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“Dicen que antes de entrar en el mar, el rio
tiembla de miedo, mira para atras, para ver su
recorrido, para ver las cumbres y las
montafias, para ver el largo y sinuoso camino
gue abrié entre selvas y poblados; y ve frente
a si un océano tan extenso que entrar en él
solo puede ser desaparecer para siempre.
Pero no hay otra manera: el rio no puede
volver, nadie puede volver, volver atrds es
imposible en la existencia. El rio precisa
arriesgarse y entrar en el océano. Al entrar, el
miedo desaparecera, porque en ese momento
sabra que no se trata de desaparecer en él,
sino de volverse océano.”

-Khalil Gibran-
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Abstract

Genetic survey and variation of the populations of Sparisoma chrysopterum
(Labriformes, Scarinae) in the southern and western Caribbean

Parrotfishes play a key role in marine ecosystems, especially on coral reefs, a highly
threatened ecosystem of significant importance, as they host nearly 25% of the diversity of
marine life. These fish have become the target of artisanal fishermen in the Caribbean and
their decline in natural habitats has been noticeable. Despite the importance of these
organisms, little is known about their populations in terms of their genetic diversity. Fishery
resources generally do not acknowledge population structure or local adaptations; instead,
they are prematurely considered panmictic stocks. Although parrotfishes are not classified
as a fishing resource, they suffer from this pressure. Considering this, it is essential to know
the diversity, population genetic structure, and connectivity as population indicators of their
adaptive capacity, resilience, and survival in the face of present and future eventualities.
Sparisoma chrysopterum, the redtail parrotfish, was selected as a model to evaluate
genetic variation at the population level using single nucleotide polymorphisms (SNP) and
its distribution in a longitudinal gradient that covers four areas of the southern and
southwestern Caribbean (Margarita Island, Taganga, Cartagena, and San Andrés Island),
locations in which the genetic flow can be interrupted by geographical barriers such as the
Panama-Colombia countercurrent, Magdalena River plume, and Caribbean upwelling.
There was no evidence of population structure in the southern Caribbean. The genetic
diversity showed a pattern with low values, the heterozygosity was low in the four locations,
and there were no barriers to gene flow. The general result suggests a Sparisoma

chrysopterum in the southern Caribbean is a panmictic population.

Keywords: Population genomics, southern Caribbean, RADseq, SNP, redtail parrotfish



Resumen

Estado genético y variacion de las poblaciones de Sparisoma chrysopterum
(Labriformes, Scarinae) en el Caribe suroccidental
Los peces loro desempefian un papel de vital importancia en los ecosistemas marinos, en
especial en los arrecifes coralinos, un ecosistema altamente amenazado y de suma
importancia pues alberga cerca de 25% de la diversidad de la vida marina. Estos peces se
han convertido en objetivo de los pescadores artesanales del Caribe y su disminucién en
habitats naturales ha sido notable. A pesar de la importancia de estos organismos, poco
se conoce acerca de las poblaciones en términos de su diversidad genética. Los recursos
pesqueros en general no toman en cuenta la estructura poblacional ni las adaptaciones
locales, en cambio son consideradas, prematuramente, poblaciones panmicticas v,
aunque los peces loro no estan establecidos como recurso pesquero, sufren por esta
presion. Teniendo esto en cuenta, se hace indispensable conocer la diversidad, estructura
genética poblacional y conectividad como indicadores poblacionales de su capacidad
adaptativa, resiliencia y supervivencia ante eventualidades presentes y futuras. Se
selecciond la especie Sparisoma chrysopterum como modelo para evaluar la variacion
genética a un nivel poblacional a través del estudio de polimorfismos de Unico nucle6tido
(SNP) y su distribucion en un gradiente longitudinal que abarca cuatro areas del Caribe
sur y occidental (isla Margarita, Taganga, Cartagena e isla de San Andrés), areas en las
gue el flujo genético puede verse interrumpido por las barreras geograficas de la
contracorriente Panama -Colombia, la pluma del Magdalena y la surgencia del Caribe. No
hubo evidencia de estructura poblacional en el Caribe sur. La diversidad genética mostré
un patron con valores bajos, la heterocigosidad fue baja en las cuatro localidades y no se
evidenciaron barreras para el flujo génico. El resultado general sugiere que Sparisoma

chrysopterum en el Caribe sur es una poblacion panmitica.

Palabras clave: Genomica poblacional, Caribe Sur, RADseq, SNP, Loro colirrojo
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Introduction

Marine and coastal ecosystems have been considerably reduced and fragmented due to
conflicts over their use, resulting in the loss of diversity. The constant growth and
development of human coastal population have generated physical and chemical
modifications of environments such as coastal wetlands, mangroves, and seagrasses,
degrading and disrupting these habitats through overexploitation, dredging, and removal,
as well as construction, pollution, and discharge, among others (Brown et al., 2018; Gray,
1997). Coastal ecosystems also maintain connectivity with coral reefs, which are the source
of genetic stocks and serve as larval recruitment sites and nurseries for juveniles of many
reef species that are important in coastal fishing activities (Cocheret De La Moriniére et al.,
2002; Dorenbosch et al., 2004; Nagelkerken et al., 2002).

