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Resumen de la tesis que presenta Tania Valdivia Carrillo como requisito parcial para la obtencion del
grado de Doctor en Ciencias en Ecologia Marina

Integrative study of connectivity in the Gulf of California seascape

Resumen aprobado por:

Dr. Axayacatl Rocha Olivares Dr. Adrian Munguia Vega
Codirector de tesis Codirector de tesis

El Golfo de California (GC) es un hotspot de biodiversidad marina y una regidn prioritaria para la
conservacion. En sus ecosistemas de arrecifes rocosos habitan diversas poblaciones y comunidades
de peces de importancia pesquera. Estas se han visto amenazadas debido a factores como la
sobrepescay el cambio climatico, con afectaciones potenciales como la modificacidn de sus patrones
de conectividad. La conectividad es una propiedad del paisaje cuyo estudio se enfoca en la
identificacion de las caracteristicas funcionales (bioldgicas) y estructurales (fisicas) las cuales
permiten la dispersion de los individuos a través del espacio. Su estudio ha sido fundamental en
ecologia y evolucién ya que determina la prevalencia de la biodiversidad a través del tiempo. Conocer
su estado actual, nos permite contrastar futuros cambios en estos ecosistemas y plantear soluciones
para su conservacion. Los objetivos de la presente tesis fueron i) evaluar los patrones de conectividad
funcional entre poblaciones y comunidades de peces asociados a los arrecifes rocosos del GC, ii)
evaluar la conectividad estructural del paisaje marino del GC; y iii) evaluar la relacidn entre estas dos
conectividades. Esto se logré mediante el analisis de un conjunto de relaciones en las que la
conectividad estructural juega un papel relevante en la dispersion de los peces y, por lo tanto, en sus
valores de diversidad y diferenciacidn, a diferentes niveles taxondmicos. Para lograr este objetivo, se
analizo la diversidad y diferenciacion gendmica poblacional de la cabrilla sardinera (Mycteroperca
rosacea) utilizando polimorfismos de un solo nucledtido. Ademas, se estimé la diversidad alfa y beta
en comunidades locales de peces arrecifales, caracterizandolas con dos métodos de monitoreo
complementarios (censos visuales submarinos y metabarcoding de ADN ambiental). También se
evalud la conectividad potencial demografica entre las poblaciones y comunidades locales, usando
un modelo numérico oceanografico (HAMSOM). Asimismo, se evalud la conectividad estructural
mediante la estimacidn de las distancias geograficas, ambientales y oceanograficas entre los sitios
estudiados, empleando sistemas de informacion geografica, bases de datos de variables ambientales,
y el modelo oceanografico. Finalmente, se integrd la informacion sobre conectividad funcional y
estructural utilizando métodos estadisticos espaciales y andlisis de redes. Los resultados evidenciaron
que la cabrilla sardinera presenta una alta conectividad funcional sin diferenciacion genémica dentro
del GC y una diversidad gendmica media. Esto indica la presencia de una metapoblacién dentro del
golfo, mantenida por una alta conectividad demografica y por la dindmica de corrientes marinas. En
esta especie, los patrones de aislamiento por distancias geograficas, ambientales, y de resistencia
ocurren de manera diferencial en cada region de GC. Ademas, su conectividad potencial demografica
se encuentra geograficamente regionalizada y presenta cambios estacionales, lo cual promueve la
dispersion de larvas y el flujo de genes en un entorno oceanograficamente y geomorfolégicamente
complejo. A nivel de comunidad, los resultados mostraron que el GC presenta dos metacomunidades
de peces arrecifales (Norte y Centro) con una composicion especifica determinada. En ellas, el
decaimiento de la similitud entre comunidades se encuentra determinada por las distancias
geograficas (en todo el GC y regién Central), ambientales (en todo el GC y regidon Norte) y de
resistencia (en todo el GCy en cada regidn). Finalmente, el analisis de redes mostré que la centralidad
de los sitios dentro de la red esta relacionada con la diversidad gendmica y la diversidad alfa en
poblaciones y comunidades de peces del GC.

Palabras clave: conectividad, genomica poblacional, ecologia de comunidades, dispersion larvaria,
modelo numérico oceanografico, analisis de redes
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Dr. Axayacatl Rocha Olivares Dr. Adrian Munguia Vega
Codirector de tesis Codirector de tesis

The Gulf of California (GC) is a marine biodiversity hotspot and a priority region for conservation. Its
rocky reef ecosystems are inhabited by diverse populations and communities of important fishing
species. These have been threatened due to overfishing and climate change, with potential effects
such as modifying their connectivity patterns. Connectivity is a seascape emergent property whose
study focuses on identifying functional (biological) and structural (physical) characteristics that allow
the dispersion of individuals through space. Its study has been fundamental in ecology and evolution
since it determines the prevalence of biodiversity over time. Knowing their current state allows us to
contrast future changes in these ecosystems and propose solutions for their conservation. The
objectives of this thesis were: i) to evaluate functional connectivity patterns between populations
and communities of fishes associated with the rocky reefs of the GC; ii) to evaluate the structural
connectivity of the GC seascape; iii) to evaluate the relationship between these two connectivities.
This was achieved by analyzing relationships in which structural connectivity plays a relevant role in
fish dispersal and, therefore, in their diversity and differentiation values, at different taxonomic
levels. To achieve this goal, the population genomic diversity and differentiation of the leopard
grouper (Mycteroperca rosacea) were analyzed using single nucleotide polymorphisms. In addition,
alpha and beta diversity in local reef fish communities was estimated, characterizing them with two
complementary monitoring methods (underwater visual censuses and environmental DNA
metabarcoding). Potential demographic connectivity between local populations and communities
was assessed using a numerical oceanographic model (HAMSOM). Likewise, structural connectivity
was evaluated by estimating the geographic, environmental, and oceanographic distances among the
studied sites, using geographic information systems, databases of environmental variables, and the
oceanographic model. Finally, functional and structural connectivity information was integrated
using spatial statistical methods and network analysis. The results showed that the leopard grouper
has high functional connectivity without genomic differentiation within the CG and a medium
genomic diversity. This indicates the presence of a metapopulation within the Gulf, maintained by
high demographic connectivity and by the dynamics of ocean currents. In this species, isolation
patterns due to geographic, environmental, and resistance distances occur differentially in each GC
region. In addition, its potential demographic connectivity is geographically regionalized and presents
seasonal changes, which promotes larval dispersal and gene flow in an oceanographically and
geomorphologically complex environment. The results showed that the CG presents two reef fish
metacommunities (North and Center) with a specific composition. In them, the decay of the similarity
between communities is determined by the geographical (in the entire GC and Central region),
environmental (in the entire GC and North region), and resistance distances (in the entire GC and
each region). Finally, network analysis showed that the site’s centrality within the network is related
to genomic diversity and alpha diversity in fish populations and communities in the GC.

Keywords: connectivity, population genomics, community ecology, larval dispersal, oceanographic
numerical model, network analysis
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Chapter. 1 Introduction

In recent years we have started to recognize and study the sea as a highly interconnected system
exhibiting intricate spatiotemporal patterning. A primary incentive for this change has been the
technological and analytical advances that have allowed us to collect, integrate, analyze and visualize large
guantities of data that reveal the prevalence of structural complexity and interconnectedness in the sea
(Pittman, 2018). In this context, seascape ecology has developed as a multidisciplinary research area that
has emphasized the importance of the interactions between the spatial patterns and the ecological
processes and the consequences of the spatial heterogeneity, across scales, on the marine biodiversity

patterns (Bostrom et al., 2011; Turner et al., 2001; Wedding et al., 2011).

The application of landscape ecology to marine systems came through recognition that concepts
developed in this theory (e.g., patch-matrix and patch-mosaic) could apply to a range of environments:
from plankton patches, seagrass beds to reef patches, among others (Bostrom et al., 2011; Pittman, 2018).
In addition to patchiness, the marine environment also exhibits spatial variability in continuous
multidimensional gradients without discrete patch boundaries, although discontinuities and ecotones may
still be present (Cushman et al., 2010). Also, the integrity and functionality of marine ecosystems and the
maintenance of its biodiversity are primarily possible due to the flow of organisms, materials, and energy
through the space (Crooks and Sanjayan, 2006). Therefore, connectivity have prevailed as a central

concept in the study of seascape ecology (Correa Ayram et al., 2015).

Connectivity can be defined as the degree to which the seascape facilitates (or impedes) the
dispersion of organisms among habitat patches or gradients (Taylor et al., 1993). It can be approached
through the evaluation of the functional connectivity and the structural connectivity (Baguette et al., 2013;
Olds et al., 2016; Pittman and Olds, 2015; Taylor et al., 1993; Turner et al., 2001). Functional connectivity
is a product of the organisms interacting with the seascape and its response to seascape heterogeneity. It
can be described as potential and realized connectivity (Calabrese and Fagan, 2004b): the former uses
secondary (indirect) information regarding movements and flow, and the latter measures movement and
flow directly (Fletcher et al., 2016; Grober-Dunsmore et al., 2009). Functional connectivity is inherently
species- and life-stage-specific, as it depends on the organism’s behavior, life-history traits, and the
spatiotemporal scales of their movements (Stuart et al., 2021). Structural connectivity refers to the physical
characteristics of the seascape that allow the movement of organisms and is primarily determined by the
distance between biological entities and the seascape spatial configuration (Calabrese and Fagan, 2004a;

Crooks and Sanjayan, 2006; Grober-Dunsmore et al., 2009). This type of connectivity quantifies the
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physical relationships of the seascape elements, e.g., the spatial positioning of a particular habitat, the
geomorphological features of the seafloor, or the hydrodynamic features impacting dispersal (Selkoe et
al.,, 2016). Structural connectivity creates the basis for functional connectivity (Selkoe et al., 2016).
Seascape connectivity can influence individuals, populations, and communities through various
mechanisms. Therefore, it is considered an essential attribute of natural ecosystems as it sustains

biodiversity and ecosystem function (Loreau, Mouquet, and Gonzalez, 2003; Matisziw and Murray, 2009).

In the present thesis, | will study seascape connectivity on the rocky reefs of the Gulf of California
(GC) and its effects on the associated bony fish biodiversity patterns. This will be achieved by evaluating
hierarchical relationships, where structural connectivity influences organismal dispersal and,
consequently, genetic variation and species diversity. While each of these responses can be impacted by
factors other than connectivity, theory and concepts suggest that connectivity could have a substantial
effect on these parameters (Fletcher et al., 2016; Hubbell, 2001; Leibold and Chase, 2018; Loreau,
Mouquet, and Holt, 2003; MacArthur and Wilson, 1967; Vellend, 2010). Because of its relevance to
understanding ecological processes and patterns, diverse approaches to connectivity quantification have
been developed. Some of these will be further described in the following sections as the basis for the
methodological approaches included in the present thesis in the context of the rocky reefs” ecosystems of

the GC.

1.1 Background

1.1.1 Contextualizing connectivity in the rocky reef ecosystems

Rocky reefs are naturally fragmented ecosystems composed of submerged rocky structures that
provide a substrate for the growth of marine life (Thomson et al., 2000). The patchy habitat structure of
the rocky reefs is the basis where the development of reef fishes occurs and therefore is closely related to
its ontogeny. In this sense, the life history of marine teleost fishes can be classified into five developmental
stages: egg (embryonic), larvae, juvenile, adult, and senescence (Fuiman and Werner, 2002; Miller and
Kendall, 2009). As a result of this complex development, fishes undertake ontogenetic habitat shifts via
organismal dispersal during their lifetime. This means that the utilization of the seascape differs among

life stages and, consequently, the dispersal capacity and barriers differ in each one of them (Figure 1).
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Briefly, after fertilization, the egg stage develops (~¥1 week) from a single cell to a complex
organism as part of the plankton (Miller and Kendall, 2009). Then hatching occurs, and fishes enter a larval
stage that morphologically develops (Miller and Kendall, 2009). These early life stages of fishes are typically
considered inert particles, including actively swimming larvae since the transport induced by currents
generally spans over much larger scales than their swimming capacity. Depending on its specific pelagic
larval duration (PLD), which can last from days to months, larvae can disperse great distances by water
movements (to hundreds of kilometers) (Bandelj et al., 2020; Fuiman and Werner, 2002). The egg and
larval periods have essential ecological and evolutionary functions as they represent an effective means
of dispersal that can extend the range of a population and mix the gene pool (Fuiman and Werner, 2002).
Nevertheless, they are also the most vulnerable stages since their dependence on external environmental
factors and predation, causing high mortality rates (Fuiman and Werner, 2002; Helfman et al., 2009; Miller

and Kendall, 2009).

Following the egg and planktonic larval stages, a metamorphosis to juveniles occurs in which a
morphological and ecological transformation happens. Juveniles are more capable of directed swimming
than larvae and thus are no longer considered planktonic. They can actively migrate to nursery areas,
sometimes aided by prevailing currents. The settlement frequently occurs in nursery habitats with specific
characteristics, leading to juvenile fishes competent to remain on a substratum, i.e., the reef itself or an
intermediate habitat with marine vegetation (mangroves, Sargassum spp., and rhodoliths). The adult stage
begins when gonads first mature. This stage is a period of reproduction when the gonads go through
maturation cycles (annual or more frequent) and in which fishes often actively migrate to the reproductive
areas (from meters to kilometers) to spawn. Spawning may be as diffuse as a region of the open ocean or
as specific as a nest along the shore and depend upon physiological and ecological factors (i.e.,
temperature, photoperiod, latitude, and depth, among other factors). Still, juveniles and adults stay most
of the time near their habitat and rarely move away from it (Green et al., 2015; Kritzer and Sale, 2006,

Chapter 3). A period of senescence follows the adult stage.

Throughout the life cycle of the rocky reef fishes, some areas are critical for maintaining their
populations, such as spawning aggregations and nursery habitats. The former usually takes place during
spring and summer in the GC (Erisman et al., 2010b, 2012), and the latter is often used by multiple species
(Sadovy and Colin, 2012). Consequently, these areas are critical for maintaining populations of focal
species in the GC (e.g., Lutjanus peru, L. argentiventris; Mycteroperca rosacea, Paralabrax aurogutattus,

Paranthias colonus; Balistes polylepis) (Munguia-Vega et al., 2018).
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Figure 1. Some of the biological characteristics of marine fishes and the physical and environmental attributes of the
seascape (bottom) influence demographic and genomic processes throughout the teleost fishes' lifecycle and
determine the distribution of genomic variation within and among populations. Hypothetical source populations are
shown as independent bands (top left) where bandwidth can be understood as the number of individuals or genomic
variation. The bottom panel underscores the period in which the biological or seascape characteristics are most
relevant. Reproductive output of the source population varies as a function of population size and timing of
reproduction. During dispersal (from left to right), larvae can be advected by currents, mixed (crossed lines), and may
become diluted or concentrated, represented by bandwidths. Larval dispersal potential is related to a species’ early
life-history traits, such as pelagic larval duration. Larval behaviors such as kin aggregation and active swimming can
increase or counter physical oceanography to concentrate larvae. Bandwidths become smaller, depicting larval
mortality due to the environment of the ocean (biotic and abiotic). Successful settlement of larvae into a hypothetical
destination population (top right) is dependent on habitat suitability. Post-settlement survival in the population
depends on the condition of the recruit, competition, and other factors (Figure taken from Liggins et al., (2019)).

1.1.2 Metapopulation and metacommunity connectivity

Theory indicates that in seascapes where habitats are fragmented, species are patchily distributed
in metapopulations, composed of a set of local populations connected by dispersal of individuals (Hanski,
1998); and in species metacommunities, structured in a group of local communities connected by dispersal
of multiple species (Leibold et al., 2004) (Figure 2). As a result of these ecological processes, we affirm that
connectivity among rocky reefs is one of the most critical drivers for maintaining fish species” long-term
population and community viability as it sustains their demographic processes (Braunisch et al., 2010;
Cayuela et al., 2018; Cowen et al., 2007; Hanski and Gilpin, 1991; Melia et al., 2016; Uroy et al., 2021);

allows individuals to move towards new habitat patches to shelter, feed or reproduce (Berkstrom et al.,
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2020); allows genetic exchange between physically distant populations (Palumbi, 2003); and promotes

community similarity (Moritz et al., 2013).
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Figure 2. The conceptual figure shows how different organization levels are integrated within the connectivity
framework across two axes: scale and organizational level. Populations are embedded within local communities,
including regional metapopulations and regional metacommunities, respectively (Chase et al., 2020).

A significant difficulty in studying the functional connectivity of marine fishes is the direct
observation of dispersion, mainly in its early life stages. This results from the small size of many species’
propagules, the variability and complexity of the marine environment, the accessibility of the study sites,
the costs associated with underwater research, and its associated detection limitations (e.g., visual vs.

molecular methods), among other causes.

Indirect methods to investigate metapopulation connectivity on reef-fish species of the GC have
been applied. In particular genetic methods (to estimate metapopulation genetic connectivity), numerical
and biophysical models (to estimate demographic connectivity or the potential larval dispersal of a
species), and network analysis (to resume complex connectivity patterns derived from oceanographic
modeling) have provided relevant information on metapopulation connectivity estimations (Anadon et al.,
2011; Avendano-lbarra et al., 2013; Cisneros-Mata et al., 2019; Garcia-De Ledn et al., 2018; Gutierrez et
al., 2004; Marinone, 2012; Marinone et al., 2008; Munguia-Vega et al., 2014; Munguia-Vega et al., 2018;
Reguera-Rouzaud et al., 2020; Santiago-Garcia et al., 2014; Sanvicente-Aforve et al., 2011; Soria et al.,
2014). Additionally, direct methods evaluating larval assemblages’ distribution across the GC have

revealed connectivity routes and their relationship with oceanographic and environmental characteristics.
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These investigations have recognized that circulation processes play an essential role in zooplankton
dispersion, including fish eggs and larvae (Avendafio-lbarra et al., 2013; Camacho-Gastélum et al., 2020;

Contreras-Catala et al., 2012; Inda-Diaz et al., 2010).

Indirect and direct methods applied to the study of functional connectivity of fish populations have
contributed to understanding the connectivity patterns in the GC, facilitating and improving the design
and implementation of marine protected areas and reserve networks. They have demonstrated the
importance of considering spatially explicit connectivity patterns to evaluate potential changes in
connectivity under climate-change scenarios (Alvarez-Romero et al., 2018). It is relevant to mention that
much of the connectivity literature in the GC has focused on metapopulation processes. Conversely, at the
metacommunity level, few studies investigate connectivity on a regional scale explicitly accounting for
larvae or adult dispersal information or environmental al oceanographical information, although some

approximations exist (Petatan, 2015; Ulate et al., 2016).

In the present thesis, | will approximate the study of the structural and functional seascape
connectivity at metapopulation and metacommunity organization levels in the GC's rocky reef fishes. To
achieve this, | will use direct and indirect methods to obtain connectivity information. Then, | will explore
the potential relationship between both types of connectivity using a graph-theoretic approach, and

finally, | will propose the processes determining the biodiversity patterns found.

1.1.3 Direct and indirect methods for the study of connectivity in rocky reef ecosystems

1.1.3.1 Seascape genomics: evaluation of the metapopulation’s genomic connectivity and its
relationship with the seascape environmental characteristics

Seascape genomics use seascape configuration and composition as statistical predictors of
population genomic connectivity patterns (Liggins et al., 2019). It can be considered a part of the
population genomics discipline, which is the population genetic analyses of a large number of loci that
allow discrimination between locus-specific (selection) and genome-wide effects (migration and genetic
drift) (Nielsen et al., 2009) (Figure 3). Recent advances in DNA sequencing technology have allowed this
transition (from population genetics to population genomics) because high-throughput sequencing
approaches can now produce hundreds to thousands of polymorphic markers across the genome, such as
single nucleotide polymorphisms (SNPs). This allows for more significant discrimination of differentiation

between populations (Oleksiak and Rajora, 2020). The genotyping and sequencing approaches applied to
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population genomics are described in Holliday et al. (2019). A reduced representation sequencing
approach (RADseq) was used in the present thesis. This approach allows sequencing of a reduced portion
of the genome (0.1-1%) derived from specific restriction sites on hundreds of individuals (Oleksiak and

Rajora, 2020, Chapter 1).

Genomic connectivity footprints the effective movement of genes, resulting from those individuals
that successfully reproduce after dispersing. It is a population-level metric that reflects the cumulative
impact of realized functional connectivity on the allele frequencies (Selkoe et al., 2016). There are two
forms of evaluating the metapopulation genomic connectivity: using a species’ neutral or adaptive
genomic variation. Therefore, seascape genomics is operationally split into neutral and adaptive seascape
genomics (Liggins et al., 2019; Riginos et al., 2016). Neutral genomic variation measures the movement of
alleles that have no consequence on fitness and are related to demographic connectivity's long-term
outcome (Selkoe et al., 2016). The adaptive genomic variation relates to the movement of alleles due to
individual fitness and corresponds to the adaptive potential under natural selection pressures. So,
describing the features that shape the population genomic connectivity using a seascape genomics
approach requires, first, identifying the adaptive and neutral genomic variation and characterizing the
population genomic structure of the studied species (i.e., the spatial distribution of the genomic variation),
and second, recognizing the seascape variables affecting its spatial organization (Figure 3) (Dalongeville et

al., 2018).

Seascape configuration Seascape composition
Oceanography ~ Geography  Habitat Ecology
Seascape features A Q 9 &
AAVAN Q,—'
Migration Selection
Evolutionary forces Genetic drift
Genomic datasets Putatively neutral markers Putatively adaptive markers
I I
v v
Evolutionary processes Connectivity Local adaptation

Figure 3. Conceptual framework of the seascape genomics approach (Figure taken from Laura Benestan’s Seascape
genomics presentation September 2020).
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Traditional assessments of population genetic and genomic differentiation rely on the estimation

of the number of migrants between populations (Nem) using the relationship described by Wright’s island
population model equation Fst = 1/(4Nem + 1), where Fsr is an index of genetic differentiation, Ne the
effective population size, a number of individuals contributing to reproduction, and m the migration rate
(Wright, 1931). Estimators based on Wright's fixation index (Fsr) integrate over longer time scales, possibly
representing historical connectivity more than the present day because response lags depend on marker

mutation rates and drift (Selkoe et al., 2016).

In marine fishes, detecting its population genomic differentiation is challenging because species
have complex lifecycles, large population sizes, and pelagic larvae with high dispersal capacity, causing
connectivity patterns to be not intuitive (Gaines et al., 2007; Hellberg, 2009; Nielsen et al., 2009; Waples
et al., 2006).

1.1.3.2 Mechanisms of genomic isolation in metapopulations

The most basic spatial description of a metapopulation involves a binary spatial structure in which
there are suitable habitat patches with local populations distributed within a matrix of unsuitable non-
patch space (Kritzer and Sale, 2006, Chapter 2). A patchy population (i.e., a metapopulation) that is not
demographically subdivided will also be genetically panmictic. Nevertheless, changing ecological
circumstances and environmental heterogeneity, leading to changing rates of migration, may provide
interesting opportunities for metapopulation processes to shape genetic patterns (Harrison and Hastings,
1996). From this idea, one fundamental hypothesis underlying seascape genomics studies evaluating
metapopulation connectivity is an association between the distribution of the genomic variation and the

distance.

The jsolation-by-distance hypothesis (IBD) (Rousset, 1997; Slatkin, 1994; Sewall Wright, 1943)
describes the correlation between the geographic distance and genomic differentiation (Fst) between local
populations to elucidate the effects of the spatially limited dispersal on the genomic structure of
populations (i.e., stepping-stone model of dispersal) (Kimura and Weiss, 1964). After a random mating
scenario of panmixia, IBD is one of the most fundamental forms for describing connectivity (Hedgecock et
al.,, 2007). It assumes a structurally homogeneous yet discontinuous seascape and traditionally uses

straight-line (Euclidean) geographic distances to predict population differentiation.
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In addition to IBD (Euclidean), the genetic structure may also be due to patterns and gradients of
environmental factors such as temperature (Benestan et al., 2016; Selmoni et al., 2021; Teske et al., 2019)
and salinity (Guo et al., 2015), among others (Garcia-De Ledn et al., 2018; Sandoval-Castillo et al., 2018).
This environmentally induced isolation has been termed isolation by environment (IBE) (Rodriguez-Zarate
et al., 2018), which can also emerge when evaluating genomic patterns of population genomic structure
in species that inhabit heterogeneous environments. In an IBE mode of isolation, the degree of genomic
differentiation among sampling units is expected to increase with increasing environmental dissimilarity

(Wang and Bradburd, 2014).

