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Abstract
Elucidating demographic history during the settlement of ecological communities 
is crucial for properly inferring the mechanisms that shape patterns of species di-
versity and their persistence through time. Here, we used genomic data and coa-
lescent-based approaches to elucidate for the first time the demographic dynamics 
associated with the settlement by endemic reef fish fauna of one of the most remote 
peripheral islands of the Pacific Ocean, Rapa Nui (Easter Island). We compared the 
demographic history of nine endemic species in order to explore their demographic 
responses to Pleistocene climatic fluctuations. We found that species endemic to 
Rapa Nui share a common demographic history, as signatures of population expan-
sions were retrieved for almost all of the species studied here, and synchronous 
demographic expansions initiated during the last glacial period were recovered for 
more than half of the studied species. These results suggest that eustatic fluctua-
tions associated with Milankovitch cycles have played a central role in species de-
mographic histories and in the final stage of the community assembly of many Rapa 
Nui reef fishes. Specifically, sea level lowstands resulted in the maximum reef habitat 
extension for Rapa Nui endemic species; we discuss the potential role of seamounts 
in allowing endemic species to cope with Pleistocene climatic fluctuations, and we 
highlight the importance of local historical processes over regional ones. Overall, our 
results shed light on the mechanisms by which endemism arises and is maintained in 
peripheral reef fish fauna.
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1  | INTRODUC TION

Demographic expansions are required to colonize novel environ-
ments and to establish new populations. Tracking the direction 
(expansions or contractions) and the magnitude of demographic 
changes through time can help not only to elucidate when popu-
lations were established, but also reveal the factors that triggered 
such changes. For instance, if abiotic factors determined population 
sizes, we would expect to see populations expand or contract as en-
vironment changes. In contrast, population sizes should remain con-
stant or decoupled from environmental changes when adaptation 
to new conditions is possible (Jump & Penuelas, 2005; Vrba, 1992; 
Wong & Candolin, 2015). Populations of different species can vary 
in their abilities to colonize novel environments and in the way 
that they cope with environmental variability (Hewitt, 2001, 2004; 
Lessa, Cook, & Patton, 2003). The degree to which colonization dy-
namics and/or responses to environmental changes are synchronous 
has not been well characterized. Overall, uncovering patterns acting 
at multispecies levels is crucial to understanding how climatic fluc-
tuations can ultimately drive patterns of community assembly and 
thus the distribution of current biodiversity (Chan, Schanzenbach, & 
Hickerson, 2014).

Colonization dynamics and responses to climatic fluctuations can 
leave a detectable genetic footprint of changes in population size 
(Wakeley, 2009, 2010). A large number of studies have shown that 
past major climatic fluctuations, with expansions and contractions 
of ice sheets and sea level fluctuations (Cutler et al., 2003; Pahnke, 
Zahn, Elderfield, & Schulz, 2003) have indeed deeply impacted the 
demography of many terrestrial and marine species (Avise,  2009; 
Hewitt,  2003; Hickerson et  al.,  2010; Petit et  al.,  2003). Theory 
predicts that assemblages of codistributed species with similar 
physiological and habitat requirements should respond similarly to 
environmental changes (Hewitt,  2001, 2004; Lessa et  al.,  2003). 
In the same manner, assemblages of codistributed species of sim-
ilar ages should display similar colonization timings and dynamics, 
as well as concerted changes in their population sizes through time. 
The synchronicity of population size changes of codistributed taxa 
has only been recovered a few times in terrestrial and marine envi-
ronments (e.g. Burbrink et al., 2016; Chan et al., 2014; Reid, Naro-
Maciel, Hahn, FitzSimmons, & Gehara, 2019).

Coral reefs are among the most diverse ecosystems, yet how this 
biodiversity has arisen and is maintained remains largely debated. 
Among coral reef organisms, coral reef fishes represent the most di-
verse and widely distributed group of vertebrates on the planet (Nelson, 
Grande, & Wilson, 2016). Their geographical distribution is uneven; in 
particular, endemism hotspots (i.e., regions hosting high proportions of 
species with geographically restricted distributions) are found along the 
periphery of the Indo-Australian Archipelago (Allen,  2008; Bellwood 
& Wainwright,  2002; Delrieu-Trottin et  al.,  2015; Eschmeyer, Fricke, 
Fong, & Polack, 2010; Gaboriau, Leprieur, Mouillot, & Hubert, 2018; 
Hughes, Bellwood, & Connolly, 2002; Randall, 2005, 2007; Randall & 
Cea, 2011). As such, a series of questions remain unanswered regarding 
the mechanisms enabling the coexistence of hundreds of species locally 

and the existence of large diversity gradients in the Indo-Pacific (Allen 
& Erdmann, 2012). Reconstructing the demographic histories of popu-
lations in these hotspots of endemism could provide key information on 
how coral reef fish biodiversity is maintained in coral reef ecosystems.

