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Abstract 20 

Conservation translocations are an increasingly common tool used to help combat species 21 

extinction and global biodiversity loss. However, their success is dependent on a wide range 22 

of abiotic and biotic factors. To date, the potential role of host-associated microbiomes in 23 

translocation success has been overlooked despite their fundamental contribution to host 24 

health and fitness. Here, we use faecal samples collected from the last remnant (source) 25 

population on Cousin Island, and all four translocated populations (established between 26 

1988-2011), of the Seychelles warbler (Acrocephalus sechellensis) to evaluate whether 27 

translocations have long-term impacts on the vertebrate gut microbiome. Gut microbiome 28 

alpha diversity was lower in all translocated populations compared to the source population 29 

on Cousin Island. Gut microbiome composition also varied, with several short-chain fatty 30 

acid producing bacterial families being lost from the core microbiome in some translocated 31 

populations; such taxa have been implicated to play an important role in maintaining host 32 

metabolic health. Furthermore, the two translocated populations that were established the 33 

longest time ago, and with the fewest individuals, had reduced inter-individual gut 34 
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microbiome variability compared to the source population. While it was not possible to 35 

directly assess the specific drivers of these differences, it is likely that size of the founding 36 

population, subsequent loss of host genetic variation and environmental factors play a role in 37 

shaping gut microbiome variation amongst these populations. Future work should assess 38 

whether taxonomic gut microbiome variation translates into differences in gut microbiome 39 

function and the consequences this has for individual host and population fitness, and long-40 

term resilience to environmental change. 41 

 42 

 43 

Introduction 44 

 45 

Conservation translocations, involving the deliberate movement of organisms to restore 46 

threatened or extirpated wildlife populations (IUCN/SSC, 2013), are becoming an 47 

increasingly common tool to combat global biodiversity loss (Seddon et al., 2014). However, 48 

their success can be highly variable and is dependent on a wide range of abiotic and biotic 49 

factors (Berger‐Tal et al., 2020; Bubac et al., 2019). For example, this can include habitat 50 

quality at the release site as well as the erosion of genetic diversity, and genetic drift, 51 

occurring in small populations influenced by founder effects (Berger‐Tal et al., 2020; Bubac 52 

et al., 2019). However, whilst some factors, such as direct founder effects, have been well-53 

studied, other potential drivers of inconsistent translocation success have been overlooked. 54 

This includes the possible role of host-associated microbiomes. 55 

 56 

The vertebrate gut microbiome is a diverse microbial community that makes fundamental 57 

contributions to host biological processes including nutrient acquisition, immunity, 58 

development, and behaviour (Davidson et al., 2020; Nicholson et al., 2012; Sommer & 59 

Bäckhed, 2013). In wild animals, gut microbiome composition varies extensively among and 60 

within populations of the same species (Björk et al., 2022; Grieneisen et al., 2019; Worsley, 61 

Davies, et al., 2024). This variation is partially shaped by ecological factors such as habitat 62 

type and diet (Baniel et al., 2021; Fackelmann et al., 2021; Worsley, Davies, et al., 2024). 63 

However, it can also be influenced by host traits such as age (Reese et al., 2021), relatedness 64 

(Baniel et al., 2022), and host genotype (Davies et al., 2022; Worsley et al., 2022). Studies on 65 

natural populations have suggested that such variation can have significant consequences for 66 

host health and fitness. For example, inter-individual gut microbiome differences have been 67 

associated with differences in host disease status (Navine et al., 2022), survival (Davidson et 68 
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al., 2021; Worsley et al., 2021, 2022), and reproductive performance (Leclaire et al., 2022). 69 

As such, changes in the gut microbiome resulting from translocation could have significant 70 

implications for conservation outcomes. Despite this, studies characterising the gut 71 

microbiome of translocated species are lacking. 72 

 73 

Translocations could have negative consequences for the host if mismatches arise between 74 

the gut microbiome and the host’s new environment. For example, existing gut microbes may 75 

lack the enzymes necessary to degrade new dietary components or environmental toxins 76 

present at the release site (Blyton et al., 2019; Carthey et al., 2020). Habitat differences and 77 

increased host stress could further perturb gut microbiome composition and result in the loss 78 

of functionally important microbes (Fackelmann et al., 2021; Stothart et al., 2019). Loss of 79 

microbes could also be driven by the population bottleneck associated with translocating a 80 

small number of founding individuals. Firstly, founder effects could restrict the pool of host-81 

associated microbes available for transmission, both in the initial translocated population and 82 

across future generations (i.e. a direct bottleneck of the microbiome) (Ørsted et al., 2022). 83 

Secondly, since microbiome composition is also partially shaped by host genotype (Davies et 84 

al., 2022; Worsley et al., 2022), loss of host genetic variation and increased inbreeding in 85 

small translocated populations (i.e. host founder effects) could further disrupt the gut 86 

microbiome over future generations (Ørsted et al., 2022). This may be exacerbated if 87 

population growth rate is slow and only a subset of individuals contributes to reproduction 88 

post-translocation. Such changes could be irreversible as some microbes don’t exist 89 

independently of their hosts and, thus, cannot be re-acquired from the environment (Carthey 90 

et al., 2020). Instead, lost microbes may be replaced by less functionally relevant species or 91 

pathogenic strains (Carthey et al., 2020).  92 

 93 

Importantly the loss of gut microbiome variation (described above) may be exacerbated by 94 

the conditions experienced by individuals undergoing translocation. In many translocations, 95 

individuals may be quarantined in captivity for extended periods of time and given artificial 96 

diets and medication, (Kock et al., 2010) all of which have been shown to radically alter the 97 

gut microbiome, often with deleterious effects (Dallas & Warne, 2023; Ramirez et al., 2020; 98 

San Juan et al., 2021). Thus, it is highly probable that these practices may have negative 99 

consequences for the microbiome health of translocated individuals and the subsequent 100 

population. 101 

 102 
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Conversely, it also plausible that gut microbiome plasticity could facilitate host 103 

acclimatisation to novel environments and, thus, improve translocation success. Studies on 104 

naturally dispersing species, such as yellow baboons (Papio cynocephalus), have shown that 105 

individuals gradually acquire microbes from their new local environment (Grieneisen et al., 106 

2017). Similarly, in humans, dietary change rapidly alters gut microbiome 107 

communities (David et al., 2014). Although some microbes may be functionally redundant, 108 

the accumulation of new, functionally distinct, strains could enable acclimatisation to novel 109 

ecological conditions, providing the host with a fitness advantage (Alberdi et al., 2016; 110 

Carthey et al., 2020). Such effects have not been well-studied in natural populations but 111 

faecal transplant experiments in mammals suggest that acquiring novel microbes can alter 112 

traits such as host dietary range (Blyton et al., 2019) and toxin degradation capabilities (Kohl 113 

et al., 2014). Comparing source and translocated populations provides an opportunity to study 114 

the taxonomic and functional plasticity of the gut microbiome in a natural setting. 115 

 116 

Here, we use faecal samples (collected 2019-2023) from five discrete populations of 117 

Seychelles warblers (Acrocephalus sechellensis) to evaluate whether conservation 118 

translocations have long-term impacts on the bacterial gut microbiome. In the 1960s the 119 

Seychelles warbler was close to extinction, with less than 29 individuals remaining on Cousin 120 

Island (Penny, 1967; Spurgin et al., 2014). Since then, habitat restoration has dramatically 121 

increased the size of this population to carrying capacity, with ca 320 individuals present 122 

from 1982 onwards, and it has become the subject of a long-term ecological and evolutionary 123 

study (Davies et al., 2021; Hammers et al., 2015; Richardson et al., 2002; Sparks et al., 124 

2021). As part of this species’ conservation plan, individuals have subsequently been 125 

successfully translocated from Cousin to four other islands in the Seychelles archipelago 126 

(Aride, Cousine, Denis, and Frégate, with founder populations of  29, 29, 58 and 59 127 

individuals, respectively) (Komdeur, 1994; Richardson et al., 2006; Wright et al., 2014). In 128 

each case, birds were not kept captive for longer than 24 hours and received no artificial food 129 

or medication during translocation (Komdeur, 1994; Richardson et al., 2006; Wright et al., 130 

2014). Subsequent work has shown that while most genetic variation was successfully 131 

translocated in each attempt, founder effects have resulted in some loss, and structuring, of 132 

neutral and functional diversity, especially in those populations established with the fewest 133 

founders (Wright et al., 2014). 134 

 135 
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We first test whether gut microbiome alpha diversity differs between the source population 136 

on Cousin and translocated populations. We expect alpha diversity to vary amongst 137 

populations due to environmental differences across islands. More importantly, we hypothesis 138 

that diversity will be lower in translocated populations due to founder effects. This may be 139 

because translocating a small number of individuals restricts which microbes are associated 140 

with hosts in the new population (i.e. a microbiome bottleneck), or because host genetic 141 

erosion (due to founder effects) indirectly reduces microbiome diversity. We further predict 142 

that these differences will translate into gut microbiome compositional differences (beta 143 

diversity) across populations. Finally, we specifically test which members of the core 144 

microbiome on the original source population have been retained or lost in translocated 145 

populations; the loss of these could have implications for gut function and host health. 146 

Conversely, we also investigate which microbes have been acquired in translocated 147 

populations that are absent from the core microbiome on Cousin. These microbes could be 148 

beneficial, functionally replacing those microbes that have been lost during translocation, be 149 

neutral environmental bacteria, or be deleterious pathogenic taxa.  150 

 151 

Methods 152 

 153 

Study species and sample collection 154 

 155 

The Seychelles warbler -an endemic insectivorous passerine- was historically widespread 156 

across the islands of the Seychelles, however, habitat loss and the introduction of invasive 157 

predators brought it close to extinction in the mid-20th century (Spurgin et al., 2014). By 158 

1960, there were reportedly fewer than 29 individuals remaining on Cousin Island (4.3315° 159 

S, 55.6620° E, 0.29 km²) (Penny, 1967). Since then, habitat restoration on Cousin has 160 

allowed the size of this population to reach a carrying capacity of ca 320 adult individuals 161 

from 1982 onwards (Hammers et al., 2019; Komdeur & Pels, 2005). As part of this species’ 162 

conservation plan, individuals have subsequently been translocated from Cousin to four other 163 

islands in the Seychelles archipelago (Komdeur, 1994; Richardson et al., 2006; Wright et al., 164 

2014). In 1988 and 1990 respectively, 29 birds were translocated to Aride (4°120S, 55°400E, 165 