Connectivity is not only a function of the geographical distance between habitat patches but also
varies at different spatial scales (Dalongeville et al., 2018; Xuereb et al., 2018) across a fragmented
seascape (D’Aloia et al., 2014) and depends on the habitat matrix through which organisms disperse which
determines the effective isolation of habitat patches (Hanski and Gaggiotti, 2004). In this sense, in the
isolation-by-resistance (IBR) hypothesis (McRae, 2006), the distances are estimated using a graph-
theoretic distance metric by weighting the cost (resistance) of crossing the seascape through organismal
dispersion, e.g., in reef fishes with a pelagic larval stage, individuals are subjected to the circuitous
movement of water masses (Cowen and Sponaugle, 2009; Riginos et al., 2011), which prevent mixing and
diffusion of the larvae and decouple larval dispersal from a linear distance at determined spatial scales
(Contreras-Catala et al., 2012; Sdnchez-Velasco et al., 2013; Weersing and Toonen, 2009). Therefore, an
IBR pattern may manifest because complex ocean circulation represents an essential barrier to dispersal,
producing patterns of genomic structure that are difficult to interpret without integrating oceanographic
information into the analyses of population genomic data. This has placed patterns of genetic patchiness

into more realistic, ecologically relevant contexts (Selkoe et al., 2010; White et al., 2010).

In the GC, studies have demonstrated that complex genetic structure patterns are related to ocean
currents evaluated explicitly (Munguia-Vega et al., 2014; Munguia-Vega et al., 2018). In such cases,
asymmetric oceanographic distance (derived from oceanographic models) better captures the physical
and biological processes influencing the genomic connectivity (gene flow). For instance, Reguera-Rozaud
et al. (2021) studied two snappers species (Lutjanus peru and L. argentiventris) and identified the presence
of a significant genetic structure in both species, with distinctive barriers to gene flow at different spatial
scales: at large scales (>2500 km) IBD was the principal driver for the genetic structure, and at more minor
scales (<250km), habitat discontinuity for juveniles and adults and the environmental differences

throughout the species ranges represented the main potential barriers.
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In the present thesis, | will evaluate the genomic connectivity of the leopard grouper,
Mycteroperca rosacea, a conspicuous species of the rocky reefs in the GC, using a seascape genomics
approach considering a reduced representation of the genome and SNPs. This specie has been previously
genetically evaluated in localities of the North and Central Gulf. First, Munguia-Vega et al. (2014) evaluated
leopard grouper metapopulation genetic connectivity in 17 sites from the Midriff Islands region of the
northern GC, using two mitochondrial DNA (cytochrome b and ATPase) markers, a biophysical
oceanographic model, and a graph-based theoretical approach. Results suggested moderate levels of
population genetic differentiation within the northern GC, insufficient gene flow to homogenize
populations, and closely related haplotypes with some geographical structure despite occasional long-
distance dispersion. Matrix-based analyses (Mantel tests) showed a lack of correlation between pairwise
genetic differentiation against geographic distance but a significant correlation with the adjacency
matrices and the graph distance matrices derived from the oceanographic model. Most of the observed
connectivity patterns in downstream sites (Sonora coast) were asymmetric, while those between
upstream sites (Baja California and the Midriffs) were symmetric. This multidisciplinary approach allowed
the authors to understand that the most significant fishing areas are sustained by high levels of local larval
retention and high larvae contribution from upstream sites. Later, Jackson et al. (2015) analyzed 21
localities using the same mitochondrial DNA markers and 12 microsatellites loci, including localities from
the North and Central GC. Results evidenced statistically significant genetic differentiation using
mitochondrial DNA and microsatellites with multiple genetic groups, particularly between peninsular and
mainland sites. Long-term migration rates suggested asymmetrical larval dispersal between the northern

and central GC. The authors also found no evidence for IBD.

1.1.3.3 Metapopulation demographic connectivity: estimation of potential larval dispersal
among local populations using oceanographic models

Demographic connectivity is how the local population growth, extinction, and recolonization rates
are affected by dispersal (Soria et al., 2012). Its evaluation requires the estimates of the relative
contributions of self-recruitment (i.e., the proportion of locally settling individuals spawned by local
parents) and immigration to these rates (see Lowe and Allendorf, 2010). To this end, oceanographic
modeling of potential larval dispersal has been commonly used to indirectly predict the demographic
connectivity among and within habitat patches (Kritzer and Sale, 2006; Lowe and Allendorf, 2010). These
models can inform us about the direction, spatial scale, and magnitude of larval distribution in a given

area. Besides, they can incorporate only oceanographic (i.e., numerical models), or oceanographic and
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biological (i.e., biophysical models) factors, to provide insights into the demographic connectivity, allowing

the elaboration of hypotheses about the connectivity dynamics.

Previously in the demographic research of fish populations, the notion of the larvae settling into a
local population from a mixed larval pool (i.e., larvae from all potential sites mixed into a single source
pool) led to the belief that marine populations were open, potentially over hundreds of kilometers. This
perspective was supported by studies that found little genetic structure over large spatial scales (Benestan
et al., 2021; Dalongeville et al., 2018; Xuereb et al., 2018). However, recent approaches incorporating
complementary methods evaluating demographic connectivity inform us that some marine populations,
even some with long PLD, exhibit some degree of self-recruitment of larvae (D’Aloia et al., 2013). If local
larval retention is large enough for self-replacing populations and demographic isolation is sustained for
many generations, subpopulations will become genetically differentiated. In such cases, the population’s
genetic structure will fail to reflect any spatial trend, and levels of genetic differentiation will be greater
between adjacent sites than between distant ones. This evidence points to a complex metapopulation
structure, in which differential dispersion patterns among locations exist, and indicates that marine
populations may be less open than we thought (Cowen and Sponaugle, 2009) (Figure 4).
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Figure 4. Comparison of open to closed population continuum. The degree to which a set of local populations (or
nodes) might be connected to each other via larval dispersal can be expressed as a connectivity matrix where nodes
are distributed along both the vertical and horizontal axes. In the fully open case (left panel), where all populations
within a given domain contribute propagules equally to each other, all cells within the connectivity matrix are
populated similarly (1/n where n is the total number of local populations, i.e., source locations). This extreme case
represents what might be expected if all propagules were equally mixed and then settled at the random back to the
source sites. In the wholly closed case (right panel), all propagules return directly to their source location, all cells
along the diagonal would be populated with a probability of 1 (i.e., 100% self-recruitment), and all other non-diagonal
cells would be populated by zero. This case would be expected if all populations were utterly isolated from any
different location through dispersal processes. The intermediate situation is represented by a matrix constructed
from biophysical modeling data with some variation of probabilities along with both the diagonal and non-diagonal
cells. The scale represents a range in cumulative abundance of successful recruits, where red/orange represents
ecologically significant levels of exchange and green/blue represents very low levels of genetically relevant exchange
(Image taken from Cowen et al. 2006).
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Species' demographic processes are also affected by the spatial and environmental heterogeneity,

i.e., species reproductive success may increase, or survivorship may decrease in a habitat with particular
oceanographic characteristics (e.g., transport conditions, food availability, season) (Bakun, 2006; Parrish
et al., 1981; Selwyn et al., 2016). This habitat-specific survivorship and reproductive success is the basis
for source-sink dynamics in metapopulations (Dunning et al., 1992), in which population growth rates are
positive in some patches (sources) but are negative in others (sinks). In the GC reef fishes, systems of
source-sink metapopulations have been identified. For example, in the leopard grouper (Mycteroperca
rosacea), Munguia-Vega et al. (2014) used empirical genetic data, an oceanographic model describing
metapopulation dynamics of potential larval dispersal, and graph distances of modeled networks to
understand the mechanisms driving dispersal of the species in the Northern GC. In the Pacific Red snapper
(Lutjanus peru), Munguia-Vega et al. (2018) described the spatial distribution of its genetic diversity with
the modeled seasonal ocean circulation during spring and summer in the Central GC, based on
expectations from metapopulation theory. Further, in the Yellow snapper (L. argentiventis), Reguera-
Rouzaud et al. (2020) evidenced a metapopulation structure using genetic data and a ROMS oceanographic
model that exposed a patchily distributed metapopulation interconnected by larval dispersal at different

rates and directions.

In this context, models for the study of ocean circulation in the GC have been developed based on
the equations of motion of fluid dynamics and seawater thermodynamics. Their purpose is to understand
the complex transport processes in the marine system (Nihoul, 1973). As a result, our understanding of
larval dispersal on the GC (Marinone, 2012; Marinone et al., 2011) has been principally based on a
combination of these oceanographic models and population genetics (or other empirical methods) that
have validated the modeled results (Munguia-Vega et al., 2014; Munguia-Vega et al., 2018).
Oceanographic models have evidenced that the ocean currents in the Northern and Central GC are
predominantly asymmetric due to the semi-enclosed conditions caused by the peninsula of Baja California.
Also, a northward current is present along the eastern coast of the GC between the spring-summer seasons
(e.g., August, Figure 5), transporting larvae to the north and producing a cyclonic gyre (counter-clockwise)
in the Northern GC; while a predominantly southward current is present along the eastern coast of the GC
moving larvae to the south during fall-winter (e.g., October, Figure 5) and producing an anticyclonic
(clockwise) circulation phase in the Northern GC (Marinone et al., 2011). These oceanographic conditions
have been determinants for larval connectivity. Biophysical models and genetic studies have indicated that
larval dispersal kernels (i.e., the statistical distribution of dispersion distances in a spatially structured
population, Cayuela et al., 2018) in the GC are not spatially symmetrical but are highly constrained in

particular routes by the direction of the currents driven by the narrow shape of the Gulf, particularly for
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species that spawn during a single season (Alvarez-Romero et al., 2018; Jackson et al., 2015; Lodeiros et
al., 2016; Munguia-Vega et al., 2014; Munguia-Vega et al., 2018; Soria et al., 2012; Turk-Boyer et al., 2014).
Thus, larvae spawned in summer on the eastern coast of the GC are more likely to move in a northerly
direction, while those spawned in fall in the same location are more likely to move south (Figure 5). In
such a highly asymmetric current system, it is, therefore, crucial that conservation strategies (e.g., location
of marine reserves) consider the direction of the larval flow during the spawning season of target species
since these areas act as larval sources to sustain metapopulations of those species (Alvarez-Romero et al.,

2018; Green et al., 2014; Munguia-Vega et al., 2018).
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Figure 5. Larval dispersal in the GC for species spawning during summer (a, August) and fall (b, October) with PLD of
28 days, based on a three dimensional oceanographic model where larvae were released within each of eight coastal
polygons shown in bold. Color shows the depth of virtual larvae (Taken from Munguia-Vega et al. (2018)).

For the present thesis, it is important to emphasize what Lowe and Allendorf (2010) described:
genetic methods provide information on population genetic connectivity and structure (i.e., the degree to
which gene flow affects evolutionary processes within populations). Nevertheless, traditional population
genetic analyses alone provide little information on demographic connectivity (i.e., the degree to which
population growth and vital rates are affected by individual dispersion). The exception is the studies of
connectivity that have incorporated kinship or parentage analyses to infer the trajectories and distances

of larval movement and to obtain data on demographic connectivity, though they required great sampling
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efforts and genotype datasets (Almany et al., 2017; D’Aloia et al., 2013; Melia et al., 2016; Saenz-Agudelo
et al,, 2011; Schunter et al., 2014). Here, | considered potential demographic connectivity as the degree to
which larval dispersal promotes co-occurrence and interactions between individuals from different
populations, and the genetic connectivity as its long-term result and indirect measure of the contribution
of dispersal to local population growth and persistence. Genetic and demographic connectivity are
complementary for understanding their effects on metapopulation processes and will be incorporated in

the analysis of connectivity patterns in the GC.

1.1.3.4 Metacommunity connectivity: from species detection to species turnover evaluation

Studying the genomic and demographic connectivity in fish metapopulations has allowed the
understanding of patterns of variation among geographically structured habitats in a complex seascape,
such as rocky reefs. If we move to a broader organization level of analysis, differences among samples in
terms of species composition affected by metacommunity connectivity can also be evaluated (Diniz-Filho
and Bini, 2011). In this regard, the first step in understanding the spatial patterns in ecological communities
is identifying the species components through monitoring methodologies. However, recognizing the

complete species constituents in a particular ecosystem is arduous, especially in the marine realm.

In the GC, significant advances in the study and characterization of fish communities have been
achieved through underwater visual censuses (UVC) (Aburto-Oropeza and Balart, 2001; Barjau-Gonzalez
et al., 2016; Brusca et al., 2005; Fernandez-Rivera Melo et al., 2018; Olivier et al., 2018; Ramirez-Ortiz et
al., 2017). This method relies on multiple trained observers to record individual fish's presence within a
fixed area. It is a survey method biased against wary, highly mobile organisms or small or cryptic species,
and the detection may be adversely affected by local conditions (e.g., currents, visibility, depth, among
others) (Bozec et al., 2011; MacNeil et al., 2008). Alternatively, eDNA metabarcoding has emerged as a
novel technique for fish surveys (Thomsen et al.,, 2012), as it takes advantage of high-throughput
sequencing of a conserved standard genomic region (barcode) (Hebert, 2003), which is PCR-amplified from
a complex environmental sample, to detect one or several species (Taberlet et al., 2012). In the present
thesis, UVC and eDNA metabarcoding will be used to characterize and assess the communities of fishes
associated with rocky reef ecosystems in the GC. The complementary information of both approaches will
allow a comprehensive description of the local fish communities in the study area to evaluate patterns of

metacommunity connectivity and identify its potential spatial or environmental determinants.
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1.1.3.5 Mechanisms of isolation in metacommunities

The concept of metacommunity has marked a turning point in community ecology because it has
shifted the focus from local interactions between functionally distinct species and their environments as
the principal component determining ecological communities to a broader vision in spatial and temporal
scales, including environmental filtering and dispersion limitation occurring in a heterogeneous
environment at different scales (Holyoak et al., 2005; Hubbell, 2001; Leibold et al., 2004; Vellend, 2010),
to understand patterns of species abundance, occurrence, composition, and diversity (Chase et al., 2020).
It is now accepted that communities are structured by combining all these processes to different degrees
(Moritz et al.,, 2013). Therefore, the focus is on understanding their relative importance, or what

proportion of the overall variance in community structure can be explained by each process.

Among the indexes that have been used to describe community structure and composition are
alpha diversity (species richness) and beta diversity (species turnover) (Magurran, 2004). The first is the
fundamental and most intuitive expression of biological diversity and represents the number of coexisting
species in a local community. The second evaluates the changes in species composition among sites within
a geographical area of interest (Whittaker, 1960). Alpha and beta diversity have been assessed using UVC
and eDNA metabarcoding (Boulanger et al., 2021; Cantera et al., 2021; Lamy et al., 2021; Li et al., 2018;
Marwayana et al., 2022), and results have evidenced that the complementary use of both methods

augments the resolution for examining biodiversity patterns.

Under the neutral theory of biodiversity and biogeography (Hubbell, 2001), the differences in
species composition between local communities are expected to decrease exponentially with increasing
geographic distance (Legendre and De Caceres, 2013). This is empirically and theoretically analogous to
the previously described pattern of IBD (Wright, 1943). This species’ spatial turnover resulting from the
decay of community similarity with geographic distance is known as the distance—decay relationship. This
association has proven common in fish communities (Anderson et al., 2013; Leprieur et al., 2009;
Navarrete et al., 2014) and is a valuable tool for understanding the variables driving community changes,

such as dispersal limitation (Morlon et al., 2008).

The distance decay of similarity in ecological communities has been studied across a broad
spectrum of marine organisms. This body of literature suggests that the decay process is caused by at least
two, not necessarily mutually exclusive, mechanisms (Leprieur et al., 2009). First, the environmental

filtering hypothesis predicts that changes in community composition are a result of species-specific niche
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differences in adaptive responses that have evolved along environmental gradients (niche-based
processes), i.e., sites that are located at short distances are more likely to be environmentally similar and
thus suitable for the same species (Legendre and Legendre, 1998). Niche-based processes produce a decay
of compositional similarity with geographical distance when environmental conditions are spatially
autocorrelated, so nearby sites tend to be more similar in their environmental conditions than distant
sites. Second, the dispersal limitation hypothesis (Hubbell, 2001) postulates that: (1) the differences in
species dispersal capabilities produce patterns of distance decay in community similarity even in
homogeneous environments (neutral processes), and (2) the spatial configuration of the landscape
influences species turnover by controlling habitat patch connectivity and hence the permeability of the
seascape to organism movement. A seascape with significant barriers to movement is expected to produce
greater community similarity decay rates than a more homogeneous and well-connected seascape. These
two different mechanisms will produce similar predictions regarding distance decay and are difficult to
separate in empirical studies (Moritz et al., 2013). Therefore, we can identify three predictions that differ
in terms of the effect of distance on community similarity: 1) when decay in similarity is observed for the
environmental distance but not for the geographic distance; 2) when decay in similarity for the geographic
distance but not for the environmental distance, and 3) a decay in similarity for both distances (Tornero

et al., 2018).

While distance decay processes in community assembly are often quantified as geographic
isolation (Euclidean), the growing understanding of the role of the seascape matrix in mediating
metacommunity connectivity suggests that geographic isolation alone may often be insufficient for
quantifying the role of this process (Fletcher et al., 2016), therefore, accounting for connectivity by the
evaluation of seascape resistance to organismal dispersal can be necessary for providing better estimates
of connectivity (and conversely of isolation) than geographic distance alone (McRae and Beier, 2007). In
the present thesis, | will evaluate metacommunity connectivity by contrasting the distance decay of
community similarity with the geographical (Euclidean), environmental, and resistance distance as

predictors.

1.1.3.6 Metacommunity demographic connectivity: estimation of potential larval dispersal of
reproductive assemblages using oceanographic models

Previous research developed in other fragmented marine ecosystems has shown that
oceanographic models can capture the spatial complexity of oceanographically mediated dispersal among

local communities and have provided insight into the potential scales of metacommunity connectivity.
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Examples have been developed in mesophotic biogenic habitats in the Adriatic Sea, hydrothermal vents,
polychaeta communities in the Mediterranean Sea, Brazilian coral reefs, nearshore marine species in the
Southern California Bight, among others (Bandelj et al., 2020; Magris et al., 2016, 2018; Mullineaux et al.,
2018; Schill et al., 2015; Watson et al., 2011). Results have highlighted that oceanographically mediated
larval dispersal is an important determinant of the spatial patterns of community similarity (Watson et al.,
2010) and that the incorporation of dispersal estimates in the analysis of metacommunity connectivity
renders the study more realistic concerning the processes occurring in dispersive environments (Moritz et

al., 2013).

The rocky reef fishes of the GC exhibit a wide range of reproductive strategies (including fecundity,
spawning frequency, PLD, and larval dispersal capacities) (Table 1). Nevertheless, there is a general
agreement that spring and summer are the primary spawning seasons (Aceves-Medina et al., 2004,
Aceves-Medina et al., 2003; Ahern et al., 2018; Peguero-Icaza et al., 2008, 2011; Sala et al., 2003; Sanchez-
Velasco et al., 2009). This evidence has been drawn from ichthyoplankton abundance and species
composition data collected from the water column, which provided valuable information concerning the
spawning activities, mainly of epipelagic fishes of the Gulf. Sdnchez-Velasco et al. (2009) also found that
the seasonally reversing central eddy and coastal current on the mainland continental shelf of the northern
GC are related to the seasonal larval fish assemblages. They also propose that seasonal changes in
hydrography and circulation trigger the species’ spawning favored by each area's environmental
conditions, which implies a close and predictable coupling between the environmental changes and the

spawning periods.

Similarly, Peguero-Icaza et al. (2011) showed substantial seasonal differences in the connectivity
routes for larval fish assemblage areas in the northern GC, related to circulation phases (cyclonic and
anticyclonic). These seasonal changes have been proved to affect metapopulation connectivity between
the northern and the southern GC, which has important implications for managing and conserving marine
protected areas. Other indirect sources of information are the monthly trends in commercial landings
(Erisman et al., 2010) which confirm the existence of seasonal patterns in larvae abundance along the GC,

being spring and summer the ones that present higher values in contrast with fall and winter.

Even though the fish fauna of the GC is one of the best-studied in the eastern Pacific, knowledge
about the reproductive aspects of each species remains scarce (Aceves-Medina et al., 2003). This is a
significant limitation to our understanding of connectivity as a regional process structuring communities,

and therefore we need to rely on broad approximation to understand the influence of larval dispersal on
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the metacommunity organization (Magris et al., 2016). In the present thesis, | propose the estimation of
potential larval connectivity of groups of species that shares reproductive strategies such as seasonal
reproduction (Magris et al., 2018; Préau et al., 2021), i.e., grouping reef species into coarse reproductive
assemblages according to their spawning seasons (Winter, Spring, Summer, and Fall) representative of the
whole community. This approach would allow us to explore the potential relationship between the
seasonal larval pulses of fishes with the variation in species composition of the local communities along

the GC.

Table 1. Reported spawning periods and PLD inside parentheses for species of fishes in the region Loreto- La Paz.
Grey lines indicate the reproductive period, and black lines reproductive peaks. Column names indicate the initial
letter of each month)

Species J

Balistes polylepis (35)

Lutjanus argentiventris (26)

Lutjanus peru (32)

Mycteroperca rosacea (28)

Paranthias colonus (26)

Seriola lalandi (30)

Caulolatilus affinis (34)

Caulolatilus princeps (34)

1.1.3.7 Graph theory and network analyses as a methodological approach for integrating
functional and structural connectivity information

One of the most used approaches in ecology to represent connectivity in spatially complex
seascapes is the graph theory and the network analyses (Bunn et al., 2000; Guimaraes, 2020; Urban and
Keitt, 2001; Urban et al., 2009). A graph represents a seascape in the form of a network in which links
connect a set of nodes representing habitat patches. A link between two nodes indicates a functional

connection (Figure 6).

From an ecological point of view, the nodes typically represent habitat patches in which local
populations or communities inhabit (Figure 6). This representation appeals to the metapopulation or
metacommunity models of the habitat mosaic (Hanski and Gilpin, 1991; Urban and Keitt, 2001). The nodes

can be annotated with attributes or information, e.g., their spatial coordinates, genomic or ecological
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diversity, etc. On the other hand, the links represent functional connectivity between habitat patches (or
local populations and communities). They can represent a distance (e.g., genomic differentiation or species
turnover) or the likelihood or rate of dispersion (e.g., larval dispersal probability between local
populations). In a graph in which the links represent distance or a rate of dispersal, the links are weighted

(i.e., the link contains the quantitative value being represented) (Urban et al., 2009) (Figure 6).
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Figure 6. Top: a simple unweighted graph. Bottom: a weighted graph with nodes attributed with their sizes, arrows
indicating the direction of the flow, and the line thickness indicating the magnitude of the fluxes (Image taken from
Urban et al., 2009).
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When constructing a network, we need to define two data structures describing its nodes and links
(Hock and Mumby, 2015). First, the nodes are a set provided by an array or list. Additionally, we require a

matrix that summarizes connections between nodes. here are three types of matrices:

e distance matrix (represent a functional distance, e.g., genomic differentiation)
e probability matrix (probability that an individual in node i will disperse to the nodej, e.g.,
probability of larval dispersal)

e adjacency matrix (binary matrix of connected or non-connected elements)

Derived from the network configuration, multiple metrics are available to describe connectivity
patterns at the node, link, and network levels (further described in the Methods section) (Costa et al.,
2017), e.g., node centrality measures can be estimated to quantify local and regional node position and its

importance in the seascape network (Borthagaray et al., 2015; Economo and Keitt, 2010).

There are two general classes of operations on networks, classified as node or link (Figure 7). In
the present thesis, | will employ these two analytical levels to relate functional connectivity (i.e., empirical
data) to structural connectivity (i.e., oceanographic modeling and spatial and environmental

characteristics) (Wagner and Fortin, 2013) (Figure 7). Node level will relate the genomic diversity of local



20
populations and the alpha diversity of local communities to the node centrality metrics of the
corresponding habitat patches obtained from the network analyses. This level of analysis addresses the
qguestion if there is a relationship between the diversity metrics and the centrality of the node network
(Figure 7). On the other hand, link-level will relate pair-wise population genomic differentiation (Fsr)
between local populations and species turnover (beta diversity) to the seascape distances (e.g., Euclidean
distance, resistance distance, environmental distance). This level of analysis will address the question if

there is a relationship between the functional and structural connectivity’s (Figure 7)
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Figure 7. A. A graph-theoretic illustration of marine connectivity. Nodes represent reef habitats within the graph
framework. When larvae from a source reef reach a downstream reef site, a dispersal connection is made. This
dispersal connection and direction are represented by an arrow or 'edge' within the graph. The arrow's thickness
reflects the strength of connection, i.e., the proportion of larvae that moves between the two nodes (from Treml et
al., (2008)). B. Left panel: A at the node level, the allelic richness or species richness (Y) at each sampling location a,
b or c are related to environmental conditions or landscape features (X) observed at the exact location. Nodes of
different sizes refer either to different richness values. Right panel: at the link level, genetic distance, or species
spatial turnover Dy between pairs of sampling locations ab, ac, and bc is related to distance-based landscape data Dx
describing the intervening matrix along each link (Modified from Wagner and Fortin, 2013).