Rapa Nui (Chile, 166 km2) is the most remote peripheral hotspot 
of endemism of reef fishes; 21.7% of its reef fishes are endemic and it 
includes all major reef fish families and a high diversity of life history 
traits (Cea, 2016; Randall & Cea, 2011). Despite being the second, after 
Hawai'i (Randall, 1998, 2007), hotspot of endemism for reef fishes in 
the tropical Indo-Pacific, the mechanisms that have contributed to the 
persistence of species with such range-restricted distributions through 
geological time remain enigmatic. The Rapa Nui reef fish community 
is not only exceptional for its high percentage of endemic species, 
but also for being extremely species-poor for a tropical reef system 
(only 169 fish species; 139 shore fishes). By comparison, the Indo-
Australian Archipelago houses more than 2,600 reef fish species (Allen 
& Erdmann, 2012). Rapa Nui and the islet Motu Motiro Hiva (Salas y 
Gómez, 0.15 km2), located 400 km further east and which shares the 
same reef fish fauna as Rapa Nui (Friedlander et al., 2013), constitute 
the only two emerged islands of the Easter Chain. Rapa Nui and Motu 
Motiro Hiva are relatively young, 2.5 and 1.7 million years (Myr), re-
spectively (Clouard & Bonneville,  2005), but they are embedded in 
a network of numerous seamounts. This seamount chain extends 
2,232 km east to the Nazca seamount (23°360′S, 83°300W) (Clouard 
& Bonneville, 2005; Ray et al., 2012) and these mounts have emerged 
to various degree during periods of low sea level. In this context, an 
"Ancient Archipelago" hypothesis has been formulated by Newman 
and Foster (1983) to account for the high level of endemism observed 
in Rapa Nui and Motu Motiro Hiva that further questions the dynam-
ics of community assembly in such a remote system. This hypothesis 
states that seamounts could have provided potentially suitable habi-
tat for the past 29 Myr during periods of low sea level (lowstands) for 
endemics of the region, allowing them to evolve and persist up to the 
present (Newman & Foster, 1983). Interestingly, a recent analysis of 
the divergence times of endemic species from their closest relatives 
indicates that most species endemic to Rapa Nui are neoendemics(i.e., 
younger than the emergence of Rapa Nui and Motu Motiro Hiva; 
Delrieu-Trottin et al., 2019).

Seamounts near Rapa Nui could have played a major role in spe-
cies persistence through time, especially during the sea level fluc-
tuations of the Pleistocene that resulted in changes of up to 150 m 
below present levels (Miller et al., 2005). This hypothesis is increas-
ingly called to attention as recent surveys have shown that many 
Rapa Nui endemic species can be found from shallow waters to the 
mesophotic zone (at least 160 m) in Rapa Nui waters and in nearby 
seamounts (Easton et al., 2017). The palaeo-environmental perturba-
tions of the Pleistocene might be expected to have left a footprint on 
the community assembly and the associated demographic histories 
of these populations (Bard et al., 1996; Delrieu-Trottin et al., 2017; 
Hewitt, 2004; Ludt & Rocha, 2015; Woodroffe et al., 2010). For in-
stance, numerous species are reported as present in Rapa Nui wa-
ters but are actually vagrants (i.e., species that colonize Rapa Nui 
from time to time without being able to establish a stable population 
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locally; Randall & Cea, 2011), suggesting the current isolated state 
of Rapa Nui is not well suited for species immigration compared to 
lowstands. Reconstructing the demographic histories of populations 
in this hotspot of endemism could provide key information on how 
endemic species coped with Pleistocene climatic fluctuations.

The present study investigates the demographic history of multi-
ple species of coral reef fishes in Rapa Nui possessing distinct range 
sizes and life-history traits. We used genome-wide sequencing and 
coalescent-based approaches to highlight potential demographic 
trends during community assembly. We hypothesize that sea level 
fluctuations have left different signatures on the demographic history 
of Rapa Nui reef fish species, and these depend on specific charac-
teristics of species. In particular, (a) we expect that species with large 
range distributions have functioned as a metapopulation and that 
these metapopulation dynamics have mitigated the impacts of sea 
level fluctuations on their demographic histories, and (b) fish species 
restricted to shallow waters should have more frequent fluctuations of 
population sizes; thus, wider occurrence along a depth gradient could 
mitigate the impact of sea level fluctuations. Lastly, (c) signals of popu-
lation growth in Rapa Nui endemic fishes should have occurred during 
lowstands. This is expected as a corollary of the Ancient Archipelago 
hypothesis where the higher number of emerged seamounts around 
Rapa Nui should have favoured population expansions. To our knowl-
edge, this represents the first attempt to reconstruct the demographic 
history of an assemblage of endemic coral reef fishes of one of the 
least studied coral reef communities of the Indo-Pacific Ocean.

2  | MATERIAL S AND METHODS

2.1 | Sampling

Rapa Nui hosts two types of endemic species, small- and large-range 
endemic species. Small-range endemics are only present around Rapa 

Nui and Motu Motiro Hiva and have a maximum range of <500 km 
in linear distance (see Delrieu-Trottin, Maynard, & Planes, 2014). 
Southern subtropical endemics have large ranges (1,000–8,000 km 
in linear distance, see Delrieu-Trottin et al.  (2014), hereafter large-
range endemic species) and are distributed from Southern Polynesia 
to Rapa Nui (regional endemics in Friedlander et al.  (2013)). Large-
range endemics, in contrast to small-range endemics, are present 
both in Rapa Nui and in other southern subtropical islands of the 
Pacific. As such, populations of these fishes are embedded in meta-
populations of larger geographical ranges than those of small-range 
endemics, making them potentially prone not only to processes at 
the scale of Rapa Nui (local processes) but also at the scale of the 
South Pacific (regional processes). A total of 143 reef fishes, belong-
ing to nine species, were collected using polespears or an anaes-
thetic (clove oil) in Rapa Nui in October 2016 (Table 1). The fishes 
collected represent the two types of endemics (small-range endem-
ics: seven species; large-range endemics: two species). The species 
analysed here belong to seven major reef fish families and possess 
different reproductive strategies, with five species producing pe-
lagic eggs, three species producing demersal eggs and one species 
brooding eggs in their mouths (Table 1). Overall, we investigated the 
consequences of historical processes, such as sea level changes, and 
ecological dynamics (i.e., those driven by reproductive strategy) on 
the observed genetic diversity. If historical processes were more 
important than ecological processes in the maintenance of endemic 
species in Rapa Nui, we would expect to find similar population dy-
namics for the two types of endemic species.

2.2 | Library preparation and sequencing

Whole genomic DNA was extracted from fin or gill tissue preserved 
in 96% ethanol using the GeneJet Genomic DNA purification kit ac-
cording to the manufacturer's protocols (Thermo Fisher Scientific). 