Coral reefs are ecosystems of significant importance since they cover less than 1% of the
ocean benthos yet host about 25% of marine life (Fisher et al., 2015; Knowlton et al., 2010).
The three-dimensionality generated by reef structures serves as a refuge for many species
that provide food for others, generating a truss of trophic and dynamic networks between
species functioning in a delicate balance(Rogers et al., 2014). Additionally, they provide

various ecosystem services such as protecting coastlines, regulating erosive processes,



biogeochemical services, fishing resources, and cultural services such as tourism (Elliff &
Silva, 2017).

Herbivorous fish play an essential role in the prosperity of coral reefs (Adam et al., 2015;
Bernardi et al., 2000; Comeros-Raynal et al., 2012; Cramer et al., 2017), as they feed on
the fast-growing macroalgae that compete for space with the coral, skewing the competition
in their favor, allowing greater recruitment (Jackson et al., 2014; Mumby, 2009a, 2009b;
Steneck et al., 2014). In the last three decades, Caribbean coral reef ecosystems have
been transforming into habitats dominated by algae (Swierts & Vermeij, 2016), greatly due
to the decline in herbivore populations such as parrotfishes which influence these
ecosystems, facilitating coral recruitment, growth and fecundity (Bernardi et al., 2000;
Cramer et al., 2017; Hawkins & Roberts, 2004b, 2004a; Jackson et al., 2014; Mumby,
2009a, 2009b; Steneck et al., 2014) .

Parrotfishes are currently not only facing habitat loss but also pressure from local artisanal
fisheries that have introduced them to their markets in the absence of large traditional
commercial species (Hutchings, 2000; Hutchings & Reynolds, 2004; Lépez-Angarita et al.,
2021; Reynolds et al., 2005; Valles & Oxenford, 2014), endangering these populations as
both adults and juveniles are captured and the effect that this may cause is still little known
(Enberg et al.,, 2009; Saad et al., 2013). Fishing can alter genetic diversity, since
characteristics within a population are modified when fishing pressure is selective
(Kenchington, 2013). Additionally, the management strategies for the use and exploitation
of these resources are based on the biological and demographic information of the species,
which is still vaguely known and rarely considers the most basic level of diversity, which is
the genetic level, key aspect to determine conservation units (Dichmont et al., 2012; Funk
et al., 2012; Nielsen et al., 2012; Rodriguez-Ezpeleta et al., 2016). For a long time, marine
fishing resources have been managed assuming that populations are genetically
homogeneous due to the lack of apparent or obvious barriers, a great capacity for dispersal
of eggs and larvae, migrations, and large population sizes (Graves, 1998; Natasha et al.,
2022; Nesbg et al., 2000; Puebla, 2009; Ward et al., 1994). However, possible
biogeographic barriers have been identified (Robertson et al., 2006), which may interrupt
the connectivity assumed in these populations; there are ‘hard’ and ‘soft’ barriers according
to the isolation mechanism that defines them (Cowman & Bellwood, 2013). Hard barriers

are those that physically prevent contact between populations. Soft barriers are those that
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interrupt the mobility of adults or larval dispersal, but can become permeable, such as
hydrological processes (e.g., currents, long distances) (Cowman & Bellwood, 2013; Luiz et
al., 2012; Pelc et al., 2009). This study considered the possible impact of three soft barriers
to the dispersal of S. chrysopterum in the southern Caribbean, first, the upwelling system
in the Guajira (Colombia) and eastern Venezuela, the Magdalena River plume, and the

Panama-Colombia Countercurrent (or Panama-Colombia gyre).

Although parrotfishes have been greatly studied for their ecological importance little is
known about their genetics. Furthermore, few studies have addressed their genetic
diversity, population structure, demographic history, and evolution (Bernardi et al., 2000;
Loera-Padilla et al., 2021; Saad et al., 2013; Velasco-Montoya et al., 2022). However,
recent demographic information, life history patterns, and reproductive biology have
missing information that is essential to the conservation and management of these species.
The genus Sparisoma is trans-Atlantic, with 15 species, eight in the Greater Caribbean, six
of which are endemic. One of the latter is Sparisoma chrysopterum, the redtail parrotfish;
at the moment the species threat is categorized in the IUCN red list as Least Concearn
(Rocha et al., 2012) and it is not included in the Colombian red list assessment of marine
fishes (Chasqui Velasco et al. 2017). Nonetheless, it is the third largest species of the
genus in the Caribbean, reaching up to 46 cm in total length which makes it desirable as a
food resource. It is found in a variety of habitats such as submerged vegetation, rocky and
coral reefs, and soft bottoms like seagrass beds. This species is sexually dichromatic, has
pelagic eggs, and is monandric as well as protogynous (Robertson & Van Tassell, 2019;
Robertson & Warner, 1978). In the southern and western Caribbean, the consumption of
these species has increased and a depletion in their natural habitats has been noticeable.
This is a warning sign, given that parrotfishes are not considered a fishery resource and
have no management or restrictions to their quotas, however, the devastating effects of
their extinction in local habitats is greatly known (Bellwood et al., 2003; Cramer et al., 2017;
Hawkins & Roberts, 2004b; Palumbi, 2008).

