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Abstract

Conservation translocations are an increasingly common tool used to help combat species
extinction and global biodiversity loss. However, their success is dependent on a wide range
of abiotic and biotic factors. To date, the potential role of host-associated microbiomes in
translocation success has been overlooked despite their fundamental contribution to host
health and fitness. Here, we use faecal samples collected from the last remnant (source)
population on Cousin Island, and all four translocated populations (established between
1988-2011), of the Seychelles warbler (Acrocephalus sechellensis) to evaluate whether
translocations have long-term impacts on the vertebrate gut microbiome. Gut microbiome
alpha diversity was lower in all translocated populations compared to the source population
on Cousin Island. Gut microbiome composition also varied, with several short-chain fatty
acid producing bacterial families being lost from the core microbiome in some translocated
populations; such taxa have been implicated to play an important role in maintaining host
metabolic health. Furthermore, the two translocated populations that were established the

longest time ago, and with the fewest individuals, had reduced inter-individual gut
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microbiome variability compared to the source population. While it was not possible to
directly assess the specific drivers of these differences, it is likely that size of the founding
population, subsequent loss of host genetic variation and environmental factors play a role in
shaping gut microbiome variation amongst these populations. Future work should assess
whether taxonomic gut microbiome variation translates into differences in gut microbiome
function and the consequences this has for individual host and population fitness, and long-

term resilience to environmental change.

Introduction

Conservation translocations, involving the deliberate movement of organisms to restore
threatened or extirpated wildlife populations (IUCN/SSC, 2013), are becoming an
increasingly common tool to combat global biodiversity loss (Seddon et al., 2014). However,
their success can be highly variable and is dependent on a wide range of abiotic and biotic
factors (Berger-Tal et al., 2020; Bubac et al., 2019). For example, this can include habitat
quality at the release site as well as the erosion of genetic diversity, and genetic drift,
occurring in small populations influenced by founder effects (Berger-Tal et al., 2020; Bubac
et al., 2019). However, whilst some factors, such as direct founder effects, have been well-
studied, other potential drivers of inconsistent translocation success have been overlooked.

This includes the possible role of host-associated microbiomes.

The vertebrate gut microbiome is a diverse microbial community that makes fundamental
contributions to host biological processes including nutrient acquisition, immunity,
development, and behaviour (Davidson et al., 2020; Nicholson et al., 2012; Sommer &
Béckhed, 2013). In wild animals, gut microbiome composition varies extensively among and
within populations of the same species (Bjork et al., 2022; Grieneisen et al., 2019; Worsley,
Davies, et al., 2024). This variation is partially shaped by ecological factors such as habitat
type and diet (Baniel et al., 2021; Fackelmann et al., 2021; Worsley, Davies, et al., 2024).
However, it can also be influenced by host traits such as age (Reese et al., 2021), relatedness
(Baniel et al., 2022), and host genotype (Davies et al., 2022; Worsley et al., 2022). Studies on
natural populations have suggested that such variation can have significant consequences for
host health and fitness. For example, inter-individual gut microbiome differences have been

associated with differences in host disease status (Navine et al., 2022), survival (Davidson et
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al., 2021; Worsley et al., 2021, 2022), and reproductive performance (Leclaire et al., 2022).
As such, changes in the gut microbiome resulting from translocation could have significant
implications for conservation outcomes. Despite this, studies characterising the gut

microbiome of translocated species are lacking.

Translocations could have negative consequences for the host if mismatches arise between
the gut microbiome and the host’s new environment. For example, existing gut microbes may
lack the enzymes necessary to degrade new dietary components or environmental toxins
present at the release site (Blyton et al., 2019; Carthey et al., 2020). Habitat differences and
increased host stress could further perturb gut microbiome composition and result in the loss
of functionally important microbes (Fackelmann et al., 2021; Stothart et al., 2019). Loss of
microbes could also be driven by the population bottleneck associated with translocating a
small number of founding individuals. Firstly, founder effects could restrict the pool of host-
associated microbes available for transmission, both in the initial translocated population and
across future generations (i.e. a direct bottleneck of the microbiome) (Orsted et al., 2022).
Secondly, since microbiome composition is also partially shaped by host genotype (Davies et
al., 2022; Worsley et al., 2022), loss of host genetic variation and increased inbreeding in
small translocated populations (i.e. host founder effects) could further disrupt the gut
microbiome over future generations (Qrsted et al., 2022). This may be exacerbated if
population growth rate is slow and only a subset of individuals contributes to reproduction
post-translocation. Such changes could be irreversible as some microbes don’t exist
independently of their hosts and, thus, cannot be re-acquired from the environment (Carthey
et al., 2020). Instead, lost microbes may be replaced by less functionally relevant species or

pathogenic strains (Carthey et al., 2020).

Importantly the loss of gut microbiome variation (described above) may be exacerbated by
the conditions experienced by individuals undergoing translocation. In many translocations,
individuals may be quarantined in captivity for extended periods of time and given artificial
diets and medication, (Kock et al., 2010) all of which have been shown to radically alter the
gut microbiome, often with deleterious effects (Dallas & Warne, 2023; Ramirez et al., 2020;
San Juan et al., 2021). Thus, it is highly probable that these practices may have negative
consequences for the microbiome health of translocated individuals and the subsequent

population.
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Conversely, it also plausible that gut microbiome plasticity could facilitate host
acclimatisation to novel environments and, thus, improve translocation success. Studies on
naturally dispersing species, such as yellow baboons (Papio cynocephalus), have shown that
individuals gradually acquire microbes from their new local environment (Grieneisen et al.,
2017). Similarly, in humans, dietary change rapidly alters gut microbiome

communities (David et al., 2014). Although some microbes may be functionally redundant,
the accumulation of new, functionally distinct, strains could enable acclimatisation to novel
ecological conditions, providing the host with a fitness advantage (Alberdi et al., 2016;
Carthey et al., 2020). Such effects have not been well-studied in natural populations but
faecal transplant experiments in mammals suggest that acquiring novel microbes can alter
traits such as host dietary range (Blyton et al., 2019) and toxin degradation capabilities (Kohl
et al., 2014). Comparing source and translocated populations provides an opportunity to study

the taxonomic and functional plasticity of the gut microbiome in a natural setting.