TA B L E  1   Ecological data on the species of interest of this study

Range size Family
Reproductive 
strategy Species

Max. depth 
(m)

Generation time 
(years)

Max. size 
(TL, cm)

L Holocentridae Pelagic eggs Myripristis tiki 801 36 26.52

L Pomacanthidae Pelagic eggs Centropyge hotumatua 502 17 92

S Apogonidae Mouthbrooding Ostorhinchus chalcius 252 2 162

S Chaetodontidae Pelagic eggs Chaetodon litus 1563 28 15.52

S Holocentridae Pelagic eggs Sargocentron wilhlmi 1574 36 19.52

S Labridae Pelagic eggs Coris debueni 702 3 272

S Monacanthidae Benthic eggs Cantherhines rapanui 202 3 202

S Pomacentridae Benthic eggs Chrysiptera rapanui 752,3 19 7.82

S Pomacentridae Benthic eggs Chromis randalli 1055 29 152

Note: Range size (S: small-range size; L: large-range size), family, reproductive strategy (p: pelagic eggs; b: demersal eggs; m: mouth brooding), 
maximum depth where the species have been observed (Max. depth) (1–5); generation time used for this study (6–9); maximum size of the species 
(Max. size) and references associated (1specimens observed freediving by Cristian Rapu-Edmunds; 2Randall and Cea (2011); 3specimens video-
recorded at those depths (pers. comm. Erin Easton); 4Easton et al. (2017); 5specimens photographed at those depths by Luiz A. Rocha in 2016 (pers. 
comm.); 6Craig et al. (2007); 7Bowen, Muss, Rocha, and Grant (2006); 8Craig et al. (2010); 9Gajdzik, Bernardi, Lepoint, and Frédérich (2018).
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Double-digest restriction-associated DNA (ddRAD) libraries were 
prepared following Peterson, Weber, Kay, Fisher, and Hoekstra 
(2012) using restriction enzymes EcoRI and MspI, a 400-bp size selec-
tion, and a combination of two indexes and 24 barcodes to pool 48 in-
dividuals per lane. The genomic libraries obtained were sequenced in 
three lanes of a HiSeq 2500 Illumina sequencer (single end, 125 bp). 
Illumina reads are available from the Sequence Read Archive (SRA) at 
NCBI under BioProject accession no: PRJNA622670.

2.3 | De novo assembly and SNP calling

We used the ‘process_radtags.pl’ pipeline in stacks version 2.0 
(Catchen, Amores, Hohenlohe, Cresko, & Postlethwait,  2011; 
Catchen, Hohenlohe, Bassham, Amores, & Cresko, 2013) to demul-
tiplex and quality filter the sequences obtained. In the absence of 
reference genomes for the species under study, RADSeq loci were 
assembled de novo using the ‘denovo_map.pl’ pipeline in stacks for 
each species separately. We used the parameter combination rec-
ommended by Mastretta-Yanes et al. (2015); this included minimum 
read depth to create a stack (m) = 3, number of mismatches allowed 
between loci within individuals (M) = 3, number of mismatches al-
lowed between loci within catalogue (n) = 3 and required a locus to 
be present in all individuals of each species (r = 1). Following de novo 
mapping, an initial data-filtering step was performed using the popu-
lation component of stacks removing all loci with maximum observed 
heterozygosity >0.8. We kept all single-nucleotide polymorphisms 
(SNPs) per stack (i.e., locus) and did not use any threshold regarding 
the minor allele frequencies as these rare variants are informative 
when performing demographic inference (Wakeley, 2009). We then 
removed all loci displaying more than three SNPs to avoid poten-
tial paralogues. Heterozygosity (H), FIS, mean pairwise differences 
(π) computed on all sites of variable loci and Watterson's theta (Ɵw) 
computed on all sites of variable loci were calculated in R (R Core 
Team, 2019) using the packages vcfr (Knaus & Grünwald,  2017), 
adegenet (Jombart,  2008; Jombart & Ahmed,  2011), popgenome 
(Pfeifer, Wittelsbürger, Ramos-Onsins, & Lercher,  2014) and pegas 
(Paradis, 2010).

2.4 | Statistical analyses of genetic diversity indices

We tested whether the summary statistics (Ɵw, π, HE), neutrality 
tests (Tajima's D and Fu and Li's D) and time to the most recent com-
mon ancestor (TMRCA) obtained for each species were related to 
range size (small-range/large-range endemics), and/or reproductive 
strategies (pelagic eggs/demersal eggs/mouth brooding). We used 
a multivariate regression tree (MRT) (De'ath, 2002) on normalized 
summary statistics to hierarchize the significant predictor variables. 
Prediction error was used to assess model fit and determine the ap-
propriate tree size, and the tree was pruned by cross-validation using 
the minimum rule (Breiman, Friedman, Olshen, & Stone, 1984). All 
statistical analyses were performed in R, using the packages vegan 

(Oksanen et al., 2019) and mvpart (Therneau, Oksanen, Oksanen, 
Atkinson, & De'ath, 2014) while graphical representations were per-
formed using ggplot2 (Wickham, 2009).