Determining the genetic diversity and gene flow for the redtail parrotfish between the
different southern locations will provide valuable baseline information for conservation
purposes and management processes of these populations. The insight to the genetic

diversity present in this region may also reveal processes of local adaption (understood as



the specific genetic traits developed by populations resulting from natural selection to favor
them in their local environment), and connectivity valuable to the resilience of the species,
given the possible biogeographic barriers to genetic exchange (Brandrud et al., 2017,
Nielsen et al., 2009; Picq et al., 2016; Silliman, 2019; Tiffin & Ross-Ibarra, 2014). On the
other hand, the speciation processes in fish are considered to be determined by the life
history of the organisms, larval dispersal, as well as other oceanographic factors such as
currents (Bradbury et al., 2008; Loera-Padilla et al., 2021; Luiz et al., 2012; Pelc et al.,
2009; Puebla, 2009a; Robertson et al., 2006). It is essential to establish whether
geographic locations constitute an independent evolutionary unit (population) by evaluating
the gene flow between them; small amounts of gene flow are sufficient to avoid the negative
effects of genetic drift and inbreeding (processes exacerbated by fishing exploitation) which
can lead to adaptive decline (Lowe & Allendorf, 2010). The RAD-seq technique allows to
study a reduced representation of the genome of organisms, generating large numbers of
molecular markers (single nucleotide polymorphisms, SNP) at a relative low cost. This
technique has been able to resolve fine scale genetic structure that is not revealed by other
genetic markers (Benestan et al., 2015; Nesbg et al., 2000; Rodriguez-Ezpeleta et al.,
2016; Silliman, 2019). The RAD-seq technique was employed to obtain a SNP dataset to
address the missing information and attempt to provide a genetic diversity description and
evaluate possible evidence of microevolution processes that define the genetic structure in
populations of Sparisoma chrysopterum in the southwestern region of the Caribbean Sea.
That was the aim of this study as well as understanding this species from a genetic

standpoint is important for improved conservation and management efforts.
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Study area

The tropical and subtropical western Atlantic is characterized as a high-diversity ocean,
and one of the four major centers of tropical marine biodiversity in the world (Robertson &
Cramer, 2014). It comprises three main subdivisions: A subtropical northern province
(southeastern USA, Florida, and the Gulf of Mexico), a tropical central province (Central
America, Bermuda, Bahamas, and the Antilles), and a southern province (continental shelf
of northern South America). These are determined by environmental differences such as
latitudinal variation in sea temperature, availability of major habitats and nutrient additions
from upwelling and rivers (Robertson & Cramer, 2014).

This study includes locations in the southwestern portion of the central province (San
Andrés lIsland) and in the southern province [Cartagena, Santa Marta (Taganga) and
Venezuela (Margarita Island)]. The central province lacks freshwater input from large
rivers, as well as significant upwelling systems. In this province, given the runoff in some
areas and soft bottoms in coastlines, the formation of inshore reefs is hindered, but it is
balanced by the vast continental shelf where offshore reefs support reef fish assemblages
(Robertson & Cramer, 2014). On the contrary, the southern province is eutrophic; it has
high nutrient input by large river outflows and coastal upwelling systems, which
substantially influence in productivity as conditions such as temperature, salinity, and pH
change. Another characteristic of the southern province is the presence of rocky shorelines

and relatively uncommon structural coral reefs (Robertson & Cramer, 2014).

In the southern province three phenomena can be considered potential barriers to gene
flow since they affect physical and chemical conditions of the marine environment. These

are the Panama-Colombia Countercurrent (PCC), the Magdalena River Plume (MRP), and



the upwelling system at the northern South American Caribbean (Guajira and eastern
Venezuela) (Figure 1-1). The PCC forms a gyre causing a relative encasement of the
waters at the southwest corner of the Caribbean; this vortex rises the surface temperature
of the water, generating greater rainfall characteristic of the Gulf of Darien region. This
entails a decrease in the salinity of the waters in this region (Andrade, 2003). The second
barrier is the outflow of the Magdalena River. This is the national Colombian river, and it
carries vast amounts of sediments and nutrients within its waters. This freshwater input
affects salinity, density, and water temperature (Restrepo et al., 2006, 2014; Rueda et al.,
2016). Finally, the upwelling system at the Guajira and western Venezuelan region impacts
the surface temperature distribution and salinity of these waters (Gémez Gaspar & Acero
P., 2020; Paramo et al., 2011) .

