Sicyopterus
lagocephalus
Kuhlia rupestris
F

Atya scabra (see
Oliveira et al.,
2019)°

Clithon spinosus
(see Myers et al.,
2000) ©

Eleotris  fusca
(see  Mennesson
etal., 2015)"
Macrobrachium
japonicum  (see
Han et al., 2022)
D
Macrobrachium
nipponense (see
Zhang et al,
2022)°
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