2.5 | Demographic inferences

To detect departures from the neutral Wright–Fisher model, we 
computed Tajima's D and Fu & Li's D neutrality tests implemented 
in popgenome. The significance of Tajima’s D (TD) was evaluated after 
1,000 coalescent simulations of a constant population model with 
size Ɵw using fastsimcoal and a custom script. Significant negative 
values of these testsindicate population growth while significant 
positive values are a signature of either genetic subdivision or popu-
lation contraction assuming selective neutrality. The folded Site 
(Allele) Frequency Spectrum (SFS), describing the distribution of al-
lele frequencies across polymorphic sites, was computed in R with 
the package pegas (Paradis,  2010). The SFS represents a summary 
of genetic variation whose shape is sensitive to underlying popula-
tion genetic processes (population size change, migration, selection, 
etc.). The aggregated SFS (aSFS, Xue & Hickerson, 2015) was then 
computed using a custom R script. The aSFS combines an array of 
independent SFSs computed in each species into a single SFS vec-
tor. First, the independent SFSs need to have the same number of 
classes (i.e., each species must have the same number of individu-
als). To this end, we downsampled all SFSs to 13 diploid individuals, 
the minimum sample size in our nine species. Each SFS was then 
transformed into a proportion vector by dividing each class by the 
total number of SNPs. We then arranged the nine bins within each 
frequency class in descending order of proportion of total SNPs. The 
ordering is therefore independent in each frequency class, so that 
there is no relationship between the initial order of the single taxon 
and the resulting aSFS, which guarantees exchangeability across sin-
gle-taxon SFSs. The final vector contains a number of classes equal 
to the number of species times the number of frequency classes (i.e., 
9 × 13 in our case).

Demographic inferences were investigated reconstructing the 
variation in the effective population size (Ne) through time using 
three independent approaches. First we ran the composite likelihood 
approach implemented in the software stairwayplot (Liu & Fu, 2015). 
The stairwayplot is a nonparametric model where Ne is free to vary 
at each coalescent interval. The composite likelihood is evaluated as 
the difference between the observed SFS and its expectation under 
a specific demographic history.

Second, we ran an approximate Bayesian computation algorithm 
based on coalescent simulations following Maisano Delser et al. (2016) 
to compare the results obtained by the stairwayplot. Briefly, we per-
formed 1,000,000 coalescent simulations of a demographic model with 
three instantaneous changes of Ne. This number was chosen as a com-
promise between over parametrization and the need to capture mul-
tiple demographic changes through time. We further ran a simplified 
model with only one instantaneous size change to determine if its use 
in the hierarchical ABC analysis (hABC, see below) would have failed 
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to detect important historical events and biased the results. The full 
model is therefore defined by seven parameters: four values of Ne and 
three instantaneous time changes (hereafter, T). We set the same prior 
uniform distribution for the four Ne values and incremental uniform 
distribution for the three T parameters, similarly to Maisano Delser 
et al. (2016). The simplified model is defined by three parameters: two 
values of Ne and one instantaneous size change. The two models pro-
vided similar results and we therefore used the simplified one in the 
hABC. Coalescent simulations and SFS computation were performed 
with fastsimcoal (Excoffier, Dupanloup, Huerta-Sánchez, Sousa, & 
Foll, 2013). We used the SFS and the mean pairwise differences (π) as 
summary statistics. We retained the best 5,000 simulations to perform 
a local linear regression (Beaumont, Zhang, & Balding, 2002) and re-
constructed the abc skyline at user-specified time points as in Maisano 
Delser et al. (2016).

Third, we performed a hierarchical approximate Bayesian com-
putation (hABC) analysis with the goal of detecting potential con-
certed demographic histories across the species under study (Chan 
et al., 2014). This method allows combining the data sets from the nine 
species investigated here into a single analysis in order to estimate ob-
jectively when population size changes occurred, whether they were 
synchronous, and the timing of such demographic changes (Burbrink 
et al., 2016; Chan et al., 2014). We first extracted the number of spe-
cies ζ with synchronous changes in effective population size from a 
uniform prior distribution bounded between 1 and n (total number of 
species). We then extracted the time of co-change (τs) and attributed 
this to ζ randomly chosen species. If ζ < n, the remaining times were 
independently extracted from the same prior used for τs. We then 
computed E(τ), the average over the n times of change, and the disper-
sion index computed as the ratio between the variance of these times 
and E(τ) (Chan et al., 2014). Each species follows a simple model of in-
stantaneous size change with two Ne (modern and ancestral) extracted 
from independent prior distributions (i.e., two priors for each species). 
We defined the same priors for both Ne to avoid weighting expansions 
or contractions a priori. The rationale here is that some species could 
have started expanding while others were contracting at the same 
time (e.g., species adapted to cold climate will contract while species 
adapted to warmer weather will expand, having synchronous but op-
posite responses). We also took species-specific generation times into 
account when running the simulations. We first performed hABC on 
the nine species and then restricted the analysis to the species dis-
playing the most similar demographic profiles (see Section 3). We per-
formed 2,000,000 coalescent simulations with fastsimcoal (Excoffier 
et al., 2013) and computed summary statistics (aSFS, mean and stan-
dard deviation over species of Ɵ estimated from singleton, Π, and TD) 
with a custom R script. Local linear regression was finally applied to 
the best 5,000 simulations to estimate the posterior distribution of 
each parameter. We performed a cross-validation experiment to de-
termine whether we could correctly infer ζ given our settings (number 
of species, loci and summary statistics) by randomly sampling 1,000 
data sets generated from prior distributions and re-analysed them 
under the same hABC conditions. Finally, a posterior predictive test 
was run by sampling 50,000 random combinations of parameter values 

from the hABC posterior distributions with which we simulated pseu-
do-observed data sets (Bertorelle et al. 2010). A principal component 
analysis (PCA) was then applied to check if the estimated model could 
reproduce the observed data by comparing the aSFS computed using 
the pseudo-observed and the observed data.

Uncertainty in both mutation rates and generation times can 
potentially bias molecular dating. Estimated mutation rates for 
SNP data of fish range from 2.5 x 10−8 (Kavembe, Kautt, Machado-
Schiaffino, & Meyer, 2016) to 3.5 x 10−9 (Malinsky et al., 2018) and 
their selection for estimating demographic histories is not often jus-
tified. As such, for all analysis here we chose the hypothesized fish 
SNP mutation rate (µ) most often used in the literature: 1.0 x 10−8/
site/generation (Jacobs, Hughes, Robinson, Adams, & Elmer, 2018; 
Le Moan, Gagnaire, & Bonhomme,  2016; Rougeux, Bernatchez, 
& Gagnaire,  2017; Souissi, Bonhomme, Manchado, Bahri-Sfar, & 
Gagnaire, 2018; Tine et al., 2014). Estimations of generation times 
in the wild for fishes are scarce. Most of the generation times we 
used (six out of nine) were selected from the literature from species 
that are phylogenetically closely related to the species studied here 
(same genus) (Table 1). Alternatively, we inferred generation times 
using maximum standard length (three species), as maximum stan-
dard length and generation time are positively correlated (Froese & 
Binohlan, 2000).