Figure 1-1: Map of the sampling locations of Sparisoma chrysopterum for this study. Locations: (1)
Cartagena, (2) Taganga, (3) Margarita Island, (4) San Andrés Island. The colored regions
refer to biogeographic provinces as stated (Robertson & Cramer, 2014). Soft barriers to be
assessed (1) Upwelling (Gomez Gaspar & Acero P., 2020), (Il) Colombia- Panama Gyre
(Andrade, 2001), (lll) Magdalena River Plume (Google, 2021). Map taken and modified from
Loera-Padilla et al. (2021)
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Genetic survey and variation of the populations, Sparisoma chrysopterum (Labriformes,

Scarinae) in the Southern Caribbean

Materials and Methods

1 Sample collection

Samples were collected at four locations: two island locations (San Andrés and Margarita)
and two mainland ones (Cartagena and Taganga). One was located in the central province
(San Andrés lIsland) and three in the southern province (Cartagena, Taganga, and
Margarita Island) of the Caribbean. Samples of Sparisoma chrysopterum fin clips were
collected at local artisanal fish markets between 2015 and 2018. Fin clips were preserved
in 96 % molecular grade ethanol and stored at -20 °C. Ten samples from each location
were processed for DNA extraction, and eight samples of each location were selected for

the analyses.

2 DNA extraction and RAD-seq library preparation

High-quality (high-molecular-weight) genomic DNA extraction was performed using the
Gentra Puregen Tissue Kit by QIAGEN, following the manufacturer’s instructions. Genomic
DNA integrity was assessed via electrophoresis using 1 % agarose gels. A total of 32
samples (eight individuals from each location) containing high molecular weight DNA (>10
kb) were normalized at a concentration of 20 ng/uL in a final volume of 50 pL. The RAD-
seq library preparation by single digestion was carried out by Floragenex
Inc.(www.floragenex.com) using the Sbfl restriction enzyme. The final libraries were
sequenced in two lanes of an lllumina Hi-Seq 2000 platform at the University of Oregon,

using single-end 91 bp reads.

3 Raw data filtering and SNP calling

Raw sequences (lllumina reads) were demultiplexed and filtered with STACKS software v.
2.5.3 (Catchen et al., 2011, 2013; Rochette & Catchen, 2017) using the process_radtags
pipeline setting the phred score to 25 for low quality data filtering. Demultiplexed and filtered

sequences were initially tested, selecting a subset of the data by depth of coverage for each
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location, following Rochette & Catchen (2017) protocol. Different values of m (minimum
number of identical reads required to initiate a new putative allele), M (number of
mismatches allowed between stacks within individuals) and n (number of mismatches
allowed between stacks between individuals) parameters were tested to select the optimal
parameter combination to proceed with the analyses.

The RADProc pipeline (Nadukkalam Ravindran et al., 2019) was executed selecting the
eight individuals from each of the different locations with the highest number of reads. This
program uses the same parameters defined by Stacks (m, M, and n) for assembling loci de
novo and catalog building. To compare and identify optimal parameter settings, the
RADProc program was run to sweep through the different parameter values for m, M, and
n. Here, were combined M values from 1 to 8, m from 3 to 6, and n was set to a single value
for each run (varying from 1 to 4). The parameter combination selected for running the de
novo pipeline were m=3, M=4, n=2. The populations program was used to filter loci and
variant sites. From the generated catalogue, loci were selected under the criteria of being
shared in at least 80% (-R=0.8) of the individuals across the populations. The remaining
sites also had to pass the constraints set for this module including a minimum allele
frequency of 0.02 (--min-maf 0.02), and a maximum observed heterozygosity of 0.65 (--
max-obs-het 0.65). In order to avoid paralogous loci, the command --wirte-single-snp was
used to restrict data analysis to only the first SNP per locus. Finally, the parameter -p which
is the minimum number of populations a locus must be present in to process a locus, was
set to 1. Within this module, STACKS v. 2.5.3 can perform populations genetics statistics
calculations, from which: divergence from Hardy-Weinberg equilibrium for each locus (--
hwe), and SNP and haplotype-based F statistics (--fstats) were requested. The information
was then exported in several formats for further analyses (VCF, GenePop, Structure, and
PLINK). The output data in variant call format (VCF) files was used to conduct analyses.
The output VCF file was converted into different formats using PGDSpider v2.1(Lischer &
Excoffier, 2012).

4  Genetic Diversity

To determine genetic variation in between populations, Fsr per pair of populations was
calculated following (Weir & Cockerham, 1984) formulation, implemented in adegenet with

R v 4.0.5. Genetic diversity estimates, such as Observed Heterozygosity (H.), Expected
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Heterozygosity (He), and Inbreeding Coefficient (Fis) were estimated with the package
hierfstats (Goudet & Jombart, 2015) in Rv 4.0.5 (R Core Team, 2019) and STACKS v.2.5.3
was used to estimate genetic diversity for each site.