Here, we use faecal samples (collected 2019-2023) from five discrete populations of
Seychelles warblers (Acrocephalus sechellensis) to evaluate whether conservation
translocations have long-term impacts on the bacterial gut microbiome. In the 1960s the
Seychelles warbler was close to extinction, with less than 29 individuals remaining on Cousin
Island (Penny, 1967; Spurgin et al., 2014). Since then, habitat restoration has dramatically
increased the size of this population to carrying capacity, with ca 320 individuals present
from 1982 onwards, and it has become the subject of a long-term ecological and evolutionary
study (Davies et al., 2021; Hammers et al., 2015; Richardson et al., 2002; Sparks et al.,
2021). As part of this species’ conservation plan, individuals have subsequently been
successfully translocated from Cousin to four other islands in the Seychelles archipelago
(Aride, Cousine, Denis, and Frégate, with founder populations of 29, 29, 58 and 59
individuals, respectively) (Komdeur, 1994; Richardson et al., 2006; Wright et al., 2014). In
each case, birds were not kept captive for longer than 24 hours and received no artificial food
or medication during translocation (Komdeur, 1994; Richardson et al., 2006; Wright et al.,
2014). Subsequent work has shown that while most genetic variation was successfully
translocated in each attempt, founder effects have resulted in some loss, and structuring, of
neutral and functional diversity, especially in those populations established with the fewest

founders (Wright et al., 2014).
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We first test whether gut microbiome alpha diversity differs between the source population
on Cousin and translocated populations. We expect alpha diversity to vary amongst
populations due to environmental differences across islands. More importantly, we hypothesis
that diversity will be lower in translocated populations due to founder effects. This may be
because translocating a small number of individuals restricts which microbes are associated
with hosts in the new population (i.e. a microbiome bottleneck), or because host genetic
erosion (due to founder effects) indirectly reduces microbiome diversity. We further predict
that these differences will translate into gut microbiome compositional differences (beta
diversity) across populations. Finally, we specifically test which members of the core
microbiome on the original source population have been retained or lost in translocated
populations; the loss of these could have implications for gut function and host health.
Conversely, we also investigate which microbes have been acquired in translocated
populations that are absent from the core microbiome on Cousin. These microbes could be
beneficial, functionally replacing those microbes that have been lost during translocation, be

neutral environmental bacteria, or be deleterious pathogenic taxa.

Methods

Study species and sample collection

The Seychelles warbler -an endemic insectivorous passerine- was historically widespread
across the islands of the Seychelles, however, habitat loss and the introduction of invasive
predators brought it close to extinction in the mid-20™ century (Spurgin et al., 2014). By
1960, there were reportedly fewer than 29 individuals remaining on Cousin Island (4.3315°
S, 55.6620° E, 0.29 km?) (Penny, 1967). Since then, habitat restoration on Cousin has
allowed the size of this population to reach a carrying capacity of ca 320 adult individuals
from 1982 onwards (Hammers et al., 2019; Komdeur & Pels, 2005). As part of this species’
conservation plan, individuals have subsequently been translocated from Cousin to four other
islands in the Seychelles archipelago (Komdeur, 1994; Richardson et al., 2006; Wright et al.,
2014). In 1988 and 1990 respectively, 29 birds were translocated to Aride (4°120S, 55°400E,
0.68 km?) and Cousine (4°210S, 55°390E, 0.25 km?) (Komdeur, 1994). Following this, 58
birds were translocated to Denis (3°480S, 55°400E, 1.42 km?) in 2004 (Richardson et al.,
2006) and 59 birds to Frégate (4°350S, 55°560E, 2.19 km?) in 2011 (Wright et al., 2014).

Birds were translocated without knowledge of the individuals host genetic variation or gut
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microbiome variation, but were of approximately equal sex ratios, age structure, and body
condition and were released in areas of good quality habitat (Komdeur, 1994; Richardson et
al., 2006; Wright et al., 2014). Subsequent monitoring showed that all birds survived the
translocations, and that the populations expanded, rapidly reaching carrying capacity on
Aride and Cousine, and still growing on both Denis and Frégate (Brown et al., 2023). Current
population size estimates are ca 1850, 210, 875, and 561 individuals on Aride, Cousine,
Denis, and Frégate, respectively (Brown et al., 2023). Movement between the populations is
absent, except for extremely rare dispersal events between the two closest islands of Cousin

and Cousine (n=2 over a 20 year period, Komdeur et al., 2004).

Samples (n=20 in each case) were collected from adult birds during the minor breeding
season (January-March) of 2019 on Cousine, the major breeding season (June-September) of
2022 on Denis and Frégate, and the major breeding season of 2023 on Aride, respectively.
Samples were derived from equal numbers of males and females and were collected
randomly from territories distributed across each island. Samples collected on Cousin Island
from equivalent seasons - the minor season of 2019 (n=20) and major season of 2022 (n=31)

- were also used.

To collect faecal samples, birds were caught in mist nets and placed into a disposable, flat-
bottomed paper bag containing a sterilised weigh boat protected by a metal grate. This
established protocol (Knutie & Gotanda, 2018; Worsley, Davies, et al., 2024) allows faecal
matter to be collected from the tray whilst reducing contact with the bird's surface. Birds
were removed from the bag after defecation or after 30 minutes. Faecal samples were
collected using a sterile flocked swab and placed into a microcentrifuge tube containing 1 ml
of absolute ethanol. Control swabs from fieldworker hands and collection bags were also
collected at time of sampling. All samples were stored at 4°C for the remainder of the season
before being transferred to —80°C for long-term storage. Prior to release, a blood sample was
also taken from the bird via brachial venipuncture and stored in absolute ethanol at 4°C. DNA
was extracted from blood samples and used for molecular sexing via a PCR-based method

(Griffiths et al., 1998; Sparks et al., 2021).

Fieldwork was carried out in accordance with local ethical regulation and agreements. The
Seychelles Department of Environment and the Seychelles Bureau of Standards approved the

fieldwork (permit number A0157).
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Microbiome extraction and sequencing

Genomic DNA was extracted from all faecal and collection control samples using the
DNeasy PowerSoil kit (Qiagen) according to a modified version of the manufacturer's
instructions (see Davies et al., 2022). Extracted DNA was submitted for 16S rRNA gene
amplicon sequencing at the NEOF Centre for Genomic Research (Liverpool, UK). Amplicon
sequencing libraries were generated using the V4 primers 515F and 806R (see Davies et al.,
2022). Libraries underwent 2 x 250 bp, paired-end sequencing on an Illumina MiSeq
platform. Negative extraction blanks and a ZymoBIOMICS microbial mock community
standard (D6300) were also sequenced to identify contaminants, check for batch effects, and

assess sequencing success (as described in Worsley, Davies, et al., 2024).