0.68 km²) and Cousine (4°210S, 55°390E, 0.25 km²) (Komdeur, 1994). Following this, 58 166 

birds were translocated to Denis (3°480S, 55°400E, 1.42 km²) in 2004 (Richardson et al., 167 

2006) and 59 birds to Frégate (4°350S, 55°560E, 2.19 km²) in 2011 (Wright et al., 2014). 168 

Birds were translocated without knowledge of the individuals host genetic variation or gut 169 
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microbiome variation, but were of approximately equal sex ratios, age structure, and body 170 

condition and were released in areas of good quality habitat (Komdeur, 1994; Richardson et 171 

al., 2006; Wright et al., 2014). Subsequent monitoring showed that all birds survived the 172 

translocations, and that the populations expanded, rapidly reaching carrying capacity on 173 

Aride and Cousine, and still growing on both Denis and Frégate (Brown et al., 2023). Current 174 

population size estimates are ca 1850, 210, 875, and 561 individuals on Aride, Cousine, 175 

Denis, and Frégate, respectively (Brown et al., 2023). Movement between the populations is 176 

absent, except for extremely rare dispersal events between the two closest islands of Cousin 177 

and Cousine (n=2 over a 20 year period, Komdeur et al., 2004). 178 

 179 

Samples (n=20 in each case) were collected from adult birds during the minor breeding 180 

season (January-March) of 2019 on Cousine, the major breeding season (June-September) of 181 

2022 on Denis and Frégate, and the major breeding season of 2023 on Αride, respectively. 182 

Samples were derived from equal numbers of males and females and were collected 183 

randomly from territories distributed across each island. Samples collected on Cousin Island 184 

from equivalent seasons - the minor season of 2019 (n=20) and major season of 2022 (n=31) 185 

- were also used. 186 

 187 

To collect faecal samples, birds were caught in mist nets and placed into a disposable, flat-188 

bottomed paper bag containing a sterilised weigh boat protected by a metal grate. This 189 

established protocol (Knutie & Gotanda, 2018; Worsley, Davies, et al., 2024) allows faecal 190 

matter to be collected from the tray whilst reducing contact with the bird's surface. Birds 191 

were removed from the bag after defecation or after 30 minutes. Faecal samples were 192 

collected using a sterile flocked swab and placed into a microcentrifuge tube containing 1 ml 193 

of absolute ethanol. Control swabs from fieldworker hands and collection bags were also 194 

collected at time of sampling. All samples were stored at 4°C for the remainder of the season 195 

before being transferred to −80°C for long-term storage. Prior to release, a blood sample was 196 

also taken from the bird via brachial venipuncture and stored in absolute ethanol at 4°C. DNA 197 

was extracted from blood samples and used for molecular sexing via a PCR-based method 198 

(Griffiths et al., 1998; Sparks et al., 2021).  199 

 200 

Fieldwork was carried out in accordance with local ethical regulation and agreements. The 201 

Seychelles Department of Environment and the Seychelles Bureau of Standards approved the 202 

fieldwork (permit number A0157). 203 
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 204 

Microbiome extraction and sequencing 205 

 206 

Genomic DNA was extracted from all faecal and collection control samples using the 207 

DNeasy PowerSoil kit (Qiagen) according to a modified version of the manufacturer's 208 

instructions (see Davies et al., 2022). Extracted DNA was submitted for 16S rRNA gene 209 

amplicon sequencing at the NEOF Centre for Genomic Research (Liverpool, UK). Amplicon 210 

sequencing libraries were generated using the V4 primers 515F and 806R (see Davies et al., 211 

2022). Libraries underwent 2 × 250 bp, paired-end sequencing on an Illumina MiSeq 212 

platform. Negative extraction blanks and a ZymoBIOMICS microbial mock community 213 

standard (D6300) were also sequenced to identify contaminants, check for batch effects, and 214 

assess sequencing success (as described in Worsley, Davies, et al., 2024).  215 

 216 

Bioinformatic processing of sequencing data 217 

 218 

Sequencing reads were processed using QIIME2 2019.10 (Bolyen et al., 2019). Forward and 219 

reverse reads were truncated at 240 bp and low quality base calls were trimmed from the 5′ 220 

end using the DADA2 plugin (Callahan et al., 2016). Amplicon sequencing variants (ASVs) 221 

were inferred for each sample, followed by dereplication and pair-end joining. Putative 222 

chimeras and singleton reads were also removed. ASVs were then taxonomically classified 223 

by training a naïve-Bayes classifier on the SILVA 132 reference database for 16S rRNA gene 224 

sequences. ASVs classified as chloroplast or mitochondria were removed. A mid-point rooted 225 

phylogeny was constructed using MAFFT (Katoh, 2002) and the Fast Tree (Price et al., 2009) 226 

approach. The final ASV, taxonomy, and tree files were exported from QIIME2 into R 4.2.2 227 

(R Core Team, 2020). 228 

 229 

Files were further processed using phyloseq 1.42.0 (McMurdie & Holmes, 2013). ASVs were 230 

filtered to remove non-bacterial sequences and those unassigned at phylum level. Potential 231 

contaminants were also identified and removed from faecal samples using the prevalence 232 

method in decontam 1.18.0 (Davis et al., 2018). This method identifies putative contaminants 233 

by testing for increased prevalence across negative extraction blanks and collection controls 234 

compared to true samples. As a final filtering step, ASVs with fewer than 50 reads across all 235 

samples were removed prior to downstream analysis (accounting for ~1% of all reads) as 236 
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these may represent possible sequencing errors. After filtering, 8141 ASVs were detected 237 

across 131 faecal samples (mean ASVs per sample = 220.25 ± 10.56 SE).  238 

 239 

Statistical analyses 240 

 241 

Alpha diversity 242 

 243 

Samples were rarefied to a depth of 8000 reads prior to calculating alpha diversity metrics 244 

based on rarefaction curves which indicated a sample completeness of >95% at this depth. 245 

Shannon diversity and observed ASV richness were calculated using phyloseq 1.42.0 246 

(McMurdie & Holmes, 2013). Faith’s phylogenetic diversity (PD) was calculated using 247 

picante 1.8.2 (Kembel et al., 2010). Linear models with a gaussian distribution were 248 

constructed using stats 4.2.2 to test whether Shannon diversity and Faith’s PD differed 249 

between translocated and source populations. A generalised linear model with a negative 250 

binomial distribution was used to model observed ASV richness (using MASS 7.3.58.3). In 251 

these models, all samples from translocated populations were grouped into one category 252 

(“translocated”) and all samples from Cousin were merged into one “source” category. Island 253 

type (translocated or source) was included as an independent variable in the analysis, as well 254 

as sex (male or female), time of day (minutes since sunrise), and time stored at 4°C in the 255 

field (all previously shown to influence the warbler gut microbiome (Worsley, Davies, et al., 256 

2024)). We also repeated these models, but with an individual “population” term instead of 257 

“island type”; the “population” term included samples collected on Cousine, Aride, Denis, 258 

Frégate, and Cousin (2019 and 2022 separately) as individual factor levels. In this second set 259 

of models, the overall influence of population on alpha diversity was tested via likelihood 260 

ratio tests. Post-hoc Tukey tests were then used to check for differences amongst specific 261 

population pairs. 262 

 263 

Beta diversity (composition) 264 

 265 

Unrarefied reads were used in beta diversity analyses. Rare taxa occurring in ≤2 individuals 266 

were removed prior to analysis. Sample reads were then transformed using the centred log 267 

ratio (CLR) transformation in microbiome 1.20.0; this transformation controls for the 268 

compositional nature of microbiome data (Gloor et al., 2017). To quantify whether overall gut 269 

microbiome composition varied across populations, a marginal permutational analysis of 270 
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variance (PERMANOVA, 9999 permutations) was performed using the adonis2() function 271 

within vegan 2.6.6.1 (Okansen et al., 2020). This used a matrix of pairwise sample Aitchison 272 

distances calculated using the CLR transformed ASV abundances as input. Population 273 

(Cousine, Aride, Denis, Frégate, Cousin 2019, or Cousin 2022), sex, time of day, and time 274 

stored at 4°C, were included as independent variables. Post-hoc pairwise PERMANOVAs 275 

were performed using pairwiseAdonis 0.4.1 (Martinez Arbizu, 2017). A betadisper test was 276 

performed using vegan 2.6.6.1 to assess whether the level of inter-individual gut microbiome 277 

variation differed amongst populations (Anderson, 2001; Okansen et al., 2020). 278 

 279 

Differences in the core bacterial microbiome across populations 280 

 281 

The core gut microbiome was calculated at the level of bacterial family for each population 282 

separately using the core() function in microbiome 1.20.0. Core microbes were defined as 283 

bacterial families that had a total abundance of  >0.1% across samples and were present in 284 

>50% of individuals within a population (Davies et al., 2022; Risely, 2020). We first 285 

quantified which core families in the Cousin population (2019 and 2022 samples combined) 286 

were absent from the core microbiome on each of the other islands (i.e. present in <50% 287 

individuals in each translocated population). Second, we assessed which bacterial families 288 

formed part of the core microbiome in translocated populations but were absent from the 289 

Cousin core microbiome; these taxa may functionally replace those that have been lost 290 

following translocation, or represent new environmentally-derived and/or pathogenic taxa.  291 

 292 

Indicator analysis to assess ASV fidelity across populations 293 

 294 

An indicator analysis was conducted using labdsv 2.1.0 to determine the fidelity of ASVs to 295 

each population (Dufrêne & Legendre, 1997; Roberts, 2023). This analysis uses the 296 

abundance profiles of all ASVs to calculate an indicator score; a score of one would indicate 297 

that an ASV is equally abundant in all samples from one population but effectively absent in 298 

other populations, whereas a score of zero would suggest approximately even abundances 299 

across samples from all populations. ASVs with indicator scores of >0.4 and with P-values of 300 

<0.05 were considered indicative of populations. 301 

 302 

Results 303 

 304 
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Gut microbiome alpha diversity 305 

 306 

Alpha diversity was significantly lower in translocated populations compared to the source 307 

population for all diversity metrics when samples were clustered into two categories (source 308 

versus translocated samples: P < 0.05, Figure 1, Table S1). There was also a significant 309 

difference in alpha diversity among populations when each population was included as a 310 

separate identity (P < 0.05 in likelihood ratio tests, Table S2). Post-hoc comparisons of 311 

separate translocated islands and their equivalent sampling season on Cousin Island were 312 

generally consistent with diversity being lower in translocated populations (Figure S1). 313 

Diversity tended to be lower for samples collected from Denis, Frégate and Aride compared 314 

to samples collected during the equivalent major season on Cousin in 2022, regardless of the 315 

diversity metric used (Figure S1). Similarly, Shannon diversity also appeared to be lower for 316 

samples from Cousine compared to those collected during the equivalent minor season on 317 