5 Population structure analysis

To infer the degree of differentiation between sampled localities a pairwise Fsr test was
performed in Arlequin v.3.5.2.2 software (Excoffier & Lischer, 2010) A principal component
analysis was performed using adegenet package in R v 4.0.5 (Jombart & Ahmed, 2011; R
Core Team, 2019), without any a priory population definition. A Bayesian clustering ap-
proach was implemented in STRUCTURE v 2.3.4 (Pritchard et al., 2000) to infer the most
likely value of K groups (putative populations), based on admixture ancestry model. Esti-
mations were carried out with an initial burn-in of 10,000 Markov Chain Monte Carlo
(MCMC) iterations and followed by 500,000 iterations for each inferred cluster (K 1 to 5 with
10 replicates each) generations and a burn-in of 30,000. Optimal K was determined ac-
cording to the Evanno method (Evanno et al., 2005) implemented in StructureHarvester
(Earl & von Holdt, 2012; Jackson et al., 2014). The output was visualized using CLUMPAK
(Kopelman et al., 2015).

A Discriminant Analysis of Principal Components (DAPC) was calculated using the R pack-
age adegenet v 2.1(Jombart, 2008; Jombart et al., 2010). Cross-validation was used to
define the number of principal components (PCs) retained in the analysis, identifying the
optimal point in the trade-off between dimensionality reduction and information loss.

To assess the degree of population structuring, a hierarchical analysis of molecular vari-
ance (AMOVA) was implemented with the function poppr.amova in the poppr package
(Kamvar et al., 2014) in R (R Core Team, 2022).The AMOVA was performed using the ®ST
statistic and making several hierarchical clusters: 1. Test 1: the four populations inde-
pendently. Test 2: San Andrés Island in comparison with the other three populations. Test

3: Margarita Island (Venezuela) compared with the other three populations.

6 Estimating connectivity

A Mantel test was performed in GenAlEx 6.5 (Peakall & Smouse, 2012) to evaluate if ge-
netic distances among populations increased as a linear function of geographic distances.
The relative migration rates for every population were calculated using the R function,

divMigrate from the diveRsity package (Keenan et al., 2013).
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Results

1 DNA extraction

40 of the samples collected for S. chrysopterum were processed (10 for each location) for
DNA extraction, the best 8 (DNA concentration > 50 ng/uL) of each location were selected

for RAD-seq and further analyses.

2 RAD-seq library preparation

A total of 212,788 loci, composed of 19,371,147 sites were obtained from two sequencing
lanes. After running the process_radtags pipeline in STACKS v 2.59 software to remove
enzyme and barcode, and filtering for quality, 235,039 variant sites remained. However,
due to the amount of missing data of variant sites a total of five individuals (three from

Margarita and two from San Andrés) were removed from the analysis.

After the de novo assembly a total of 212,788 loci were obtained, composed of 316,573
sites. We used the populations pipeline to final data set contained 2,449 SNP singletons
(SNPs). The populations pipeline was run afterwards, to calculate population genetics
statistics and all files format used in different analyses. The parameters used for this
program included a minimum minor allele frequency (--min-maf) of 0.02 to process a
nucleotide site at a locus, and minimum percentage of individuals (80%) in a population

required to process a locus for that population (-r).

3 Genetic diversity

Genetic variation parameters were calculated to determine the amount and distribution of
genetic variation and possible population structure of the redtail parrotfish in the

southwestern Caribbean. 27 samples of S. chrysopterum from four different locations were
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used to obtain 2,449 SNPs, which revealed heterozygosity, both observed (Ho) and
expected (He) to be similar in each location, and low evidence of inbreeding (Fis) as well

as nucleotide diversity (11) (Table 3-1).

Table 3-1: Genetic diversity indices per location.

. Number of
Location Ho He Fis m
Individuals
Cartagena 8 0.00055 0.00098 0.00143 0.00106
San Andrés 6 0.00045 0.00097 0.00147 0.00109
Taganga 8 0.00053 0.00107 0.00171 0.00115
Margarita 5 0.00066 0.00098 0.00103 0.0011

Observed heterozygosity(Ho), Expected heterozygosity(He), Inbreeding coefficient(Fis), Nucleotide diversity(rr)

4 Population genetic structure

The Bayesian clustering approach and cross-validation error values were used to analyze
individual clustering based on admixture ancestry model. The results indicated that there is
likely only one putative genetic cluster present (K = 1) of redtail parrotfish across the
southern Caribbean (Figure 4-1) as also shown by the Discriminant Analysis of Principal
Components (DAPC) (Figure 4-4).
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Figure 4-1 Clustering approach. A single cluster following (Puechmaille, 2016)
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The Bayesian clustering approach to infer genetic ancestry shows a single genetic stock
(blue), homogeneously distributed at the four locations, revealing no structure (Figure 4-2).

K=

K=

~ v L] -

Figure 4-2 Graphical representation of the Bayesian clustering approach obtained from the dataset.
Each bar represents an individual and each color, its inferred membership in each of the K (2-5)
potential ancestral populations. 1) Cartagena 2) San Andrés Island 3) Taganga 4) Margarita Island.

Principal component analysis (PCA) is a way to depict maximized similarities within groups.
In contrast, the discriminant analysis of principal components (DAPC) creates a visual
representation, using ordination, of the genetic variation among populations. The results
obtained with this SNP dataset show genetic similarity among the dataset within the
locations sampled (Figure 4-3, Figure 4-4).