2.6 | Reconstruction of potential habitats given 
present and past sea level conditions

As Rapa Nui and Motu Motiro Hiva are part of the Easter chain com-
posed of numerous seamounts, we examined how eustatic changes 
modified the surface of potential habitat for Rapa Nui endemic spe-
cies. We investigated whether periods corresponding to minimum 
sea level constituted an extension or a reduction of potential avail-
able habitat for Rapa Nui endemic fishes using the package marmap 
(Pante & Simon-Bouhet, 2013) in R. We reconstructed both present 
surface habitat using the maximum depth recorded for all species 
(160  m) and surface habitat given the scenario of a minimum sea 
level (sea level lowstand, −120 m context), corresponding to the sur-
face between −120 and −280 m depth.

3  | RESULTS

3.1 | Raw sequence filtering, assembly, and SNP 
calling

A total of 499,403,262 reads were obtained for the 143 individual 
samples from the nine species endemic to Rapa Nui. The different 
filtering steps resulted in the building of an average of 41,470 RAD 
loci of 120  bp per species (min: 25,331 loci [Chrysiptera rapanui]; 
max: 63,590 loci [Ostorhinchus chalcius]) out of which an average of 
23,693 loci were variable. Myripristis tiki displayed the highest num-
ber of variable RAD seq loci (28,855) while Chrysiptera rapanui had 
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the lowest (19,246) (Table 2). Chrysiptera rapanui displayed the high-
est percentage of variable RAD seq loci (76%) while Ostorhinchus 
chalcius displayed the lowest (38%). The variable RAD loci harboured 
an average of 37,107 SNPs (min: 28,239 [Cantherhines rapanui]; max: 
46,718 [Myripristis tiki]). The depth of coverage per SNP ranged from 
31× to 50× (43× averaged across species).

3.2 | Population genetic statistics

A summary of the principal statistics is presented in Table 2. Briefly, 
the observed heterozygosity values varied from 0.137  ±  0.018 
(Chrysiptera rapanui) to 0.262 ± 0.032 (Cantherhines rapanui) and no 
departures were observed when compared to expected heterozygo-
sity. The FIS values were overall very low for all species, ranging from 
0.008 (Ostorhinchus chalcius) to 0.043 (Chromis randalli). Watterson's 
theta values computed on all sites of variable loci ranged from 
26.61  ×  10−4 (O.  chalcius) to 37.65  ×  10−4 (Centropyge hotumatua) 
while π computed on all sites of variable loci varied more extensively, 
from 18.65 × 10−4 (O. chalcius) to 31.63 × 10−4 (Cantherhines rapanui). 
All Tajima's D values were significant (Table 2). Cantherhines rapanui 
displayed the only positive value, suggesting a population contrac-
tion (bottleneck), while the remaining eight species displayed nega-
tive values, suggesting population growth.

We found that none of these population genetic statistics were 
correlated with other factors such as family, demography, range-size 
classification, reproductive strategy or generation time after an MRT 
analysis. The two-leaf MRT for normalized π, Ɵw, HO, Tajima's D and 
Fu & Li's D explained a high proportion of the total variance (67.9%, 
Figure 1a) and divided the data set into two clusters: the first clus-
ter (Cluster 1) was composed of both large-range and small-range 
endemics, included all types of reproductive strategies and the 
lowest π, Ɵw, HO, Tajima's D and Fu & Li's D values (Centropyge ho-
tumatua, Ostorhinchus chalcius, Chrysiptera rapanui, Chromis randalli, 
Myripristis tiki). Conversely, the second cluster (Cluster 2) displayed 
the highest values for all summary statistics (Sargocentron wilhelmi, 
Cantherhines rapanui, Chaetodon litus, Coris debueni). This result was 
confirmed by visual inspection of the SFS, with species of the first 
cluster displaying a spectrum fitting a clear expansion while species 
of the second cluster displayed a spectrum supporting either a bot-
tleneck (Cantherhines rapanui) or weak expansion (Chaetodon litus, 
Coris debueni and Sargocentron wilhelmi) (Figure 1b).

3.3 | Changes in historical effective population size

As both stairwayplots and the abc skylines were used to compute 
changes in effective population sizes, we chose to consider only 
changes in Ne observed with both methods. We recovered con-
cordant signals with the two methods, with signatures of popula-
tion expansions for eight out of the nine species and signature of a 
bottleneck for only one species (Figures 2 and 3). Expansion times 
retrieved were highly similar between the two methods for most TA
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species in Cluster 1: Centropyge hotumatua (~75,000  years before 
present [bp]); Chromis randalli (~100,000 years bp); Chrysiptera rapanui 
(~ 50,000 years bp); Myripristis tiki (~130,000 years bp), but differed 
for Ostorhinchus chalcius (20,000 [stairway] vs. 125,000 [abc] years 

bp). For Cluster 2, abc skylines dated older demographic events for 
the bottleneck retrieved in Cantherhines rapanui (22,000 [stairway] 
vs. 50,000 [abc] years bp) and for the older expansion times retrieved 
in Chaetodon litus (40,000 [stairway] vs. 200,000 [abc]  years bp), 

F I G U R E  1   (a) Multivariate regression tree (MRT) of normalized summary statistics using as predictor variables range-size classification 
(large-range and small-range endemics), demographic pattern (expansion, bottleneck), reproductive strategy (pelagic eggs, demersal eggs 
and mouth brooding) and generation time. (b) Aggregated Site Frequency Spectrum for the nine species being studied. Colours denote the 
clusters retrieved by the MRT analysis
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F I G U R E  2   ABC skyline plots 
representing the variation of the median 
effective population size through time 
and sea level fluctuations for the past 
400,000 years using data from (Miller 
et al., 2005). Dark tones indicate 
interglacial periods characterized by sea 
level rises while grey tones indicate glacial 
periods with lower sea levels
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and Coris debueni (140,000 [stairway] vs. 250,000 [abc]  years bp); 
Sargocentron wilhelmi (180,000 [stairway] vs. 380,000 [abc]  years 
bp)) (Figures 2 and 3).