Bioinformatic processing of sequencing data

Sequencing reads were processed using QIIME2 2019.10 (Bolyen et al., 2019). Forward and
reverse reads were truncated at 240 bp and low quality base calls were trimmed from the 5’
end using the DADA?2 plugin (Callahan et al., 2016). Amplicon sequencing variants (ASVs)
were inferred for each sample, followed by dereplication and pair-end joining. Putative
chimeras and singleton reads were also removed. ASVs were then taxonomically classified
by training a naive-Bayes classifier on the SILVA 132 reference database for 16S rRNA gene
sequences. ASVs classified as chloroplast or mitochondria were removed. A mid-point rooted
phylogeny was constructed using MAFFT (Katoh, 2002) and the Fast Tree (Price et al., 2009)
approach. The final ASV, taxonomy, and tree files were exported from QIIME2 into R 4.2.2
(R Core Team, 2020).

Files were further processed using phyloseq 1.42.0 (McMurdie & Holmes, 2013). ASVs were
filtered to remove non-bacterial sequences and those unassigned at phylum level. Potential
contaminants were also identified and removed from faecal samples using the prevalence
method in decontam 1.18.0 (Davis et al., 2018). This method identifies putative contaminants
by testing for increased prevalence across negative extraction blanks and collection controls
compared to true samples. As a final filtering step, ASVs with fewer than 50 reads across all

samples were removed prior to downstream analysis (accounting for ~1% of all reads) as
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these may represent possible sequencing errors. After filtering, 8141 ASVs were detected

across 131 faecal samples (mean ASVs per sample =220.25 +10.56 SE).

Statistical analyses

Alpha diversity

Samples were rarefied to a depth of 8000 reads prior to calculating alpha diversity metrics
based on rarefaction curves which indicated a sample completeness of >95% at this depth.
Shannon diversity and observed ASV richness were calculated using phyloseq 1.42.0
(McMurdie & Holmes, 2013). Faith’s phylogenetic diversity (PD) was calculated using
picante 1.8.2 (Kembel et al., 2010). Linear models with a gaussian distribution were
constructed using stats 4.2.2 to test whether Shannon diversity and Faith’s PD differed
between translocated and source populations. A generalised linear model with a negative
binomial distribution was used to model observed ASV richness (using MASS 7.3.58.3). In
these models, all samples from translocated populations were grouped into one category
(“translocated”) and all samples from Cousin were merged into one “source” category. Island
type (translocated or source) was included as an independent variable in the analysis, as well
as sex (male or female), time of day (minutes since sunrise), and time stored at 4°C in the
field (all previously shown to influence the warbler gut microbiome (Worsley, Davies, et al.,
2024)). We also repeated these models, but with an individual “population” term instead of
“island type”; the “population” term included samples collected on Cousine, Aride, Denis,
Frégate, and Cousin (2019 and 2022 separately) as individual factor levels. In this second set
of models, the overall influence of population on alpha diversity was tested via likelihood
ratio tests. Post-hoc Tukey tests were then used to check for differences amongst specific

population pairs.

Beta diversity (composition)

Unrarefied reads were used in beta diversity analyses. Rare taxa occurring in <2 individuals
were removed prior to analysis. Sample reads were then transformed using the centred log
ratio (CLR) transformation in microbiome 1.20.0; this transformation controls for the
compositional nature of microbiome data (Gloor et al., 2017). To quantify whether overall gut

microbiome composition varied across populations, a marginal permutational analysis of
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variance (PERMANOVA, 9999 permutations) was performed using the adonis2() function
within vegan 2.6.6.1 (Okansen et al., 2020). This used a matrix of pairwise sample Aitchison
distances calculated using the CLR transformed ASV abundances as input. Population
(Cousine, Aride, Denis, Frégate, Cousin 2019, or Cousin 2022), sex, time of day, and time
stored at 4°C, were included as independent variables. Post-hoc pairwise PERMANOVAs
were performed using pairwiseAdonis 0.4.1 (Martinez Arbizu, 2017). A betadisper test was
performed using vegan 2.6.6.1 to assess whether the level of inter-individual gut microbiome

variation differed amongst populations (Anderson, 2001; Okansen et al., 2020).

Differences in the core bacterial microbiome across populations

The core gut microbiome was calculated at the level of bacterial family for each population
separately using the core() function in microbiome 1.20.0. Core microbes were defined as
bacterial families that had a total abundance of >0.1% across samples and were present in
>50% of individuals within a population (Davies et al., 2022; Risely, 2020). We first
quantified which core families in the Cousin population (2019 and 2022 samples combined)
were absent from the core microbiome on each of the other islands (i.e. present in <50%
individuals in each translocated population). Second, we assessed which bacterial families
formed part of the core microbiome in translocated populations but were absent from the
Cousin core microbiome; these taxa may functionally replace those that have been lost

following translocation, or represent new environmentally-derived and/or pathogenic taxa.

Indicator analysis to assess ASV fidelity across populations

An indicator analysis was conducted using labdsv 2.1.0 to determine the fidelity of ASVs to
each population (Dufréne & Legendre, 1997; Roberts, 2023). This analysis uses the
abundance profiles of all ASVs to calculate an indicator score; a score of one would indicate
that an ASV is equally abundant in all samples from one population but effectively absent in
other populations, whereas a score of zero would suggest approximately even abundances
across samples from all populations. ASVs with indicator scores of >0.4 and with P-values of

<0.05 were considered indicative of populations.

Results
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Gut microbiome alpha diversity

Alpha diversity was significantly lower in translocated populations compared to the source
population for all diversity metrics when samples were clustered into two categories (source
versus translocated samples: P < 0.05, Figure 1, Table S1). There was also a significant
difference in alpha diversity among populations when each population was included as a
separate identity (P < 0.05 in likelihood ratio tests, Table S2). Post-hoc comparisons of
separate translocated islands and their equivalent sampling season on Cousin Island were
generally consistent with diversity being lower in translocated populations (Figure S1).
Diversity tended to be lower for samples collected from Denis, Frégate and Aride compared
to samples collected during the equivalent major season on Cousin in 2022, regardless of the
diversity metric used (Figure S1). Similarly, Shannon diversity also appeared to be lower for
samples from Cousine compared to those collected during the equivalent minor season on
Cousin in 2019 (Figure S1). However, only the Faith’s PD of samples from Frégate was
significantly lower than that of Cousin Island (P < 0.05) in post-hoc pairwise statistical
tests (Table S3); this is likely due to the small sample sizes for each island/sampling period

and the large number of post-hoc comparisons conducted.