Most of the studies applying graph theory to evaluate seascape connectivity in the GC have
focused on fish metapopulations. Their results have evidenced complex connectivity patterns related
mainly to oceanographic characteristics. Consequently, besides analyzing metapopulation data, it would
be informative to apply graph theory and network analyses to empirical data at the metacommunity level

in the rocky-reef fishes to assess its association to the oceanography of the Gulf.



Table 2. Population, community, seascape and network connectivity data at node and link-levels.

I QEE Node-level

Type of connectivity Seascape data Biological data Seascape data Biological data
Movement (percentage | - Node centrality metrics
of larvae

Demographic Functional/Potential -
dispersing/probability
matrices)

Genomic differentiation | - He, Ho, A;, Fis

Genomic Functional/Realized -

(Fst)
Species turnover - Alpha diversity

Community Functional/Realized -

(beta diversity, Jaccard)

Euclidean Structural Euclidean distance - -

Environmental Structural Environmental distance | - -

Oceanographic Structural Oceanographic distance | -




1.2 Justification

Connectivity is a fundamental component of ecology and evolution and a target of conservation
(Crooks and Sanjayan, 2006; Hanski and Ovaskainen, 2000; Kool et al., 2013) since it has been shown that
the persistence of species, communities, and ecosystems can only be achieved if they are functionally
connected (Resasco, 2019). In the ocean, the connectivity measurement is complicated because of
practical difficulties in quantifying organisms' dispersal rates (Virtanen et al., 2020), consequently, direct

and indirect have been used to characterize connectivity patterns across the sea.

The GC is a global marine biodiversity hotspot due to many species inhabiting it (Brusca et al.,
2010). It’s a very productive region supporting more than 40 % of total annual fisheries production in
Meéxico (Cisneros-Mata, 2010). These fisheries are dependent on rocky reefs (Erisman et al., 2012). For
several decades, fishing stocks worldwide have been declining or depleted due to overfishing (Pauly et al.,
2005), with ecological consequences such as modifying the reef’s general functioning. Also, there is
increasing evidence that changes in species distribution and oceanographic patterns caused by climate
change are occurring, which in turn will influence connectivity and, therefore, should receive more
attention in future conservation planning and large-scale population and community evaluations (Andrello

et al., 2015; Ayala-Bocos et al., 2015).

It’s clear that maintaining biodiversity and ecosystem functioning is now the primary focus of
conservation (Estes et al. 2011). In this sense, although advances in the study of connectivity of rocky reef
fish populations and communities in the GC have been made, baseline information about the prevalent
patterns in this critical group it’s still scarce and needs to be further investigated. The present thesis
represents a significant effort to integrate connectivity information on rocky reef ecosystems and their
associated fishes at a regional scale, focusing on processes occurring across organization levels. This study
expands upon early work of the leopard grouper (Jackson et al., 2015; Munguia-Vega et al., 2014) by using
single nucleotide polymorphisms (SNPs) derived from restriction site-associated DNA sequencing to
improve the statistical resolution for detecting population genomic structure, and including sampling sites
from the north and central GC that were not considered in these previous investigations. Further, the
evaluation of the potential larval connectivity of the leopard grouper and the reproductive assemblages
among local communities is relevant because few species of the GC have been demographically evaluated
to this extent with the incorporation of an oceanographic numerical model and network analysis. The

resultant information informs the ecologically crucial regional connectivity processes for fish species
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associated with rocky reefs. The integrative approach of the present investigation represents a significant
effort to combine into one study information obtained from different sources (empirical data,
oceanographic models, and graph theory). This gives us a novel view of the GC's ecological processes and
provides information about the connectivity patterns that determine biodiversity at different spatial and
temporal scales. Also, it helps to expand our insights into the complex relationship between community

patterns and oceanography.

Furthermore, the application of a novel method for species detection as complement to a
traditional method allowed provided critical information to evaluate the performance of eDNA in species-
rich ecosystems and to investigate potential sources of bias, contributing to the proof-of-concept in the

application of eDNA metabarcoding as a standardized high-throughput method for marine fish monitoring.

With this thesis, | provide a baseline for future conservation studies focused on implementing
management strategies and designing connected networks of marine reserves to protect rocky reef

ecosystems and their associated fishes in the GC.

1.3 Hypotheses

Within the framework of this thesis, the hypothesis considered are:

The simplest way to understand functional connectivity is a scenario in which local populations and
communities are connected by a constant dispersal of individuals. This means that there is a general
homogeneity in the environmental conditions of the seascape matrix, which do not impose any barrier to
dispersal. | assume that all local populations and communities are open and the abundance of individuals
in each local population, and species in local communities are constant. This will serve as the null

hypothesis for the present thesis.

Hypothesis 0: Functional connectivity is random in space due to unrestricted dispersal of individuals across

the seascape matrix and to the homogeneity in the environmental condition of the GC (Figure 8).
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Prediction 0: At the node level, the genomic diversity metrics of the local populations, and the alpha

diversity at local communities will be homogeneous in all localities. At the link level, | expect to find

no-discernable functional connectivity patterns at metapopulation and metacommunity levels, i.e., |

expect that measures of genomic differentiation (population) and species turnover (communities) will

not be correlated with any structural seascape predictors.

The most straightforward step away from the null hypothesis is one in which the dispersal capacity of the

organisms (individuals or species) and the habitat array will determine the functional connectivity,

therefore dispersal will occur mainly between neighboring local populations and communities. In this

sense, the genomic differentiation between local populations will increase with the geographic distance

causing isolation by distance pattern (IBD), or a distance decay of similarity for local communities.

Hypothesis 1: Functional connectivity will decrease with increasing geographic distance (Figure 9).

Figure 9. lllustration for hypothesis 1.
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Prediction 1: At the node level, lower values of genomic diversity and alpha diversity will be found in local

populations and communities that are more geographically isolated. At the link level, genomic

differentiation and community dissimilarity will increase with geographic distance.
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Dispersal potential may vary due to gradients of environmental factors. This environmentally induced
isolation has been termed isolation by environment, IBE. The pattern of local genetic differences that can

accumulate due to the local environment.

Hypothesis 2: Seascape environmental discontinuity restricts functional connectivity (Figure 10).
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Figure 10. lllustration for hypothesis 2.

Prediction 2: At the node level, lower values of genomic diversity and alpha diversity will be found in local
populations and communities that are more environmentally isolated. At the link level, genomic

differentiation and community dissimilarity will increase with geographic distance.

Although IBD analyses traditionally use straight-line (Euclidean) geographic distances, other ecologically
relevant distance measures, such as a resistance distance (derived from an oceanographic three-
dimensional numerical model) may capture functional connectivity processes affecting gene exchange
and, therefore, be better predictors of genetic differentiation than Euclidean geographic distance.
Therefore, an isolation by resistance (IBR) pattern may manifest in organisms with a reproductive strategy
that involves a pelagic larval stage subject to transport by ocean currents. Local genetic differences can

accumulate due to the landscape resistance, which results from ocean currents filtering dispersal.

Hypothesis 3: Functional connectivity is determined by ocean currents (Figure 11).
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Figure 11. lllustration for hypothesis 3.
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Prediction 3: At the node level, lower values of genomic diversity and alpha diversity will be found in local
populations and communities that less oceanographically connected (i.e., lower values of network
centrality metrics). At the link level, genomic differentiation and community dissimilarity will increase with
the resistance distance. | expect that measures of genomic differentiation and community similarity to be
correlated with least-cost oceanographic distance, which is not necessarily correlated with Euclidean

geographic distance.

1.4 Objectives

1.4.1 General objective

To identify patterns of functional connectivity at the population and community levels of organization of
rocky-reef fishes to investigate its relationship with the structural seascape connectivity of the GC using a

graph-theoretic approach at node and link levels.

1.4.2 Specific objectives

1. To evaluate the functional connectivity at population and community organization levels, | aimed
to:

a. Evaluate the population genomic diversity and differentiation (Fst) in the leopard grouper
(Mycteroperca rosacea) through the analysis of Single Nucleotide Polymorphisms (SNPs).

b. Estimate the alpha (species richness) and beta diversities (species turnover) in communities of
rocky reef fishes by characterizing them with two complementary monitoring methods.

2. To evaluate the potential demographic connectivity among the leopard grouper local populations
and the reproductive assemblages of rocky reef fishes using the HAMSOM oceanographic
numerical model.

3. To evaluate the structural connectivity of the seascape by estimating geographic, environmental,
and oceanographic distances using geographic information systems, public databases of
environmental variables, and the output of an oceanographic model (HAMSOM).

4. Tointegrate the information about functional and structural connectivity of rocky reef fishes using
spatial and multivariate statistical methods and a graph-theoretic approach with node and link-

level analyses.
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1.5 Study objects

1.5.1 The Gulf of California seascape

The GC is a marginal sea of the eastern Pacific Ocean, located between the continental part of
Mexico and the Baja California peninsula. It is a semi-closed basin due to its meteorological and
oceanographic characteristics since it is almost surrounded by an elevated topography and connected with
the open ocean only at its southern end (Soria et al., 2014). These properties, together with the fact that
it is a tropical-subtropical transition zone, result in a complex atmospheric and oceanographic
environment with strong variations in physical and biological processes (Lluch-Cota, 2000; Lluch-Cota et

al., 2007), making it a natural laboratory to study the effect of the environment on connectivity.

The GCis bathymetrically divided into a series of basins and trenches, with a maximum basin depth
at the Gulf entrance of >3,000 m but as shallow as ~200 m in the northernmost region. The peninsular
shore is primarily rocky, scattered with sandy stretches and a narrow shelf. On the other hand, the
mainland shore is characterized by long sandy beaches, large coastal lagoons, and open muddy bays. In
general, the GC is characterized by presenting a wide temporal variability in all physical-environmental
characteristics such as temperature, ocean circulation, winds, upwelling, and productivity (Avendafio-
Ibarra et al., 2013; Lavin et al., 2003), and based on its oceanographic characteristics it can be divided into

three main regions: north GC, central GC and south GC (Soria et al., 2014).

Circulation in the GC is strongly seasonal due to the characteristics of the principal forcing’s: the
Pacific Ocean (Ripa, 1997; Ripa, 1990), the wind regime, and the heat flows (Beron-Vera and Ripa, 2000).
These conditions impose characteristics that are particular to the Gulf, such as the circulation in the
northern region, which is anticyclonic from November to March and cyclonic from June to September, as
well as transition periods that occur from April to May and in October (Carrillo and Palacios-Hernandez,
2002). In contrast, the flows are intense in the large island region due to water exchange between the
northern and southern regions (Beier, 1997; Mateos et al., 2006). This region is distinguished by an intense
tidal mixing (Argote et al., 1995) modulated by semi-diurnal, diurnal, and fortnightly frequencies (Lavin
and Marinone, 2003) as well as a branching of deep flow that typically moves north. One branch flows
toward the Ballenas—Salsipuedes Channel (BC) through the San Lorenzo sill, and the other flows through
the San Esteban sill. The latter surrounds Angel de la Guarda Island and converges with the other branch

in the Ballenas—Salsipuedes Channel, thus producing a persistent upwelling (Marinone et al., 2008).
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In the southern region, a train of eddies has been reported in both models and observations (Lavin

et al., 2014; Marinone, 2003; Zamudio et al., 2008). Marinone (2003) identified a series of anticyclonic
(April to May and October to November) and cyclonic (June to August) eddies in the southern region as
well as a quasi-permanent eddy in the San Pedro Martir Basin. Zamudio et al. (2008) studied the generation
of eddies using a three-dimensional model with local and/or remote forcing. They concluded that the
remote forcing is essential for the generation of eddies and that the mechanism of formation occurs by
the interaction of the near-coastal poleward eastern boundary currents with coastline and topographic

irregularities.

The dynamic and circulation characteristics in the GC imply various degrees of connection (i.e.,
connectivity) among the different regions. Quantifying this connectivity among the Gulf regions is helpful
for understanding the transport of fish larvae between continental and peninsular coasts, as documented
previously (Contreras-Catala et al., 2012; Sanchez-Velasco et al., 2013) due to the presence of eddies and

dispersal patterns of some marine protected areas.

1.5.2 The leopard grouper

The leopard grouper, Mycteroperca rosacea (Streets 1877) (Serranidae), is an abundant top
predator that, as an adult, inhabits patchy rocky reefs ecosystems from 1-50 meters depth (mean 16-18
m; Sala et al., 2003; Tinhan et al., 2014). It can be found over a latitudinal gradient of environmental
characteristics (Escalante et al., 2013), from Bahia Magdalena on the Pacific coast of the Baja California
Peninsula (Sala et al., 2003; Thomson et al., 2000) to the waters of the GC. Adults are most abundant on
several microhabitats associated with rocky reefs, including boulder fields, black coral groves, rhodolite
beds, and rock walls (Aburto-Oropeza and Balart, 2001). Individuals can reach 1 m in length and at least

22 years of age (Diaz-Uribe et al., 2001).

The species shows a group-spawning mating system in which site-specific aggregations of several
hundred individuals (Estrada-Godinez et al., 2011) persist for extended periods during the reproductive
season (Erisman et al., 2007) (Figure 12). There is evidence that seasonal patterns of marine productivity
(i.e., high rates of primary productivity and plankton concentrations) influence the reproductive timing of
the leopard grouper (Escalante et al., 2013; Kahru et al., 2004; Lluch-Cota et al., 2007). In this context, the

spawning season of the leopard grouper has been shown to vary latitudinally (Pérez Olivas, 2016; Sala et
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al., 2003) (Table 3): from May to July in Bahia de La Paz (Estrada-Godinez et al., 2011); from April to June

in Loreto (Erisman et al., 2007); from March to May in Santa Rosalia (Pérez Olivas, 2016); from March to

May in the Southern GC (the study doesn’t specify localities) (Sala et al., 2003); only in May in the Midriff

Islands (Sala et al., 2003); and from March to June in the Midriff Islands ( Munguia-Vega et al., 2014). After

hatching, the larvae of leopard grouper possess a PLD of 24-28 days (Aburto-Oropeza et al., 2007; Adrian

Munguia-Vega et al., 2014). Recruitment is positively related to the availability of suitable nursery habitat,

i.e., Sargassum beds on shallow boulders preferentially during times of peak biomass (Aburto-Oropeza et

al., 2007).

Table 3. Temporal variation in the reported leopard grouper’s reproductive seasons in different areas of the GC. The
numbers correspond to the number of each month (1: January ... 12: December).

1/2|3|4|5/6(7|8|9|10|11 12 Study area Reference
& Midriff islands | Sala et al., 2003
ol I R Midriff Islands | Munguia-Vega et al., 2014
R Santa Rosalia Perez-Olivas 2016
S I Loreto Erisman et al., 2007
ol I Bahia de la Paz | Estrada-Godinez et al., 2011
ol R Southern GC Sala et al., 2003
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Figure 12. Leopard grouper (Mycteroperca rosacea) life-cycle (Image from https://datamares.org/perfil-de-especie-

cabrilla).
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According to the IUCN (International Union for Conservation of Nature), this species shows a
decreasing population trend. The IUCN also cautions that if unsustainable fishing pressure continues, it

could become a significant threat to its global population, as no fishing regulations exist in Mexico.

1.5.3 Rocky reefs of the Gulf of California and its associated fishes

In the GC, rocky reefs are a dominant feature in more than 900 islands and islets, along with
shallow Gulf areas and submerged seamounts (Figure 13). These reefs are distributed irregularly along
Gulf coasts and represent the main coverage field habitat type (Munguia-Vega et al.,, 2018). Their
bathymetric distribution ranges from the intertidal zone to ~300 m although most of the habitat and its
associated biodiversity is found in the first 20-30 m (Sanchez-Rodriguez et al., 2015). They support

fisheries and provide multiple ecosystem services (Sanchez-Rodriguez et al., 2015).

One of the main biological components of the rocky reef ecosystems is the group of fishes that
spend most of their time on reefs to feed, shelter, or reproduce (Thomson et al., 2000). According to
Thomson et al. (2000), the GC hosts 821 fish species, of which 30% are bony fish species (Actinopterygii:

Teleostei) (Brusca et al., 2005; Thomson, Findley, & Kerstitch, 2000) inhabit rocky reefs ecosystems.

Biogeographically, the GC lies at the intersection of the temperate and tropical faunal regions of
the Eastern Pacific Ocean. Therefore its ichthyofauna represents a mixture of widespread and endemic
species (Brusca et al., 2010, Chapter 5). It has been shown that the ichthyofauna distribution in the GC
responds to a latitudinal gradient: (a) temperate species are more abundant in the northern GC, (b) tropical
affinity species are more abundant in the south, and (c) an apparent mixture of temperate-tropical fauna
has been found in the central GC zone (Avendafio-lbarra et al., 2013). This pattern is determined by cold
winter water temperatures of the northern GC, which limit the survivorship of some tropical fishes; also,
it generally lacks habitats found in the central and southern parts, especially the deeper ocean basins;
besides the absence of a direct connection with marine waters to the north and south, which precludes

the easy movement of temperate fishes into the region (Brusca et al., 2005).
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Figure 13. Faunistic regions: Northern, Central, and Southern are shown. Also, known rocky reefs (adult habitat of
reef fishes) and sargassum beds (recruitment habitat for M. rosacea and other rocky reef fishes), and marine
protected areas of the GC. Principal cities shown include SF: San Felipe (BC), BA: Bahia de los Angeles (BC), SR: Santa
Rosalia (BCS), Lo: Loreto (BCS), LP: La Paz (BCS), BK: Bahia de Kino (SON), Gy: Guaymas (SON) and Mo: Los Mochis
(SIN). Data obtained from Munguia-Vega et al., 2018.

Ecologically, according to its species composition, the GC has three major subregions: northern,
central, and southern GC (Brusca et al., 2005) that extend: from the Colorado River Delta southward to the
Midriff Islands (northern GC); from the southern limit of the Midriff Islands to Guaymas (Sonora) and Punta
Coyote (Baja California Sur) (central GC); and from the southern boundary of the central GC southward to

Cabo Corrientes (Jalisco) on the mainland to Cabo San Lucas (Baja California Sur) (southern GC) (Brusca et
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al., 2005) (Figure 13). Also, previous studies on communities of rocky reef fishes of the GC have found
gradients in species composition and diversity, with the lower values at higher latitudes (Sala and Aburto-
Oropeza, 2002). Viesca-Lobatdn et al. (2008) found that the dominant fish species changed according to
the latitude and that there is a seasonality of species composition across the GC. Ramirez-Ortiz et al. (2017)
found high fish species biomass and richness and a decreasing pattern of species richness towards the
tropics. Also, Fernandez-Rivera Melo et al. (2018) showed a latitudinal variation in the community species
composition of reef fishes along the western GC, with the highest values of species richness, diversity,
taxonomic distinctness, and trophic level in the southern GC, probably due to a combination of
environmental conditions, a more significant number of habitats and more functional diversity of the
assemblages. Based on the species occurrence and their abundance, the authors identified that the
northern GC presents the lowest values of species richness, abundance, and taxonomic distinctness; the
central GC has intermediate ecological complexity and can be classified as a transition zone from tropical
to temperate reefs; and the southern GC, with the highest values of all diversity indicators. Ultimately,
Olivier et al. (2018) identified the Loreto-Cerralvo corridor as the host of the majority of the reef-fish
diversity in the GC and emphasized that GC is not a homogenous inner sea and presents important
oceanographic divergence along its latitudinal axis, which translates into a functional divergence between
fish assemblages of the northern and southern GC, each zone favoring different ecological trait

combinations.
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Chapter. 2 Methodology

2.1 Evaluation of the functional connectivity at population and community

organization levels

2.1.1 Population-level functional connectivity: evaluation of the genomic diversity and
differentiation (Fst) in the leopard grouper (Mycteroperca rosacea) through the analysis

of Single Nucleotide Polymorphisms (SNPs)

2.1.1.1 Tissue sampling for population genomics analysis

Leopard grouper sampling was performed during 2016, 2017 and 2019, and was designed to
maximize sampling coverage and balance for individual representation in the polygons of the
oceanographic model. Individuals were collected with the help of small-scale fishers who contributed with
taking the samples, and with the annotation of the spatial coordinates of each individual and its size
(individuals size ranged varied from 25-86 cm). After individual collection, fin tissue was immediately
stored in 96% ethanol until DNA extraction in the laboratory. Tissue was collected from 216 leopard
grouper individuals across 22 sample localities along the GC (~10 individuals per locality). Each sampling

locality corresponds to a polygon in the HAMSOM model (Table 4 and Figure 14).

2.1.1.2 Genomic DNA extraction and ddRADseq library construction

In the laboratory, genomic DNA was extracted using a salting-out protocol (Aljanabi and Martinez,
1997) with RNAse treatment (Thermo Scientific), and cleaned with 0.4X Ampure XP (Beckman Coulter).
DNA was resuspended in molecular-grade water, and concentration was determined with HS assay kit
using a Qubit 2.0 fluorometer (Life Technologies). DNA integrity was assessed by electrophoresis in 1.5%
agarose gels. Restriction site-associated DNA (ddRAD, Annex B Figure 39) libraries were constructed using
the Peterson and collaborators (2012) protocol with some modifications. 1) genomic DNA (300-400 ng) of
each individual sample was double-digested in a 50 pL reaction using 20 U of EcoRI-HF®, 20 U of Mspl
restriction enzymes (NEB), and 1X CutSmart Buffer 10X; 2) P1-EcoRl (sample barcode) and P2-Mspl

adapters (0.1 uM final concentration each) were ligated with 100 U of T4 ligase (NEB) in a 40 pL reaction;
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3) individual libraries were pooled in groups of 12 individual samples for indexing (5 pools in total); 4)
target fragments of 376 bp were selected in each pool using a Pippin Prep (Sage Science); 5) lllumina
indexes (PCR_primers) were incorporated to each pool (0.5 uM each) in eight 20 uL PCR reactions/pool
adding 1X Buffer Phusion HF 5X, 0.4 mM dNTPs (Thermo) and 0.5 U of Phusion DNA polymerase (NEB)
using ten cycles of amplification. Cleanup was performed after each step using 1.5X Ampure XP (Beckman

Coulter). Finally, an equimolar combination of the indexed pools was made and sent to Novogene, CA

(https://en.novogene.com) to be paired-end sequenced (2x150 bp) on an Illlumina HiSeq system.

® Population-level sampling
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Figure 14. Leopard grouper sampling of sites for population analyses (see Table 4 for site-specific details) in the GC
(red dots) and the corresponding polygons from the HAMSOM model (yellow polygons) are represented. GC regions
are labeled and delimited with dashed lines. Principal cities shown include SF: San Felipe (BC), BA: Bahia de los
Angeles (BC), SR: Santa Rosalia (BCS), Lo: Loreto (BCS), LP: La Paz (BCS), BK: Bahia de Kino (SON), Gy: Guaymas (SON)
and Mo: Los Mochis (SIN).



Table 4. Leopard grouper’s sampling localities grouped in their respective GC regions. Table shows the Locality number (Loc), Locality name, the Locality ID (ID), Number
of genotyped samples (N), and the geographic location (Longitude, Latitude).