Cousin in 2019 (Figure S1). However, only the Faith’s PD of samples from Frégate was 318 

significantly lower than that of Cousin Island (Padj < 0.05) in post-hoc pairwise statistical 319 

tests (Table S3); this is likely due to the small sample sizes for each island/sampling period 320 

and the large number of post-hoc comparisons conducted. 321 

 322 

Gut microbiome beta diversity (composition) 323 

 324 

Gut microbiome composition differed significantly across populations in a PERMANOVA 325 

analysis (Table 1) with population explaining 11% of the overall variance in composition (R2 326 

= 0.11, Table 1). Corresponding with this, all islands (and different sampling events on 327 

Cousin Island) formed separate clusters on a PCA plot (Figure 2a). Samples collected from 328 

Cousine and Cousin during the minor season of 2019 had lower PC1 axis scores (i.e. they 329 

clustered to the left side of the PCA) whereas populations sampled in the major seasons of 330 

2022 and 2023 had higher PC1 scores (Figure 2a). This suggests that there may be some 331 

influence of sample year (or season) on gut microbiome composition. However, even within 332 

years, different populations formed separate clusters on the PCA (Figure 2a) suggesting that 333 

island-specific factors are likely to be driving differences in gut microbiome composition. 334 

Indeed, gut microbiome composition differed significantly (Padj < 0.05) across all pairs of 335 

populations/sampling events in post-hoc pairwise PERMANOVA analyses (Table S4).  336 

 337 
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A Betadisper test showed that the amount of inter-individual gut microbiome variance found 338 

within a population also differed across islands (P = 0.039). In particular, pairwise tests 339 

showed that populations founded with the smallest number of individuals had less 340 

compositional variability than the source population; Cousine had significantly lower inter-341 

individual compositional variance (Padj < 0.05, Table S5, Figure 2b) compared to both 2019 342 

and 2022 samples from Cousin, whilst Aride had significantly lower inter-individual 343 

variability (Padj = 0.026, Table S5, Figure 2b) compared to Cousin samples collected in the 344 

equivalent major season in 2022. 345 

 346 

Shared and unique microbes across populations 347 

 348 

A total of 25 core (>0.1% total relative abundance and found in >50% of samples) bacterial 349 

families were identified in the Cousin Island population (Table 2a). In comparison, 19 core 350 

families were identified on Cousine, 22 on Aride, 23 on Denis, and 19 on Frégate (Table S2), 351 

respectively. Of the 25 core families on Cousin, 11 (44%) were absent from the core gut 352 

microbiome of birds sampled on Cousine (Table 2a). Similarly, 8 (32%) were absent on 353 

Aride, 7 (28%) on Denis, and 9 (36%) on Frégate (Table 2a). Most of these families were 354 

aerobic members of the phyla Actinobacteria and Proteobacteria (Table 2a). However, on 355 

Aride, several anaerobic members of the phylum Firmicutes (Ruminococcaceae, 356 

Lachnospiraceae, and Christensenellaceae) as well as the family Akkermansiaceae, were 357 

also absent from the core microbiome (Table 2a). Only one family (Xanthomonadaceae) was 358 

absent from the core of all translocated populations. Conversely, seven families were shared 359 

across the core gut microbiome of all populations (Table 2a); these were Enterococcaceae, 360 

Streptococcaceae, Micrococcaceae, Microbacteriaceae, Enterobacteriaceae, 361 

Beijerinckiaceae and Rhizobiaceae. 362 

 363 

We also assessed which bacterial families formed part of the core microbiome of other 364 

populations but were not found in the core microbiome on Cousin (Table 2b); these taxa may 365 

functionally replace those that have been lost following translocation, or represent new 366 

environmentally-derived or pathogenic taxa. Of the 19 core families on Cousine, 5 were not 367 

identified in the core microbiome on Cousin (Table 2b). Similarly, 5 (out of 22) core families 368 

on Aride, 5 (out of 23) on Denis, and 3 (out of 19) on Frégate, were not identified in the 369 

Cousin core, respectively (Table 2b). 370 

 371 
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An indicator analysis at the ASV level was largely consistent with comparisons of core 372 

families (Table S6). Indeed, ASVs from families that were present in the core gut microbiome 373 

of specific translocated populations but absent from the core microbiome of Cousin Island 374 

birds (Table 2b) tended to have significant indicator scores (Table S6). For example, three 375 

ASVs in the family Leuconostocaceae had significant scores (indicator score >0.4, P < 0.05) 376 

on Aride suggesting they were indicative of this population (Table S6); Leuconostocaceae 377 

was also identified as a member of the core microbiome on this island but not in other 378 

populations (Table 2b). However, in some instances, unique ASVs from the same bacterial 379 

family were indicators in different populations suggesting that there may be some redundancy 380 

across populations. For example, Cousin, Cousine, and Denis each had a different ASV in the 381 

family Lachnospiraceae that was indicative for that population (Table S6). Similarly, two 382 

different ASVs in the Enterobacteriaceae were indicators on Cousin and Cousine, 383 

respectively (Table S6). 384 

 385 

Discussion 386 

 387 

We compared gut microbiome samples the source and all four translocated populations of the 388 

Seychelles warbler to better understand how such translocations may alter host-microbial 389 

interactions. There was a reduction in gut microbiome alpha diversity across translocated 390 

populations compared to the source population on Cousin Island, and differences in gut 391 

microbiome composition across islands. Additionally, the two translocated populations 392 

established with the smallest numbers of founders and the longest time ago, (Cousine and 393 

Aride), demonstrated reduced levels of compositional variability compared to the other 394 

populations. More than 50% of bacterial families identified in the Cousin Island core gut 395 

microbiome were identified in translocated populations. However, various members of the 396 

Cousin core were missing from the core microbiome of translocated populations whilst other 397 

bacterial families (not present in the Cousin core) have been acquired. 398 

 399 

Gut microbiome variation and founder effects 400 

The reduction in alpha diversity and change in gut microbiome composition identified across 401 

translocated warbler populations could be driven by a number of different factors. Firstly, 402 

given that microbiome structure is partially shaped by host genotype (Davies et al., 2022; 403 

Grieneisen et al., 2021; Smith et al., 2015; Worsley et al., 2022), it is plausible that this 404 

variation could be related to genetic differences that have accumulated amongst populations 405 
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following translocation. As outlined earlier, low levels of genetic differentiation exist 406 

amongst the warbler populations, with some loss of genetic diversity at neutral microsatellite 407 

and MHC loci in the translocated populations (Wright et al., 2014). This is most pronounced 408 

in the Aride and Cousine populations, established the longest time ago, and with the fewest 409 

founders (Wright et al., 2014). Corresponding with this, as well as compositional differences, 410 

we identified reduced inter-individual gut microbiome variability on Aride and Cousine 411 

compared to other populations. Furthermore, the abundances of many core bacterial families 412 

that were lost from the translocated populations have previously been related to variation in 413 

MHC genotype across Seychelles warblers (Davies et al., 2022). For example, the 414 

abundances of almost all core actinobacterial families, as well as several families in the 415 

phylum Firmicutes, have previously been related to the presence/absence of MHC alleles in 416 

warblers on Cousin Island (Davies et al., 2022). Thus, it is possible that gut microbiome 417 

differences identified across translocated populations could have been partially driven by the 418 

loss of host genetic diversity resulting from founder effects.  419 

 420 

Founder effects may also directly influence the microbiome since a reduction to host 421 

population size could restrict the pool of host-associated microbes available for transmission 422 

in the initial translocated population and future generations. Indeed, laboratory experiments 423 

on Drosophila have shown that population bottlenecks constrain microbiome richness and 424 

result in a core microbiome that is a compositional subset of the original source population 425 

(Ørsted et al., 2022). Thus, the reduction in bacterial alpha diversity in translocated 426 

populations, and the reduced compositional variability on Aride and Cousine, could be due to 427 

the direct effect of the gut microbiota community being bottlenecked rather than a by-product 428 

of host genetic differences due to host founder effects (or a combination of the two). 429 

 430 

Translocated warblers were not kept captive for longer than 24 hours and received no 431 

artificial food or medication during translocation (Komdeur, 1994; Richardson et al., 2006; 432 

Wright et al., 2014). Thus, it is unlikely that changes to the gut microbiome of translocated 433 

birds was caused by the translocation protocol. However, in other translocations, animals are 434 

often kept for much longer periods in captivity and may experience conditions that are far 435 

removed from those in their source environment (Kock et al., 2010). In such cases, there may 436 

be larger impacts on the gut microbiome of translocated individuals with possible 437 

implications for their successful establishment and the health of these populations 438 

downstream (Dallas & Warne, 2023). 439 
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 440 

Gut microbiome variation and environmental factors 441 

Gut microbiome differences in translocated birds could also arise due to environmental 442 

variation amongst islands. Both Cousin Island and Aride are protected nature reserves 443 

inhabited by a high density of seabirds, whilst Frégate, Denis, and Cousine, have less 444 

seabirds but more humans (including tourist accommodation/hotel facilities) and, on Denis, 445 

considerable livestock. Previous studies on wild systems have demonstrated a strong link 446 

between environmental factors and microbiome structure (e.g. Baniel et al., 2021; 447 

Fackelmann et al., 2021; Smith et al., 2015; Stothart et al., 2019). Such patterns can be driven 448 

by differential exposure to, and uptake of, microbes from the external environment, or via 449 

host behavioural/stress responses that indirectly alter microbiome composition (Smith et al., 450 

2015; Stothart et al., 2019). However, although environmental differences are likely to have 451 

resulted in some of the observed compositional differences across islands, none of the factors 452 

we identify above (the density of seabirds, or presence of humans/livestock) correlate with 453 

the general patterns we see across populations in the current study. That is that all 454 

translocated populations have lower gut microbiome alpha diversity compared to the source 455 

population, and that populations established with the fewest founders (Aride and Cousine) 456 

show reduced levels of inter-individual gut microbiome variation. 457 

 458 

It is also possible that variation in island area and overall population size could interact with 459 

environmental heterogeneity to influence gut microbiome differences across populations 460 

(Härer & Rennison, 2023). For example, greater microbiome diversity might be expected in 461 

larger populations and those inhabiting larger islands since individuals that are spread over 462 

wider areas are likely to be exposed to greater habitat and microbial variation (Härer & 463 

Rennison, 2023). However, gut microbiome alpha diversity was generally lower in all 464 

translocated populations despite Aride, Denis, and Frégate covering a greater absolute area 465 

than Cousin (0.68 km2, 1.42 km2, 2.19 km2 versus 0.29 km2, respectively). Furthermore, 466 