Gut microbiome beta diversity (composition)

Gut microbiome composition differed significantly across populations in a PERMANOVA
analysis (Table 1) with population explaining 11% of the overall variance in composition (R?
=0.11, Table 1). Corresponding with this, all islands (and different sampling events on
Cousin Island) formed separate clusters on a PCA plot (Figure 2a). Samples collected from
Cousine and Cousin during the minor season of 2019 had lower PC1 axis scores (i.e. they
clustered to the left side of the PCA) whereas populations sampled in the major seasons of
2022 and 2023 had higher PC1 scores (Figure 2a). This suggests that there may be some
influence of sample year (or season) on gut microbiome composition. However, even within
years, different populations formed separate clusters on the PCA (Figure 2a) suggesting that
island-specific factors are likely to be driving differences in gut microbiome composition.
Indeed, gut microbiome composition differed significantly (Paq; < 0.05) across all pairs of

populations/sampling events in post-hoc pairwise PERMANOVA analyses (Table S4).
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A Betadisper test showed that the amount of inter-individual gut microbiome variance found
within a population also differed across islands (P = 0.039). In particular, pairwise tests
showed that populations founded with the smallest number of individuals had less
compositional variability than the source population; Cousine had significantly lower inter-
individual compositional variance (Paq < 0.05, Table S5, Figure 2b) compared to both 2019
and 2022 samples from Cousin, whilst Aride had significantly lower inter-individual
variability (Padj= 0.026, Table S5, Figure 2b) compared to Cousin samples collected in the

equivalent major season in 2022.

Shared and unique microbes across populations

A total of 25 core (>0.1% total relative abundance and found in >50% of samples) bacterial
families were identified in the Cousin Island population (Table 2a). In comparison, 19 core
families were identified on Cousine, 22 on Aride, 23 on Denis, and 19 on Frégate (Table S2),
respectively. Of the 25 core families on Cousin, 11 (44%) were absent from the core gut
microbiome of birds sampled on Cousine (Table 2a). Similarly, 8 (32%) were absent on
Aride, 7 (28%) on Denis, and 9 (36%) on Frégate (Table 2a). Most of these families were
aerobic members of the phyla Actinobacteria and Proteobacteria (Table 2a). However, on
Aride, several anaerobic members of the phylum Firmicutes (Ruminococcaceae,
Lachnospiraceae, and Christensenellaceae) as well as the family Akkermansiaceae, were
also absent from the core microbiome (Table 2a). Only one family (Xanthomonadaceae) was
absent from the core of all translocated populations. Conversely, seven families were shared
across the core gut microbiome of all populations (Table 2a); these were Enterococcaceae,
Streptococcaceae, Micrococcaceae, Microbacteriaceae, Enterobacteriaceae,

Beijerinckiaceae and Rhizobiaceae.

We also assessed which bacterial families formed part of the core microbiome of other
populations but were not found in the core microbiome on Cousin (Table 2b); these taxa may
functionally replace those that have been lost following translocation, or represent new
environmentally-derived or pathogenic taxa. Of the 19 core families on Cousine, 5 were not
identified in the core microbiome on Cousin (Table 2b). Similarly, 5 (out of 22) core families
on Aride, 5 (out of 23) on Denis, and 3 (out of 19) on Frégate, were not identified in the

Cousin core, respectively (Table 2b).

11
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An indicator analysis at the ASV level was largely consistent with comparisons of core
families (Table S6). Indeed, ASVs from families that were present in the core gut microbiome
of specific translocated populations but absent from the core microbiome of Cousin Island
birds (Table 2b) tended to have significant indicator scores (Table S6). For example, three
ASVs in the family Leuconostocaceae had significant scores (indicator score >0.4, P < 0.05)
on Aride suggesting they were indicative of this population (Table S6); Leuconostocaceae
was also identified as a member of the core microbiome on this island but not in other
populations (Table 2b). However, in some instances, unique ASVs from the same bacterial
family were indicators in different populations suggesting that there may be some redundancy
across populations. For example, Cousin, Cousine, and Denis each had a different ASV in the
family Lachnospiraceae that was indicative for that population (Table S6). Similarly, two
different ASVs in the Enterobacteriaceae were indicators on Cousin and Cousine,

respectively (Table S6).

Discussion

We compared gut microbiome samples the source and all four translocated populations of the
Seychelles warbler to better understand how such translocations may alter host-microbial
interactions. There was a reduction in gut microbiome alpha diversity across translocated
populations compared to the source population on Cousin Island, and differences in gut
microbiome composition across islands. Additionally, the two translocated populations
established with the smallest numbers of founders and the longest time ago, (Cousine and
Aride), demonstrated reduced levels of compositional variability compared to the other
populations. More than 50% of bacterial families identified in the Cousin Island core gut
microbiome were identified in translocated populations. However, various members of the
Cousin core were missing from the core microbiome of translocated populations whilst other

bacterial families (not present in the Cousin core) have been acquired.

Gut microbiome variation and founder effects

The reduction in alpha diversity and change in gut microbiome composition identified across
translocated warbler populations could be driven by a number of different factors. Firstly,
given that microbiome structure is partially shaped by host genotype (Davies et al., 2022;
Grieneisen et al., 2021; Smith et al., 2015; Worsley et al., 2022), it is plausible that this

variation could be related to genetic differences that have accumulated amongst populations

12



406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439

following translocation. As outlined earlier, low levels of genetic differentiation exist
amongst the warbler populations, with some loss of genetic diversity at neutral microsatellite
and MHC loci in the translocated populations (Wright et al., 2014). This is most pronounced
in the Aride and Cousine populations, established the longest time ago, and with the fewest
founders (Wright et al., 2014). Corresponding with this, as well as compositional differences,
we identified reduced inter-individual gut microbiome variability on Aride and Cousine
compared to other populations. Furthermore, the abundances of many core bacterial families
that were lost from the translocated populations have previously been related to variation in
MHC genotype across Seychelles warblers (Davies et al., 2022). For example, the
abundances of almost all core actinobacterial families, as well as several families in the
phylum Firmicutes, have previously been related to the presence/absence of MHC alleles in
warblers on Cousin Island (Davies et al., 2022). Thus, it is possible that gut microbiome
differences identified across translocated populations could have been partially driven by the

loss of host genetic diversity resulting from founder effects.