Loc | Locality name ID N Lon Lat
1 | Puerto Pefiasco (Borrascoso) BOR 11 | -114.100 | 31.390
2 | Puerto Lobos LOB 8 |-112.806 | 30.173
3 | Puerto Libertad LIB 7 | -112.660 | 29.814
4 | Desemboque Seri (0-100m) DSE 10 | -112.512 | 29.516
5 | Isla Tiburén (North) TIB_N 8 | -112.449 | 29.254
6 | Isla Tiburén (West) TIB O |11 |-112.518 | 28.963
7 | Reserva Isla Angel de la Guarda (South) ANG S | 10 | -113.135 | 28.985
8 | Reserva Isla Angel de la Guarda (Nortwest) | ANG_NO | 10 | -113.228 | 29.345
9 | Reserva Isla San Lorenzo (South) LOR S |10 |-112.748 | 28.586
10 | Reserva San Lorenzo (North) LOR_N | 10| -112.914 | 28.710
11 | Isla San Esteban EST 10 | -112.599 | 28.753
12 | El Barril BAR 6 | -112.826 | 28.286
13 | Santa Maria SMA 5 | -112.724 | 27.868
14 | Santa Rosalia SRO 7 |-112.089 | 27.261
15 | San Marcial MAR 8 | -110.774 | 25.549
16 | Bajo Seco BS 10 | -110.707 | 25.183
17 | Isla Santa Cruz SCR 8 | -111.021 | 25.524
18 | Isla San Diego SDI 10 | -110.688 | 25.313
19 | San Evaristo EVA 8 | -110.701 | 24.966
20 | Isla San Francisco SFR 7 | -110.592 | 24.844
21 | Coyote coy 10 | -110.666 | 24.730
22 | Bahia Ventana VEN 10 | -109.858 | 24.064




2.1.1.3 Bioinformatic analyses: SNP calling

Demultiplexing of raw reads and quality filters were implemented using the process radtags
program in STACKS v2.5 (Catchen et al., 2011). Read-pairs with the expected restriction sites and barcodes
at both ends were identified, tolerating one error in each barcode (default value). The subsequent steps
of the bioinformatic followed the denovo_map.pl steps in STACKS v2.5. The parameter combination (M, m,
n) that maximized the number of loci generated was identified according to Paris et al. (2017). The final
parameter combination to build loci was 3 for the minimum required read coverage depth to form a stack
or group of identical reads (m); 3 for the maximum number of mismatches allowed between stacks or
groups of identical reads, to be considered as different alleles of the same locus (M); and 4 for the
maximum number of mismatches between loci from different individuals to be considered homologs (n).
Then, data were filtered with populations program, retaining loci present in 50% of the individuals (-r =

0.5), and one SNP per loci with the option write_single_SNP to avoid linkage among loci.

2.1.1.4 Bioinformatic analyses: Data filtering and identification of neutral and candidate SNPs
loci

Additional filtering steps were performed to reduce the calling of false SNPs due to artifacts of the
ddRADseq approach (i.e., multicopy loci, paralogs, and sequencing errors). First, | excluded loci with > 20%
of the missing data and retained loci with a maximum mean depth (max-meanDP) of 100 (to avoid possible
paralogs since preliminary results without removing them yielded a high number of SNPs identified to be
under balancing selection). This first dataset was analyzed to determine candidate loci under natural

selection.

SNPs potentially under selection were identified using three independent approaches: BayeScan
v2.1 (Foll and Gaggiotti, 2008), OutFLANK v0.2 (Michael C. Whitlock and Lotterhos, 2015), and pcadapt
v4.3.3 (Luu et al.,, 2017) R packages. Briefly, Bayescan uses a Bayesian method based on a logistic
regression model that separates locus-specific effects of selection (‘adaptive’ genetic variation) from
population-specific effects of demography (‘neutral’ genetic variation). | ran 10,000 iterations and a burn-
in od 200,000 steps, and | specified a prior odd of 100 to minimize false positives. | considered candidate
SNPs those with a g-value below 0.05. Second, OutFLANK v0.2 calculates a likelihood based on a trimmed

distribution of Fsr values to infer the distribution of Fsr for neutral markers. This test was ran using the
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default options (LeftTrimFraction = 0.05, RightTrimFraction = 0.05, Hmin = 0.1), and identified outlier SNPs
based on the g-threshold of 0.05. Finally, pcadapt performs genome scans to detect loci under selection
assuming that candidate markers are outliers, concerning to how they are related to population structure
when evaluated with principal component analysis using the Mahalanobis distance computed for each
SNP. For this analysis, | applied the default settings and a min.maf value of 0.01. A SNP was considered a
candidate for natural selection if two analyses identified it as an outlier. Using these results, | divided the

data set into two categories: Neutral and Candidate.

As this thesis main objectives are related to the study of connectivity of leopard grouper
populations, all the posterior analyses were made using only the Neutral dataset, which has great potential
for investigating processes such as gene flow, migration, or dispersal. Hence, they allow us to empirically

test the functional relevance of spatial indices used in seascape ecology (Holderegger et al., 2006).

2.1.1.5 Geographical distribution of the genomic diversity and evaluation of the population
genomic differentiation

To evaluate the genomic diversity of the leopard grouper per sampling locality, | estimated the
following parameters: rarefied allelic richness (A;) (to the minimum sampling number of 6 individuals),
observed and expected heterozygosities (Ho and He, respectively), and Wright’s inbreeding coefficient
(FIS) with hierfstat v0.7-7 package (Goudet et al., 2020)in R v4.0.3 (R Core Team, 2021). Then, | used three
approaches to evaluate the population genomic differentiation among the different sampled localities.
First, using pairwise Fst (Weir and Cockerham, 1984) implemented in graph4lg v1.2.0 package (Savary et
al.,, 2021) in R v4.0.3 (R Core Team, 2021), and a hierarchical analysis of molecular variance (AMOVA)
among the three GC regions: North, Central and South (20,000 permutations) with the software Arlequin
v3.5.2.2 (Excoffier et al., 2005). Second, a maximum likelihood model with ADMIXTURE v1.3.0 (Alexander et
al., 2015) with 2,000 bootstrap replicates. This algorithm assumes that each individual has ancestry from
one or more K genetically distinct sources (admixture model, K-means) and that all members of the current
population can breed. To determine the correct number of different populations (K) | used the cross-
validation approach (Alexander et al., 2009). Finally, a multivariate discriminant analysis of principal
components (DAPC) which is designed to identify and describe clusters of genetically related individuals
and is implemented in the adegenet v2.1.3 package (Jombart et al., 2008) in R v4.0.3 (R Core Team, 2021).

To assess the optimal number of genomic clusters, | used the Bayesian Information Criterion (BIC).
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2.1.2 Community-level functional connectivity: estimation of the alpha (species richness) and
beta diversities (species turnover) in communities of rocky reef fishes using

complementary monitoring methods

2.1.2.1 Underwater visual censuses and seawater sampling for eDNA metabarcoding analysis

A scientific expedition was conducted from October 23 to November 15, 2016, on board a 90-foot
vessel to perform UVC and to collect seawater samples for eDNA metabarcoding in rocky reefs across the
GC. Our sampling approach was designed to maximize the biological signal while minimizing the sampling
effort. To this end, we divided our study area into two non-overlapping strata based on known regions

(north and central GC regions, hereafter) to sample 24 independent site (Table 5 and Figure 15)

At each site, immersions were organized into two groups. The first group was composed of six
divers that used SCUBA gear and extensive fish identification expertise to survey conspicuous fishes (adults
> 5 cm total length) inside of 25 m-long transects, 4 m wide and 2 m high (i.e., 200 m* surveyed for each
transect). Transects were placed at different depths ranging from 3 to 25 m, parallel to the coastline, or
following the contour of the reefs (over seamounts), to cover as much habitat area as possible. The second
group, composed of 2-3 divers, navigated underwater ~10 m away from the first group and sampled 1-L
seawater using clean Nalgene™ Wide-Mouth HDPE Bottles (Thermo Scientific™). After the seawater
collection, bottles were closed underwater and remained sealed until water filtration on board. In all cases,
water was filtered < 4 h after collection, using 0.44 um hydrophilic nitrocellulose Millipore® filters placed
in a Millipore® Sterifil® filtration system connected to a manual vacuum pump. Each filter was removed
from the filtration system, folded inwards, stored in 1.6 mL tubes (Neptune ®) with STE sterile buffer (100
mM NaCl, 1 mM EDTA, 5 mM Tris/HCl pH 7.5) and preserved at room temperature until the end of the
scientific expedition. Cross-contamination from diving equipment was prevented by handling eDNA
samples in a dedicated area ~20 m away (on different decks of the research vessel) from where all the
diving equipment and diving operations occurred. In addition, the water filtering step was performed in a
decontaminated area using sterile material, cleaned properly between sampling sites, and between each
water filtering step. Cleaning was accomplished by submerging the filtration systems and bottles in a 1%

sodium hypochlorite solution for 2 hours and thoroughly rinsing with filtered fresh water.



Table 5. Sampling sites for eDNA seawater collection and UVC.

Site Site Name Site ID | Collection date | Lat Long | Temp (°C) D(er:;h N transects
1 El Portugués POR 10/29/16 24.749 | 110.674 28 6 14
2 | Bajo Seco Sur BSS 10/29/16 24.809 | 110.525 27 21 6
3 | Bajo Las Animas ANI 10/30/16 25.114 | 110.508 28 10 11
4 | Isla San Diego SDI 10/30/16 25.204 | 110.695 28 5 14
5 | Isla Santa Cruz SCR 10/30/16 25.313 | 110.689 28 11 10
6 | Isla San Mateo MAT 10/31/16 25.379 | 110.993 28 8 14
7 Isla Catalana CAT 10/31/16 25.715 | 110.776 28 12 14
8 | Isla Monserrat MON 11/01/16 25.744 | 111.049 28 7 14
9 Isla Danzante DAN 11/01/16 25.813 | 111.255 27 13 15
10 | Isla Carmen CAR 11/02/16 26.017 | 111.169 26 6 15
11 | Isla Coronados COR 11/02/16 26.174 | 111.262 27 9 10
12 | Punta Pulpito PUL 11/03/16 26.515 | 111.443 27 4 16
13 | Isla San lldefonso ILD 11/03/16 26.625 | 111.427 27 9 18
14 | Isla San Marcos SMAR 11/04/16 27.260 | 112.089 25 8 16
15 | Isla Tortuga TOR 11/04/16 27.431 | 111.062 26 17 8
16 | Isla San Pedro Nolasco NOL 11/06/16 27.966 | 111.371 24 20 24
17 | Isla San Pedro Martir PMA 11/07/16 28.382 | 112.296 21 13 16
18 | Isla San Francisquito FRA 11/08/16 28.441 | 112.268 23 10 8
19 | Isla San Lorenzo LOR 11/08/16 28.585 | 112.759 23 13 8
20 | Isla Angel de la Guarda IA-] 11/09/16 29.555 | 113.559 24 11 16
21 | Puerto Lobos LOB 11/11/16 30.222 | 112.966 22 3 8
22 | Isla Pato PAT 11/12/16 29.266 | 112.464 19 9 8
23 | Isla Tiburdn TIB 11/12/16 29.065 | 112.506 18 12 4
24 | Isla San Esteban EST 11/13/16 28.722 | 112.613 18 8 8
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Figure 15. Sampling sites for UVC and seawater collection for eDNA metabarcoding across the GC (red dots) and the
corresponding polygons from the HAMSOM model (yellow polygons) are represented. Northern and Central regions
are labeled and delimited with dashed lines. Principal cities shown include SF: San Felipe (BC), BA: Bahia de los
Angeles (BC), SR: Santa Rosalia (BCS), Lo: Loreto (BCS), LP: La Paz (BCS), BK: Bahia de Kino (SON), Gy: Guaymas (SON)
and Mo: Los Mochis (SIN).

2.1.2.2 Custom reference database for the ichthyofauna of the GC: primer design, PCR
amplification, and sequencing

| constructed a local reference database for the “teleo” 12S rRNA barcode (custom reference
database, hereafter) (Valentini et al., 2016). Partial or complete teleost mtDNA sequences for the 12S rRNA

gene were obtained from NCBI for species present in the GC and aligned along with the mitogenome of



41
Cyprinus carpio with the Muscle v3.8.31 plugin in Geneious Prime® version 2019.0.4. Primers
Teleo12S_1322-R, Teleo12S_682-F, and Teleo12S_792-F (Annex B Table 18) were designed with the
Primer3 implementation in Geneious Prime® to amplify 530 - 640 bp regions of the 12S rRNA gene,
surrounding the 65 bp region amplified with “teleo” primers (Valentini et al., 2016). DNA from 67
morphologically identified fish species (1-8 specimens per species) was extracted with a salt protocol
(Aljanabi and Martinez, 1997) and then used for PCR amplification with the newly designed primers (Annex
B Table 20 for the species list). These specimens belong to commercial species collected in the GC over

the last decade as part of the ecosystem-based project PANGAS (Munguia-Vega et al., 2015).

Amplifications were carried out on 25 pL reaction volumes containing 1x PCR Buffer Mg* free, 1.5
mM MgCl,, 0.8 mM dNTP mix, 0.3 uM of each primer, 1.5 U of DNA Taq polymerase (Invitrogen), 1% BSA
and 2 uL of DNA template. The thermal cycling profile was denaturation at 95°C for 60 s; 30 cycles at 95°C
for 30 s; annealing at 61°C for 15 s; and extension at 72°C for 15 s; and a final extension at 72°C for 5 min.
Amplifications were visualized on 2% agarose gels stained with GelRed ® Nucleic Acid Gel Stain (Biotum).
After PCR amplification, products were sequenced (3’and 5directions using the designed primers) on an
Applied Biosystems 3730XL DNA Analyzer at the University of Arizona Genetics Core Laboratory.
Sequences were edited using Chromas Pro v1.6 and aligned using MUSCLE multiple alighment tools
implemented in Mega6 (Tamura et al., 2013). Annotation of the sequences was assisted using the MITOS
web server (Bernt et al., 2013). The obtained sequences were used as a custom reference database for

taxonomic assighment of sequence reads and registered in GenBank (Annex B Table 19).

2.1.2.3 Mock community

To test the detection sensitivity of metabarcoding in a sample of known composition, | included a
mock community in which equal amounts (200 ng) of purified DNA from 22 reef fishes of the GC (Annex B
Table 20) were pooled and subsequently used as a positive control. This sample was incorporated into the

library construction process and sequenced parallel to eDNA samples.
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2.1.2.4 Environmental DNA extraction

eDNA extractions were completed with the Qiagen Blood and Tissue Kit (Qiagen, USA) with some
modifications (Annex B S1). All eDNA extractions were performed in a hood dedicated solely for this
purpose. The hood and pipettes were cleaned with 1% sodium hypochlorite solution and treated with UV
light for 20 min before starting extractions. Filter tips were used in all pipetting to reduce the risk of cross-

contamination. DNA concentrations were measured using a Qubit 3.0 Fluorometer (Invitrogen, CA, USA).

2.1.2.5 Library preparation and high-throughput sequencing

| amplified via PCR ~ 65 bp from the “teleo” 12S rRNA barcode (Valentini et al., 2016). Library
preparation involved two PCR steps and followed minor modifications from similar methods (Miya et al.,
2015). Primer sequences, PCR methods, and reaction conditions are shown in Annex B Table 21 and S2. In
addition to the environmental samples, a positive control (mock community described above) and
negative control (1 pooled negative control consisting of 4 negative controls processed along with the
other eDNA samples during the two steps of PCR, including replicates) were incorporated during library
preparation. A total of 26 samples (including positive and negative controls) were pooled into one 4 nM
equimolar sample and sent to Genomic Services at Langebio-CINVESTAV. A single flow cell lllumina

NextSeq 500 MID (35 Gb) v2 chemistry (2 x 150 bp paired-end) was used for sequencing.

2.1.2.6 Metabarcoding bioinformatic analyses

Bioinformatic analyses were implemented with a UNIX shell script. The complete pipeline is
described in Annex B Table 22. In the first step of the analysis, bcl2fastq v2.19 (lllumina) was used to de-
multiplex indexed sequences. Then, Obitools v1.2.11 (Boyer, Mercier, Bonin, Taberlet, & Coissac, 2014)
was employed for applying robust primary filtering and selecting for high-quality, full-length sequences.
Next, Vsearch v2.7.0 was used (Rognes et al., 2016) for chimera detection de novo, using the uchime_de
novo algorithm (Edgar et al., 2018). A step-by-step aggregation analysis was implemented in Swarm v2.2.2
(Mahé et al., 2015) to cluster reads with a resolution d = 2 (~3% genetic distance). This value was selected
according to the results of genetic distances among species of the local ichthyofauna in our custom

reference database, in which | found that all variation observed below the species level (i.e., intra-species)
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was d < 2, while most variation observed above species level (e.g., 82 % at intra-genus and 86% at intra-
family) was d > 2 (Annex B Table 23 and Figure 40). Finally, singletons were removed, and OTUs/site table

conversion was performed using the owi_recount_swarm R script (Wangensteen, 2019).

2.1.2.7 OTUs taxonomic assignment

Taxonomic assignment of OTUs was performed using three approaches:

1. Using NCBI-GenBank
2. Using our custom reference database

3. Combining both (NCBI + custom reference database)

Basic Local Alignment Search Tool (BLAST) implemented in CLC Genomics Workbench v9 (Qiagen)
was used with a word count value of 30, expected score of 10, and e-value of 1 e, In any case, any OTU
without hits in the Blast search was excluded from the taxonomic assignment. Conversely, in the resulting
alignments, | established conservative thresholds of the percent identity of the hits to assign taxonomy as
follows: 100-97% of identity were assigned to species; 97-94% to genus; 94-91% to family; 91-88% to order
and < 88% to class. When OTUs could not be assigned to species or genus level, | named the OTU with a
consecutive number, followed by the taxonomic level achieved, e.g., OTU_01 (Acanthuridae). | collapsed
(grouped) OTUs taxonomically assigned to the same species or genus. Finally, a secondary filtering step
was performed to avoid potential tag switching or false positives, which excluded singletons within each
sample. Lists of species/OTUs, genus, families, orders, and class detected with UVC and eDNA
metabarcoding were generated, and species/OTUs per site matrices were obtained to perform

community-level ecological analyses.

2.1.2.8 Community-level ecological analyses

All the analyses were performed in R v4.0.0 and RStudio v1.2.1335 (RStudio Team, 2020) using
vegan v2.5-6 (Oksanen et al., 2020). Individual rarefaction curves (rarecurve) and species accumulation
curves per site (speccacum) were computed for each survey method. Alpha diversity (Sobs) and
extrapolated species richness (Sexp, Chao) were also estimated (specpool). To check for significant
differences in Sops Values between methods, | first tested for normality with a Shapiro-Wilk test and then

used a Wilcoxon test to evaluate if the median of Sqs differed between methods. | also computed the
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Spearman correlation between the Sops from each method to assess the relationship of this parameter

between survey methods.

| used the beta diversity (species turnover) using the Jaccard dissimilarity index based on species’
presence/absence to assess differences in the overall community structure detected with both survey
methods (UVC and eDNA metabarcoding). To achieve this, | estimated the multivariate homogeneity
within-group (North and Central) covariance matrices with (betadisper), and then | evaluated differences
in the data dispersion between groups with ANOVA (anova). Differences in species composition of
communities between regions (North and Central) were tested statistically by permutational analysis of
similarities (ANOSIM, anosim) and permutational multivariate analysis of variance (PERMANOVA, adonis).
Dissimilarity values were ordinated using a non-metric Multidimensional Scaling (hMDS, metaMDS) to
visualize the group discrimination of each survey method. A Shepard’s curve was calculated (stressplot) to

establish the k number of the ordination analysis.

Finally, | used the complementary detection data of reef-fish species obtained with UVC and eDNA
metabarcoding to estimate the beta diversity (species turnover) using the Jaccard dissimilarity index based
on species’ presence/absence estimate the beta diversity (Jaccard) to evaluate its relationship with the
geographical (Euclidean), environmental and resistance distances.

Derived from the previous results, a scientific article was published in the Molecular Ecology

Resources Journal in March 2021 (Annex A).

2.2 Structural connectivity: estimation of abiotic predictors and testing for

mechanisms of isolation

2.2.1 Spatial and environmental predictors of functional connectivity

To estimate the Euclidean distance among population and communities sampling localities
(Euclidean distance from now on), | transformed the spatial coordinates of each sampling site into
cartesian coordinates and create a distance matrix using SoDA v1.0-6.1, and stats v4.0.3 base packages in

Rv4.0.3 (R Core Team, 2021).

Then, to evaluate the effects of the spatial configuration and the mean annual environmental

characteristics in which the leopard grouper and the rocky reef fishes inhabit into its connectivity, |
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obtained the values of 14 environmental layers (*.tif) (Table 6) from Copernicus Marine Environment

Monitoring System (CMEMS) (https://marine.copernicus.eu). | clipped it onto the GC range (latitude max:

32.0953, latitude min: 20.3899, longitude max: -104.7695, and longitude min: -115.2966), using the raster
v3.4-5 package in R v4.0.3. Then | extracted the values from the environmental layers for population and
community sampling localities with the same R package. For each set of environmental information
(population and community), | performed a principal components analysis (PCA) using stats v4.0.3 base
package in Rv4.0.3 (R Core Team, 2021) with the centered and scaled variables to summarize the patterns
of environmental variation among sampling sites. Then I, estimated the Euclidean environmental distance
(environmental distance from now on) using the stats v4.0.3 base package in R v4.0.3 (R Core Team, 2021)
of the three principal components of the PCA analysis (PC1, PC1:PC2, and PC1:PC3) which represents ~50,
60 and 80% of the environmental variation among sites, respectively. The removal of redundant variables

with the creation of orthogonal synthetic predictors is a strategy to correct for multicollinearity.

2.2.2 Oceanographic predictors of functional connectivity and network analyses

2.2.2.1 The HAMSOM numerical model, obtention of the potential larval connectivity matrices
and the estimation of the resistance distance

First, to establish the domain in which the population (leopard grouper) and community (rocky
reef fishes) potentially distribute, 59 polygons were created using a geographic information system
(ArcMap) combining shapefiles of the country, the marine protected areas, and the Gulf bathymetry (low
limit -200 m depth isobath (Figure 16). At each polygon, 4000 particles (or virtual larvae) were seeded for
each release date that corresponds to each month of the year (January to December), at two starting
moments (i.e., spring and neap tide). These particles were advected from an Eulerian velocity field
obtained from the baroclinic three-dimensional numerical model HAMSOM developed by Backhaus (1985)
adapted to the GC (Marinone, 2003, 2008) and tracked for 28 days or four weeks (mean PLD). The model

used a mesh size of ~ 1.3 X ~ 1.5 km in the horizontal and 12 layers in the vertical with nominal lower

levels at 10, 20, 30, 60, 100, 150, 200, 250, 350, 600, 1000, and 4000 meters, which depend on the site
depth. Node by edges potential larval connectivity matrices (i.e., probability matrix) were obtained for
each of the twelve months. Each matrix contained information about the proportion of larvae that settled

at each polygon relative to the total number of larvae released.



Table 6. Environmental layers included as predictors of functional connectivity.

Name Units Spatla.nl Source ST |
resolution year | year
Bathymetry meters 30 arcsecond GEBCO 2016 | 2016
Sea surface temperature (SST) Celsius > arcmin (3.2 http://oceancolor.gsfc.nasa.gov/ 2002 | 2009
(annual mean) km)
Current velocity (annual mean) m/s 0.25 arcdegree Sgig?l Ocean Physics Reanalysis ECMWF ORAPS.0 (1979- 2000 | 2014
Dissolved oxygen concentration umol kg-1 0.25 arcdegree Global Ocean Biogeochemistry NON ASSIMILATIVE Hindcast 5000 | 2014
(annual mean) (PISCES)
Iron concentration (annual mean) | umol kg-1 0.25 arcdegree | Global Ocean Biogeochemistry 2000 | 2014
Nitrate concentration (annual umol kg-1 0.25 arcdegree Global Ocean Biogeochemistry NON ASSIMILATIVE Hindcast 5000 | 2014
mean) (PISCES)
Phosphate concentration (annual Global Ocean Biogeochemistry NON ASSIMILATIVE Hindcast
mean) umol kg-1 0.25 arcdegree (PISCES) URL: http://marine.copernicus.eu/ 2000 | 2014
. . - Global Ocean Biogeochemistry NON ASSIMILATIVE Hindcast
Primary production (annual mean) | g/m=T[/day | 0.25 arcdegree (PISCES) URL: http://marine.copernicus.eu;/ 2000 | 2014
- Global Ocean Physics Reanalysis ECMWF ORAP5.0 (1979-
Sea surface salinity (annual mean) | PSS 0.25 arcdegree 2013) URL: http://marine.copernicus.eu/ 2000 | 2014
Silicate  concentration (annual Global Ocean Biogeochemistry NON ASSIMILATIVE Hindcast
mean) umol kg-1 0.25 arcdegree (PISCES) URL: http://marine.copernicus.eu/ 2000 | 2014
. SRTM30_PLUS V6.0 reference: Becker et al. 2009 URL:
East/West aspect radians 30 arcsecond http://topex.ucsd.edu/WWW_htmi/srtm30_plus.htm| 2009 | 2009
. SRTM30_PLUS V6.0 reference: Becker et al. 2009 URL:
North/South Aspect radians 30 arcsecond http://topex.ucsd.edu/WWW_htmi/srtm30_plus.htm| 2009 | 2009
. . GSHHS v2.1 reference: Wessel and Smith 1996
Distance to shore kilometers | 30 arcsecond URL:http://www.ngdc.noaa.gov/mgg/shorelines/gshhs.html 2009 | 2009
Concavity degrees 30 arcsecond SRTM30_PLUS V6.0 reference: Becker et al. 2009 URL: 5009 | 2009

http://topex.ucsd.edu/WWW _html/srtm30_plus.html




Second, | averaged the corresponding probability matrices of the months within each hypothetical
reproductive season (Table 7 and Table 8). From each 59 x 59 matrix, | extracted the information for the
22 polygons sampled for population analyses and 23 polygons sampled for community analyses. As a
result, | obtained 21 probability matrices (22 x 22 polygons) for the population hypothetical reproductive
seasons and four probability matrices (23x23 polygons) for the community hypothetical reproductive

seasons.