The two principal components do not explain a significant portion (10%) of the variance
Figure 4-3, which means those furthest individuals share the least similarities to the rest
that are explained by these two components but may be explained by other components
not represented in this plot. These two individuals can be considered possible outliers with
unique data that do not fit the patterns shown by the other individuals, but further tests need
to be carried out.
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PCA Axis 2 (4.9 %)

-5
PCA Axis 1(5.1%)
Figure 4-3 Principal component analysis (PCA). The plot shows the first two principal components
of the PCA obtained from the dataset, each dot represents one sample, and the color represents the
location of origin.

DA eigenvalues

® Cartagena
® San_Andres
® Taganga

® Venezuela

Figure 4-4 Discriminant analysis of principal components (DAPC) depicts the extent to which
redtail parrotfish individuals overlap between population cluster.
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5 Connectivity and gene flow

The pairwise Fsr index allows to measure the genetic differentiation between two
subpopulations (locations). This index shows a moderate (0.05- 0.15) genetic differentiation
between locations raging between 0.055 and 0.085, although none statistically significant
(p= <0.05). Thus, there is no evidence of population structure (Table 5-1jError! No se
encuentra el origen de la referencia.).

Table 5-1: Pairwise Fst

Cartagena San Andrés Taganga Margarita

Cartagena - 0.067856 0.055858 0.063938

San Andrés - - 0.069426 0.084872

Taganga - - - 0.066336
Margarita - - - -

These results suggest that the greatest differentiation (0.085) between subpopulations
(however non-significant), is between the two insular locations, San Andrés, and Margarita
Islands. Followed by Cartagena and San Andrés (0.068) and Taganga and Margarita Island
(0.066) and the lowest differentiation being between the closest locations Taganga and
Cartagena (0.056).

Population specific Fst measures deviation from an ancestral population (Table 5-2) (Kitada
et al.,, 2021). The data shows that there is low to moderate (<0.05- 0.15) genetic
differentiation between populations (locations) and those genetic differences are not of
statistical significance. The data shows that the San Andres and Taganga locations have
the most genetic differentiation (however, non-significant).

Table 5-2: Population-specific Fixation Index

Cartagena San Andrés Taganga Margarita
Cartagena - 0.001384635 0.001407551 0.002560959
San Andrés 0.48 - 0.007053652 0.001049819
Taganga 0.38 0.90 - 0.001154736
Margarita 0.37 0.39 0.59 -

Above diagonal, Fixation index (Fst) and associated P-values (below diagonal) between

geographical population samples
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AMOVA

The analysis of molecular variance showed that most of the genetic variation in the dataset
was found among populations within the groups (Fis) accounting for 55.7% of the total
variation. The variation within individuals was significant as well, however, the variation
among the population was not (Table 5-3).

Table 5-3: General AMOVA

Comparison of all four locations
Df SS MS Est. Var. % Phi p value
Among pops 3 1696.848 | 565.616 -0.906 -0.245 >0.725
Among individuals | 23 13287.004 | 577.696 206.376 55.715 >0.001
Within individuals | 27 4453.480 | 164.943 164.944 44.530 <0.001
Total 53 19437.333 | 366.742 370.414 100.000 | 0.002

Table 5-4Table 5-4 shows the same pattern as the general AMOVA, there is significant
genetic differentiation among individuals within a population and within individuals but not
among populations.

Table 5-4: AMOVA comparing San Andrés Island to the rest.

San Andres Island compared to all other locations
df SS MS Est. Var. % Phi p value
Among pops 1 593.208 593.208 0.9412 0.254 >0.284
Among individuals | 25 14390.644 | 575.626 205.341 55.314 >0.001
Within individuals 27 4453.480 | 164.944 164.944 44.432 <0.001
Total 53 19437.333 | 366.742 370.414 100.000 | 0.003

Comparing Margarita Island to the rest of locations (Table 5-5Table 5-5) results show the
same pattern. Comparing the results of these three AMOVAs there is significant genetic
differentiation within individuals and among individuals within populations, however, there
was no significant genetic differentiation among populations.
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Table 5-5: AMOVA comparing Margarita Island to the rest.

Margarita Island compared to all other locations

df SS MS Est. Var. % Phi p value
Among pops 1 546.336 546.336 -1.912 -0.518 >0.761
Among individuals | 25 14437.517 | 577.501 206.278 55.855 >0.001
Within individuals 27 4453.480 | 164.944 164.944 44.627 <0.001
Total 53 19437.333 | 366.742 369.310 100.000 | -0.005

Although there are not significant differences among populations, the differences within and
among individual can potentially evidence local adaptation.

Isolation by distance analysis (IBD)

There is no isolation effect by distance, the test was non-significant (p > 0.1). Yet the
isolation by distance analysis shows a negative correlation between genetic distance and
geographical distance (Figure 5-1), suggesting that the genetic flow is less restricted when
populations are further apart (geographical distance increases). This seems
counterintuitive; however, long-range dispersal and migration may support this result(Smith
& Weissman, 2023).