Aride is inhabited by the largest population of warblers (ca 1850 individuals versus 210, 875, 467 

561, and 320 individuals on Cousine, Denis, Frégate, and Cousin respectively (Brown et al., 468 

2023)) yet had one of the lowest levels of inter-individual gut microbiome variability. Thus, 469 

although a greater number of populations would be needed to accurately assess the impact of 470 

island area and population size on gut microbiome variability, our results are not consistent 471 

with this being the main driver of differences across populations in this study. 472 

 473 
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Variation in core microbes 474 

Many of the bacterial families that were identified in the core microbiome of Cousin but not 475 

in the translocated populations can inhabit a wide range of niches outside of the gut. This is 476 

also the case for many of the core microbes that were prevalent in translocated populations 477 

but absent from the core of Cousin birds. For example, most Actinobacteria are aerobic, 478 

spore-forming microbes that are widely distributed across aquatic and soil environments 479 

(Barka et al., 2016). Similarly, proteobacterial families including Acetobacteraceae, 480 

Beijerinckiaceae, and Rhizobiaceae are commonly found in association with soil, water, and 481 

plants (Guzman & Vilcinskas, 2022; Haque et al., 2020; Poole et al., 2018) and members of 482 

the Burkholderiaceae are known to be insect symbionts (Kaltenpoth & Flórez, 2020). Thus, 483 

many of these bacteria could be transient colonisers of the gut, acquired from the external 484 

habitat or via the host’s diet. Changes to their abundance across populations could therefore 485 

reflect variable uptake from different microbial pools across different islands. Given their 486 

wide niche breadth, it may also explain why some families, such as the Rhizobiaceae, 487 

Micrococcaceae, and Microbacteriaceae, were found ubiquitously in the core gut 488 

microbiome of all populations. 489 

 490 

However, aside from aerobic, putatively “environmental” microbes, several other families 491 

were lost from the core microbiome of translocated populations that are considered key 492 

components of the gut microbiome in other animals. This was particularly the case on Aride, 493 

whereby the families Ruminococcaceae, Lachnospiraceae, Christensenellaceae, 494 

Akkermansiaceae, and Tannerellaceae (all core members of the Cousin Island gut 495 

microbiome) were all present in less than 35% of individuals and, thus, were not classified as 496 

core microbes. Ruminococcaceae and Lachnospiraceae are the most abundant and active 497 

members of the Firmicutes in the mammalian gut (Peris-Bondia et al., 2011) and play an 498 

important role in the production of short chain fatty acids (SCFAs) like butyrate; such 499 

molecules contribute to gut epithelial tissue maintenance and are beneficial to host health 500 

(Fusco et al., 2023). Similarly, Christensenallaceae is one of the most highly heritable 501 

members of the human gut microbiome and the abundance of this family, as well as 502 

Akkermansiaceae, has been related to various aspects of metabolic health in mammals 503 

(Karcher et al., 2021; Waters & Ley, 2019). It is unclear whether these bacterial families were 504 

replaced by other taxa capable of performing a similar function on Aride, Denis, or Frégate. 505 

Two bacterial families in the phylum Firmicutes (Leuconostocaceae and Lactobacillaceae) 506 

formed novel components of the core microbiome on these islands. However, although these 507 
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families are common in the intestinal tract and produce the SCFA lactic acid, they are also 508 

often found to be associated with insects and plants and so may be environmental transients 509 

(Endo et al., 2015; Walter & O’Toole, 2023).  510 

 511 

On Cousine, the Bacteroidaceae and Rickenellaceae formed part of the core microbiome but 512 

these families were not present in the Cousin Island core. Both families degrade complex 513 

sugars and proteins in the intestinal tract and are important producers of SCFAs (Rajilić-514 

Stojanović & De Vos, 2014). Thus, there may be some degree of flexibility in the core 515 

microbiome across populations if distinct microbial groups perform similar tasks within the 516 

gut ecosystem. This flexibility was also evidenced by an indicator analysis which showed 517 

that unique ASVs within the same genus/family were indicative of different populations. 518 

However, without a detailed assessment of gut microbiome function across islands it is only 519 

possible to speculate on the extent to which functions are interchangeable across microbial 520 

groups. In future, high resolution functional omics approaches (e.g. metagenomics), would be 521 

needed to assess whether gut microbiome compositional differences across populations 522 

translate into differences in function and whether this could have consequences for the host 523 

(Worsley, Videvall, et al., 2024). Although translocated populations appear to be doing well 524 

on the different islands (i.e. at carrying capacity or still growing (Brown et al., 2023)) 525 

reductions in gut microbiome alpha diversity and functional potential could impact upon the 526 

resilience of these populations to future change. Longitudinal studies that include measures of 527 

gut microbiome variation and host fitness on these islands would be needed to assess if this is 528 

the case. Currently translocated populations are not subject to yearly monitoring and so this 529 

was beyond the scope of this study. 530 

 531 

Study limitations and future work 532 

Although our results shed light on the impact of conservation translocations on the vertebrate 533 

gut microbiome there are some limitations. Aside from the lack of functional and long-term 534 

fitness data already mentioned, the moderate sample sizes across populations may have 535 

hampered our ability to accurately capture the core microbiome on each island. Furthermore, 536 

although we identify differences in the gut microbiome of the translocated populations, it is 537 

impossible to know when these changes occurred; were changes the immediate result of 538 

founder effects or have gut microbiomes gradually diverged due downstream host genetic 539 

effects and/or as individuals have been exposed to differing environments? Collecting 540 

samples directly before and periodically after translocations would be an interesting way to 541 
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quantify the plasticity of the microbiome, and its susceptibility to founder effects (Grieneisen 542 

et al., 2023). Unfortunately, this was not feasible in the Seychelles warbler system as 543 

translocations occurred many years before gut microbiome samples were collected. That said, 544 

patterns of reduced gut microbiome diversity and compositional variability in translocated 545 

populations (particularly those with the fewest founders) are broadly consistent with an 546 

influence of host/microbiome founder effects. 547 

 548 

Conclusion 549 

In conclusion, our study identified a reduction in gut microbiome diversity, as well as 550 

differences in gut microbiome composition and variability between translocated and source 551 

populations of the Seychelles warbler. Members of the core microbiome also differed across 552 

populations and important gut microbes were less prevalent in some translocated populations. 553 

Population bottlenecks, due to the small number of founder individuals used, may drive these 554 

patterns both indirectly via an impact on host genetic variation or directly, by influencing the 555 

pool of microbes transferred from the source population. Further work is needed to 556 

understand the impact of these differences on gut microbiome function. Longitudinal data 557 

from translocated populations is also needed to better understand the plasticity of the gut 558 

microbiome and the impact of microbiome diversity loss on the resilience of host-microbe 559 

interactions to future ecological change. 560 

 561 

Data Availability 562 

 563 

All sequencing reads have been uploaded to the European Nucleotide Archive under the 564 

following accession numbers: PRJEB47095 (Cousin samples collected in 2019); 565 

PRJEB67634 (Cousin samples collected in 2022); and PRJEB81863 (all samples from 566 

translocated populations). The scripts and metadata to reproduce all analyses and figures can 567 

be accessed via the GitHub repository, https://github.com/Seychelle-Warbler-Project. 568 

 569 

Acknowledgements 570 

 571 

We would like to thank the Seychelles Bureau of Standards and the Department of 572 

Environment for providing permission to conduct fieldwork. Sincere thanks to Nature 573 

Seychelles for facilitating fieldwork on Cousin Island. Thanks also to Anthony Bentley and 574 

the Island Conservation Society for their help relating to sampling on Aride, the owners and 575 



 18 

the conservation staff of Cousine Island for allowing access to the island and their assistance 576 

in collecting samples, the Mason family, Denis Island management, the Green Islands 577 

Foundation and Wilna Accouche for enabling work on Denis, and to Anna Zora and the 578 

Frégate Island Foundation for facilitating work on Frégate. This study would not have been 579 

possible without the contribution of exceptional fieldworkers and technicians associated with 580 

the Seychelles Warbler Project. Microbiome sequencing data was generated by the Centre for 581 

Genomic Research, University of Liverpool. The research presented in this paper was carried 582 

out on the High-Performance Computing Cluster supported by the Research and Specialist 583 

Computing Support service at the University of East Anglia. This study was funded by a 584 

NERC grant (NE/S010939/1) awarded to DSR and HLD. SFW was funded by a Leverhulme 585 

Trust Early Career Fellowship (ECF-2023-433). CZL was supported by the UKRI BBSRC 586 

Norwich Research Park Biosciences Doctoral Training Partnership (Grant number 587 

BB/T008717/1). 588 

 589 

References 590 

 591 

Alberdi, A., Aizpurua, O., Bohmann, K., Zepeda-Mendoza, M. L., & Gilbert, M. T. P. (2016). 592 
Do Vertebrate Gut Metagenomes Confer Rapid Ecological Adaptation? Trends in Ecology & 593 
Evolution, 31(9), 689–699. https://doi.org/10.1016/j.tree.2016.06.008 594 

Anderson, M. J. (2001). A new method for non-parametric multivariate analysis of variance: 595 
Non-parametric MANOVA for ecology. Austral Ecology, 26(1), 32–46. 596 
https://doi.org/10.1111/j.1442-9993.2001.01070.pp.x 597 

Baniel, A., Amato, K. R., Beehner, J. C., Bergman, T. J., Mercer, A., Perlman, R. F., Petrullo, 598 
L., Reitsema, L., Sams, S., Lu, A., & Snyder-Mackler, N. (2021). Seasonal shifts in the gut 599 
microbiome indicate plastic responses to diet in wild geladas. Microbiome, 9(1), 26. 600 
https://doi.org/10.1186/s40168-020-00977-9 601 

Baniel, A., Petrullo, L., Mercer, A., Reitsema, L., Sams, S., Beehner, J. C., Bergman, T. J., 602 
Snyder-Mackler, N., & Lu, A. (2022). Maternal effects on early-life gut microbiota 603 
maturation in a wild nonhuman primate. Current Biology, S0960982222013598. 604 
https://doi.org/10.1016/j.cub.2022.08.037 605 

Barka, E. A., Vatsa, P., Sanchez, L., Gaveau-Vaillant, N., Jacquard, C., Klenk, H.-P., Clément, 606 
C., Ouhdouch, Y., & Van Wezel, G. P. (2016). Taxonomy, Physiology, and Natural Products 607 
of Actinobacteria. Microbiology and Molecular Biology Reviews, 80(1), 1–43. 608 
https://doi.org/10.1128/MMBR.00019-15 609 