The hABC analyses allowed us to test the synchronicity of 
the observed changes in Ne. The estimate for ζ was consistent 
with a concerted expansion for most species, as the median 
of the ζ posterior distribution obtained was 6 (Figure  4). Cross-
validation suggested that the median is the best point estimate for 
ζ (Figure S2), while the mode did not perform well, with most data 
sets displaying 1 or 9 no matter the real value of ζ. We retrieved 
a co-expansion time of 154,200  years bp (97.5% confidence in-
terval [CI]: 64,687–339,057  years bp) and an older mean time 
(E(τ) = 187,437 years bp, 97.5% CI: 156,140–239,756). Restricting 
the analysis to the species displaying the clear expansions (species 
of Cluster 1), we found a stronger and younger pulse of coexpan-
sion (τs = 45,836 years bp, 97.5%, CI: 30,023–87,767 years bp) as-
sociated with a younger mean expansion time (E(τ): 82,471 years 
bp, 97.5% CI: 69,691–107,510  years bp) (Figure  4). The posterior 
predictive test highlighted that the estimated model could repro-
duce the observed data, as shown by the PCA computed on the 
aSFS of the pseudo-observed and observed data (Figure S3). The 
mean TMRCA retrieved with the stairwayplots for the nine species 
was very recent, 253,871 years bp (±119,482 years bp) and ranged 
from 105,232 years bp (Ostorhinchus chalcius) to 398,058 years bp 
(Sargocentron wilhelmi) (Figure 1). Including normalized TMRCAs in 
the previous MRT analyses resulted in the formation of the same 
two partitions, with species of Cluster 1 having younger TMRCAs 
than species of Cluster 2 (65.6% of the variance explained, 
Figure S1).

Overall, we recovered three different demographic patterns, 
concordant with the aSFS profiles and the neutrality tests obtained. 
(a) The five species of Cluster 1 displayed high-magnitude population 
expansions, with modern Ne being on average 11.8 times higher than 
the corresponding ancient Ne. (b) Older and weaker expansions were 
found for two species (Coris debueni, Chaetodon litus, Sargocentron 
wilhelmi), with modern Ne being on average 2.8 times higher than 
their ancient Ne. (c) Lastly, a bottleneck was found for Cantherhines 
rapanui, with modern Ne 1.6 times lower than the ancient Ne.

3.4 | Reconstruction of the surface of 
potential habitat

Reconstruction of the potential present and past habitat during 
periods of low sea level conditions (−120 m) showed that a rise in 
sea level resulted in a reduction of 38.6% of the potential habitat 
(Figure 5). This reduction in potential habitat was accompanied by 
a reduction in the number of potential seamounts colonized, from 
18 to 11 (Figure 5). It is worth noting that the Apollo seamount was 
not recovered as a present nor a past habitat despite the fact that 
the species Sargocentron wilhelmi and Chaetodon litus have been 

F I G U R E  3   Stairwayplots (black) (red) and abc skylines (pink) representing variation in effective population size through time and sea level 
fluctuations for the past 400,000 years using data from (Miller et al., 2005). Only median Ne is represented for the abc skyline plots while 
median and 97.5% interval values are represented for the stairwayplots. Dark tones indicate interglacial periods characterized by sea level 
rises while grey tones indicate glacial periods with lower sea level

F I G U R E  4   Posterior estimates for the different parameters of 
the hABC analysis: (a) the frequency of co-expansion (ζ), (b) the co-
expansion time (τ) and (c) the total mean expansion time E(τ)
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observed there recently (Table 1; the resolution of the depth gradi-
ent might be the cause of this discrepancy.

4  | DISCUSSION

4.1 | Genetic diversity and demographic changes: 
Identifying common patterns among species

Identifying general patterns in ecosystems is of fundamental impor-
tance to understand species responses to environmental changes 
and underlying eco-evolutionary dynamics. Studies combining mul-
tiple species in joint demographic analyses at the community scale 
are still scarce in the literature, but they will progressively shed light 
on common past demographic changes and eventually help to pre-
dict future dynamics. Here we harnessed the power of population 
genomics to uncover the historical demography of one of the most 
remote coral fish assemblages of the Pacific Ocean. To detect the 
co-occurrence of similar demographic responses, we first inspected 
the genetic variability of the nine species and then inferred their de-
mographic history individually through coalescent-based analyses. 
Overall, we found that Rapa Nui endemic species share a common 
history, with population expansions dominating the demographic 
histories of eight out of the nine species studied here. We found 
signatures of demographic changes that could be dated for most 
of the species to the last glacial period for both small- and large-
range endemics. We identified one cluster of five species showing 
a strikingly similar pattern of population expansions (Cluster 1), 
and a second cluster composed of mildly expanding populations 
and one species (Cantherhines rapanui) experiencing a contraction 
(Figures  1–3 and Table  2). We quantitatively confirmed this result 
using an hABC model, which found a group of six covarying spe-
cies dated at 154,200  years bp (97.5% CI: 64,687–339,057  years 
bp; Figure 4). The hABC requires, however, a larger number of spe-
cies to be included in the analysis in order to detect synchronous 
changes in effective population size (Chan et  al.,  2014), and our 
results of cross-validation suggest that even with genomic data 

there is some uncertainty regarding the exact number of covarying 
species (Figure S2). Combining all of the descriptive and inferential 
evidences, we therefore ran the hABC analysis on Cluster 1 only to 
refine the estimation of the timing of co-expansion. A stronger and 
younger signal of co-variation has been retrieved and dated the co-
expansion at 45,836  years bp (97.5%, CI: 30,023–87,767  years bp; 
Figure 4), confirming the presence of two clusters among expanding 
species.