Population hypothetical reproductive seasons vary in amplitude (two to seven months), and the
moment of the year that they occur. According to the variation in the literature, this happens mainly
throughout spring and summer (Table 3). On the other hand, rocky reef fish’s hypothetical reproductive
seasons included Winter (December to March), Spring (March to June), Summer (June to September), and
Fall (September to December). These hypothetical reproductive seasons encompass the full range of
reproductive scenarios in which reef fishes can reproduce (Table 1), according to the variation in the

literature.

Third, to determine the resistance distance (resistance distance for now on) derived from the
probability matrices per hypothetical reproductive seasons, | estimated the shortest path (least cost path)
using Dijkstra’s algorithm weighted with the probability larval dispersal value with the igraph v1.2. 6
package (Csardi and Nepusz, 2006) in R v4.0.3 (R Core Team, 2021). This allowed to account for the weight
of the links (i.e., the proportion of larvae dispersed) as a proxy for seascape resistance to the movement
of the larvae, i.e., links with high values of larval connectivity denote shortest resistance distances.
Meanwhile, links with low values of larval connectivity represent the largest resistance distances. |

obtained a resistance distance matrix for each hypothetical reproductive seasons evaluated.

| tested the linear relationship between the leopard grouper’s genomic differentiation Fst matrix
and the community beta-diversity matrix (species turnover) with seascape predictors (i.e., Euclidean,
environmental, and resistance distances). To achieve this, | applied a Mantel test in vegan v2.5-6 (Oksanen
et al., 2020) package in R v4.0.3 (R Core Team, 2021) when including symmetrical matrices relationships
with a Pearson correlation method, and a Mantel test implemented in ape v5.4-1 (Paradis et al., 2021)
package in R v4.0.3 (R Core Team, 2021) when including the asymmetrical oceanographic matrices, using
9999. This test is a permutation-based statistical examination describing the correlation between two
distance or dissimilarity matrices and allows matrix asymmetry. In addition, | performed multiple
regression on distance matrices (MRM) using a permutation test (1000 permutations) of significance for

regression coefficients and R-squared using the ecodist package in R v4.0.3 (R Core Team, 2021).
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Figure 16. Fifty-nine polygons used in the HAMSOM numerical model are represented in green, and polygons with
sampling sites at the population or community level are red. Principal cities shown include SF: San Felipe (BC), BA:
Bahia de los Angeles (BC), SR: Santa Rosalia (BCS), Lo: Loreto (BCS), LP: La Paz (BCS), BK: Bahia de Kino (SON), Gy:
Guaymas (SON) and Mo: Los Mochis (SIN).

2.2.3 Testing for mechanisms of isolation: integrating population genomic and community

connectivity patterns and the seascape predictors

2.2.3.1 Mantel test and multiple regression on distance matrices (Link-level analyses)
2.2.3.2 Network analysis of connectivity data (node-level analysis)

I implemented a network approach to analyze patterns of demographic connectivity at node and link levels

for March-June (Spring) and June-September (Summer) population hypothetical reproductive seasons;
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and Winter, Spring, Summer, and Fall community hypothetical reproductive seasons. First, from each
probability matrix, | estimated different node metrics: export probability as the sum of larval export from
sources i into location j; import probability as the sum of larval imports from sources j into location i; and
local retention as the proportion of larvae released within a node that remains within the natal area at the
end of the PLD (Burgess et al., 2014; Munguia-Vega et al., 2018). From these metrics, | derived the export
- local retention (net export), import - local retention (net import), and export-import (source-sink
characteristic of the polygon) (Munguia-Vega et al., 2014; Munguia-Vega et al., 2018) in which sources are
populations in with net export of larvae (overall export is greater than imports), whereas the reverse are

sinks (Cowen and Sponaugle, 2009).

Table 7. Hypothetical population-level reproductive seasons from which potential larval connectivity matrices were
obtained. The numbers correspond to the number of each month (1: January ... 12: December).

March-April
April-May

May-June

June-july

July-August

August-September
March-May
April-June

May-July

June-August

July-September

March-June

April-July

May-August

June-September

March-July

April-August

May-September

March-August

April-September

March-September
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Table 8. Hypothetical community-level reproductive seasons from which potential larval connectivity matrices were
obtained. The numbers correspond to the number of each month (1: January ... 12: December).

Winter
Spring

Summer
Fall

Then, | converted each probability matrix to an adjacent matrix and then to a graph object from
which | obtained directed-weighted graphs (i.e., a network which links has a direction and weight) and the
following node centrality metrics: degree (i.e., number of connections or links; “in” and “out”, and
respectively); eigenvector centrality (i.e., an extension of the degree, but takes into account the
importance of the nodes that the node has a connection with); central degree (i.e., node centrality in a
graph); betweenness (i.e., centrality based in the number of links that pass through the node); hub (i.e., a
node that contain a large number of outgoing links), and authorities (i.e., a node with a high number of
incoming links from hubs) (Newman, 2018). The graph size, which indicates the number of links in a graph,
was also estimated. Finally, | represented larval potential connectivity networks in a grid format to
evaluate connectivity patterns in a visual form. All the steps for the network analyses were conducted with

the igraph v1.2. 6 package (Csardi and Nepusz, 2006) in R v4.0.3 (R Core Team, 2021).

To evaluate significant associations among node metrics, | estimated a linear regression model
among the leopard grouper’s (population) genomic diversity data and community alpha diversity (species

richness) using stats v4.0.3 base package in R v4.0.3 (R Core Team, 2021).



51

Chapter. 3 Results

3.1 Evaluation of the functional connectivity at population and community

organization levels

3.1.1 Population level functional connectivity: evaluation of the genomic diversity and
differentiation (Fst) in the leopard grouper (Mycteroperca rosacea) through the analysis

of Single Nucleotide Polymorphisms (SNPs)

3.1.1.1 Bioinformatic analyses: SNP calling

Sequencing results yielded 848.8 million raw sequence reads from the ddRAD sequencing, which
was demultiplexed with process_radtags retaining 802.3 million reads total, a mean of 34.8 million reads
per sampling locality, and a mean of 3.7 million reads per individual. After populations filtering, 35,984
SNPs genotyped in 212 individuals remained in the dataset. Details on SNPs number retained after further

filtering steps are shown in Table 9. The overall level of missing data was 6.86%.

3.1.1.2 Bioinformatic analyses: Data filtering and identification of neutral and candidate SNPs
loci

From the 6,589 SNPs, Bayescan detected 3,529 potentially under balancing selection, while
Outflank detected 2 SNPs and pcadapt 17 SNPs. Five loci were shared between Bayescan and pcadapt.
After removing the candidate loci, and the corresponding filtering steps for the Neutral loci dataset (MAF,

HW, and allele number), 985 SNPs were retained (Table 9).
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Table 9. Bioinformatic analyses results including sequencing and the filtering steps. Results are shown in terms of
obtained number of sequencing reads or obtained number of SNPs, and in the number of individuals remaining after
each step.

Sequencing step Obtained Reads Number of individuals

Total number of raw sequence reads 802,395,198 212
Filtering step 1 Number of SNPs Number of individuals

denovo_map 147,841 212

Populations 50% Individuals, single-SNP 35,984 212

Remove loci > 20% missing data 11,852 212

Maximum mean depth/loci 100X 6,589 212
Filtering step 2 in the Neutral dataset Number of SNPs Number of individuals

MAF 0.04 1,204 212

HW (p<0.05) 985 212

Number of alleles 2 985 212

Remove individuals > 20% missing data 985 201

mmz ° 3:;mn
Outlier dataset . ° . 212
Pcadapt
Neutral dataset 985 203

3.1.1.3 Geographical distribution of the genomic diversity and evaluation of the population
genomic differentiation

| found moderate levels of genomic diversity with low variation among localities. Allelic richness
rarefied to N = 6 (A/), varied from 1.544 (LIB and SRO) and 1.57 (SMA, EVA) (mean = 1.56). Observed
heterozygosity (Ho) fluctuated from 0.227 (BS) to 0.261 (EVA) (mean = 0.239), and expected heterozygosity
(He) from 0.233 (LIB) to 0.246 (EVA) (mean = 0.240). Fs values varied from —0.065 (SRO) to 0.032 (TIB_N)
(mean =-0.003) (Table 10). Genomic diversity metrics were not statistically different among North, Central
and South regions of the GC (A;: F=0.522, p =0.602,; Ho: F=0.815, p = 0.458; He: F=0.747, p = 0.487; Fis:
F = 0.823, p = 0.454), nevertheless the Central region presented the highest values of A, (EVA), Ho (EVA)
and He (EVA) (Figure 17 and Figure 18).
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Figure 17. Boxplots showing genomic diversity metrics per GC region. Ar: rarefied allelic richness, He: expected
heterozygosity, Ho: observed heterozygosity, and Fis: Wright’s inbreeding coefficient.

The analysis of the population differentiation in the study area using pairwise Fsr (Weir and
Cockerham, 1984) evidenced low and non-significant values of genomic differentiation among all the
sampling localities. Fst values ranged from zero (~50 % of the paired comparisons), to 0.011 (ANG_S-BS)
(mean pairwise value = 0.001). The hierarchical AMOVA evidenced that the greatest percentage of
genomic variation occurs within individuals (99%) and a non-significant population genomic structure (Fst
=0.0012, p = 0.27). Admixture analysis evidenced the presence of one population (K = 1) (Annex B Figure
41), and the multivariate analysis DAPC with no prior information concurs with this result when using the
BIC criterion for assessing the optimal number of clusters. When DAPC included a priori sampling sites,
120 PCs, and 5 discriminant functions explaining 82% of the genomic variance, the scatter plot of the two

first discriminant axes revealed no clear geographic structure on the genomic diversity (Figure 19).



Table 10. Table summarizing the results of genetic diversity analysis of local leopard grouper populations using 985 SNPs. The local population localities are grouped in
their corresponding GC region. The table shows the Locality number (Loc), Locality name, the Locality ID (ID), Number of genotyped samples (N), the geographic location
(Longitude, Latitude), the rarefied allelic richness (Ar), the observed (Ho) and expected heterozygosities (He), and the Wright’s inbreeding coefficient (Fs).

Loc ‘ Locality name ‘ ID ‘ N ‘ Lon ‘ Lat ‘ A ‘ Ho ‘ He ‘ Fis
North GC region
1 | Puerto Pefiasco (Borrascoso) BOR 11 -114.1 31.39 1.559 | 0.247 | 0.241 -0.019
2 | Puerto Lobos LOB 8 -112.806 30.173 1.552 | 0.231 | 0.237 0.009
3 | Puerto Libertad LIB 7 -112.66 29.814 | 1.544 | 0.232 | 0.233 | -0.002
4 | Desemboque Seri (0-100m) DSE 10 | -112.512 29.516 1.569 | 0.243 | 0.245 0.002
5 |Isla Tiburén (North) TIB_N 8 -112.449 29.254 | 1.553 | 0.228 | 0.239 0.032
6 |lIsla Tiburdon (West) TIB_O 11 | -112.518 28.963 1.548 | 0.229 | 0.236 0.017
7 | Reserva Isla Angel de la Guarda (South) ANG_S 10 | -113.135 28.985 1.560 | 0.241 | 0.242 -0.003
8 | Reserva Isla Angel de la Guarda (Northwest) ANG_NO 10 | -113.228 29.345 1.550 | 0.243 | 0.236 -0.025
9 | Reserva Isla San Lorenzo (South) LOR S 10 | -112.748 28.586 1.562 | 0.244 | 0.240 -0.016
10 |Reserva San Lorenzo (North) LOR_N 10 | -112.914 28.71 1.558 | 0.241 | 0.241 -0.008
11 |lIsla San Esteban EST 10 | -112.599 28.753 1.557 | 0.229 | 0.239 0.028
Central GC region
12 | El Barril BAR 6 -112.826 28.286 | 1.548 | 0.234 | 0.234 | -0.008
13 |Santa Maria SMA 5 -112.724 27.868 1.572 0.245 0.245 -0.012
14 |Santa Rosalia SRO 7 -112.089 27.261 1.544 0.254 0.235 -0.065
15 | San Marcial MAR 8 -110.774 25.549 1.561 0.240 0.241 0.002
16 |Bajo Seco BS 10 | -110.707 25.183 1.551 | 0.227 | 0.239 0.026
17 |lIsla Santa Cruz SCR 8 -111.021 25.524 1.559 0.236 0.240 0.011
18 |lIsla San Diego SDI 10 | -110.688 25.313 1.567 | 0.246 | 0.244 | -0.011
19 |San Evaristo EVA 8 -110.701 24.966 1.573 0.261 0.246 -0.051
20 |Isla San Francisco SFR 7 -110.592 24.844 1.550 0.238 0.239 -0.007
21 |Coyote coy 10 | -110.666 24.73 1.568 | 0.238 | 0.245 0.013
South GC region
22 |Bahia Ventana VEN | 10| -109.858 | 24.064 | 1.561 | 0.239 | 0.242 | 0.011
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Figure 18. Maps showing the geographical distribution of the genomic diversity of the leopard grouper A: Ho
(observed heterozygosity), B: He (expected heterozygosity), C: A (allelic richness), D: Fis (inbreeding coefficient).
Principal cities shown include SF: San Felipe (BC), BA: Bahia de los Angeles (BC), SR: Santa Rosalia (BCS), Lo: Loreto
(BCS), LP: La Paz (BCS), BK: Bahia de Kino (SON), Gy: Guaymas (SON) and Mo: Los Mochis (SIN).



56

m eigenvalueg

Q 4
- B 1 C :
| | 1

> 2 | ..
- b g
& &

3 3

sS4 o

=] T =3

-10 -5 0 5 -5 0 5
Discriminant function 1 Discriminant function 2 15 4 13 12 -

Figure 19. Discriminant Analysis of Principal Components (DAPC) results of the 985 SNP neutral dataset obtained
from the leopard grouper population analysis. Figures show the scatterplot with a priori sampling location
information (Panel A) and density plots for (Panel B) the first and (Panel C) the second discriminant axes. Map (Panel
D) shows the geographical distribution of the sampling localities and the GC regions. The principal cities shown
include SF: San Felipe (BC), BA: Bahia de los Angeles (BC), SR: Santa Rosalia (BCS), Lo: Loreto (BCS), LP: La Paz (BCS),
BK: Bahia de Kino (SON), Gy: Guaymas (SON) and Mo: Los Mochis (SIN).

3.1.2 Community-level functional connectivity: estimation of the alpha (species richness) and
beta diversities (species turnover) in communities of rocky reef fishes using

complementary monitoring methods

3.1.2.1 Underwater visual censuses species detection

UVC covered 295 transects (mean/site = 12, SD = 4.5) in 24 sites from the GC. In total, 43,647
individual teleost fishes were observed, representing 97 observed species, 66 genera, 32 families, and

eight orders (Annex B Table 24).
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3.1.2.2 Custom reference for the ichthyofauna of the GC: primer design, PCR amplification,
and sequencing

The custom reference database included 112 12S rRNA gene sequences from 67 species and 32
families with a mean length of 552 bp (SD = 65 bp) (NCBI-GenBank accession numbers in Annex B Table
19. When analyzing the genetic variation among these species, | found high genetic variability taxonomic
levels. Intra-family variation ranged from low genetic distance (dmex) in Istiophoridae (0 — 2%) to high in
Pomacentridae (42.9%) and Serranidae (42.7%). At the intra-genus level, dmex Went from low values in
Thunnus (0 — 1.4%), to high in Lutjanidae (14.5%). Intra-specific variation was found in the species
Kyphosus elegans (dmex 2.8%), Lutjanus peru (dmex 1.4%), Mycteroperca rosacea (dmax 1.4%), Thunnus

albacares (dmax 1.4%) and Scomberomorus sierra (dmaex 1.3%) (Annex B Table 23).

3.1.2.3 eDNA metabarcoding sequencing statistics, OTUs identification in environmental
samples, and taxonomic assignment

| obtained 5,429,682 raw paired-end reads in the 26 sequenced samples (mean = 208,833
reads/sample, SD = 43,538) from which | kept 2,897,810 (mean = 111,454 reads/sample, SD = 45,472) after
quality filtering (Annex B Table 25). OTU clustering returned 542 OTUs that were used in the different
taxonomic assignment approaches. The success and resolution of each of the taxonomic assignment
methods varied depending on the reference database used (NCBI-GenBank, custom reference database,
NCBI + custom reference database). Separately, the NCBI database and the custom reference database
produced similar results in terms of the number of assigned OTUs (48% and 49% of 542 OTUs,
respectively). On the other hand, the combined use of both databases outperformed their individual
contributions in terms of the taxonomic resolution at species and genus levels and increased the
identification success by ~12% (60% of 542 OTUs) (Annex B Table 26). Thus, | used the NCBI + custom
reference database for the final taxonomic assignment of the OTUs, obtaining 119 unique Actinopterygii
OTUs, of which 57 were taxonomically assigned above family level. The remaining 64 OTUs represent 64

species, 44 genera, 26 families, and seven orders (Annex B Table 27).



Table 11. Table summarizing the results of alpha diversity analysis of local rocky reef fish communities using UVC and eDNA metabarcoding. The table shows the Locality
number (Loc), Locality name, Locality ID (ID), Collection date, the geographic location (Longitude, Latitude), and the alpha diversity estimated using eDNA (including or
not the OTUs), UVC, and complementing both detection methods UVC + eDNA (including or not the OTUs).

. Alpha diversity | Alpha diversity Alpha diversity Alpha diversity | Alpha diversity
Loc Locality name ID Long Lat eDNA eDNA UVC UVC + eDNA UVC + eDNA
with OTUs without OTUs with OTUs without OTUs
1 El Portugués POR | 110.674 | 24.749 45 27 32 55 37
2 Bajo Seco Sur BSS | 110.525 | 24.809 52 25 22 54 27
3 Bajo Las Animas ANl | 110.508 | 25.114 49 27 34 65 43
4 Isla San Diego SDI | 110.695 | 25.204 53 26 48 75 48
5 Isla Santa Cruz SCR | 110.689 | 25.313 47 24 39 63 40
6 Isla San Mateo MAT | 110.993 | 25.379 56 30 38 66 40
7 Isla Catalana CAT | 110.776 | 25.715 51 30 35 60 39
8 Isla Monserrat MON | 111.049 | 25.744 41 30 48 58 47
9 Isla Danzante DAN | 111.255 | 25.813 46 28 40 60 42
10 Isla Carmen CAR | 111.169 | 26.017 46 30 47 62 46
11 Isla Coronado COR | 111.262 | 26.174 47 24 43 68 45
12 Punta Pulpito PUL | 111.443 | 26.515 49 27 44 - -
13 Isla San lldefonso ILD | 111.427 | 26.625 42 27 42 61 46
14 Isla San Marcos SMAR | 112.089 | 27.260 39 24 39 58 43
15 Isla Tortuga TOR | 111.062 | 27.431 44 26 30 51 33
16 | Isla San Pedro Nolasco | NOL | 111.371 | 27.966 52 32 50 70 50
17 | Isla San Pedro Martir PMA | 112.296 | 28.382 39 23 37 56 40
18 Isla San Francisquito FRA | 112.268 | 28.441 40 24 29 51 35
19 Isla San Lorenzo LOR | 112.759 | 28.585 49 29 27 54 34
20 | Isla Angel de la Guarda | IA-l | 113.559 | 29.555 35 22 29 45 32
21 Puerto Lobos LOB | 112.966 | 30.222 39 27 18 39 27
22 Isla Pato PAT | 112.464 | 29.266 36 22 24 43 29
23 Isla Tiburdn TIB | 112.506 | 29.065 40 25 32 55 40
24 Isla San Esteban EST | 112.613 | 28.722 37 20 19 44 27




3.1.2.4 List of species/OTUs detected with both survey methods

A total of 191 species/OTUs were detected with both survey methods. Of these, 13% were shared,
49% were identified only by eDNA, and 38% were observed only with UVC. The proportion of shared taxa
between methods increased when higher taxonomic levels were considered: 39% for genus (31/79), 53%

for family (20/38), and 36% for order (4/11) (Figure 20) (Annex B Table 29 - 32 for complete lists).
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Figure 20. (A) Number of observations per taxonomic level. (B) Species accumulation curves with confidence intervals
(95%), Sexp is showed in dashed lines for each monitoring method. (C) Boxplot of the mean observed number of
species (Sobs) per site in each survey method. (D) Mean Sobs per method and per region of the Gulf of California. In
all graphs, UVC is shown in yellow; eDNA is shown in blue, and both methods are shown in white.

Even though UVC targeted only the class Actinopterygii, eDNA also recorded the class
Chondrichthyes (Carcharhinus leucas three reads), Mammalia (Homo sapiens four reads), and Aves (Gallus
sonneratii nine reads), which were removed for the ecological analyses. Furthermore, while all fishes
registered in the UVC were reef-associated, eDNA metabarcoding detected additional taxa from
surrounding pelagic, demersal, and estuarine habitats. From the 38 families jointly detected with both
methods, six families were identified only with eDNA and included pelagic (Istiophoridae, Scombridae,
Clupeidae), demersal (Paralichthydae, Nomeidae), and estuarine (Mugilidae) taxa. Conversely, twelve

reef-associated families were observed in UVC but were not recovered by the eDNA methods.
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Interestingly, although they were also detected with UVC, eDNA metabarcoding detected three species of

cryptic reef fish: Apogon retrosella, Cirrhitichthys oxycephalus, and Coryphopterus urospilus (Figure 21).

uvC
VNad®

Figure 21. Families detected with each monitoring method. UVC: 1. Sparidae; 2. Zanclidae; 3. Scorpaenidae;
4.Labrisomidae; 5. Tetraodontidae; 6. Muraenidae; 7. Chaetodontidae; 8. Synodontidae; 9. Bleniidae; 10.
Chaenopsidae; 11. Tripterygiidae; 12. Holocentridae. Both methods: 13. Carangidae; 14. Scaridae; 15. Lutjanidae; 16.
Gobiidae; 17. Serranidae; 18. Fistulariidae; 19. Balistidae; 20. Kyphosidae; 21. Elopidae; 22. Sphyraenidae; 23.
Mullidae; 24. Pomacanthidae; 25. Haemulidae; 26. Sciaenidae; 27. Acanthuridae; 28. Pomacentridae; 29.
Diodontidae; 30. Cirrhitidae; 31. Labridae; 32. Apogonidae. eDNA: 33. Istiophoridae; 34. Scombridae; 35.
Paralichthydae; 36. Nomeidae; 37. Mugilidae; 38. Clupeidae (drawings by Juan Chuy).

3.1.2.5 Mock community and negative control

Evaluation of the taxonomic identities in the mock community indicates that 20 of the 22 species
included (90.9%) were identified in the sample (Annex BS Table 20). Two species, Hoplopagrus guentheri
and Kyphosus elegans produced no sequencing reads in the mock community results despite having been
included in the custom reference database. Nevertheless, K. elegans was detected in eDNA field samples.
| detected one species that was excluded from the mock community sample (6 reads Mycteroperca
rosacea). For the negative control (which contained four pooled PCR negative controls), only four reads
were detected after filtering (two from Mycteroperca rosacea and two reads from Thunnus albacares).

These results indicate negligible levels of foreign DNA contamination during PCR and library preparation.
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3.1.2.6 Community-level ecological analyses

Individual read rarefaction curves (eDNA) reached an asymptote in all sampling sites showing that
sequencing depth was sufficient to capture the total components of the fish community. Conversely,
individual fish rarefaction curves (UVC) did not show this pattern, indicating that the mean number of
transects per site was insufficient to capture the complete species components (Annex B Figure 42).
Species accumulation curves per site showed an incomplete asymptote in both methods, suggesting the
need to increase sampling effort (Figure 20B) in terms of the number of sites visited. The total number of
extrapolated species (Sexp) estimated with Chao non-parametric estimator was higher in eDNA

metabarcoding, than in UVC (172 and 135, respectively) (Figure 20B).