Isolation by Distance
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Figure 5-1 Correlation between Genetic distance (Fsr) and Geographical distance.
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Relative Migration Network

The results of the diversity evaluate the connectivity between the four locations, a high
connectivity was observed between all the locations. The migration patterns reveal a slight
asymmetrical gene flow of the redtail parrotfish individuals between the sample locations
with migration coefficients ranging from 0.5 to 1 (Figure 5-2). The highest genetic migration
appears between the locations of Cartagena and Taganga.

Relative migration network

0.8
4 % °A 1: Cartagena
0% 2: San Andres
A oL, 3:Taganga
s 47 4: Venezuela
0,61

Figure 5-2 Directional relative migration network for sampled redtail parrotfish. Directional relative
migration estimated using Nm migration statistic which represents the relative amount of gene flow
from one population to another through migration. Arrows indicate the direction of gene flow and
numbers show relative migration values (raging from zero to one), length, shading and thickness are
determined by the relative strength of gene flow (Sundqyvist et al., 2016).
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Discussion

Parrotfish across the southern and western Caribbean represent important species
for biodiversity, artisanal fisheries, and a significant role in marine ecosystems. In this study
we focus in four main localities in southern Caribbean using Rad-seq analysis to examine
and characterize the genetic diversity and barriers to gene flow. This study presents novel
information regarding genetic diversity and population structure in the redtail parrotfish,
demonstrating that the possible barriers to gene flow do not represent an impediment for
genetic connectivity among the locations studied. The dataset revealed that there is no
evidence of population subdivision or genetic structure across the southern Caribbean, and
similar levels of genetic diversity were observed in the different locations. This species
could be considered as a panmictic population for southern Caribbean.

The assessment of the genetic diversity reveals that both the observed as well as the
expected heterozygosity are low, indicating there is limited genetic diversity (Table 3-1).
However, since the observed heterozygosity is similar to the expected heterozygosity it
suggests that the population is somehow in genetic equilibrium, contrary to Hoarau et al.
(2005), who determined in overexploited flounders the evidence of a heterozygosity
deficiency. Although there is no significant inbreeding (Fis), positive values indicate a slight
deficit of heterozygotes compared to the expected frequencies under Hardy-Weingberg
equilibrium (Kardos et al., 2016). This is an alarm signal, meaning that there is some level
of inbreeding inside the populations, that may lead to further loss of heterozygosity and
genetic diversity. The nucleotide diversity is also low, and this is equivalent to measuring
the allele diversity within a locus; this means few gene variants are present, indicating low
genetic diversity. The minimum sample size was used in this study ((Nazareno et al., 2017)
small sample size may bias these results, therefore,a larger cample size is needed to
confirm these findings.

In terms of population structure, the analyses show that it is likely to find a single cluster
(Figure 4-2) of redtail parrotfish along the southern Caribbean region. The results show a
similar pattern to Loera-Padilla et al. (2021). They did not find genetic structure in
Sparisoma viride, and neither Velasco-Montoya et al. (2022) in Sparisoma aurofrenatum.
This was also evidenced by the PCA (Figure 4-3) and DAPC (Figure 4-4), where clusters
cannot be clearly distinguished, unveiling similar genetic characteristics among the groups
evaluated, supporting the idea of genetic connectivity among the locations. In broader
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studies this would suggest panmixia, however, a panmictic population cannot be claimed
since this study partially covers the distribution of Sparisoma chrysopterum. Other analyses
such as de AMOVA and Pairwise Fsr indicate a low to moderate level of genetic
differentiation between subpopulations, supporting previous findings, and indicating high
levels of gene flow between these subpopulations.

Genetic connectivity in marine species may be affected by biophysical factors such as
distance (geographical separation), currents, salinity, life history traits, and migration
(Cowen et al., 2000, 2007; Kough & Paris, 2015; Nielsen et al., 2009; Palumbi, 1994; Rivera
et al., 2011; White et al., 2010) and, as stated by Cowen & Sponaugle (2009) for most
benthinc marine species with complex life cycles, connectivity occurs primarily during the
pelagic larval stage. This study considered three possible barriers that impact those
biophysical factors mentioned before, the upwelling in the Guajira and eastern Venezuela
region, the Magdalena River plume, and the Panama-Colombia gyre; however, these
affections were not significant to constrain the genetic flow between the areas. The ocean
currents have been found to have a significant influence on the potential for marine larvae
to disperse over long distances (White et al., 2010). In the Caribbean region genetic studies
of various marine lifeforms, such as shrimp (Atencia-Galindo et al., 2021), fish (Wallace &
Tringali, 2016), corals (Porto-Hannes et al., 2015), and gastropods (Diaz-Ferguson et al.,
2010), have shown that the direction of ocean currents correlate to some species having a
distinct genetic structure, while others do not show any genetic structure over both long and
short distances. Studies such as the ones in gastropods (Diaz-Ferguson et al., 2012;
Johnston et al., 2012), common octopus by Puentes Sayo (2021), parrotfishes (Loera-
Padilla et al., 2021; Tovar Verba et al., 2022; Velasco-Montoya et al., 2022), reveal the
importance of ocean currents as a major factor leading to connectivity. The findings in this
study indicate that the biogeographic barriers evaluated do not represent an impairment to
genetic flow, on the contrary, it evidences that the Panama- Colombia countercurrent may
enhance the genetic flow among the southern Caribbean. The high genetic connectivity of
the locations through currents is as well result of the potential of larval dispersal (Gilg &
Hilbish, 2003; Richards et al., 2015; Rivera et al., 2011; Swearer et al., 2019; Taylor &
Hellberg, 2003; Weersing & Toonen, 2009), which in terms of duration has been reported
in other species of the genus Sparisoma, to last up to 90 days, and average between 57
and 60 days (Robertson et al., 2006). Usually, but not always (Taylor & Hellberg, 2003), a
long larval duration implies high dispersal capability, which can increase the genetic flow
and therefore genetic connectivity among subpopulations leading to genetically
homogeneous distributions. However, keeping in mind, as mentioned by Cowen &
Sponaugle (2009) the pelagic larvae duration (PLD) is taxon specific and influenced by the
environment, causality should not be assumed but seems the most plausible explanation
in this study for the high connectivity.