4.2 | Imprint of sea-level fluctuations on the 
demographic history of Rapa Nui reef fish species

Sea level oscillations over the past 800,000  years (Augustin 
et  al.,  2004; McManus,  2004) and particularly during the Last 
Glacial Maximum (LGM, from 19,000–20,000 to 26,500 years ago, 
Clark et  al.  (2009)) have been hypothesized as greatly affecting 
coral reef fish populations as coral reef fish species commonly 
studied are restricted to shallow waters (0–30  m depth, Craig, 
Eble, & Bowen,  2010; Craig, Eble, Bowen, & Robertson,  2007; 
Crandall, Frey, Grosberg, & Barber,  2008; Fauvelot, Bernardi, & 
Planes, 2003; Gaither, Toonen, Robertson, Planes, & Bowen, 2010; 
Hellberg, 2001; Horne, van Herwerden, Choat, & Robertson, 2008; 
Klanten, Choat, & Van Herwerden,  2007; Robertson,  2004; 
Winters, van Herwerden, Choat, & Robertson, 2010). Rapa Nui en-
demics, however, differ in their ecology compared to organisms of 
other reefs in the Pacific region, as they seem far less restricted in 
terms of habitat and depth range. Many of the Rapa Nui endemic 
species have the particularity of being found from shallow waters 
to the mesophotic zone, down to at least 160 m in Rapa Nui waters 
and in nearby seamounts (Table  1). Considering the network of 
seamounts surrounding Rapa Nui, low sea levels would have pro-
duced periods of maximum reef habitat extension for Rapa Nui en-
demic species. As such, population expansions observed for most 
species during the glacial period, a period characterized by cli-
matic cooling and decreased sea level, could reflect the coloniza-
tion/recolonization history of Rapa Nui from Motu Motiro Hiva or 

F I G U R E  5   Surface of potential habitat 
for Rapa Nui endemic reef fish species 
represented for present conditions (red) 
and during sea level lowstand conditions 
with sea level as low as −120 m compared 
to present sea level (orange)
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other seamounts of the Rapa Nui archipelago. While the Ancient 
Archipelago hypothesis of Newman and Foster (1983) has been in-
validated at the species level for this island system (Delrieu-Trottin 
et al., 2019), this hypothesis could explain what is observed at the 
population level for most Rapa Nui endemic species (i.e., a recolo-
nization from the seamounts rather than from elsewhere in the 
Pacific).

We would expect to recover a recent bottleneck for all species 
following sea level rise and corresponding reduction of habitat; a 
bottleneck correlated with the LGM (Fauvelot et al., 2003; Ludt & 
Rocha, 2015) was only observed for Cantherhines rapanui. This spe-
cies, together with the apogonid Ostorhinchus chalcius, possesses 
one of the most restricted depth ranges among the species stud-
ied here (0-20 m, see Table 1). However, it is important to note that 
O.  chalcius is a nocturnal predator and is cryptic during the day. 
Therefore, it is highly likely that its current depth range is an under-
estimation that is limited to technical constraints of mesophotic fish 
surveys. As such, this assumption could explain to some extent why 
we did not find signal of a bottleneck for this species. In contrast, 
the restricted depth range of Cantherines rapanui could be the rea-
son why the demographic pattern of this species differs from that of 
the other studied species. More specifically, a restricted depth range 
would have made this species more vulnerable to sea level fluctua-
tions during the LGM compared to the other Rapa Nui endemics. The 
ability to thrive across a large depth gradient might have buffered 
the influence of the LGM on most Rapa Nui endemic populations. 
Mesophotic reefs usually host different communities of species 
(Rocha et al., 2018), a change that is attributed to either competi-
tion and/or adaptation to such habitats. The low species diversity 
in Rapa Nui might be one of the factors influencing the presence of 
Rapa Nui endemics with the capability of inhabiting such large depth 
gradients.

4.3 | Community assembly in remote islands: 
Importance of local processes

The common demographic and temporal patterns found for both 
large- and small-range endemics also provide insights into the mech-
anisms that shaped the Rapa Nui ichthyofauna. Community assem-
bly in remote islands is expected to rely on colonization/extinction/
recolonization processes. Populations of large-range endemics sam-
pled around Rapa Nui could potentially operate at a regional scale. 
However, we observed concordant expansion times for species of 
Cluster 1 (Centropyge hotumatua, Ostorhinchus chalcius, Chrysiptera 
rapanui, Chromis randalli, Myripristis tiki) including two large-range 
endemics, suggesting that population demographic histories have 
been driven by local historical processes and that neighbouring pop-
ulations have minimally affected the demography of these species. 
This is consistent with the isolation of Rapa Nui, which is mirrored 
by its relatively lower species richness compared to that of other 
Pacific islands. The low species diversity in Rapa Nui reefs might be 
due not only to the difficulty of larvae being able to colonize such 

remote islands, but also due to the difficulty of establishing a viable 
population/metapopulation that functions at such local scales. This 
hypothesis is reinforced by the fact that the two large-range en-
demics studied here are among the most abundant species of Rapa 
Nui (Friedlander et al., 2013), yet they are rare throughout the rest 
of their distribution (Randall, 2005). Assessing the amount of gene 
flow between Rapa Nui populations with those of Pitcairn or Austral 
Island for these large-range endemics could help to test this hy-
pothesis. The predominance of local over regional processes on the 
population demography of remote endemic species has also been 
reported for Marquesan endemic reef fish species (Delrieu-Trottin 
et al., 2017) and for species endemic to the oceanic islands of the 
Vitória–Trindade Chain (Pinheiro et al., 2017), arguing in favour of 
potentially common processes for peripheral hotspots of endemism.