The alpha diversity or total number of observed species/OTUs per site were Sops eDNA = 45 £ 6
(range 35 —56) and Sobs UVC 35 + 9 (range 18 — 50) and showed a heterogeneous geographical distribution
among sampling sites (Figure 22). These values showed significant differences between their medians
when they were compared between methods (p = 0.0004) and were not normally distributed (eDNA p =
0.49, UVC p = 0.60) (Figure 20C). Spearman’s correlation of So,s between methods was statistically
significant (S = 1351, rho = 0.41, p = 0.04). When comparing mean Sqps between North and Central
biogeographic regions, | found significant differences with both methods (eDNA: F = 11.28, df = 1, p =
0.002; UVC F=13.18,df =1, p = 0.001) (Figure 20D).

Community data showed multivariate heterogeneity within-groups (eDNA: F = 5.55, Df =1, p =
0.02; UVC: F=6.77, Df =1, p =0.02). Also, the evaluation of multivariate differences between groups with
ANOSIM (eDNA: R =0.202, p = 0.035; UVC: R = 0.605, p = 0.0009) and PERMANOVA (eDNA: F =2.31, Df =
1, p=0.003; UVC: F=7.54, Df = 1, p = 0.0001) revealed significant differences in fish assemblages between
the North and Central areas of the GC for both survey methods. This distinction was also discriminated by
nMDS ordination analysis (k = 2) (Figure 23) (eDNA: nMDS Stress = 0.217; UVC: nMDS Stress = 0.109). The
Mantel tests between beta diversity (Jaccard) and geographic distances among sampling sites revealed a
significant correlation for UVC (r = 0.62, p = 0.0001) but not for eDNA (r = 0.06, p = 0.18) when including

all the species detected with each method separated.

Finally, | used the complementary detection data of reef-fish species obtained with UVC and eDNA
metabarcoding to estimate the beta diversity (Jaccard) to evaluate its relationship with the geographical

(Euclidean), environmental, and resistance distances.
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Figure 22. Geographical distribution of the number of species (Sobs) detected at each site with each survey method:
UVC (left) and eDNA metabarcoding (right). Northern and Central regions are labeled and delimited with dashed
lines. Principal cities shown including BA: Bahia de los Angeles, SR: Santa Rosalia, L: Loreto, LP: La Paz, BK: Bahia de
Kino.

3.2 Structural connectivity: estimation of abiotic predictors and testing for

mechanisms of isolation

3.2.1 Spatial and environmental predictors of functional connectivity

The 14 environmental variables for population and community sampling sites showed
considerable irregularity along with the GC. Two groups of variables that varies differentially can be
identified: the geomorphological and location-related variables (i.e., bathymetry, aspect East-West, aspect
North-South, distance to shore and concavity), and the physicochemical variables (i.e., sea surface
temperature, current velocity, dissolved oxygen, iron, nitrate, phosphate, primary productivity, salinity
and silicate). The first didn’t show a marked latitudinal variation compared with the latter, which
evidenced a latitudinal change of environmental values from North to South, with a marked separation
between the North and Central regions (Annex B Figure 43 - 44). Also there is evidence of some localities
that present transitional environmental characteristics (BAR, SMA, and SRO in the population localities;

and FRA and PMA for the community localities) (iError! No se encuentra el origen de la referencia.).
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Figure 23. Non-metric multidimensional scaling (hMDS) ordinations of community data using the Jaccard similarity
index and k=2 for (A) underwater visual census (UVC) and (B) marine environmental DNA (eDNA). Red and Black dots

indicate Northern and Central groups, respectively.
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Figure 24. Heatmaps of the 14 environmental variables from the population (left panel) and community sampling
sites (right panel). Columns and rows are separated per North, Central and South region with white lines.
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When observing the PCA biplot, population and community localities were distributed along the
first PC biplot axes in a latitudinal matter in both cases, being the localities from the Northern GC grouped
in the right side of the graph, and the Central and Southern localities in the left side. In the second PC, we
observed that the localities from the North region are distributed longitudinally. This not happen with the

Central region localities (Figure 25 above and Figure 26 above).
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Figure 25. Above: PCA biplot of evaluating the 14 environmental variables of the population sampling sites. The color
of the arrows indicates the variable contribution to each PC; the shape size indicates its contribution to each PC, the
color of the shape indicates the region of the GC, and the shades ellipses were drawn to group the North and Central
region localities. Below: Scree-plot of components contribution from the PCA analyses of the population sampling
sites.
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Figure 26. Above: PCA biplot of evaluating the 14 environmental variables of the community sampling sites The color
of the arrows indicates the variable contribution to each PC; the shape size indicates its contribution to each PC, the
color of the shape indicates the region of the GC, and the shades ellipses were drawn to group the North and Central
region localities. Below: Scree-plot of components contribution from the PCA analyses of the community sampling
sites.

When evaluating the proportion of the variance explained by the eigenvalues in both analyses, the
first three components in the population localities represent 49.4%, 69.5% and 79.8% of the variation,
respectively; and in community localities 50.4%, 66.0% and 78.6% of the variation, respectively (Figure 25
below and Figure 26 below). When evaluating variable contribution results from each PCA, the five

variables that contributed most to the first PC of the population localities were phosphates (13.9%),
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dissolved oxygen (13%), sea surface temperature (13%), salinity (11.9%) and silicates (11%); for the second
PC distance to shore (40.8%), bathymetry (35%), aspect East-West (7%), current velocity (4.6%) and aspect
North-South (4.5%); and for the third PC iron (30%), nitrates (20%), aspect North-South (14.5%), concavity
(7.5%), aspect East-West (7%). The five variables that contributed most to the first PC of the community
localities were phosphates (13.7%), dissolved oxygen (13.4%), salinity (12.5%), silicates (12.5%) and sea
surface temperature (12.3%); for the second PC iron (20.6%), nitrates (35%), primary productivity (18.4%),
bathymetry (11.8%) and aspect East-West (9.9%); and for the third PC concavity (35.1%), aspect North-
South (19.2%), bathymetry (17.6%), aspect East-West (15%) and distance to shore (11.5%).

3.2.2 Oceanographic predictors of functional connectivity and network analyses

For the 21 leopard grouper (population-level) hypothetical reproductive seasons, the main
differences in the connectivity patterns are related to the intra-annual variability of ocean circulation of
the GC, covering March-June (Spring) and June-September (Summer) seasons. In terms of graph sizes, the
Spring network (171 links and density of 0.37) was more extensive than the Summer (146 links and density
of 0.31), representing more complex relationships among nodes (Figure 27). As inferred from oceanic
currents, patterns of larval dispersal changed directions from Spring, with an anticyclonic (clockwise)
circulation that caused connections predominantly northward, to Summer with a cyclonic (anticlockwise)

circulation with predominantly southward connections.

Network evidenced that complex associations characterize the Spring season with a marked
North-Central-South regionalization in the connectivity patterns. In the North region of the GC, a group of
high connectivity nodes occurs within North-East (BOR, LOB, LIB, DSE, and insular TIB_N, and TIB_O)
(Figure 27). One of the main features of the Spring network is the northward flux of larvae that connects
the Central and South region to the North region via four principal nodes: BAR, SMA, SRO, BS, MAR, SCR,
and BS. In the Southern region, the VEN node exports its larvae to the Central GC nodes of SCR, EVA, and
SFR, and imports 0% of larvae. VEN also presents the second-highest local retention value of all the nodes,
with 30.3% of its larvae retained, preceded by COY (44% of larvae retention). Finally, it is of relevance to
mention that in this season, there is no flux of larvae from the Northern region to the Southern region, nor

from the Central region to the Southern region (Figure 27).
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During the Summer season, the North-Central-South regionalization is still present. The number

of connections in the Northern region is more numerous than in the Central (Figure 27). The mainland
north-eastern nodes of BOR, LOB, LIB, and DSE present medium-high larval net export and net import
values. Nodes on the Midriff Islands present low larval net export and medium net (Figure 28). The intense
larval flux from the Central region to the North region characteristic of the Spring season is absent during
summer, which produces a discontinuity of the network from the BS node to the South, and from the SMA
node to the North. Moderate connectivity within the Central region. Finally, in the Southern region, the
VEN node export 1.2% of its larvae to the Central nodes EVA and SFR and imports 0% of larvae. In this
season, the SMA node presents the highest local retention value (37% of its larvae are retained) compared

to all the resting nodes in the GC, followed by COY (23.4% of larval retention) (Figure 27).

On the other hand, the node centrality metrics estimated for Spring and Summer population-level
hypothetical reproductive season (Figure 28) reflect the regional, seasonal variation described above, in
which a latitudinal trend is present. The North region presents a more complex larval interchange
configuration in both seasons and higher network centrality metrics values than the Central and South
regions. This is reflected in their higher degree values (out, in, degree) hub and authority characteristics.

The Central region nodes BAR, SMA and SRO, which are crucial for establishing metapopulation
connectivity between the North and the Central regions during Spring, present medium-high values of
network centrality metrics (out, in, degree, central betweenness, hub, and authority). The Central and
Southern nodes EVA, SFR, COY, and VEN showed medium-low node centrality values in both seasons,
except for COY. During Spring, the North is mainly a sink and the Central region a source of larvae. In the
Summer, the Central region changes to the opposite (sink). Also, the highest net import values occur in
the North localities LOB and LIB during Spring, and DSE, TIB_N, and TIB_O in Summer. The net export peaks
at various localities of the GC during Spring (BOR, DSE, SMA, and COY) and in LIB during Summer. VEN, COY

presented high local retention during Spring and SMA during Summer (Figure 28).

The four rocky-reef fishes (community-level) hypothetical reproductive seasons showed a
regionalization in the connectivity patterns. Graph size was larger during Fall (198 links and density 0.39),
followed by Spring (187 links and density 0.37), Winter (168 links and density 0.33), and Summer (135 links
and density 0.26). Oceanic currents changed directions from an anticyclonic (clockwise) circulation that
caused connections predominantly northward to a cyclonic (anticlockwise) circulation with predominantly

southward links from Winter to Fall (Figure 29 and Figure 30).
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Figure 27. March-June (Spring) (left) and June-September (Summer) (right) seasons. Nodes are colored according to
the GC region they belong to North (orange), Central (green), or South (blue). Arrowheads indicate the direction of
the larval dispersal, and the width of the arrow line means the proportion of larvae being dispersed. Below: Adjacency
matrices of potential larval connectivity of the 22 leopard grouper’s localities in the GC for four of the Spring (March-
June) (left) and Summer (June-September) seasons (right). Columns indicate the source localities in these matrices,
and the rows indicate the target localities. The colors of the cells show the amount of larval dispersal between the
two adjacent localities. Diagonal represents the local retention of larvae. Columns and rows are separated per North,
Central, and South regions with white lines.

The northern region of the GC presents a set of nodes with high connectivity between them (LOB,
IA-A, PAT, TIB, EST, and LOR). Then, to the south, a group of nodes that maintain connectivity between the
Central and North regions and, in turn, present high connectivity between them (FRA, ILD, COR, and CAR).
The DAN node presents low connectivity with all the other nodes, except with SDI, and COY to which it

exports a large proportion of its larvae (towards the south), and NOL and TOR from which it receives a
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proportion of larvae. This occurs in all seasons except Winter, in which connectivity to NOL and TOR is lost.
Subsequently, a group of Center-South nodes that present high connectivity between them (MON, CAT,
MAT, SCR, SDI, ANI, and CQOY), mainly with a southerly direction in all seasons, except in Winter, in which

they present connections both to the north and to the south (Figure 29 and Figure 30).

On the other hand, the node centrality metrics estimated per community level hypothetical
reproductive seasons also reflect the regional seasonal variation described above, in which a latitudinal
trend is present (Figure 31). Central localities present higher out-degree values during Winter and Fall, and
Northern localities during Spring and Summer. Northern nodes present high in-degree values during
Winter and Fall and in less degree in Spring and Summer. On the contrary, Central nodes shoe high in-
degree values mainly during Spring. According to the hub and authority latitudinal distribution the
prevalent connectivity during Winter is from Central-North nodes to the North; in Spring from the Central-
North nodes to the Central-South nodes; in Summer the connectivity is restricted to the North and North-
Central region, and in the Fall the connectivity goes from the Central nodes to the North and within. The
net export peaks at various localities of the GC during Winter (ILD, LOT, and CAR), during Spring (ILD, SRO,
and LOB), during Summer (DAN, LOB, and SDI) and in Fall (ILD, SAN, and SDI). mainly on the northern sites
BOR, LOB, LIB, and DSE. VEN, COY, and SMA presented high local retention in both seasons (Figure 31).
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Figure 28. Heatmaps of node network metrics for the 22 leopard groupers localities of the GC for two seasons: Spring
(left) and Summer (right). Values were standardized and centered by column.
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Figure 29. Circle network representation of potential larvae connectivity among the 23 rocky-reef fishes localities in
the GC for four seasons: Winter (above left), Spring (above right), Summer (below left), and Fall (below right). Nodes
are colored according to the GC region they belong: North (orange) and Central (green). Arrowheads indicate the
direction of the larval dispersal, and the width of the arrow line means the proportion of larvae being dispersed.

3.2.3 Testing for mechanisms of isolation: integrating population genomic and community

connectivity patterns and the seascape predictors

3.2.3.1 Mantel test and multiple regression on distance matrices (link-level analyses)
The population genomic differentiation of the leopard grouper (Fst, Weir and Cockerman 1984)

and the logarithm of the Euclidean distance among 22 studied localities in the GC (Table 12, Figure 32 and
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Figure 33), presented contrasting results when evaluating for an IBD pattern with Mantel test and MRM
(r=0.123, p = 0.048; R?=0.015, p = 0.097). When comparing data from regions, neither North (r = -0.096,
p =0.661; R2=0.009, p = 0.483) or Central (r =0.102, p = 0.261; R? = 0.040, p = 0.302) presented significant
correlations with the geographical distance, rejecting the null hypothesis of IBD. When evaluating localities
from SRO to VEN, both tests showed statistically significant results (r = 0.482, p = 0.042; R*=0.232, p =
0.039) demonstrating that for this subregion of the GC, the genomic differentiation of the leopard grouper
present and IBD pattern in which the geographical distance among sites explains 23% of the genomic

differentiation (Table 12 and Figure 33).
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Figure 30. Adjacency matrices of potential larval connectivity of the 23 rocky-reef fishes localities in the GC for four
seasons: Winter (above left), Spring (above right), Summer (below left) and Fall (below right). In this matrices columns
indicate the source localities and the rows indicate the target localities. The colors of the cells indicates the amount
(of larval dispersal between the two adjacent localities. Diagonal represents the local retention of larvae.
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Figure 31. Heatmaps of node network metrics of the 23 rocky-reef fishes localities in the GC for four seasons: Winter
(above left), Spring (above right), Summer (below left) and Fall (below right). Values were standardized and centered
by column.
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3.2.4 Testing for mechanisms of isolation: integrating population genomic and community

connectivity patterns and the seascape predictors

3.2.4.1 Mantel test and multiple regression on distance matrices (link-level analyses)

The population genomic differentiation of the leopard grouper (Fst, Weir and Cockerman 1984)
and the logarithm of the Euclidean distance among 22 studied localities in the GC (Table 12, Figure 32 and
Figure 33), presented contrasting results when evaluating for an IBD pattern with Mantel test and MRM
(r=0.123, p = 0.048; R?=0.015, p = 0.097). When comparing data from regions, neither North (r = -0.096,
p =0.661; R2=0.009, p = 0.483) or Central (r =0.102, p = 0.261; R? = 0.040, p = 0.302) presented significant
correlations with the geographical distance, rejecting the null hypothesis of IBD. When evaluating localities
from SRO to VEN, both tests showed statistically significant results (r = 0.482, p = 0.042; R*=0.232, p =
0.039) demonstrating that for this subregion of the GC, the genomic differentiation of the leopard grouper
present and IBD pattern in which the geographical distance among sites explains 23% of the genomic

differentiation (Table 12 and Figure 33).

Mantel tests (r = 0.140, p = 0.027) and MRM (R? = 0.015, p = 0.033) between the genomic
differentiation of the leopard grouper (Fst, Weir and Cockerman 1984) and the environmental distance
among 22 studied localities in the GC, presented significant results when assessing for an IBE pattern when
including only the first PC component, evidencing that the environmental differences of the mainly
contributing variables of the PC1 along the GC, explain the 1.5% of its genomic differentiation (Table 12,
Figure 32 and Figure 33). When comparing data from regions, neither North (r = -0.016, p = 0.518; R*=
0.000, p=0.923) and Central (r =-0.078, p = 0.546; R =0.006, p = 0.7744) presented significant correlations
in the Mantel tests or the MRM rejecting the hypothesis of IBE. When evaluating localities from SRO to
VEN, tests didn’t showed statistically significant results (r =-0.197, p = 0.602; R?= 0.038, p = 0.514) (Table

12). Mantel test didn’t showed significant results when including the information of PC2 and PC3.

Mantel tests between genomic differentiation (Fsr, Weir and Cockerman 1984) and resistance
distance matrices for all the GC and the North and Central regions didn’t show statistically significant
results for 21 Mantel tests, except for the June-July (R? = 0.147, p = 0.034) and the April-September
seasons (R? = 0.097, p = 0.045) seasons in the Northern GC, indicating that the IBR hypothesis can be

rejected only for all the GC and Central region (Table 13).
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Figure 32. Leopard grouper’s distance matrices of the pairwise genomic differentiation FST (Weir and Cockerham,
1984), and Euclidean (km) and Environmental distances among the 22 localities in the GC.
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Table 12. Results of the Mantel and MRM tests were applied to the leopard grouper populations comparing the
effects of the logarithm of Euclidean distance and the environmental distance (PC1, PC1:PC2, and PC1:PC3) into the
neutral genomic differentiation (Fsr, Weir, and Cockerman 1984). Results are presented for all the Gulf of California,
per region (North and Central) and for the Santa Rosalia (SRO) to Ventana (VEN) region. Two statistics that evaluate
the correlation between matrices are presented: Mantel r and p-value of the Mantel test and the Multiple regression
of the distance matrices (MRM) R? and p-value of the regression. Red letters represent statistically significant tests.

. Mantel MRM
Predictor 2
r(p-value) R*(p-value)
Euclidean distance (logarithm)
All the Gulf 0.123 (0.048) 0.015 (0.097)

North region

-0.096 (0.661)

0.009 (0.483)

Central region

0.102 (0.261)

0.040 (0.302)

SRO-VEN 0.482 (0.042) 0.232 (0.039)
Environmental distance PC1:PC3

All the Gulf 0.064 (0.238) 0.004 (0.492)

North region 0.087 (0.336) 0.001 (0.854)

Central region

-0.123 (0.637)

0.015 (0.638)

SRO-VEN -0.052 (0.481) 0.002 (0.874)
Environmental distance PC1:PC2
All the Gulf 0.064 (0.218) 0.004 (0.468)

North region

-0.042 (0.518)

0.001 (0.825)

Central region

-0.136 (0.686)

0.018 (0.609)

SRO-VEN -0.004 (0.416) 0.000 (0.987)
Environmental distance PC1
All the Gulf 0.140 (0.027) 0.015 (0.033)

North region

-0.016 (0.518)

0.000 (0.923)

Central region

-0.078 (0.546)

0.006 (0.774)

SRO-VEN

-0.197 (0.602)

0.038 (0.514)
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Figure 33. Isolation by distance patterns of the 22 leopard grouper’s populations relating the neutral genomic
differentiation (Fsr, Weir and Cockerman 1984) to the Euclidean (above left panel) and the environmental distances
(above right, below left and right panels).

Linear models among the network metrics of Spring and Summer seasons and the genomic
diversity metrics of the leopard grouper presented a statistically significant relationship with several
genomic diversity metrics: in degree presented a negative relationship with He in Spring and with A, and
He in Summer; degree a negative association with He in Spring and negative with He in Summer; central
betweenness a negative correlation with Fis in Spring and negative with A; and He in Summer; authority a
negative association with A; and He in Spring and Summer; local retention a positive relationship with He
in Spring and with A, and He in Summer; export a positive relationship with A and He in Spring; source-
sink a positive relationship with Ho in Spring, and negative with Fisin Summer; import a positive correlation
with Fisin Summer; and net import a positive relationship with Fis during Summer (Table 14, Figure 34 and

Figure 35).



Table 13. Results of the Mantel tests and MRM evaluated on the leopard grouper populations comparing effects of resistance distances (from 22x22 polygon probability
matrix) into genomic differentiation (Fsr, Weir and Cockerman 1984) in the All the Gulf, North region and Central region. Red letters represents statistically significant
tests.

All the Gulf (BOR-VEN) North (BOR-LOR_S) Central (BAR-COY)
Season Mantel ape MRM Mantel ape MRM Mantel ape MRM
(p-value) | R*(p-value) | (p-value) | R*(p-value) | (p-value) | R?*(p-value)

March-April 0.404 |0.008 (0.390)| 0.880 |0.044(0.107)] 0.605 [0.037(0.387)
April-May 0.850 |0.006(0.539)| 0.696 |0.000(0.964)| 0.818 [0.013(0.685)
May-June 0.307 |0.003(0.676)| 0.282 |0.004(0.821)| 0.483 [0.038(0.337)
June-luly 0.361 |0.003(0.604)| 0.078 [0.147(0.034)] 0.810 [0.001(0.815)
July-August 0.264 |0.012(0.346)| 0.864 |0.024(0.474)] 0.558 [0.009 (0.586)
August-September| 0.127 |0.031(0.088)| 0.274 [0.019(0.435)| 0.909 |0.000 (0.938)
March-May 0.916 |0.008(0.531)| 0.957 [0.003(0.734)] 0.940 [0.007 (0.804)
April-June 0.613 |0.006(0.587)| 0.690 |0.015(0.514)] 0.494 [0.032(0.517)
May-July 0.298 |0.008(0.552)| 0.396 [0.023(0.299)| 0.720 [0.017(0.676)
June-August 0.245 |0.013(0.282)| 0.867 [0.018(0.566)| 0.094 [0.041(0.117)
July-September 0.342 |0.007 (0.451)| 0.624 |0.003(0.972)] 0.144 [0.022 (0.286)
March-June 0.667 |0.007(0.596)| 0.620 |0.012(0.467)] 0.409 [0.031 (0.540)
April-July 0.679 |0.008(0.598)| 0.572 [0.003(0.748)| 0.473 [0.033(0.500)
May-August 0.845 |0.009(0.417)| 0.082 [0.025(0.354)] 0.128 [0.048(0.212)
June-September 0.205 |0.013(0.264)| 0.548 [0.000(0.891)| 0.967 [0.002 (0.781)
March-July 0.592 |0.008(0.575)| 0.667 [0.000(0.975)| 0.484 [0.033(0.532)
April-August 0.668 |0.008(0.595)| 0.759 [0.026(0.350)] 0.296 |0.040 (0.321)
May-September 0.667 |0.008(0.574)| 0.245 [0.097(0.052)] 0.350 [0.038(0.351)
March-August 0.661 |0.008(0.584)| 0.263 [0.000(0.994)| 0.315 [0.027(0.335)
April-September 0.720 0.008 (0.599) 0.244 0.097 (0.045) 0.691 0.031 (0.548)
March-September | 0.700 |0.008 (0.581)| 0.280 [0.054(0.203)| 0.709 [0.320(0.572)
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Table 14. Linear models of network metrics and population genomic diversity metrics for March-June (Spring) and June-September (Summer) season’s. Red letters
represents statistically significant tests.