The redtail parrotfish is a herbivorous fish commonly associated with rubble and seagrass
beds near coral reefs. It is the third largest species of its genus, growing up to 46 cm long,
making it very attractive as food resource in local markets (artisanal fisheries). It is a
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sexually dichromatic species, monandric with protogynous hermaphroditism, meaning only
a few become terminal phase males, reducing the available gene pool when mating. They
do not exhibit permanent territoriality, but they do defend temporal territories. They breed
during both main seasons and probably throughout the year. As a large species, they do
not spawn in small territories of dense grass beds, they are pelagic spawners (Smith, 1997).
Its reproduction strategy is not haremic. However, multimale spawning is not the
predominant mode of reproduction in this species (Robertson & Van Tassell, 2019;
Robertson & Warner, 1978). Most of these biological characteristics may act as limiting
factors to the genetic diversity of the species in the region; however, the process of larval
dispersal appears to be a major determinant on the establishment and connectivity,
therefore expansion, of this marine species (Cowen & Sponaugle, 2009; Taylor & Hellberg,
2003). Connectivity among populations is determinant, so much so that ecological
processes, including local and metapopulation dynamics, community dynamics and
structure, genetic diversity, and the ability of populations to withstand human exploitation,
are crucially influenced by it. (Cowen et al., 2007).

Even though the analyses conducted in the present study are robust (with a decent number
of SNPs recovered), these results need to be interpreted cautiously since the sampling size
(five-eight individuals per location) is relatively small (the bare minimum) and may restrict
the generalization of the findings and introduce potential biases. Furthermore, the locations
selected for sampling do not encompass the complete distribution of the species under
investigation, which could lead to incomplete insights into its genetic patterns and
population dynamics. However, our results allow us to have a baseline of the genetic status
of Sparisoma chrysopterum in the southern Caribbean. The results show a high connectivity
supported by the species' larval development time. On the other hand, being a population
with low genetic diversity and high connectivity, it can be affected by environmental
changes, and the response to high selection pressures could cause a deterioration of the
genetic pool. This should be evaluated in future studies.
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Conclusions and recommendations

Conclusions

The current study represents the first genomic approach using RADseq to examine the
genetic composition of the redtail parrotfish in the southern and western Caribbean. The
findings reveal that Sparisoma chrysopterum exhibits high genetic connectivity among the
studied locations, indicating no evidence of population divergence in the region regardless
of the glimpse (possible evidence) of local adaptation; to determine panmixia a broader
study must be conducted.

Despite the apparent equilibrium, low genetic diversity is observed in the species.
Additionally, it appears to be at risk of further genetic diversity loss due to positive
inbreeding values. Although the inbreeding coefficients are non-significant, indicating that
inbreeding may not be the primary driver of diversity reduction, the positive values suggest
a trend towards closely related mating. This raises concerns as continued inbreeding can
contribute to a gradual decline in genetic variability and lead to the expression of deleterious
alleles, potentially compromising the species' long-term adaptability and resilience to
environmental challenges.

The study reveals that potential biogeographic barriers are, in fact, no impediment to gene
flow between these locations, but it highlights the importance of larval dispersal and ocean
currents in facilitating genetic connectivity, counteracting the potential limitations imposed
by biophysical factors. This is suggested by a low to moderate level of genetic differentiation
between subpopulations, supporting the notion of high gene flow in the species.

This study provides a genetic baseline for management and conservation strategies
regarding the redtail parrotfish; however, the limitations mentioned above should be
considered when implementing any actions. Nonetheless, these results provide a valuable
starting point to promote further research on this species. Consequently, monitoring and
managing the species' genetic diversity are essential to mitigate the risks and safeguard its
viability in the future.
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Recommendations

Additional research with larger sample sizes, spatiotemporal samples of larvae, a wider
range of locations covering the total distribution of the species, and supplementary
demographic information and demographic history analyses are necessary to gain a more
comprehensive understanding of the genetic patterns and population dynamics of the
redtail parrotfish.
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