Berger‐Tal, O., Blumstein, D. T., & Swaisgood, R. R. (2020). Conservation translocations: A 610 
review of common difficulties and promising directions. Animal Conservation, 23(2), 121–611 
131. https://doi.org/10.1111/acv.12534 612 

Björk, J. R., Dasari, M. R., Roche, K., Grieneisen, L., Gould, T. J., Grenier, J.-C., Yotova, V., 613 
Gottel, N., Jansen, D., Gesquiere, L. R., Gordon, J. B., Learn, N. H., Wango, T. L., Mututua, 614 



 19 

R. S., Kinyua Warutere, J., Siodi, L., Mukherjee, S., Barreiro, L. B., Alberts, S. C., … Archie, 615 
E. A. (2022). Synchrony and idiosyncrasy in the gut microbiome of wild baboons. Nature 616 
Ecology & Evolution. https://doi.org/10.1038/s41559-022-01773-4 617 

Blyton, M. D. J., Soo, R. M., Whisson, D., Marsh, K. J., Pascoe, J., Le Pla, M., Foley, W., 618 
Hugenholtz, P., & Moore, B. D. (2019). Faecal inoculations alter the gastrointestinal 619 
microbiome and allow dietary expansion in a wild specialist herbivore, the koala. Animal 620 
Microbiome, 1(1), 6. https://doi.org/10.1186/s42523-019-0008-0 621 

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., 622 
Alexander, H., Alm, E. J., Arumugam, M., Asnicar, F., Bai, Y., Bisanz, J. E., Bittinger, K., 623 
Brejnrod, A., Brislawn, C. J., Brown, C. T., Callahan, B. J., Caraballo-Rodríguez, A. M., 624 
Chase, J., … Caporaso, J. G. (2019). Reproducible, interactive, scalable and extensible 625 
microbiome data science using QIIME 2. Nature Biotechnology, 37(8), 852–857. 626 
https://doi.org/10.1038/s41587-019-0209-9 627 

Brown, T. J., Hellicar, M., Accouche, W., Van Der Woude, J., Dugdale, H. L., Komdeur, J., & 628 
Richardson, D. S. (2023). A major myna problem; invasive predator removal benefits female 629 
survival and population growth of a translocated island endemic. Global Ecology and 630 
Conservation, 46, e02584. https://doi.org/10.1016/j.gecco.2023.e02584 631 

Bubac, C. M., Johnson, A. C., Fox, J. A., & Cullingham, C. I. (2019). Conservation 632 
translocations and post-release monitoring: Identifying trends in failures, biases, and 633 
challenges from around the world. Biological Conservation, 238, 108239. 634 
https://doi.org/10.1016/j.biocon.2019.108239 635 

Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., & Holmes, S. P. 636 
(2016). DADA2: High-resolution sample inference from Illumina amplicon data. Nature 637 
Methods, 13(7), 581–583. https://doi.org/10.1038/nmeth.3869 638 

Carthey, A. J. R., Blumstein, D. T., Gallagher, R. V., Tetu, S. G., & Gillings, M. R. (2020). 639 
Conserving the holobiont. Functional Ecology, 34(4), 764–776. https://doi.org/10.1111/1365-640 
2435.13504 641 

Dallas, J. W., & Warne, R. W. (2023). Captivity and Animal Microbiomes: Potential Roles of 642 
Microbiota for Influencing Animal Conservation. Microbial Ecology, 85(3), 820–838. 643 
https://doi.org/10.1007/s00248-022-01991-0 644 

David, L. A., Maurice, C. F., Carmody, R. N., Gootenberg, D. B., Button, J. E., Wolfe, B. E., 645 
Ling, A. V., Devlin, A. S., Varma, Y., Fischbach, M. A., Biddinger, S. B., Dutton, R. J., & 646 
Turnbaugh, P. J. (2014). Diet rapidly and reproducibly alters the human gut microbiome. 647 
Nature, 505(7484), 559–563. https://doi.org/10.1038/nature12820 648 

Davidson, G. L., Raulo, A., & Knowles, S. C. L. (2020). Identifying microbiome-mediated 649 
behaviour in wild vertebrates. Trends Ecol Evol, 35(11), 972–980. 650 
https://doi.org/10.1016/j.tree.2020.06.014 651 

Davidson, G. L., Somers, S. E., Wiley, N., Johnson, C. N., Reichert, M. S., Ross, R. P., 652 
Stanton, C., & Quinn, J. L. (2021). A time‐lagged association between the gut microbiome, 653 
nestling weight and nestling survival in wild great tits. Journal of Animal Ecology, 1365-654 
2656.13428. https://doi.org/10.1111/1365-2656.13428 655 

Davies, C. S., Taylor, M. I., Hammers, M., Burke, T., Komdeur, J., Dugdale, H. L., & 656 
Richardson, D. S. (2021). Contemporary evolution of the innate immune receptor gene TLR3 657 
in an isolated vertebrate population. Molecular Ecology, mec.15914. 658 
https://doi.org/10.1111/mec.15914 659 



 20 

Davies, C. S., Worsley, S. F., Maher, K. H., Komdeur, J., Burke, T., Dugdale, H. L., & 660 
Richardson, D. S. (2022). Immunogenetic variation shapes the gut microbiome in a natural 661 
vertebrate population. Microbiome, 10(1), 41. https://doi.org/10.1186/s40168-022-01233-y 662 

Davis, N. M., Proctor, D. M., Holmes, S. P., Relman, D. A., & Callahan, B. J. (2018). Simple 663 
statistical identification and removal of contaminant sequences in marker-gene and 664 
metagenomics data. Microbiome, 6(1), 226. https://doi.org/10.1186/s40168-018-0605-2 665 

Dufrêne, M., & Legendre, P. (1997). Species assemblages and indicator species: The need for 666 
a flexible asymmetrical approach. Ecological Monographs, 67(3), 345–366. 667 
https://doi.org/10.1890/0012-9615(1997)067[0345:SAAIST]2.0.CO;2 668 

Endo, A., Tanizawa, Y., Tanaka, N., Maeno, S., Kumar, H., Shiwa, Y., Okada, S., Yoshikawa, 669 
H., Dicks, L., Nakagawa, J., & Arita, M. (2015). Comparative genomics of Fructobacillus 670 
spp. And Leuconostoc spp. Reveals niche-specific evolution of Fructobacillus spp. BMC 671 
Genomics, 16(1), 1117. https://doi.org/10.1186/s12864-015-2339-x 672 

Fackelmann, G., Gillingham, M. A. F., Schmid, J., Heni, A. C., Wilhelm, K., Schwensow, N., 673 
& Sommer, S. (2021). Human encroachment into wildlife gut microbiomes. Communications 674 
Biology, 4(1), 800. https://doi.org/10.1038/s42003-021-02315-7 675 

Fusco, W., Lorenzo, M. B., Cintoni, M., Porcari, S., Rinninella, E., Kaitsas, F., Lener, E., 676 
Mele, M. C., Gasbarrini, A., Collado, M. C., Cammarota, G., & Ianiro, G. (2023). Short-677 
Chain Fatty-Acid-Producing Bacteria: Key Components of the Human Gut Microbiota. 678 
Nutrients, 15(9), 2211. https://doi.org/10.3390/nu15092211 679 

Gloor, G. B., Macklaim, J. M., Pawlowsky-Glahn, V., & Egozcue, J. J. (2017). Microbiome 680 
datasets are compositional: And this is not optional. Frontiers in Microbiology, 8, 2224. 681 
https://doi.org/10.3389/fmicb.2017.02224 682 

Grieneisen, L., Blekhman, R., & Archie, E. (2023). How longitudinal data can contribute to 683 
our understanding of host genetic effects on the gut microbiome. Gut Microbes, 15(1), 684 
2178797. https://doi.org/10.1080/19490976.2023.2178797 685 

Grieneisen, L., Charpentier, M. J. E., Alberts, S. C., Blekhman, R., Bradburd, G., Tung, J., & 686 
Archie, E. A. (2019). Genes, geology and germs: Gut microbiota across a primate hybrid 687 
zone are explained by site soil properties, not host species. Proceedings of the Royal Society 688 
B: Biological Sciences, 286(1901), 20190431. https://doi.org/10.1098/rspb.2019.0431 689 

Grieneisen, L., Dasari, M., Gould, T. J., Björk, J. R., Grenier, J.-C., Yotova, V., Jansen, D., 690 
Gottel, N., Gordon, J. B., Learn, N. H., Gesquiere, L. R., Wango, T. L., Mututua, R. S., 691 
Warutere, J. K., Siodi, L., Gilbert, J. A., Barreiro, L. B., Alberts, S. C., Tung, J., … 692 
Blekhman, R. (2021). Gut microbiome heritability is nearly universal but environmentally 693 
contingent. Science, 373(6551), 181–186. https://doi.org/10.1126/science.aba5483 694 

Grieneisen, L., Livermore, J., Alberts, S., Tung, J., & Archie, E. A. (2017). Group Living and 695 
Male Dispersal Predict the Core Gut Microbiome in Wild Baboons. Integrative and 696 
Comparative Biology, 57(4), 770–785. https://doi.org/10.1093/icb/icx046 697 

Griffiths, R., Double, M. C., Orr, K., & Dawson, R. J. G. (1998). A DNA test to sex most 698 
birds. Molecular Ecology, 7(8), 1071–1075. https://doi.org/10.1046/j.1365-699 
294x.1998.00389.x 700 

Guzman, J., & Vilcinskas, A. (2022). Genome analysis suggests the bacterial family 701 
Acetobacteraceae is a source of undiscovered specialized metabolites. Antonie van 702 
Leeuwenhoek, 115(1), 41–58. https://doi.org/10.1007/s10482-021-01676-7 703 



 21 

Hammers, M., Kingma, S. A., Bebbington, K., van de Crommenacker, J., Spurgin, L. G., 704 
Richardson, D. S., Burke, T., Dugdale, H. L., & Komdeur, J. (2015). Senescence in the wild: 705 
Insights from a long-term study on Seychelles warblers. Exp Gerontol, 71, 69–79. 706 
https://doi.org/10.1016/j.exger.2015.08.019 707 

Hammers, M., Kingma, S. A., Spurgin, L. G., Bebbington, K., Dugdale, H. L., Burke, T., 708 
Komdeur, J., & Richardson, D. S. (2019). Breeders that receive help age more slowly in a 709 
cooperatively breeding bird. Nature Communications, 10(1), 1301. 710 
https://doi.org/10.1038/s41467-019-09229-3 711 