March-June season (Spring)

June-September season (Summer)

Network metric Allelic richness Ho He Fis Allelic richness Ho He Fis
R? (p-value) R%(p-value) | R%(p-value) | R?(p-value) R?(p-value) R%(p-value) | R%*(p-value) | R?(p-value)
Out degree -0.026 (0.502) |-0.045 (0.770) | 0.021 (0.240) | -0.039 (0.664) | 0.000 (0.329) | 0.035 (0.198) | 0.056 (0.148) |-0.021 (0.464)
In degree -0.030 (0.546) [-0.039 (0.653) | 0.220 (0.016) [ -0.030 (0.546) | 0.157 (0.038) |-0.046 (0.792) | 0.246 (0.011) | -0.008 (0.377)
Degree 0.114 (0.068) |-0.038 (0.643) | 0.194 (0.022)]-0.020 (0.456) | 0.106 (0.075) |-0.007 (0.370)| 0.207 (0.019) |-0.040 (0.678)

Eigenvector centrality

0.036 (0.195)

-0.049 (0.903)

0.050 (0.162)

-0.020 (0456)

0.070 (0.124)

-0.030 (0.549)

0.019 (0.249)

-0.040 (0.678)

Central between

0.096 (0.087)

0.026 (0.225)

0.111 (0.070)

0.241 (0.011)

0.148 (0.043)

-0.026 (0.511)

0.248 (0.010)

0.172 (0.031)

Hub

0.018 (0.253)

-0.013 (0.408)

0.103 (0.079)

-0.049 (0.951)

0.008 (0.288)

0.034 (0.201)

0.082 (0.104)

-0.027 (0.520)

Authority

0.138 (0.049)

-0.019 (0.450)

0.191 (0.024)

-0.048 (0.871)

0.150 (0.042)

-0.034 (0.588)

0.236 (0.023)

-0.03 (0.606)

Local retention

0.135 (0.051)

-0.047 (0.844)

0.156 (0.038)

0.028 (0.217)

0.231 (0.013)

-0.049 (0.966)

0.196 (0.021)

-0.008 (0.377)

Source-Sink

-0.043 (0.736)

-0.038 (0.643)

0.078 (0.111)

0.054 (0.153)

-0.039 (0.657)

0.186 (0.025)

-0.041 (0.693)

0.222 (0.015)

Export

0.179 (0.028)

-0.045 (0.763)

0.195 (0.022)

0.046 (0.169)

-0.029 (0.534)

-0.021 (0.462)

-0.042 (0.716)

-0.010 (0.388)

Import

0.020 (0.246)

0.087 (0.098)

0.014 (0.266)

0.222 (0.015)

0.020 (0.245)

0.087 (0.098)

0.014 (0.267)

0.222 (0.015)

Net export

0.103 (0.079)

-0.042 (0.710)

0.102 (0.080)

0.013 (0.269)

-0.030 (0.545)

-0.012 (0.398)

-0.012 (0.402)

-0.036 (0.618)

Net import

0.020 (0.245)

0.048 (0.167)

0.037 (0.192)

-0.010 (0.388)

-0.039 (0.657)

0.186 (0.025)

-0.041 (0.693)

0.222 (0.015)
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Leopard grouper, linear models of the genomic diversity and the network centrality metrics for the Spring season
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Figure 34. Plots of the linear models between the network centrality metrics and the genomic diversity of the leopard grouper for the Spring season. The red line is the
linear regression of the values.
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Leopard grouper, linear models of the genomic diversity and the network centrality metrics for the Summer season
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Figure continue from the previous page...
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Figure 35. Plots of the linear models between the network centrality metrics and the genomic diversity of the leopard grouper for the Summer season. The red line is
the linear regression of the values.



The community beta diversity (Jaccard index) presented a significant relationship with the
logarithm of the Euclidean distance among 23 studied localities in the GC when evaluating with Mantel
test and MRM (r value = 0.541, p = 0.00; R2= 0.293, p = 0.00). When relating beta diversity from each GC
region, to the Euclidean distance, North (r = -0.354, p = 0.835; R?= 0.125, p = 0.375) didn’t showed
significant results, but Central did (r = 0.371, p = 0.006; R? = 0.138, p = 0.011) presented significant

correlations (Table 15 and Figure 37).

Mantel tests (r = 0.697, p = 0.000) and MRM (R*= 0.486, p = 0.00) between the beta diversity and
the environmental distance including the first PC (PC1:PC3) among 23 studied localities in the GC,
presented significant results when assessing for an IBE pattern evidencing that the environmental
differences along the GC explain the 69% of the species turnover. When comparing data from regions, the
Northern region didn’t showed a significant relationship (r =-0.282, p = 0.813); R*=0.079, p = 0.0374), but
the Central region did (r = 0.484, p = 0.013; R = 0.233, p = 0.011) (Table 15 and Figure 37).

Table 15. Results from the Mantel tests applied to rocky reef fishes communities comparing effects of logarithm of
Euclidean distance and the environmental distance, into the beta diversity (species turnover, Jaccard). Results are
presented for all the Gulf of California and per region (North and Central). Two statistics that evaluate the correlation
between matrices are presented: Mantel r and p-value of the Mantel test, and the Multiple regression of the distance
matrices (MRM) R? and p-value of the regression. Red letters represents statistically significant tests.

All the Gulf (BOR-VEN) North (BOR-LOR_S) Central (PMA-ANI)

Seascape predictor Mantel I:IZI(RM Mantel MRM Mantel MRM
r (p-value) valupe) r(p-value) | R}(p-value) | r(p-value) | R*(p-value)

Log Euclidean 0.541 0.293 -0.354 0.125 0.371 0.138

og Euclidea (0.00) (0.00) (0.835) (0.375) (0.006) (0.011)

Environmental 0.697 0.486 -0.282 0.079 0.483 0.233

PC1:PC3 (0.00) (0.00) (0.813) (0.374) (0.013) (0.011)

Table 16. Results of the Mantel tests and MRM evaluated on the rocky reef fishes communities comparing effects
of resistance distances (from 23x23 polygon probability matrix per season) into the beta diversity (species turnover,
Jaccard) in the All the Gulf, North region and Central region. Red letters represents statistically significant tests.

All the Gulf (BOR-VEN) North (BOR-LOR_S) Central (PMA-ANI)
Season |Mantel aded4 MRM Mantel ade4 MRM Mantel ade4d MRM
(p-value) | R%*(p-value) | (p-value) R%(p-value) | (p-value) R?(p-value)

Winter 0.428 |0.057(0.001)| 0.771 |0.068(0.404)| 0.752  |0.004 (0.482)
Spring 0.814 |0.019(0.347)| 0.035 |0.418(0.056)| 0.487  |0.000 (0.965)

Summer 0.282  |0.001(0.577)| 0.678 |0.024(0.566)| 0.025  |0.047 (0.032)
Fall 0.061 |0.086(0.003)| 0.323  |0.022(0.632)| 0.855 |0.021(0.302)

Year 0.690 |0.002 (0.603)| 0.169 |0.077(0.302)| 0.132  |0.055 (0.137)
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Mantel tests between beta diversity and resistance distance matrices evaluating all the GC
localities showed statistically significant results for Winter seasons (p = 0.428; R?= 0.057, p = 0.001), and
for Fall season (p = 0.061; R?2 = 0.061, p = 0.006). For the Northern region, beta-diversity showed a
significant relationship with the all the Spring resistance distance (p = 0.035; R>= 0.418, p = 0.056). The
Central region, beta diversity presented a significant relationship with the Summer resistance distance (p
=0.025; R2=0.047, p = 0.032). These results indicate that the IBR hypothesis cannot be rejected for the
rocky reef fishes of the GC (Table 16).

Rocky reef fishes beta diversity
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Figure 36. Rocky reef-fishes distance matrices of the A) Species turnover (Beta diversity, Jaccard dissimilarity index),
and Euclidean (km) and Environmental distances among the 23 localities in the GC.
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Figure 37. Patterns of distance-decay of similarity resulting from the relationship between the communities (Jaccard
index) and Euclidean and environmental distance matrices. Significance values of correlations are p<0.01.

Table 17. Linear models of network metrics and community alpha diversity metrics for Winter, Spring, Summer and
Fall seasons. Adjusted R? and p-value. Red letters represent statistically significant tests.

Community
Network metric Winter Spring Summer Fall
R%(p-value) | R%*(p-value) | R?*(p-value) | R?*(p-value)
Out degree 0.183 (0.023) |-0.039 (0.686) | 0.033 (0.197) | 0.139 (0.044)
In degree 0.254 (0.008) |-0.046 (0.898) | -0.028 (0.534) | 0.126 (0.053)
Degree -0.046 (0.890) | -0.045 (0.834) | -0.038 (0.674) | -0.046 (0.905)

Eigenvector centrality

-0.044 (0.793)

-0.043 (0.786)

-0.023 (0.493)

-0.044 (0.794)

Between -0.045 (0.824) | -0.042 (0.746) | 0.187 (0.022) | 0.016 (0.256)
Central between | 0.241 (0.242) | -0.045 (0.856) | 0.065 (0.126) | 0.092 (0.086)
Hub 0.120 (0.058) | -0.046 (0.887) | 0.041 (0.177) | 0.077 (0.106)
Authority 0.168 (0.029) | -0.041 (0.887) | -0.003 (0.345) | 0.036 (0.191)
Local ret -0.045 (0.850) | 0.020 (0.513) | 0.098 (0.144) | 0.097 (0.146)
Source-Sink -0.001 (0.331) | 0.005 (0.726) | 0.005 (0.738) | 0.049 (0.309)
Export 0.033 (0.406) | 0.002 (0.824) | 0.051 (0.297) | 0.149 (0.068)
Import 0.000 (0.889) | 0.000 (0.970) | 0.081 (0.188) | 0.055 (0.280)
Net export 0.075 (0.203) | 0.002 (0.813) | 0.001 (0.853) | 0.095 (0.151)
Net import 0.000 (0.993) | 0.050 (0.304) | 0.018 (0.533) | 0.001 (0.843)
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Linear models among the network metrics of the Winter, Spring, Summer, and Fall community
hypothetical reproductive seasons and the alpha diversity indicate a significant positive relationship
between out-degree with the alpha diversity for Winter and Fall seasons. The in degree network metric
showed a negative significant relationship with the alpha diversity in Winter and Fall. The authority metric
also showed a negative significant relationship during Winter, and betweenness a positive relationship

with alpha diversity during Summer (Table 17 and Figure 38).
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Rocky reef fishes linear models of the alpha diversity and the network centrality metrics
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Figure 38. Plots of the linear models between the network centrality metrics and the alpha diversity of the rocky reef
fish communities for the Winter, Spring and Fall seasons. The red line is the linear regression of the values.



Chapter. 4 Discussion

In the present thesis, an integrative approach including population genomics, eDNA
metabarcoding, community ecology, oceanographic modeling, and network analysis was applied to
evaluate functional and structural connectivity in the seascape of the GC. The independent estimation of
functional connectivity within a species (Mycteroperca rosacea) and in rocky reef fish communities and
the structural connectivity permitted contrasting hypotheses focused on identifying the abiotic
components that allow metapopulation and metacommunity connectivity and diversity using a network

approach at link and node levels. In the following sections, I'll discuss the main findings.

4.1 High levels of functional connectivity in the leopard grouper local
populations are related to the Euclidean, environmental, and resistance

distances at different spatial scales

The population genomic characterization of the leopard grouper (Mycteroperca rosacea)
evidenced no-significant population genomic structure among the 22 studied localities evaluated with 985
neutral SNPs markers. Also, moderate levels of genomic diversity with low variation and no significant
differences among the GC regions. Furthermore, although there are no genomic differences, the
demographic connectivity of the species reveals high levels of larval dispersal among the studied localities.
These results indicate that the leopard grouper presents one connected metapopulation across the

sampled area, conformed by local populations highly connected by larval dispersal.

Marine fish populations are often very large with high dispersal potential due to their planktonic
larval stage (e.g., Hauser and Carvalho, 2008). When populations are well-connected, wide-scale genetic
homogeneity is expected (Lowe and Allendorf, 2010; Waples et al., 2006), and high rates of gene flow
coincide with low or nonexistent genetic structure as measured by traditional F-statistics (Crandall et al.,
2019; D’Aloia et al., 2020; Junge et al., 2019; Riginos and Victor, 2001; Riginos and Liggins, 2013). It is
relevant to mention that, besides being the result in species with high vagility, this non-significant
population genomic structure is partially due to the non-linear relationship between Fsr and gene flow.
This is because flows greater than ~10 migrants/generation cannot be statistically distinguished from Fsr =

0, therefore, being unable to reject the null hypothesis that sampled individuals are part of a single,
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randomly mating population (i.e., panmictic). This can happen even when sampling localities are separated

by hundreds of kilometers (Crandall et al., 2019; Hauser and Carvalho, 2008).

Recently, Munguia-Vega et al. (2022) showed that the leopard grouper presents strong
connectivity between Bahia de Kino and Puerto Libertad (in the Midriff Island Region) evaluated with
microsatellites, even when they are geographically distant (150 km apart). Besides, the network analysis
based on larval dispersal showed that the Bahia de Kino fishing zones are a source of larvae for Puerto
Libertad due to oceanic currents' cyclonic circulation during the species' spawning season in the study
region. Also, the analysis of migrants suggested that larvae, juvenile, and adult fish from the fishing zones
of Puerto Libertad migrate to Bahia de Kino fishing grounds. Extrapolating these results to our study area
allows us to infer that few generations of the leopard grouper are needed to connect distant local

populations across the GC.

Additionally, previous research showed that leopard groupers’ mitochondrial lineages had
diverged since the last glacial maximum (LGM), when there was a dramatic drop in sea levels of 100-150
m, and revealed patterns of population expansion in some of the northernmost local populations,
particularly from sites located on the large extended shelf that would have been exposed in the upper GC
during the LGM, in contrast to deep-water areas that would have remained demographically stable in the
long-term despite sea-level fluctuations. Evidence of population expansion in leopard grouper
subpopulations is similar to patterns observed for other marine invertebrates and fishes occupying shallow
waters in the GC (Pfeiler et al., 2005, 2008). In this sense, the evolutionary history of the leopard grouper
in terms of a population expansion from deep island refuges following rapid population expansion, also

determines its shallow genomic differentiation.

On the other hand, Jackson et al. (2015) evidenced that microsatellite pairwise Fsr estimates in the
leopard grouper did not show clear geographic trends (only 6 out of 210 Fst comparisons were statistically
significant) and a non-significant IBD when evaluating 21 localities across the GC (from Puerto Pefiasco to
Isla Cerralvo). This low genetic differentiation mostly concurs with what | found using SNP- markers in
which zero of 242 Fst comparisons were statistically significant. Further, this pattern also happens in other
teleost fishes with restricted geographical distribution, but high vagility (to the Tropical Eastern Pacific or
the GC), such as Epinephelus labriformis (Craig et al., 2006), Albula sp. (Pfeiler et al., 2008), and
Hyporthodus acanthistius (Beldade et al., 2014) and has been attributed to the biological aspects of these

species such as their dispersal ability (i.e., PLD, spawning aggregations) and the complex oceanographic
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characteristics that promote organismal dispersal, among other causes. Also, despite the long-standing
hypothesis and, in some cases, empirical evidence that biogeographical breaks (North-Central-South in the
GC) drive population differentiation (Brusca et al., 2005), it has been shown that, in certain species, some
of these breaks do not have a barrier effect. Thus the role of commonly recognized biogeographical
barriers in shaping population differentiation and, ultimately, driving speciation appears not to be

occurring in the studied species (Craig et al., 2006).

Even minor genomic differences can expose biologically meaningful information when seascape
predictors are included in the seascape genomic analyses. When performing Mantel tests and MRM
between the genomic differentiation and the Euclidean distance among the 21 leopard grouper local
populations, significant results were obtained, accepting the hypothesis of an IBD pattern at the GC
extension and indicating that the geographic distance explains ~1.5% of the genomic differentiation
among local populations. Although significant, the low predictive potential of the geographical distance at
the GC extension into the leopard grouper's genomic differentiation highlights the species' vast dispersal
potential throughout generations (900 km is the maximum distance between sites in all the studied areas)
due to larval dispersal and the availability of finding suitable habitat patches across the GC. When
performing these analyses within regions, neither North nor Central presented significant correlations with
the Euclidean distance (max. distances 581 and 451 km, respectively), rejecting the null hypothesis of IBD.
Yet, when excluding two bordering localities between the North and Central regions (SRO to VEN, max.
distance 318 km), the genomic differentiation of the leopard grouper presents a significant IBD pattern in
which the Euclidean distance among sites explains 23% of the genomic differentiation. In addition, the
maximum correlation distance (results not shown) between the genomic differentiation and the
geographical distance is ~350 km, which corresponds to the distance at which pairwise genetic distances
are no longer significantly correlated or, in other words, the distance at which individuals have more
similar allelic frequencies among them than with the total. This scale might inform about the genetic
neighborhood size of the species (Sewall Wright, 1946). The higher predictive power of the Euclidean
distance in the lower extension of the Central region can also be related to the seascape spatial
configuration and the ocean currents patterns, i.e., the central SRO-VEN zone is primarily a linear coast
with N-S larval transport, causing the Euclidean distance to be the most important predictor for the

genomic differentiation.

On the contrary, the Northern region is located on the top of the semi-closed Gulf. It presents non-

linear coast spatial arrangement in which the studied localities are distributed near the peninsular or
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mainland coasts and across the Midriff Islands. Furthermore, the numerical model and environmental
analysis results evidenced that this region exhibits higher seasonal oceanographic connectivity (non-
linear). All these factors make the Euclidean distance between sites of the Northern part a poor predictor
of genomic differentiation. Nevertheless, the influence of the seascape spatial configuration on the

population genomic connectivity of fish species of the GC must be further investigated.

The model of IBD indicates that gene flow is more common among close local populations and
diminishes in distant local populations (Hellberg, 2006; Palumbi, 2003) and that genetic differences
between local populations should accumulate if dispersal is geographically restricted. Therefore, in marine
fishes, this relationship can be moderated by several factors that restrict gene flow: ocean circulation
patterns, discontinuity of habitats, and duration of the pelagic larvae, among others. In this sense, low or
null levels of genetic structure across large geographic areas are not necessarily incompatible with
localized dispersal, i.e., in the ecological timescale, dispersal occurring during one or two generations may
typically occur within tens of kilometers (Puebla et al., 2012). However, at evolutionary timescales, the
genetic population differentiation is related to the effective dispersal integrated over extended periods
and the gene flow increasing the distances in a stepping stone manner through generations (i.e., as in a

metapopulation) (Hauser and Carvalho, 2008).

On the other hand, elucidating the environmental determinants of population structure in marine
ecosystems is a worthy enterprise needed to answer important questions of relevance facing marine
conservation and management (Benestan et al., 2016; Selkoe et al., 2008, 2016). When evaluating for an
IBE pattern, Mantel and MRM tests revealed that the environmental differences along the GC explained
1.5% of the genomic differentiation among leopard grouper local populations in all the GC but not within
regions. Nevertheless, the Euclidean and environmental distances are correlated (r = 0.9, p < 0.001).
Therefore, the outcome or the relationship among the genomic differentiation of the species and the
predictor distances was partialled-out (partial Martel test) by controlling the effect of one matrix over the
other (Balkenhol et al., 2009). After this correction, IBD (r = 0.102, p=0.153) and IBE (r = -0.043, p=0.66)

patterns lost its statistical significance.

When evaluating the environmental similarity of the leopard grouper study localities using 14
variables using PCA, the first PC explained ~60% of the environmental variation among the 22 population
sites, and the principal variables contributing were phosphates, dissolved oxygen, sea surface

temperature, salinity, and silicates (mean annual values). Further, the PCA showed that the localities were
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grouped in two clusters (Northern and Southern localities) according to their environmental
characteristics. This is an important result because we can infer that the environmental distinction
between the North and Central regions of the GC doesn’t represent a dispersal barrier for the leopard
grouper gene flow. Accordingly, the effect of this environmental arrangement on the population genomic
structure of the adaptive SNP markers must be further evaluated concerning its potential impact on

individual adaptation to particular environmental features.

On the other hand, White et al. (2010) highlighted the benefits of using oceanographic data to
advance our ability to interpret species' population structure with pelagic larval stages and high gene flow.
They showed that ocean currents better explained genetic patterns than geographic distance.
Additionally, recent studies in marine populations of the GC have highlighted that the presence of low Fst
values and a metapopulation structure with moderate levels of asymmetric migration are not mutually
exclusive scenarios (Reguera-Rouzaud et al., 2020). For example, non-significant Fsr values have been
reported in metapopulation structure in an asymmetric gene flow in the source-sink dynamics (Cisneros-
Mata et al., 2019). These departures from the assumptions of the island model (i.e., dispersal is equally
likely within all subpopulations within a species) occur within marine populations to an extent determined
by the biological attributes (e.g., reproductive season) and the oceanographic characteristics in which

species and populations live (Hellberg, 2006).

In the absence of precise information about the reproductive season of the leopard grouper to
evaluate the potential larval dispersal of the species, the observed genomic patterns were contrasted
against 21 hypothetical reproductive seasons representing a metapopulation connected by larval dispersal
and informed by the modeled ocean circulation (HAMSOM) to investigate the demographic connectivity
of the leopard grouper. The probability matrices of potential larval connectivity allowed the estimation of
the resistance distances (Dijkstra’s algorithm), contrasted with the genomic differentiation matrix to test
for IBR. This method of indirectly inferring representative reproductive periods based on the fit between
seasonal modeled patterns of larval dispersal and empirical genetic data based on expectations from
metapopulation theory has been used in other reef species of the GC where information about the
reproductive timing and duration is conflicting or currently unavailable (Cisneros-Mata et al., 2019;

Munguia-Vega et al., 2014; Munguia-Vega, Marinone, et al., 2018; Reguera-Rouzaud et al., 2020).

For the leopard grouper, the Mantel and MRM test results showed that resistance distances of the

hypothetical reproductive seasons have no significant relationship with its genomic differentiation at all
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the extent of the GC and in the Central region, only a significant relationship within the Northern region
for the June-July and the April-September seasons explaining the 14.7% and 9.7% of the genomic variation
within local Northern populations, respectively. This result suggests that a more extended reproductive
season than previously reported can be occurring in the leopard grouper’s Northern distribution. Thus,
IBR is rejected for all the GC and the Central region but not for the Northern region. This concurs with the
results of a previous study of the same species in the Northern region of GC. The use of an oceanographic
model describing metapopulation dynamics of larval dispersal helped explain genetic differences between

sites (Munguia-Vega et al., 2014).

Different explanations can be proposed to elucidate the absence of the relationship between the
ocean currents and the genomic differentiation of the leopard grouper in all the GC. First, the numerical
model estimates the larvae' potential dispersal but does not consider differential mortality, recruitment
(Pineda et al., 2007), or other critical biological attributes of larvae (Cowen et al., 2007), which can reduce
the amount of potential connectivity. Second, there is a temporal mismatch between the demographic
and the molecular estimates because the numerical model uses oceanographic information collected in
recent years. In contrast, genomic patterns arise from long-term processes (Riginos et al., 2011, 2019), i.e.,
population allele frequencies do not only reflect gene flow resulting from a dispersal event (from one
generation to the next) but are the accumulated result of the dispersal over several generations, therefore
are also molded by changes in population sizes, range expansions, colonization and so forth (Whitlock and
McCauley, 1999). Lastly, spatially limited sampling effort can cause mismatches between connectivity
estimates; e.g., in the present thesis, | extracted the information from the 59x59 polygons of the
oceanographic model only for the 22 sampled polygons for populations, leaving a percentage of dispersal
information out of the analysis. If the leopard grouper distribution is broader than the extent of the
polygons included here, | am sub-sampling the patches occupied by a population, i.e., underestimating

dispersal rates, and the inferred demographic connectivity can be biased.

Incongruent genomic and demographic connectivity patterns may also result from genomic
differentiation indices. Regarding genomic approaches, it is essential to keep in mind, as explained before,
that FST cannot be considered a direct estimate of the effective dispersal (Marko and Hart, 2011; Whitlock
and McCauley, 1999). Gene flow and genetic drift interact as opposing forces, the former decreasing and
the latter increasing genetic variability among populations (Slatkin, 1989). Hence, mismatches between

demographic and genetic estimates of dispersal could partly be due to the contribution of genetic drift to
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genetic differentiation, especially when the spatial extent of the genetic studies exceeds the maximal

dispersal distance of surveyed species.

On the other hand, theory predicts that the distribution of genomic diversity in a seascape
depends on the connectivity of the metapopulation and the dispersal of individuals between patches.
Network analysis and linear model results showed a significant negative relationship between the in-
degree, central betweenness, and authority with the allelic richness and the expected heterozygosity of
local populations in both seasons, indicating that high levels of connections into a node (larval influx)
decrease the genetic diversity. On the other hand, larvae export and source-sink presented a significant
positive relationship with the allelic richness and the expected heterozygosity in both seasons, indicating
that nodes that export few larvae and import much present low diversity. There was also a significant

negative linear relationship with Fs for the central betweenness metric in both seasons.

A previous study using this approach in Lutjanus peru found important relationships between the
source-sink role and Fis and the effective number of alleles with the in-degree value of the nodes. Authors
described that net sinks (that received more larvae than they exported) showed higher levels of
relatedness than net sources (Munguia-Vega et al.,, 2018). This result suggests that local population
dynamics in strongly advective systems like the GC could be more influenced by the role of the site as a
net sink or source within the metapopulation (i.e., external influences) and less by the process of local
larval retention itself (Munguia-Vega et al., 2018). Our results support this idea since the source-sink
dynamics were significantly correlated with the allelic richness and expected heterozygosity values for the
Spring season, whereas larval retention was not. Alternatively, a previous study using mitochondrial DNA
found no relation between haplotypic or nucleotide diversity and network metrics (Munguia-Vega et al.,
2014). Our results demonstrate that network centrality metrics reflect local leopard group populations'

genomic diversity patterns. Nevertheless, this relationship must be further investigated.