Founder effects may also directly influence the microbiome since a reduction to host
population size could restrict the pool of host-associated microbes available for transmission
in the initial translocated population and future generations. Indeed, laboratory experiments
on Drosophila have shown that population bottlenecks constrain microbiome richness and
result in a core microbiome that is a compositional subset of the original source population
(Orsted et al., 2022). Thus, the reduction in bacterial alpha diversity in translocated
populations, and the reduced compositional variability on Aride and Cousine, could be due to
the direct effect of the gut microbiota community being bottlenecked rather than a by-product

of host genetic differences due to host founder effects (or a combination of the two).

Translocated warblers were not kept captive for longer than 24 hours and received no
artificial food or medication during translocation (Komdeur, 1994; Richardson et al., 2006;
Wright et al., 2014). Thus, it is unlikely that changes to the gut microbiome of translocated
birds was caused by the translocation protocol. However, in other translocations, animals are
often kept for much longer periods in captivity and may experience conditions that are far
removed from those in their source environment (Kock et al., 2010). In such cases, there may
be larger impacts on the gut microbiome of translocated individuals with possible
implications for their successful establishment and the health of these populations

downstream (Dallas & Warne, 2023).
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Gut microbiome variation and environmental factors

Gut microbiome differences in translocated birds could also arise due to environmental
variation amongst islands. Both Cousin Island and Aride are protected nature reserves
inhabited by a high density of seabirds, whilst Frégate, Denis, and Cousine, have less
seabirds but more humans (including tourist accommodation/hotel facilities) and, on Denis,
considerable livestock. Previous studies on wild systems have demonstrated a strong link
between environmental factors and microbiome structure (e.g. Baniel et al., 2021;
Fackelmann et al., 2021; Smith et al., 2015; Stothart et al., 2019). Such patterns can be driven
by differential exposure to, and uptake of, microbes from the external environment, or via
host behavioural/stress responses that indirectly alter microbiome composition (Smith et al.,
2015; Stothart et al., 2019). However, although environmental differences are likely to have
resulted in some of the observed compositional differences across islands, none of the factors
we identify above (the density of seabirds, or presence of humans/livestock) correlate with
the general patterns we see across populations in the current study. That is that all
translocated populations have lower gut microbiome alpha diversity compared to the source
population, and that populations established with the fewest founders (Aride and Cousine)

show reduced levels of inter-individual gut microbiome variation.

It is also possible that variation in island area and overall population size could interact with
environmental heterogeneity to influence gut microbiome differences across populations
(Hérer & Rennison, 2023). For example, greater microbiome diversity might be expected in
larger populations and those inhabiting larger islands since individuals that are spread over
wider areas are likely to be exposed to greater habitat and microbial variation (Hérer &
Rennison, 2023). However, gut microbiome alpha diversity was generally lower in all
translocated populations despite Aride, Denis, and Frégate covering a greater absolute area
than Cousin (0.68 km?, 1.42 km?, 2.19 km? versus 0.29 km?, respectively). Furthermore,
Aride is inhabited by the largest population of warblers (ca 1850 individuals versus 210, 875,
561, and 320 individuals on Cousine, Denis, Frégate, and Cousin respectively (Brown et al.,
2023)) yet had one of the lowest levels of inter-individual gut microbiome variability. Thus,
although a greater number of populations would be needed to accurately assess the impact of
island area and population size on gut microbiome variability, our results are not consistent

with this being the main driver of differences across populations in this study.
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Variation in core microbes

Many of the bacterial families that were identified in the core microbiome of Cousin but not
in the translocated populations can inhabit a wide range of niches outside of the gut. This is
also the case for many of the core microbes that were prevalent in translocated populations
but absent from the core of Cousin birds. For example, most Actinobacteria are aerobic,
spore-forming microbes that are widely distributed across aquatic and soil environments
(Barka et al., 2016). Similarly, proteobacterial families including Acetobacteraceae,
Beijerinckiaceae, and Rhizobiaceae are commonly found in association with soil, water, and
plants (Guzman & Vilcinskas, 2022; Haque et al., 2020; Poole et al., 2018) and members of
the Burkholderiaceae are known to be insect symbionts (Kaltenpoth & Flérez, 2020). Thus,
many of these bacteria could be transient colonisers of the gut, acquired from the external
habitat or via the host’s diet. Changes to their abundance across populations could therefore
reflect variable uptake from different microbial pools across different islands. Given their
wide niche breadth, it may also explain why some families, such as the Rhizobiaceae,
Micrococcaceae, and Microbacteriaceae, were found ubiquitously in the core gut

microbiome of all populations.

However, aside from aerobic, putatively “environmental” microbes, several other families
were lost from the core microbiome of translocated populations that are considered key
components of the gut microbiome in other animals. This was particularly the case on Aride,
whereby the families Ruminococcaceae, Lachnospiraceae, Christensenellaceae,
Akkermansiaceae, and Tannerellaceae (all core members of the Cousin Island gut
microbiome) were all present in less than 35% of individuals and, thus, were not classified as
core microbes. Ruminococcaceae and Lachnospiraceae are the most abundant and active
members of the Firmicutes in the mammalian gut (Peris-Bondia et al., 2011) and play an
important role in the production of short chain fatty acids (SCFAs) like butyrate; such
molecules contribute to gut epithelial tissue maintenance and are beneficial to host health
(Fusco et al., 2023). Similarly, Christensenallaceae is one of the most highly heritable
members of the human gut microbiome and the abundance of this family, as well as
Akkermansiaceae, has been related to various aspects of metabolic health in mammals
(Karcher et al., 2021; Waters & Ley, 2019). It is unclear whether these bacterial families were
replaced by other taxa capable of performing a similar function on Aride, Denis, or Frégate.
Two bacterial families in the phylum Firmicutes (Leuconostocaceae and Lactobacillaceae)

formed novel components of the core microbiome on these islands. However, although these
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families are common in the intestinal tract and produce the SCFA lactic acid, they are also
often found to be associated with insects and plants and so may be environmental transients

(Endo et al., 2015; Walter & O’Toole, 2023).