Haque, M. F. U., Xu, H.-J., Murrell, J. C., & Crombie, A. (2020). Facultative methanotrophs 712 
– diversity, genetics, molecular ecology and biotechnological potential: A mini-review. 713 
Microbiology, 166(10), 894–908. https://doi.org/10.1099/mic.0.000977 714 

Härer, A., & Rennison, D. J. (2023). The biogeography of host‐associated bacterial 715 
microbiomes: Revisiting classic biodiversity patterns. Global Ecology and Biogeography, 716 
32(6), 931–944. https://doi.org/10.1111/geb.13675 717 

IUCN/SSC. (2013). Guidelines for reintroductions and other conservation translocations. 718 
Gland: IUCN Species Survival Commission. 719 

Kaltenpoth, M., & Flórez, L. V. (2020). Versatile and Dynamic Symbioses Between Insects 720 
and Burkholderia Bacteria. Annual Review of Entomology, 65(1), 145–170. 721 
https://doi.org/10.1146/annurev-ento-011019-025025 722 

Karcher, N., Nigro, E., Punčochář, M., Blanco-Míguez, A., Ciciani, M., Manghi, P., Zolfo, 723 
M., Cumbo, F., Manara, S., Golzato, D., Cereseto, A., Arumugam, M., Bui, T. P. N., Tytgat, 724 
H. L. P., Valles-Colomer, M., De Vos, W. M., & Segata, N. (2021). Genomic diversity and 725 
ecology of human-associated Akkermansia species in the gut microbiome revealed by 726 
extensive metagenomic assembly. Genome Biology, 22(1), 209. 727 
https://doi.org/10.1186/s13059-021-02427-7 728 

Katoh, K. (2002). MAFFT: A novel method for rapid multiple sequence alignment based on 729 
fast Fourier transform. Nucleic Acids Res, 30(14), 3059–3066. 730 
https://doi.org/10.1093/nar/gkf436 731 

Kembel, S. W., Cowan, P. D., Helmus, M. R., Cornwell, W. K., Morlon, H., Ackerly, D. D., 732 
Blomberg, S. P., & Webb, C. O. (2010). Picante: R tools for integrating phylogenies and 733 
ecology. Bioinformatics, 26(11), 1463–1464. https://doi.org/10.1093/bioinformatics/btq166 734 

Knutie, S. A., & Gotanda, K. M. (2018). A non-invasive method to collect fecal samples from 735 
wild birds for microbiome studies. Microbial Ecology, 76(4), 851–855. 736 
https://doi.org/10.1007/s00248-018-1182-4 737 

Kock, R. A., Woodford, M. H., & Rossiter, P. B. (2010). Disease risks associated with the 738 
translocation of wildlife. Revue Scientifique et Technique de l’OIE, 29(2), 329–350. 739 
https://doi.org/10.20506/rst.29.2.1980 740 

Kohl, K. D., Weiss, R. B., Cox, J., Dale, C., & Denise Dearing, M. (2014). Gut microbes of 741 
mammalian herbivores facilitate intake of plant toxins. Ecology Letters, 17(10), 1238–1246. 742 
https://doi.org/10.1111/ele.12329 743 

Komdeur, J. (1994). Conserving the seychelles warbler Acrocephalus sechellensis by 744 
translocation from Cousin Island to the islands of Aride and Cousine. Biological 745 
Conservation, 67(2), 143–152. https://doi.org/10.1016/0006-3207(94)90360-3 746 



 22 

Komdeur, J., & Pels, M. D. (2005). Rescue of the Seychelles warbler on Cousin Island, 747 
Seychelles: The role of habitat restoration. Biological Conservation, 124(1), 15–26. 748 
https://doi.org/10.1016/j.biocon.2004.12.009 749 

Komdeur, J., Piersma, T., Kraaijeveld, K., Kraaijeveld-Smit, F., & Richardson, D. S. (2004). 750 
Why Seychelles Warblers fail to recolonize nearby islands: Unwilling or unable to fly there?: 751 
Reduced island colonization by Seychelles Warbler. Ibis, 146(2), 298–302. 752 
https://doi.org/10.1046/j.1474-919X.2004.00255.x 753 

Leclaire, S., Pineaux, M., Blanchard, P., White, J., & Hatch, S. A. (2022). Microbiota 754 
composition and diversity of multiple body sites vary according to reproductive performance 755 
in a seabird. Molecular Ecology, mec.16398. https://doi.org/10.1111/mec.16398 756 

Martinez Arbizu, P. (2017). pairwiseAdonis: Pairwise multilevel comparison using Adonis. R 757 
package version 0.0.1. [Computer software]. 758 

McMurdie, P. J., & Holmes, S. (2013). phyloseq: An R package for reproducible interactive 759 
analysis and graphics of microbiome census data. PLoS ONE, 8(4), e61217. 760 
https://doi.org/10.1371/journal.pone.0061217 761 

Navine, A. K., Paxton, K. L., Paxton, E. H., Hart, P. J., Foster, J. T., McInerney, N., Fleischer, 762 
R. C., & Videvall, E. (2022). Microbiomes associated with avian malaria survival differ 763 
between susceptible Hawaiian honeycreepers and sympatric malaria‐resistant introduced 764 
birds. Molecular Ecology, mec.16743. https://doi.org/10.1111/mec.16743 765 

Nicholson, J. K., Holmes, E., Kinross, J., Burcelin, R., Gibson, G., Jia, W., & Pettersson, S. 766 
(2012). Host-gut microbiota metabolic interactions. Science, 336(6086), 1262–1267. 767 
https://doi.org/10.1126/science.1223813 768 

Okansen, J., Guillaume Blanchet, F., Friendly, M., Kindt, R., Legendre, P., McGlinn, D., 769 
Minchin, P. R., O’Hara, R. B., Simpson, G. L., Solymos, P., Henry, M., Stevens, H., Szoecs, 770 
E., & Wagner, H. (2020). Vegan: Community ecology package. R package version 2.5-7. 771 
Https://CRAN.R-project.org/package=vegan. 772 

Ørsted, M., Yashiro, E., Hoffmann, A. A., & Kristensen, T. N. (2022). Population bottlenecks 773 
constrain host microbiome diversity and genetic variation impeding fitness. PLOS Genetics, 774 
18(5), e1010206. https://doi.org/10.1371/journal.pgen.1010206 775 

Penny, M. (1967). A New Sanctuary in the Seychelles. Oryx, 9(3), 214–216. 776 
https://doi.org/10.1017/S0030605300006372 777 

Peris-Bondia, F., Latorre, A., Artacho, A., Moya, A., & D’Auria, G. (2011). The Active 778 
Human Gut Microbiota Differs from the Total Microbiota. PLoS ONE, 6(7), e22448. 779 
https://doi.org/10.1371/journal.pone.0022448 780 

Poole, P., Ramachandran, V., & Terpolilli, J. (2018). Rhizobia: From saprophytes to 781 
endosymbionts. Nature Reviews Microbiology, 16(5), 291–303. 782 
https://doi.org/10.1038/nrmicro.2017.171 783 

Price, M. N., Dehal, P. S., & Arkin, A. P. (2009). FastTree: Computing large minimum 784 
evolution trees with profiles instead of a distance matrix. Mol Biol Evol, 26(7), 1641–1650. 785 
https://doi.org/10.1093/molbev/msp077 786 

R Core Team. (2020). R: a language and environment for statistical computing. R 787 
Foundation for Statistical Computing, Vienna. 788 



 23 

Rajilić-Stojanović, M., & De Vos, W. M. (2014). The first 1000 cultured species of the human 789 
gastrointestinal microbiota. FEMS Microbiology Reviews, 38(5), 996–1047. 790 
https://doi.org/10.1111/1574-6976.12075 791 

Ramirez, J., Guarner, F., Bustos Fernandez, L., Maruy, A., Sdepanian, V. L., & Cohen, H. 792 
(2020). Antibiotics as Major Disruptors of Gut Microbiota. Frontiers in Cellular and 793 
Infection Microbiology, 10, 572912. https://doi.org/10.3389/fcimb.2020.572912 794 

Reese, A. T., Phillips, S. R., Owens, L. A., Venable, E. M., Langergraber, K. E., Machanda, Z. 795 
P., Mitani, J. C., Muller, M. N., Watts, D. P., Wrangham, R. W., Goldberg, T. L., Emery 796 
Thompson, M., & Carmody, R. N. (2021). Age patterning in wild chimpanzee gut microbiota 797 
diversity reveals differences from humans in early life. Current Biology: CB, 31(3), 613-798 
620.e3. https://doi.org/10.1016/j.cub.2020.10.075 799 

Richardson, D. S., Bristol, R., & Shah, N. J. (2006). Translocation of the Seychelles warbler 800 
Acrocephalus sechellensis to establish a new population on Denis Island, Seychelles. 801 
Conservation Evidence, 3, 54–57. 802 

Richardson, D. S., Burke, T., & Komdeur, J. (2002). Direct benefits and the evolution of 803 
female-biased cooperative breeding in Seychelles warblers. Evolution, 56(11), 2313–2321. 804 
https://doi.org/10.1111/j.0014-3820.2002.tb00154.x 805 

Risely, A. (2020). Applying the core microbiome to understand host–microbe systems. 806 
Journal of Animal Ecology, 89(7), 1549–1558. https://doi.org/10.1111/1365-2656.13229 807 

Roberts, D. W. (2023). Labdsv: Ordination and Multivariate Analysis for Ecology. R package 808 
version 2.1-0. Https://CRAN.R-project.org/package=labdsv. 809 

San Juan, P. A., Castro, I., & Dhami, M. K. (2021). Captivity reduces diversity and shifts 810 
composition of the Brown Kiwi microbiome. Animal Microbiome, 3(1), 48. 811 
https://doi.org/10.1186/s42523-021-00109-0 812 

Seddon, P. J., Griffiths, C. J., Soorae, P. S., & Armstrong, D. P. (2014). Reversing 813 
defaunation: Restoring species in a changing world. Science, 345(6195), 406–412. 814 
https://doi.org/10.1126/science.1251818 815 

Smith, C. C., Snowberg, L. K., Gregory Caporaso, J., Knight, R., & Bolnick, D. I. (2015). 816 
Dietary input of microbes and host genetic variation shape among-population differences in 817 
stickleback gut microbiota. The ISME Journal, 9(11), 2515–2526. 818 
https://doi.org/10.1038/ismej.2015.64 819 

Sommer, F., & Bäckhed, F. (2013). The gut microbiota—Masters of host development and 820 
physiology. Nature Reviews. Microbiology, 11(4), 227–238. 821 
https://doi.org/10.1038/nrmicro2974 822 