4.4 | Limitations of the demographic inferences

We reconstructed the demographic history of the Rapa Nui fauna 
following three independent approaches that have complementary 
strengths and shortcomings in estimating both the direction, the 
magnitude and the timing of demographic changes through time. The 
stairwayplot is a “model-flexible” (or model-free) approach similar to 
skyline plot approaches (Drummond & Rambaut,  2007; Drummond, 
Rambaut, Shapiro, & Pybus, 2005; Heled & Drummond, 2008; Pybus, 
Rambaut, & Harvey, 2000). Not restricted to a specific demographic 
model, Ne is free to vary at each coalescent interval, allowing the ex-
ploration of a large model space (Liu & Fu, 2015). The large number 
of Ne parameters may be difficult to estimate when the SNP panel 
is relatively small (Lapierre, Lambert, & Achaz, 2017). Moreover, we 
are specifically interested in the time when a change in Ne occurred, 
which is only indirectly estimated by the stairwayplot as a function of 
the changes in Ne. On the other hand, the ABC framework explicitly 
modelled three time parameters while the variation of Ne through time 
is reconstructed a posteriori (Maisano Delser et al., 2016), having the 
drawback of approximating the likelihood of the data using summary 
statistics. For these reasons, stairwayplot and the abc skyline are highly 
complementary and it is important to run both of them to gain robust 
insight into species demography. The discrepancy we observed in the 
timing of change between the two approaches, but not in the trend, it 
is clearly related to the large variance associated with the estimation 
process. More genomic data or more species are needed to minimize 
this variance and the differences observed between the stairwayplot 
and abc skyline results. Here we combined more species using the 
hABC approach to quantitatively test the synchronicity of the changes 
in Ne (Chan et al., 2014). The hABC approach is necessarily limited by an 
a priori choice of the demographic models characterizing the species 
under investigation. Here we adopted a simple three-parameter model 
because all previous analyses on single species have suggested it could 
be enough to describe the dynamics of Ne through time. Overall, the 
addition of more species to these analyses as the power to correctly 
infer the number of co-varying species increases for larger data sets 
(Chan et al., 2014).
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Finally, the selection of the mutation rates and generation 
times can greatly impact the timing and the magnitude of the de-
mographic estimates. During the last 20  years, allozymes, micro-
satellites and Sanger sequence data have mainly been used to 
investigate the population histories of Pacific shore fishes; infer-
ences based on SNPs are still scarce (Crane et al., 2018; Maisano 
Delser et al., 2019). No SNP mutation rate (µ) estimates were avail-
able for any of the species of this study. Yet, Brumfield, Beerli, 
Nickerson, and Edwards,  (2003) suggest that SNPs should have 
relatively low mutation rates, of the order of 10−8–10−9. For fishes, 
a large array of mutation rates have been hypothesized. To our 
knowledge, these range from 2.5  ×  10−8 (Kavembe et  al.,  2016; 
Nunziata & Weisrock, 2018) using an SNP mutation rate calibrated 
on humans (Excoffier et al., 2013) to as slow as 3.5 x 10−9 (Malinsky 
et al., 2018) using mutation rates estimated in three Lake Malawi 
cichlids comparing the genotypes of parents and their offspring. 
The SNP mutation rate we chose (1 × 10−8) corresponds to one of 
the most often used in the literature for fishes (Jacobs et al., 2018; 
Le Moan et al., 2016; Rougeux et al., 2017; Souissi et al., 2018; Tine 
et al., 2014) and is in accordance with Brumfield et al., (2003). With 
this mutation rate, we found relatively high estimates of the effec-
tive population sizes (105–106); yet a mutation rate of 10−9 would 
have led to even higher estimates, which is less likely given that the 
species studied here have very restricted distributions. In the same 
manner, our estimates of the expansion times found with this muta-
tion rate are in agreement with previous studies of the demographic 
history of Pacific reef fishes based on mitochondrial sequence data 
(Delrieu-Trottin et al., 2017; Dibattista, Rocha, Craig, Feldheim, & 
Bowen, 2012; Gaither et al., 2010), which have recovered popula-
tion expansions during the last 400,000  years. Generation times 
can also strongly bias estimates, resulting for instance in synchro-
nous population fluctuations among species with similar generation 
times. Alternatively, applying erroneous generation times to spe-
cies with similar demographic trajectories can lead to the spurious 
inference of asynchronous demographic changes. To use genera-
tion time estimates that are as accurate as possible, we selected 
generation times of close relatives and of similar sized species from 
the literature for most species (Table 1). The fact that the most re-
cent demographic change was found for the species with the great-
est generation time (Cantherines rapanui, 3 years) and the cluster of 
co-expanding species (Cluster 1) comprises five species with three 
different generations times together suggest that the synchronous 
demographic expansions inferred here are not spurious and result 
from community dynamics associated with eustatic changes. This 
being said, estimates of generation times and mutation rates for 
more species of fishes will strengthen future demographic analyses.

5  | CONCLUSIONS

We elucidate for the first time the demographic history of the Rapa 
Nui endemic reef fish community using genomic data. We show 
that the Rapa Nui endemic reef fish community shares a common 

history, with expansions occurring during the last glacial period for 
the two different types of endemic species. Local processes based 
on the seamount system around Rapa Nui have played a major role 
in the foundation and persistence of this endemic reef fish commu-
nity through dynamic colonization/extinction/recolonization events 
throughout the Rapa Nui Archipelago. Altogether, our results reflect 
the importance of working at the community level (i.e., exploring 
multiple species to uncover general trends). Finally, our results pro-
vide insights into the mechanisms by which peripheral endemism has 
originated in coral reef fishes.
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