On Cousine, the Bacteroidaceae and Rickenellaceae formed part of the core microbiome but
these families were not present in the Cousin Island core. Both families degrade complex
sugars and proteins in the intestinal tract and are important producers of SCFAs (Rajili¢-
Stojanovi¢ & De Vos, 2014). Thus, there may be some degree of flexibility in the core
microbiome across populations if distinct microbial groups perform similar tasks within the
gut ecosystem. This flexibility was also evidenced by an indicator analysis which showed
that unique ASVs within the same genus/family were indicative of different populations.
However, without a detailed assessment of gut microbiome function across islands it is only
possible to speculate on the extent to which functions are interchangeable across microbial
groups. In future, high resolution functional omics approaches (e.g. metagenomics), would be
needed to assess whether gut microbiome compositional differences across populations
translate into differences in function and whether this could have consequences for the host
(Worsley, Videvall, et al., 2024). Although translocated populations appear to be doing well
on the different islands (i.e. at carrying capacity or still growing (Brown et al., 2023))
reductions in gut microbiome alpha diversity and functional potential could impact upon the
resilience of these populations to future change. Longitudinal studies that include measures of
gut microbiome variation and host fitness on these islands would be needed to assess if this is
the case. Currently translocated populations are not subject to yearly monitoring and so this

was beyond the scope of this study.

Study limitations and future work

Although our results shed light on the impact of conservation translocations on the vertebrate
gut microbiome there are some limitations. Aside from the lack of functional and long-term
fitness data already mentioned, the moderate sample sizes across populations may have
hampered our ability to accurately capture the core microbiome on each island. Furthermore,
although we identify differences in the gut microbiome of the translocated populations, it is
impossible to know when these changes occurred; were changes the immediate result of
founder effects or have gut microbiomes gradually diverged due downstream host genetic
effects and/or as individuals have been exposed to differing environments? Collecting

samples directly before and periodically after translocations would be an interesting way to
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quantify the plasticity of the microbiome, and its susceptibility to founder effects (Grieneisen
et al., 2023). Unfortunately, this was not feasible in the Seychelles warbler system as
translocations occurred many years before gut microbiome samples were collected. That said,
patterns of reduced gut microbiome diversity and compositional variability in translocated
populations (particularly those with the fewest founders) are broadly consistent with an

influence of host/microbiome founder effects.

Conclusion

In conclusion, our study identified a reduction in gut microbiome diversity, as well as
differences in gut microbiome composition and variability between translocated and source
populations of the Seychelles warbler. Members of the core microbiome also differed across
populations and important gut microbes were less prevalent in some translocated populations.
Population bottlenecks, due to the small number of founder individuals used, may drive these
patterns both indirectly via an impact on host genetic variation or directly, by influencing the
pool of microbes transferred from the source population. Further work is needed to
understand the impact of these differences on gut microbiome function. Longitudinal data
from translocated populations is also needed to better understand the plasticity of the gut
microbiome and the impact of microbiome diversity loss on the resilience of host-microbe

interactions to future ecological change.

Data Availability

All sequencing reads have been uploaded to the European Nucleotide Archive under the
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PRJEB67634 (Cousin samples collected in 2022); and PRJEB81863 (all samples from
translocated populations). The scripts and metadata to reproduce all analyses and figures can

be accessed via the GitHub repository, https://github.com/Seychelle-Warbler-Project.
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Figure 1. Gut microbiome alpha diversity in the source and translocated populations of the

Seychelles warbler. Grey points represent individual gut microbiome samples (n = 51 in the

source population; n = 80 from the four translocated populations). Black points represent the

mean + SE. P-values are derived from linear models (see Table S1 for full results).
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Table 1. APERMANOVA analysis of gut microbiome variation across different populations
of the Seychelles warbler.

Predictor df R? F P
Population 5 0.110 3.161 <0.001
Sex 1 0.006 0.858 0.819
Time of day 1 0.011 1.597 0.012
Storage time 1 0.014 1.982 0.002

Note: The analysis was performed using Aitchison distances calculated using centred log
ratio (CLR)-transformed amplicon sequencing variant (ASV) abundances. Significant
predictors (P < 0.05) are shown in bold and underlined. N =20 samples from Cousine, Aride,
Denis, Frégate, and Cousin 2019, and N=31 samples from Cousin 2022 were included in the

analysis.
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Figure 2. Differences in bacterial gut microbiome composition across populations of the
Seychelles warbler. These were visualised using A) a Principal Components Analysis (PCA)
of Euclidean distances calculated using CLR-transformed ASV abundances. Points represent

individual gut microbiome samples and diamonds represent group centroids. Principal
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components one and two explained 10.51% and 5.36% of the variation in gut microbiome
composition, respectively. Differences in B) gut microbiome compositional variability
(distance to centroid) across populations were assessed using a Betadisper test (P = 0.039).
Red points represent means + SE. Points represent individual samples, and boxes encompass
the interquartile (25-75%) range. The median is marked by a horizontal line and whiskers
extend to 1.5x the interquartile range. Blue lines indicate a significant difference between
populations in a post-hoc pairwise test (Pagi < 0.05) (see Table S5). In both plots, Cousin
(CN) 2019 Minor = 31 samples, all other populations/sampling events had 20 samples. CN =
Cousin, CE = Cousine, AR = Aride, DS = Denis, FR = Frégate. The year (2019, 2022, or

2023) and season (Major/Minor) in which samples were collected is also given.
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Table 2. Core gut microbiome bacterial families identified in source and translocated

populations.