Sparks, A. M., Spurgin, L. G., Velde, M., Fairfield, E. A., Komdeur, J., Burke, T., Richardson, 823 
D. S., & Dugdale, H. L. (2021). Telomere heritability and parental age at conception effects 824 
in a wild avian population. Molecular Ecology, mec.15804. 825 
https://doi.org/10.1111/mec.15804 826 

Spurgin, L. G., Wright, D. J., Velde, M., Collar, N. J., Komdeur, J., Burke, T., & Richardson, 827 
D. S. (2014). Museum DNA reveals the demographic history of the endangered Seychelles 828 
warbler. Evolutionary Applications, 7(9), 1134–1143. https://doi.org/10.1111/eva.12191 829 

Stothart, M. R., Palme, R., & Newman, A. E. M. (2019). It’s what’s on the inside that counts: 830 
Stress physiology and the bacterial microbiome of a wild urban mammal. Proceedings of the 831 



 24 

Royal Society B: Biological Sciences, 286(1913), 20192111. 832 
https://doi.org/10.1098/rspb.2019.2111 833 

Walter, J., & O’Toole, P. W. (2023). Microbe Profile: The Lactobacillaceae. Microbiology, 834 
169(12). https://doi.org/10.1099/mic.0.001414 835 

Waters, J. L., & Ley, R. E. (2019). The human gut bacteria Christensenellaceae are 836 
widespread, heritable, and associated with health. BMC Biology, 17(1), 83. 837 
https://doi.org/10.1186/s12915-019-0699-4 838 

Worsley, S. F., Davies, C. S., Lee, C. Z., Mannarelli, M., Burke, T., Komdeur, J., Dugdale, H. 839 
L., & Richardson, D. S. (2024). Longitudinal gut microbiome dynamics in relation to age and 840 
senescence in a wild animal population. Molecular Ecology, e17477. 841 
https://doi.org/10.1111/mec.17477 842 

Worsley, S. F., Davies, C. S., Mannarelli, M.-E., Hutchings, M. I., Komdeur, J., Burke, T., 843 
Dugdale, H. L., & Richardson, D. S. (2021). Gut microbiome composition, not alpha 844 
diversity, is associated with survival in a natural vertebrate population. Animal Microbiome, 845 
3(1), 84. https://doi.org/10.1186/s42523-021-00149-6 846 

Worsley, S. F., Davies, C. S., Mannarelli, M.-E., Komdeur, J., Dugdale, H. L., & Richardson, 847 
D. S. (2022). Assessing the causes and consequences of gut mycobiome variation in a wild 848 
population of the Seychelles warbler. Microbiome, 10(1), 242. 849 
https://doi.org/10.1186/s40168-022-01432-7 850 

Worsley, S. F., Videvall, E., Harrison, X. A., Björk, J. R., Mazel, F., & Wanelik, K. M. (2024). 851 
Probing the functional significance of wild animal microbiomes using omics data. Functional 852 
Ecology, 1365-2435.14650. https://doi.org/10.1111/1365-2435.14650 853 

Wright, D. J., Spurgin, L. G., Collar, N. J., Komdeur, J., Burke, T., & Richardson, D. S. 854 
(2014). The impact of translocations on neutral and functional genetic diversity within and 855 
among populations of the Seychelles warbler. Molecular Ecology, 23(9), 2165–2177. 856 
https://doi.org/10.1111/mec.12740 857 

 858 

 859 

 860 

 861 

 862 

 863 

 864 

 865 

 866 

 867 

 868 

 869 

 870 



 25 

Tables and Figures 871 

 872 

 873 

 874 

 875 

 876 

Figure 1. Gut microbiome alpha diversity in the source and translocated populations of the 877 

Seychelles warbler. Grey points represent individual gut microbiome samples (n = 51 in the 878 

source population; n = 80 from the four translocated populations). Black points represent the 879 

mean ± SE. P-values are derived from linear models (see Table S1 for full results). 880 
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Table 1. A PERMANOVA analysis of gut microbiome variation across different populations 891 

of the Seychelles warbler.  892 

 893 

Predictor df R2 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 

 894 

Note: The analysis was performed using Aitchison distances calculated using centred log 895 

ratio (CLR)-transformed amplicon sequencing variant (ASV) abundances. Significant 896 

predictors (P < 0 .05) are shown in bold and underlined. N = 20 samples from Cousine, Aride, 897 

Denis, Frégate, and Cousin 2019, and N=31 samples from Cousin 2022 were included in the 898 

analysis.  899 
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 913 
 914 

Figure 2. Differences in bacterial gut microbiome composition across populations of the 915 

Seychelles warbler. These were visualised using A) a Principal Components Analysis (PCA) 916 

of Euclidean distances calculated using CLR‑transformed ASV abundances. Points represent 917 

individual gut microbiome samples and diamonds represent group centroids. Principal 918 
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components one and two explained 10.51% and 5.36% of the variation in gut microbiome 919 

composition, respectively. Differences in B) gut microbiome compositional variability 920 

(distance to centroid) across populations were assessed using a Betadisper test (P = 0.039). 921 

Red points represent means ± SE. Points represent individual samples, and boxes encompass 922 

the interquartile (25-75%) range. The median is marked by a horizontal line and whiskers 923 

extend to 1.5x the interquartile range. Blue lines indicate a significant difference between 924 

populations in a post-hoc pairwise test (Padj < 0.05) (see Table S5). In both plots, Cousin 925 

(CN) 2019 Minor = 31 samples, all other populations/sampling events had 20 samples. CN = 926 

Cousin, CE = Cousine, AR = Aride, DS = Denis, FR = Frégate. The year (2019, 2022, or 927 

2023) and season (Major/Minor) in which samples were collected is also given.  928 
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Table 2. Core gut microbiome bacterial families identified in source and translocated 951 

populations.  952 

 953 

Phylum Family CN core AR core CE core DS core FR core 

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 0.25 0.95 0.8 0.65 

Firmicutes Lachnospiraceae 0.78 0.35 1 0.7 0.8 

Firmicutes Christensenellaceae 0.57 0.25 1 0.55 0.55 

Verrucomicrobia Akkermansiaceae 0.57 0.15 0.9 0.4 0.4 

Planctomycetes Gemmataceae 0.61 0.6 0.25 0.35 0.25 

Chloroflexi JG30-KF-CM45 0.75 0.8 0.25 0.55 0.3 

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 0.8 0.25 0.3 0.5 

Actinobacteria Pseudonocardiaceae 0.78 0.8 0.3 0.8 0.85 

Actinobacteria Mycobacteriaceae 0.61 0.55 0.35 0.4 0.3 

Actinobacteria Nocardiaceae 0.80 0.8 0.45 0.8 0.75 

Actinobacteria Propionibacteriaceae 0.61 0.7 0.45 0.55 0.65 

Actinobacteria Nocardioidaceae 0.55 0.55 0.35 0.4 0.65 

Bacteroidetes Tannerellaceae 0.59 0.1 0.95 0.25 0.4 

Proteobacteria Enterobacteriaceae 0.98 0.95 1 0.95 1 

Proteobacteria Burkholderiaceae 0.51 0.35 0.15 0.55 0.3 

Proteobacteria Xanthomonadaceae 0.59 0.5 0.4 0.45 0.4 

Proteobacteria Rhodospirillaceae 0.67 0.1 1 0.65 0.65 

Proteobacteria Acetobacteraceae 0.65 0.55 0.3 0.8 0.65 

Proteobacteria Beijerinckiaceae 0.86 0.9 0.75 0.85 0.95 

Proteobacteria Rhodobacteraceae 0.78 0.9 0.65 0.55 0.3 

Proteobacteria Rhizobiaceae 0.92 1 1 0.9 0.9 

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

Firmicutes Family XIII 0.49 0.05 0.7 0.35 0.45 

Bacteroidetes Bacteroidaceae 0.45 0.05 0.9 0.4 0.35 

Bacteroidetes Dysgonomonadaceae 0.45 0 0.75 0.1 0.35 

Bacteroidetes Rikenellaceae 0.35 0 0.7 0.15 0.25 

Proteobacteria Desulfovibrionaceae 0.43 0.1 0.75 0.7 0.55 

Firmicutes Leuconostocaceae 0.18 0.8 0.1 0.5 0.25 

Patescibacteria uncultured bacterium 0.47 0.55 0.35 0.25 0.45 

Patescibacteria Saccharimonadaceae 0.43 0.8 0.4 0.6 0.4 

Planctomycetes Isosphaeraceae 0.43 0.55 0.1 0.35 0.35 

Actinobacteria Corynebacteriaceae 0.37 0.7 0.05 0.65 0.8 

Proteobacteria Desulfobacteraceae 0.02 0.05 0 0.55 0.15 
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Firmicutes Lactobacillaceae 0.29 0.45 0.25 0.55 0.6 

 954 

Note: Colours reflect the presence (light blue) or absence (dark blue) of a bacterial family 955 

from the core microbiome of a population. A) The 25 core bacterial families identified on 956 

Cousin Island in the core microbiome of other translocated populations. B) Bacterial families 957 

found in the core microbiome of at least one translocated population but absent from the 958 

Cousin core. Numbers represent the proportion of samples containing each bacterial family 959 

per population (i.e. the prevalence). Core families are those with a total relative abundance > 960 

0.1% and prevalence >50% (0.5) in a population. CN = Cousin, CE = Cousine, AR = Aride, 961 

DS = Denis, FR = Frégate.  962 

  963 
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Supplementary Materials 964 
 965 

 966 
 967 

Table S1. Results of models comparing gut microbiome alpha diversity across source and 968 

translocated populations of the Seychelles warbler. 969 

 970 

Predictor Estimate SE t/z P 

A) Shannon diversity 

Intercept 3.848 0.405 9.490 <0.001 

Island type -0.596 0.252 -2.362 0.020 

Sex 0.004 0.205 -0.216 0.983 

Time of day -0.001 0.001 -1.734 0.085 

Storage time -0.006 0.006 -1.038 0.301 

B) Observed ASV richness 

Intercept 5.363 0.185 28.972 <0.001 

Island type -0.233 0.115 -2.025 0.043 

Sex 0.045 0.094 0.481 0.630 

Time of day 3.278 <0.001 0.131 0.896 

Storage time <-0.001 0.003 -0.158 0.874 

C) Faith’s phylogenetic diversity 

Intercept 17.508 2.243 7.804 <0.001 

Island type -3.844 1.396 -2.755 0.007 

Sex 0.646 1.134 0.569 0.570 

Time of day <-0.001 0.003 -0.019 0.984 

Storage time 0.003 0.031 0.098 0.922 

 971 
 972 

Note: A total of n = 51 and n = 80 samples were analysed from source and translocated 973 

populations, respectively. Linear models with a gaussian distribution were used to model 974 

Shannon and Faith’s phylogenetic diversity metrics (test statistic “t”), whereas a generalised 975 

linear model with a negative binomial distribution was used for observed ASV richness (test 976 



 32 

statistic “z”). Reference categories for categorical variables are as follows: source (island 977 

type), female (sex).  978 
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Table S2. Likelihood ratio tests comparing Seychelles warbler gut microbiome alpha 979 

diversity across translocated populations (Cousine, Denis, Frégate, Aride) and their 980 

comparable sampling season on Cousin Island (the minor season of 2019 or major season of 981 

2022, respectively).  982 

 983 

Predictor df F or 2 P 

A) Shannon diversity 

Population 5 2.839 0.018 

Sex 1 0.082 0.775 

Time of day 1 2.263 0.135 

Storage time 1 0.604 0.438 

B) Observed ASV richness 

Population 5 10.539 0.061 

Sex 1 0.114 0.736 

Time of day 1 0.003 0.954 

Storage time 1 0.519 0.471 

C) Faith’s phylogenetic diversity 

Population 5 3.861 0.003 

Sex 1 0.329 0.567 

Time of day 1 0.089 0.766 

Storage time 1 1.601 0.208 

 984 

Note: Linear models with a gaussian distribution were used to model Shannon and Faith’s 985 

phylogenetic diversity metrics (test statistic F), whereas a generalised linear model with a 986 

negative binomial distribution was used for Observed ASV richness (test statistic 2). N = 20 987 

samples from Cousine, Aride, Denis, Frégate, and Cousin 2019, and N = 31 samples from 988 

Cousin 2022 were included in the analysis, respectively. 989 

 990 

 991 

 992 
 993 
 994 
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Figure S1. Gut microbiome alpha diversity of Seychelles warblers sampled from translocated 995 

populations (CE = Cousine, DS = Denis, FR = Frégate, AR = Aride,) and Cousin Island (CN, 996 

the source population). The year (2019, 2022, or 2023) and season (Major/Minor) in which 997 

samples were collected is also given. Sample sizes are given above each violin. Significant 998 

pairwise comparisons (Padj < 0.05) in pairwise post-hoc comparisons are indicated by *. 999 

 1000 

 1001 
 1002 
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Table S3. The results of post-hoc pairwise comparisons of gut microbiome alpha diversity for 1003 

Seychelles warblers sampled from translocated populations (CE = Cousine, DS = Denis, FR 1004 

= Frégate, AR = Aride,) and Cousin Island (CN, the source population). 1005 

 1006 

 1007 

Note: Results are P-values adjusted for multiple testing. Samples were collected in the minor 1008 

season of 2019 (19 Minor) from CE and CN, the major seasons of 2022 (22 Major) from CN, 1009 

DS and FR, and the major season of 2023 (23 Major) on AR, respectively. Separate models 1010 

were run for Shannon diversity, observed ASV richness, and Faith’s phylogenetic diversity 1011 

(FPD), respectively (see Table S2). Significant comparisons (Padj < 0.05) are highlighted in 1012 

bold and underlined. 1013 

 1014 

 1015 

 1016 

Post-hoc comparison Shannon ASV richness FPD 

CN 22 Major – CN 19 Major 0.712 0.991 1.000 

CE 19 Minor – CN 19 Minor 0.372 1.000 0.998 

DS 22 Major – CN 19 Minor 0.997 0.999 1.000 

FR 22 Major – CN 19 Minor 1.000 0.058 0.015 

AR 23 Major – CN 19 Minor 0.999 0.945 0.965 

CE 19 Minor – CN 22 Major 0.009 0.999 0.994 

DS 22 Major – CN 22 Major 0.599 1.000 0.999 

FR 22 Major – CN 22 Major 0.665 0.170 0.010 

AR 23 Major – CN 22 Major 0.752 0.986 0.941 

DS 22 Major – CE 19 Minor 0.434 0.999 0.909 

FR 22 Major – CE 19 Minor 0.479 0.352 0.052 

AR 23 Major – CE 19 Minor 0.532 0.820 0.521 

FR 22 Major – DS 22 Major 0.999 0.660 0.394 

AR 23 Major – DS 22 Major 1.000 0.937 0.953 

AR 23 Major – FR 22 Major 1.000 0.974 0.850 
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Table S4. Results of pairwise PERMANOVA analyses of gut microbiome composition 1017 

between separate Seychelles warbler populations.  1018 

 1019 

 1020 

Note: CN= Cousin, CE Cousine, DS = Denis, FR = Frégate, AR = Aride. The CN 19 and CE 1021 

samples were collected in the minor season of 2019; CN 22, DS and FR samples were 1022 

collected in the major season of 2022; AR samples were collected in the major season of 1023 

2023. The P-values (top row) and R2 values (bottom row) for the population model term are 1024 

presented in the table (sex, time of day, and storage time were also controlled for in analyses). 1025 

Significant P-values (Padj < 0.05) are in bold and underlined (i.e all P-values are significant). 1026 

 1027 

  1028 

 CN 19 CN 22 CE DS FR AR 

CN 22 
0.006      

0.035      

CE 
0.001 0.001     

0.056 0.065     

DS 
0.001 0.001 0.001    

0.097 0.067 0.148    

FR 
0.001 0.001 0.001 0.001   

0.068 0.050 0.096 0.064   

AR 
0.001 0.001 0.001 0.001 0.001  

0.092 0.050 0.153 0.079 0.084  
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Table S5. Results of a permutational Betadisper test assessing differences in inter-individual 1029 

gut microbiome variance across populations. 1030 

 1031 
Note: Numbers are adjusted P-values derived from pair-wise tests (significant tests are 1032 

presented in bold and underlined). A significant P-value indicates differences in inter-1033 

individual compositional variance between population pairs. CN19 and CN22= Cousin Island 1034 

samples collected in 2019 and 2022, respectively; CE= Cousine; DS = Denis; FR= Frégate; 1035 

AR= Aride. 1036 

 1037 
  1038 

 CN 19 CN 22 CE DS FR AR 

CN 22 0.589      

CE 0.032 0.003     

DS 0.797 0.405 0.047    

FR 0.371 0.116 0.171 0.507   

AR 0.518 0.026 0.505 0.195 0.518  
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Table S6. Results of an indicator species analysis across source and translocated populations 1039 

of the Seychelles warbler.  1040 

 1041 
ASV ID Population Indval P Phylum Family Genus 

465c3a41559c565 

5c0e1fa88362daf68 
CN 19 0.402 0.001 Firmicutes Lachnospiraceae  

b3d2cc3b9f01848 
30bec2ef73bcc6166 

CN 19 0.414 0.001 Firmicutes Streptococcaceae Lactococcus 

c95924232174923 

7c9361696a94b439f 
CN 22 0.453 0.002 Actinobacteria Kineosporiaceae Kineococcus 

d46e2205f0c6ecf67 

b51f83d111c509c 
CN 22 0.530 0.002 Proteobacteria Enterobacteriaceae 

Escherichia- 

Shigella 

078d853cea8dbb4e 
06d303b1030ca618 

CE 0.408 0.001 Bacteroidetes Tannerellaceae  

e0b0346833a28530 

10924b38ae0af05c 
CE 0.439 0.001 Proteobacteria Rhodospirillaceae  

a6ba1b35cfea82e59 

c5e16f4097bae33 
CE 0.443 0.001 Firmicutes Lachnospiraceae Lachnoclostridium 

9eedc8f1c0fe8101b 

f0e935f85c9bd8b 
CE 0.458 0.001 Proteobacteria Enterobacteriaceae  

69eb94f0ce3e8fbdf 

f13ba9a5fc91a76 
CE 0.532 0.001 Bacteroidetes Rikenellaceae  

b693ce0be65f8fc12 
fdb52d333ca4e84 

CE 0.547 0.001 Tenericutes   

e166afb28dc7d02ad 

14c2c5e8d0ec59a 
CE 0.550 0.001 Proteobacteria Enterobacteriaceae Arsenophonus 

6ba43acb03ae795b3 

e7e31f2be946006 
AR 0.468 0.001 Firmicutes Leuconostocaceae Leuconostoc 

3f73222e4a3ce752 

1ef471683fe61079 
AR 0.523 0.001 Proteobacteria Rhizobiaceae  

1f972b567fd709ea 

28ec93a3de972d07 
AR 0.743 0.001 Firmicutes Leuconostocaceae Fructobacillus 

5143fce345d2e57b1 

edd8828e557d088 
AR 0.927 0.001 Firmicutes Leuconostocaceae Fructobacillus 

a9499372ae409848f 

a2ed116e7289617 
DS 0.400 0.001 Proteobacteria Desulfovibrionaceae Desulfovibrio 

49ec7420d727adfe1 
d82d23d6e7e1c97 

DS 0.400 0.001 Proteobacteria Desulfovibrionaceae Desulfovibrio 

4e9d340cd157a21ec 

1867c1f23ffff33 
DS 0.442 0.001 Proteobacteria Desulfobacteraceae Desulfatiferula 

1aa398aee86017619 

6ea988201ba2d38 
DS 0.452 0.001 Proteobacteria Desulfovibrionaceae Desulfovibrio 

f47c3a3139f65e66 

a59a54937d17cedb 
DS 0.491 0.001 Firmicutes Lachnospiraceae  

550d54a1386bfb7d 

9df8076e69906b5a 
DS 0.600 0.001 Firmicutes Enterococcaceae Catellicoccus 

6cba272853a7fc66 
33d3cd4d8f292018 

DS 0.665 0.001 Actinobacteria Micrococcaceae  

bec9d3b0f492da35e 

957bc19a7053e51 
FR 0.450 0.001 Actinobacteria   

31e139f7528db0f6 

fa415a3084cb56c9 
FR 0.478 0.001 Actinobacteria Tsukamurellaceae Tsukamurella 

 1042 
Note: An indicator score (indval) of one indicates that an ASV is equally abundant in all 1043 

samples from one population and effectively absent in other populations, whilst a score of 1044 

zero would suggest approximately even abundance across samples from all populations. 1045 

Amplicon sequencing variants (ASVs) with an indval of >0.4 and P<0.05 were considered to 1046 

be indicative of a population/sampling period and are presented here along with their 1047 

taxonomic identity to genus level. CN19 and CN22= Cousin Island samples collected in 2019 1048 

and 2022, respectively; CE= Cousine; DS = Denis; FR= Frégate; AR= Aride. 1049 