Phylum Family CNcore ARcore CEcore DScore FRcore
A) Core bacterial families on CN Island

Firmicutes Enterococcaceae 0.96 0.95 0.95 0.95 1
Firmicutes Streptococcaceae 0.71 0.7 0.95 0.7 0.55
Firmicutes Ruminococcaceae 0.69 0.95 0.8 0.65
Firmicutes Lachnospiraceae 0.78 1 0.7 0.8
Firmicutes Christensenellaceae 0.57 1 0.55
Verrucomicrobia ~ Akkermansiaceae 0.57 0.9
Planctomycetes Gemmataceae 0.61
Chloroflexi JG30-KF-CM45 0.75
Actinobacteria Micrococcaceae 0.71 0.9 0.7 0.8 0.55
Actinobacteria Microbacteriaceae 0.92 1 0.8 0.85 0.9
Actinobacteria Kineosporiaceae 0.67
Actinobacteria Pseudonocardiaceae 0.78
Actinobacteria Mycobacteriaceae 0.61
Actinobacteria Nocardiaceae 0.80
Actinobacteria Propionibacteriaceae 0.61
Actinobacteria Nocardioidaceae 0.55
Bacteroidetes Tannerellaceae 0.59
Proteobacteria Enterobacteriaceae 0.98 0.95 1 0.95 1
Proteobacteria Burkholderiaceae 0.51
Proteobacteria Xanthomonadaceae 0.59
Proteobacteria Rhodospirillaceae 0.67
Proteobacteria Acetobacteraceae 0.65 0.55
Proteobacteria Beijerinckiaceae 0.86 0.9 0.75 0.85 0.95
Proteobacteria Rhodobacteraceae 0.78 0.9 0.65 0.55
Proteobacteria Rhizobiaceae 0.92 1 1 0.9

B) Core bacterial families on other islands but absent from CN core

Firmicutes
Bacteroidetes
Bacteroidetes
Bacteroidetes
Proteobacteria
Firmicutes
Patescibacteria
Patescibacteria

Planctomycetes

Actinobacteria
Proteobacteria

Family XI1I
Bacteroidaceae
Dysgonomonadaceae
Rikenellaceae
Desulfovibrionaceae
Leuconostocaceae
uncultured bacterium
Saccharimonadaceae
Isosphaeraceae
Corynebacteriaceae
Desulfobacteraceae
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Firmicutes Lactobacillaceae _ 0.55 0.6

Note: Colours reflect the presence (light blue) or absence (dark blue) of a bacterial family
from the core microbiome of a population. A) The 25 core bacterial families identified on
Cousin Island in the core microbiome of other translocated populations. B) Bacterial families
found in the core microbiome of at least one translocated population but absent from the
Cousin core. Numbers represent the proportion of samples containing each bacterial family
per population (i.e. the prevalence). Core families are those with a total relative abundance >
0.1% and prevalence >50% (0.5) in a population. CN = Cousin, CE = Cousine, AR = Aride,
DS = Denis, FR = Frégate.
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Supplementary Materials

Table S1. Results of models comparing gut microbiome alpha diversity across source and

translocated populations of the Seychelles warbler.

Predictor Estimate

A) Shannon diversity

Intercept 3.848
Island type -0.596
Sex 0.004
Time of day -0.001
Storage time -0.006

B) Observed ASYV richness

Intercept 5.363
Island type -0.233
Sex 0.045
Time of day 3.278
Storage time <-0.001

C) Faith’s phylogenetic diversity

Intercept 17.508
Island type -3.844
Sex 0.646
Time of day <-0.001
Storage time 0.003

SE

0.405
0.252
0.205
0.001
0.006

0.185
0.115
0.094
<0.001
0.003

2.243
1.396
1.134
0.003
0.031

vz

9.490
-2.362
-0.216
-1.734
-1.038

28.972
-2.025
0.481
0.131
-0.158

7.804
-2.755
0.569
-0.019
0.098

<0.001
0.020
0.983
0.085
0.301

<0.001
0.043
0.630
0.896
0.874

<0.001
0.007
0.570
0.984
0.922

Note: A total of n =151 and n = 80 samples were analysed from source and translocated

populations, respectively. Linear models with a gaussian distribution were used to model

Shannon and Faith’s phylogenetic diversity metrics (test statistic “#”’), whereas a generalised

linear model with a negative binomial distribution was used for observed ASV richness (test
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statistic “z”’). Reference categories for categorical variables are as follows: source (island

type), female (sex).
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Table S2. Likelihood ratio tests comparing Seychelles warbler gut microbiome alpha

diversity across translocated populations (Cousine, Denis, Frégate, Aride) and their

comparable sampling season on Cousin Island (the minor season of 2019 or major season of

2022, respectively).

Predictor df

A) Shannon diversity

Population 5
Sex 1
Time of day 1
Storage time 1

B) Observed ASV richness

Population 5
Sex 1
Time of day 1
Storage time 1

C) Faith’s phylogenetic diversity

Population 5
Sex 1
Time of day 1
Storage time 1

Note: Linear models with a gaussian distribution were used to model Shannon and Faith’s

phylogenetic diversity metrics (test statistic /), whereas a generalised linear model with a

Fory

2.839
0.082
2.263
0.604

10.539
0.114
0.003
0.519

3.861
0.329
0.089
1.601

0.018
0.775
0.135
0.438

0.061
0.736
0.954
0.471

0.003
0.567
0.766
0.208

negative binomial distribution was used for Observed ASV richness (test statistic y°). N =20

samples from Cousine, Aride, Denis, Frégate, and Cousin 2019, and N = 31 samples from

Cousin 2022 were included in the analysis, respectively.
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Figure S1. Gut microbiome alpha diversity of Seychelles warblers sampled from translocated
populations (CE = Cousine, DS = Denis, FR = Frégate, AR = Aride,) and Cousin Island (CN,
the source population). The year (2019, 2022, or 2023) and season (Major/Minor) in which
samples were collected is also given. Sample sizes are given above each violin. Significant

pairwise comparisons (Pagi < 0.05) in pairwise post-hoc comparisons are indicated by *.
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1003
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1005
1006

1007
1008
1009
1010
1011
1012
1013
1014
1015
1016

Post-hoc comparison
CN 22 Major — CN 19 Major
CE 19 Minor — CN 19 Minor
DS 22 Major — CN 19 Minor
FR 22 Major — CN 19 Minor
AR 23 Major — CN 19 Minor
CE 19 Minor — CN 22 Major
DS 22 Major — CN 22 Major
FR 22 Major — CN 22 Major
AR 23 Major — CN 22 Major
DS 22 Major — CE 19 Minor
FR 22 Major — CE 19 Minor
AR 23 Major — CE 19 Minor
FR 22 Major — DS 22 Major
AR 23 Major — DS 22 Major

AR 23 Major — FR 22 Major

Shannon
0.712
0.372
0.997
1.000
0.999
0.009
0.599
0.665
0.752
0.434
0.479
0.532
0.999
1.000

1.000

= Frégate, AR = Aride,) and Cousin Island (CN, the source population).

ASYV richness

0.991

1.000

0.999

0.058

0.945

0.999

1.000

0.170

0.986

0.999

0.352

0.820

0.660

0.937

0.974

FPD

1.000

0.998

1.000

0.941

0.909

0.052

0.521

0.394

0.953

0.850

DS and FR, and the major season of 2023 (23 Major) on AR, respectively. Separate models
were run for Shannon diversity, observed ASV richness, and Faith’s phylogenetic diversity
(FPD), respectively (see Table S2). Significant comparisons (Pag < 0.05) are highlighted in

bold and underlined.

Table S3. The results of post-hoc pairwise comparisons of gut microbiome alpha diversity for

Seychelles warblers sampled from translocated populations (CE = Cousine, DS = Denis, FR

Note: Results are P-values adjusted for multiple testing. Samples were collected in the minor

season of 2019 (19 Minor) from CE and CN, the major seasons of 2022 (22 Major) from CN,
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1017  Table S4. Results of pairwise PERMANOVA analyses of gut microbiome composition

1018  between separate Seychelles warbler populations.

1019
CN 19 CN 22 AR
CN 22
o I I I
CE
o e e [
DS
o e am e |
FR
0.068 0.050 0.096 0.064 --
0.001 0.001 0.001 0.001 -
AR
0.092 0.050 0.153 0.079 0.084 -
1020

1021  Note: CN= Cousin, CE Cousine, DS = Denis, FR = Frégate, AR = Aride. The CN 19 and CE
1022  samples were collected in the minor season of 2019; CN 22, DS and FR samples were

1023  collected in the major season of 2022; AR samples were collected in the major season of
1024  2023. The P-values (top row) and R? values (bottom row) for the population model term are
1025  presented in the table (sex, time of day, and storage time were also controlled for in analyses).
1026  Significant P-values (Pugj < 0.05) are in bold and underlined (i.e all P-values are significant).
1027

1028

3

]
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1037
1038

Table S5. Results of a permutational Betadisper test assessing differences in inter-individual

gut microbiome variance across populations.

CN 19 CN 22 CE DS FR AR

CN 22 0s80 |

CE 0.032 0.003
DS 0.797 0.405
FR 0.371 0.116
AR 0.518 0.026 0.195

Note: Numbers are adjusted P-values derived from pair-wise tests (significant tests are
presented in bold and underlined). A significant P-value indicates differences in inter-
individual compositional variance between population pairs. CN19 and CN22= Cousin Island
samples collected in 2019 and 2022, respectively; CE= Cousine; DS = Denis; FR= Frégate;
AR= Aride.

37



1039
1040
1041

1042
1043

1044
1045
1046
1047
1048
1049

Table S6. Results of an indicator species analysis across source and translocated populations

of the Seychelles warbler.

ASV ID

465c3a41559c565
5c0e1fa88362daf68
b3d2cc3b9f01848
30bec2ef73bcc6166
€95924232174923
7¢9361696a94b439f
d46e2205f0c6ecf67
b51f83d111c509c
078d853cea8dbb4e
06d303b1030ca618
e0b0346833a28530
10924b38ae0af05¢c
abbalb35cfea82e59
c5e16f4097bae33
9eedc8f1c0fe8101b
f0e935f85c9bd8b
69eh94f0ce3e8fhdf
f13ba9a5fc91a76
b693ce0be65f8fc12
fdb52d333cade84
el66afb28dc7d02ad
14c2c5e8d0ec59a
6ba43ach03ae795b3
e7e31f2be946006
3f73222e4a3ce752
1ef471683fe61079
1f972b567fd709ea
28ec93a3de972d07
5143fce345d2e57b1
edd8828e557d088
29499372ae409848f
a2ed116e7289617
49ec7420d727adfel
d82d23d6e7e1c97
4e9d340cd157a2lec
1867c1f23ffff33
1aa398aee86017619
6€a988201ba2d38
f47¢3a3139f65e66
a59a54937d17cedb
550d54a1386bfb7d
9df8076e69906b5a
6cha272853a7fc66
33d3cd4d8f292018
bec9d3b0f492da35e
957bc19a7053e51
31e139f7528db0f6
fa415a3084ch56¢9

Population
CN 19

CN 19

CN 22

CN 22
CE
CE
CE
CE
CE
CE
CE
AR
AR
AR
AR
DS
DS
DS
DS
DS
DS
DS
FR
FR

Indval
0.402

0.414
0.453
0.530
0.408
0.439
0.443
0.458
0.532
0.547
0.550
0.468
0.523
0.743
0.927
0.400
0.400
0.442
0.452
0.491
0.600
0.665
0.450
0.478

P
0.001

0.001
0.002
0.002
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001
0.001

Phylum

Firmicutes
Firmicutes
Actinobacteria
Proteobacteria
Bacteroidetes
Proteobacteria
Firmicutes
Proteobacteria
Bacteroidetes
Tenericutes
Proteobacteria
Firmicutes
Proteobacteria
Firmicutes
Firmicutes
Proteobacteria
Proteobacteria
Proteobacteria
Proteobacteria
Firmicutes
Firmicutes
Actinobacteria
Actinobacteria

Actinobacteria

Family

Lachnospiraceae
Streptococcaceae
Kineosporiaceae
Enterobacteriaceae
Tannerellaceae
Rhodospirillaceae
Lachnospiraceae
Enterobacteriaceae

Rikenellaceae

Enterobacteriaceae
Leuconostocaceae
Rhizobiaceae
Leuconostocaceae
Leuconostocaceae
Desulfovibrionaceae
Desulfovibrionaceae
Desulfobacteraceae
Desulfovibrionaceae
Lachnospiraceae
Enterococcaceae

Micrococcaceae

Tsukamurellaceae

Genus

Lactococcus

Kineococcus

Escherichia-
Shigella

Lachnoclostridium

Arsenophonus

Leuconostoc

Fructobacillus
Fructobacillus
Desulfovibrio
Desulfovibrio
Desulfatiferula

Desulfovibrio

Catellicoccus

Tsukamurella

Note: An indicator score (indval) of one indicates that an ASV is equally abundant in all

samples from one population and effectively absent in other populations, whilst a score of

zero would suggest approximately even abundance across samples from all populations.

Amplicon sequencing variants (ASVs) with an indval of >0.4 and P<0.05 were considered to

be indicative of a population/sampling period and are presented here along with their

taxonomic identity to genus level. CN19 and CN22= Cousin Island samples collected in 2019

and 2022, respectively; CE= Cousine; DS = Denis; FR= Frégate; AR= Aride.
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