4.2 Metacommunity characterization and the evaluation of connectivity and its

seascape determinants

| used simultaneous UVC and eDNA metabarcoding to characterize rocky reef fish communities in
the GC and to evaluate their functional connectivity among 23 localities across the North and Central

regions of the GC. Results derived from the use of two detection methods indicated that eDNA
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metabarcoding detects biodiversity over a broader spatial scale, which depends on physical conditions
responsible for its transport across the seascape, such as ocean currents (Yamamoto et al., 2017), i.e., the
species assemblages detected with eDNA integrate additional species inhabiting adjacent marine habitats
(e.g., pelagic, demersal, soft bottom), which may be sampled at any stage of their life cycle (i.e., larvae,
juveniles, and adults). Furthermore, UVC and eDNA metabarcoding community data evaluated separately
identified significant differences in fish community composition between North and Central GC regions.
Besides, mean values and geographical patterns of alpha diversity of both UVC and eDNA data confirmed
that the Central region between Loreto and La Paz localities is a hotspot of alpha diversity, in contrast to

the lower alpha diversity observed in the Northern GC (Morzaria-Luna et al., 2018; Olivier et al., 2018).

The complementary use of UVC with eDNA metabarcoding surveys increased the number of
species detected in a complex fish community such as the GC (Valdivia-Carrillo et al., 2021), i.e., a total of
191 species/OTUs were detected with both survey methods; of these, 13% were shared, 49% were
identified only by eDNA, and 38% were observed only with UVC. This is a relevant result because species
records in the GC are likely still lacking from many taxa (Brusca et al., 2005; Morzaria-Luna et al., 2018),
e.g., before this study, only 5% of the ~800 teleost species from the GC possessed reference 12S rRNA
gene DNA sequences in NCBI-GenBank. Considering this insufficient taxonomic coverage of the barcode
used for the species of interest, | developed a custom reference database for 67 additional species,
increasing the taxonomic coverage to 13%. Despite the modest size of this reference database, the use of
both NCBI +custom reference databases almost tripled the fraction of taxonomically identifiable
OTUs. Due to this previous information, | combined the species detections of both methods. | obtained a
site x species matrix including only reef fish species (94 species in total) to estimate the beta diversity
(species turnover) among the 23 sampling localities in the GC to have more complete information about

the species composition of the studied rocky reefs.

Among the patterns that have been used to explain community composition, community similarity
(i.e., beta diversity) has been widely documented (Cottenie, 2005; Diniz-Filho and Bini, 2011; Tuomisto
and Ruokolainen, 2006). In particular, the decrease in community similarity with geographic distance has
proven to be common to different groups of organisms in which closely-located communities are generally
more similar in terms of species composition than those located further apart (Borthagaray et al., 2009;
Leprieur et al., 2009; Maloney and Munguia, 2011; Moritz et al., 2013; Papadopoulou et al., 2011). This
pattern is expected if dispersal is an essential limiting factor in structuring ecological communities. For the

rocky reef fishes of the GC, when evaluating a distance decay of community similarity, the Mantel test and
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MRM results showed that the beta diversity presented a significant relationship with the Euclidean
distance among 23 studied localities in the GC. This denotes a distance decay in which the distance among

the sampling sites explains 29% of the species turnover along the GC (max. distance between sites = 651

km).

On the contrary, the lower spatial extension of the Northern region results didn’t show significant
results when evaluating a distance decay with the Euclidean distance. Yet, the distance between similarity
and geographical distance explains 14% of the species turnover for the Central region. This result is
supported by previous research that showed a latitudinal variation in the community structure of reef fish
along with the western GC, with one of the highest values in richness, diversity, taxonomic distinctness,
and trophic level in this Central region (Santa Rosalia to La Paz), probably due to a combination of
environmental conditions, a greater number of habitats, and more functional diversity of the assemblages

(Fernandez-Rivera Melo et al., 2018).

When evaluating for a distance decay in community similarity with the environmental distance
including PC1:PC3 among 23 studied localities, the Mantel test presented significant results evidencing
that the environmental differences explain the 69% of the species spatial turnover in all the study sites of
the GC. The Central region also showed a significant environmental distance decay relationship explaining
48% of the species. Nevertheless, the Northern region did not follow this pattern. This decay within specific
sub-scales demonstrates that complex community dynamics need to be investigated at a large regional
scale and within specific environments to account for structural factors of community composition.
Besides, | found that a higher number of variables are related to the community structure compared to
population-level comparisons: phosphates, dissolved oxygen, salinity, silicates, and sea surface
temperature (PC1); nitrates, primary productivity, bathymetry, and aspect East-West (PC2); and concavity,

aspect North-South, bathymetry, aspect East-West and distance to shore (PC3).

As in the population level analyses, community localities' geographical and environmental
distances are correlated (r = 0.842, p = 0.000). Therefore, Mantel tests had to be partialled-out. When
performing a partial Mantel tests controlling for spatial (r = 0.377, p=0.004) or environmental (r = 0.193,
p=0.02) factors, the distance decay pattern remains when including all the GC localities. Also, for the
Central region Mantel tests controlling for spatial (r = 0.286, p=0.073) or environmental (r = 0.217,
p=0.048) factor evidence that only the environmental variation remain as a factor determining species

turnover in this GC region.



96

In this sense, it is known that the distribution of marine organisms is influenced by their physical
environment (e.g., depth., temperature, currents, among others). The environmental analyses showed
that the GC is a heterogeneous dynamic seascape with a continuously variable gradient of environmental
features for the rocky reefs. The geographic proximity and physicochemical characteristics influence fish
dispersal among habitat patches within the seascape. | identified that the mean annual environmental
heterogeneity (0-5 m depth) varies differentially regarding the type of variable investigated: a significant
latitudinal variation was found in the physicochemical environmental characteristics of the Gulf, and a
non-latitudinal variation in geomorphological and location-related variables. This characteristic of non-
randomly environmental variation and its determinants had been described before (Fernandez-Rivera

Melo et al., 2018; Salvador E. Lluch-Cota et al., 2007; Soto-Mardones et al., 1999).

Furthermore, when evaluating the multivariate environmental relationships among the
community sites, | found two main clusters grouping Northern and Central localities. In a geographical
context, these groups are delimited by the Midriff islands region, which includes the largest islands in the
Gulf (i.e., Angel de la Guarda and Tiburén), considered the central physiographic element in the GC and
that separates the North and Central biogeographic regions of the GC. The boundary zone between the
Northern and the Central GC regions is characterized by an abrupt change in the tidal range and tidal
currents. This barrier also corresponds to the separation between North and Central clusters of local

communities in the GC identified before.

On the other hand, the significant relationship of the environmental characteristics in structuring
communities of the Central GC region summed to its high values of alpha diversity can be related to the
fact that reef habitats with high structural complexity generally have greater species diversity compared
with less complex environments, because habitats provide a greater spectrum of resources like food,
shelter and reproduction sites (Sanchez-Caballero et al., 2017). Fernandez-Rivera Melo et al. (2018)
described a latitudinal variation of reef fish assemblages along with the western GC in which the central
portion of the Gulf is characterized by tropical water and a higher number of habitats (rocky reefs, islands,
mangrove areas, rhodolite beds, coralline algae patches, submarine mountains, and rocky walls) that are
considered adequate habitats for reef fish over different stages of life (Aburto-Oropeza and Balart, 2001);
whereas in the north, the temperate water and the occurrence of reef corals and mangroves are practically
absent because of the cold temperature in Winter (Brusca et al., 2005). Therefore, studying seascapes with
varying habitat configurations and distances between habitat patches can increase our understanding of

potential thresholds of connectivity (Berkstrom et al., 2020).
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In marine systems, dispersal is likely to be influenced not only by geographic or environmental
distances but also by its direction influenced by oceanic currents and, to some lesser extent, by larval
behavior (Cowen et al., 2007). In these systems, the directionality of dispersal influences connectivity
between communities, which prevents the latter from fully overlapping with environmental gradients. In
such cases, comparing changes in community composition with geographic distance does not account for
directional dispersal (Moritz et al., 2013). Instead, a connectivity measure based on oceanographic
properties should be more relevant to test the relative effects of dispersal and environmental filtering in
shaping community structure and composition. In the present thesis, | proposed an approximation to
evaluate the contribution of reproductive fish assemblages which reproduces during each station (Winter,
Spring, Summer, and Fall) to the metacommunity connectivity. As a first-order analysis, significant Mantel
tests between the beta diversity and the resistance distance matrices obtained from the four hypothetical
reproductive seasons of reef fishes indicate a pattern of the resistance distance decay of community
similarity. In all the studied extensions of the GC, Winter, and Fall, the resistance distance explains 2.4%
and 2.9% of the species” spatial turnover. For the Northern region, beta diversity showed a significant
relationship with the Spring resistance distance, indicating that the oceanographic connectivity explains
6.5% of the species turnover. The beta diversity presented a significant relationship with the Summer
resistance distance in the Central region, indicating that the oceanographic connectivity in this season
explains 2.1% of the species turnover. Overall, these results support the idea that the metacommunity
structure across the GC and within its regions is partly a result of the seasonal oceanographic connectivity
patterns (i.e., resistance distance decay). Numerical simulations have been applied to different areas of
the GC and have helped explain connectivity patterns for several local populations (Cisneros-Mata et al.,
2019; Marinone et al., 2008; Adrian Munguia-Vega et al., 2014; Adrian Munguia-Vega, Marinone, et al.,
2018; Peguero-Icaza et al., 2008; Reguera-Rouzaud et al., 2020; Soria et al., 2012). Here, connectivity was
determined using a numerical model to study dispersal at the metacommunity regional scale of the GC
(Marinone, 2003). Because the coupling with a species-specific larval behavior may not explain the
different behaviors and PLDs of all the fish species present in the rocky reefs of the GC, | estimated the
potential larval connectivity using a four-week PLD and the liberation of 4000 particles per polygon as in
the population analyses. Incorporating individual biological differences of each species larvae in the model
is almost an impossible task, i.e., to account for these differences implies incorporating proportions of
larvae for each species, which would require running separate simulations, species by species. As a result,
the approximation applied in the present study implied underestimating the potential demographic
connectivity among local communities. Besides, Munguia-Vega et al. (2018) predicted that the average

distance traveled by passive larvae is a function of their PLD varying from >20 to 80 km (PLD 7 days) up to
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>200 km (PLD 28-60 days). Therefore, using a unique PLD of 28 days for all the species implied an
overestimated dispersal distance for some species with shorter PLDs. A solution for these pitfalls could be
using species-specific data from umbrella species that represent the variety of dispersal abilities within the

community (Calabrese and Fagan, 2004a).

Previous research has shown that the GC fishes are strongly influenced by asymmetric dispersal
and water flows, creating highly complex structures favoring retention in some areas In such complex
systems, connectivity between local communities will thus not be a linear function of geographic distance
but, somewhat, will be influenced by the characteristics of the medium transporting organisms (Cowen et
al., 2000). Although the importance of local biotic and abiotic conditions in the maintenance of marine
organisms has also been demonstrated, quantifying the relative effects of the oceanographic connectivity
versus the environmental filtering in fishes has rarely been achieved. Here, | accounted for the
oceanographic, environmental, and spatial distances to better understand the spatial structure of a marine
rocky reef fish metacommunity across the GC, where the three contribute to shaping the local community

species composition.

Finally, the most critical connection between metacommunity ecology and seascape ecology is the
equilibrium theory of island biogeography, emphasizing the essential roles of habitat size and habitat
isolation (and thus dispersal limitation) in maintaining biodiversity in island-like habitats (Chase et al.,
2020). According to the island biogeography, species richness should be negatively correlated with the
degree of isolation of the habitat. Many studies have found adverse effects of patch isolation on species
richness. In this sense, centrality (i.e., connectivity) measures are relevant since they are typically used as
an indirect method to assess dispersal at the metacommunity level (Jacobson and Peres-Neto, 2010).
Moreover, the results presented here showed a relationship between the centrality metrics (connectivity)
and the observed species in the local communities. In other words, relationships between linear models
among the network metrics of the Winter, Spring, Summer, and Fall community hypothetical reproductive
seasons and the alpha diversity indicate a significant positive relationship between out-degree and degree
metrics with the alpha diversity for Winter and Fall seasons. The in-degree network metric showed a
significant negative association with the alpha diversity in Winter and Fall but a contrary significant
relationship during Spring. Hub and authority metrics also showed a positive and negative significant

relationship, respectively, during Winter.
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Chapter. 5 Conclusions

At the link level:

The leopard grouper metapopulation presents high genomic connectivity and homogeneity in its
genomic diversity patterns with no differences among the GC regions. The biological characteristics of the
species (i.e., PLD) and the oceanographic connectivity of the GC allow it to disperse across the GC in a few
generations. The outcome of its high potential larval dispersal is observed in the low genomic

differentiation among the local populations within the species metapopulation.

For the leopard grouper, the seascape structural connectivity in terms of the geographical,
environmental, and resistance distances influences the species differentially at different spatial scales,
depending on the region of the Gulf, its spatial configuration, and dominant abiotic characteristics, i.e., in
the Central GC region, an IBD pattern explains 23% of the genomic differentiation among local populations.
In the Northern, an IBR pattern describes 14.7% (June-July season) and 9.7% (April-September season) of
the genomic differentiation among local populations. The environmental heterogeneity did not represent

a barrier to dispersal and gene flow for the species.

In rocky reef fishes, local communities show a North and Central ecological differentiation in terms
of species composition in which the latter present higher values of alpha diversity. The division between
the two local community clusters is located southern Midriff Islands and coincides with the limit between

the Northern and Central biogeographical regions.

For the rocky reef fish communities, the seascape structural connectivity presents barriers to
dispersal in terms of geographical, environmental, and resistance distances. It influences the communities
differentially at different spatial scales. A spatial distance decay was a critical determinant of the species
beta diversity at all the GC extent (explaining 19.3% of the species turnover) and in the Central region
(explaining 21.7% of the species turnover). An environmental distance decay was also an essential
determinant for the species turnover in all the GC (37.7%). Additionally, the beta diversity of the rocky reef
fishes metacommunity showed a resistance distance decay of community similarity, indicating that the
oceanographic connectivity and early life-history dispersal of fishes (demographic connectivity) were
significantly related to the differences in the species composition of the local communities. In all the GC,

the Winter and Fall oceanographic connectivity explain 2.4% and 2.9% of the species turnover; in the
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Northern region, the Spring season explains 6.5% of the species turnover within the region; and in the

Central region, the Summer season explains 2.1% of the species turnover.

At node level:

Higher centrality metrics are significantly related to the leopard grouper's genomic diversity and

the alpha diversity of the rocky reefs fish communities. This relationship has to be further investigated.
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Annex B

Reduced representation sequencing approach for SNP discovery.

. EcoRI Ezymatic reaction IvVIspI
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sequencing primer for paired-end reads

Figure 39. Description of the ddRAD protocol for SNP discovery.

Table 18. 12S rRNA primers designed in this study and used for custom reference database of teleost fishes from the

Gulf of California. The amplicon includes the “teleo” barcode from Valentini et al. 2016. A: Amplicon lenght (bp); B:
%GC; C: Hair pin Tm (°C); D: Pair Dimer Tm (°C); E: Self Dimer Tm (°C); F: Tm (°C).

Name A Sequence B C D E F
1,322 R CTTTCAGCTTTCCCTTGCGG 55 None None None 59.8
682 F 040 CGTTCAACCTCACCCTTCCT 55 None None None 59.6
792 F 530 CAGGTCGAGGTGTAGCGYATG 60 None None 11.5 60.3-63.4




Table 19. List of species in the custom reference database and assigned GenBank accession numbers.

RefDB Species Accession number
1 Abudefduf troschelli MK902806, MK902816
2 Acanthocybium solandri MK902889
3 Acanthurus xanthopterus MK902826
4 Anisotremus interruptus MK902835, MK902845, MK902894
5 Atractoscion nobilis MK902914
6 Balistes polylepis MK902859
7 Bodianus diplotaenia MK902867
8 Chaetodon humeralis MK902807, MK902817
9 Chanos chanos MK902919
10 Cirrhitus rivulatus MK902836
11 Coryphaena hippurus MK902902, MK902913
12 Cynoscion reticulatus MK902846
13 Cynoscion xanthulus MK902915
14 Diapterus brevirostris MK902906
15 Elacatinus puncticulatus MK902879, MK902886
16 Epinephelus acanthistius MK902884
17 Epinephelus labriformis MK902907
18 Gnathanodon speciosus MK902899
19 Haemulon sexfasciatum MK902852, MK902860
20 Haemulopsis leuciscus MK902868
21 Holacanthus passer MK902808, MK902818
22 Hoplopagrus guentheri MK902827, MK902837
23 Hypopgthalamichthys molitrix MK902871
24 Istiompax indica MK902861
25 Istiophorus platypterus MK902869, MK902909
26 Johnrandallia nigrirostris MK902809, MK902819
27 Kajikia audax MK902828, MK902838
28 Katsuwonus pelamis MK902847, MK902853
29 Kyphosus elegans MK902810, MK902862, MK902870
30 Lobotes pacificus MK902896
31 Lutjanus aratus MK902811, MK902863, MK902872,
MK902888
32 Lutjanus argentiventris MK902840, MK902849
33 Lutjanus colorado MK902821, MK902830
34 Lutjanus novemfasciatus MK902854, MK902855, MK902901
35 Lutjanus peru MK902820, MK902829, MK902839
36 Lutjanus viridis MK902848
37 Microlepidotus inornatus MK902864
38 Mugil cephalus MK902878
39 Mulloidichthys dentatus MK902873
MK902812, MK902813, MK902822,
40 Mycteroperca jordani MK902831, MK902841, MK902856,
MK902865, MK902874
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MK902823, MK902832, MK902842,

41 Mycteroperca rosacea
MK902866
42 Paralabrax aurogutatus MK902824, MK902833
43 Paralabrax maculatofasciatus MK902875
44 Paralabrax nebulifer MK902843, MK902850, MK902857
45 Paranthias colonus MK902908, MK902911
46 Peprilus snyderi MK902917
47 Phthanophaneron harveyi MK902912
48 Prionurus punctatus MK902876
49 Rachycentron canadum MK902895
50 Rypticus bicolor MK902880, MK902918
51 Scarus ghobban MK902891
52 Scarus perrico MK902897, MK902903
53 Scomberus sierra MK902814, MK902877
54 Sebastes macdonaldi MK902904
55 Seriola dumerili MK902905
56 Seriola lalandi MK902844
57 Seriola rivoliana MK902851, MK902858
58 Sphoeroides anulatus MK902882
59 Sphyraena ensis MK902890
60 Stegastes rectifaenum MK902815
61 Sufflamen verres MK902825, MK902834, MK902881
62 Tetrapturus audax MK902887
63 Thunnus albacares MK902892, MK902898, MK902900
64 Thunnus thynnus MK902885
65 Totoaba macdonaldi MK902883
66 Xiphias gladius MK902916
67 Xystreurys liolepis MK902910
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Table 20. Species included in the Mock community sample (n=22).

Detection in Sequence in AENEE
Class Order Family Genus Species mock sample Custom reference in NCBI?
after sequencing database?
Actinopterygii Perciformes Balistidae Balistes Balistes polylepis * *
Actinopterygii | Tetraodontiformes Balistidae Sufflamen Sufflamen verres * *
Actinopterygii Perciformes Carangidae Seriola Seriola rivoliana * *

Actinopterygii

Perciformes

Chaetodontidae

Johnrandalia

Johnrandalia nigrirostris

Actinopterygii Perciformes Cirrhitidae Cirrhitus Cirrhitus rivulatus * *
Actinopterygii Perciformes Haemulidae Anisotremus | Anisotremus interruptus * *
Actinopterygii Perciformes Haemulidae Haemulon Haemulon sexfasciatum * *
Actinopterygii Perciformes Kyphosidae Kyphosus Kyphosus elegans * *
Actinopterygii Perciformes Labridae Bodianus Bodianus diplotaenia * * *
Actinopterygii Perciformes Labridae Thalassoma Thalassoma lucasanum * *
Actinopterygii Perciformes Lutjanidae Lutjanus Lutjanus argentiventris * *
Actinopterygii Perciformes Lutjanidae Lutjanus Lutjanus novemfasciatus * *
Actinopterygii Perciformes Lutjanidae Lutjanus Lutjanus peru * * *
Actinopterygii Perciformes Pomacanthidae | Holacanthus Holacanthus passer * *
Actinopterygii Perciformes Pomacanthidae | Hoplopagrus Hoplopagrus guentheri *
Actinopterygii Perciformes Pomacentridae Abudefduf Abudefduf troschelii * * *
Actinopterygii Perciformes Pomacentridae Stegastes Stegastes rectifraenum * *
Actinopterygii Perciformes Scaridae Scarus Scarus ghobban * * *
Actinopterygii Perciformes Serranidae Epinephelus Epinephelus labriformis * *
Actinopterygii Perciformes Serranidae Paralabrax Paralabrax aurogutatus * *
Actinopterygii | Tetraodontiformes Serranidae Paranthias Paranthias colonus * * *
Actinopterygii Perciformes Serranidae Semicossiphus | Semicossyphus pulcher * *




S1. eDNA extraction protocol modified from the Blood and Tissue kit (Qiagen).

eDNA extractions followed the spin-column protocol for purification of total DNA from animal tissues of

the Qiagen Blood and Tissue Kit (Qiagen, USA) with some modifications as follows.

10.

11.

Each filter was cut finely (approximately 1 mm?) with the help of sterile stainless-steel scissors
and tweezers over a clean aluminum foil paper.

The total STE buffer (~200 pL) contained in each tube and the pieces of the filter, were divided
into 2 x 1.5 mL tubes per sample, to proceed with DNA extraction.

| added 250 uL of ATL buffer and 27 pL of proteinase K to each 1.5 mL tube, and incubate at 562C
for 4 hours, vortexing occasionally during this time.

Then, | added to each tube 280 uL of Buffer AL and 280 uL of ethanol (96%) and vortex for 20
seconds.

After this, | pipetted the liquid phase of the mixture from step 4 into a DNeasy Mini spin column
placed in a 2mL collection tube and centrifuged at 8000rpm for 1 min, and discarded the flow-
through and collection tube. This was repeated, and in the second centrifugation, | include the
pieces of the filter. Centrifugations were repeated until the mixture of the 2 tubes obtained in
the digestion from 1 sample was finished.

After the last centrifugation step, | removed pieces of the filter located inside the DNeasy Mini
spin with sterile tweezers.

| placed the DNeasy Mini spin column in a new 2 mL collection tube and added 500 pL of Buffer
AW1, and centrifuged for 1 min at 8000 rpm.

| placed the DNeasy Mini spin column in a new 2 mL collection tube and added 500 mL of Buffer
AW?2 and centrifuged for 3 minutes at 14000 rpm to dry the DNeasy membrane. Then, discarded
flow-through and collection tube.

| placed the DNeasy Mini spin column in a clean 1.5 mL tube, and pipetted 50 pL of the Buffer AE,
directly onto the column membrane. Incubated at room temperature for 1 min, and then
centrifuged for 1 min at 8000 rpm to elute (This will be elution 1).

Finally, | placed the DNeasy Mini spin column in a second clean 1.5 mL tube, and pipetted 100 uL
of the Buffer AE, directly onto the column membrane. Incubated at room temperature for 1 min,
and then centrifuged for 1 min at 8000 rpm to elute (This will be elution 2).

All samples were quantified by fluorescence with an HS assay kit for a Qubit 3.0 fluorometer

(Invitrogen, CA, US.



Table 21. Primers for library construction.

First round primer pairs

Primer Forward Adapter used for 2" PCR 3’ end of lllumina adapter Universal 12S Forward Primer teleo_F
eDNA12SV-F TCGTCGGCAGCGTC AGATGTGTATAAGAGACAG ACACCGCCCGTCACTCT

Primer Reverse Adapter used for 2" PCR 3’ end of lllumina adapter Universal 12S Reverse Primer teleo_R
eDNA12SV-R GTCTCGTGGGCTCGG AGATGTGTATAAGAGACAG CTTCCGGTACACTTACCATG

Primers with lllumina adapters and MID for second-round PCR

Forward Index 2 i5 MID Adapter used for 2" PCR
eDNA2F-A AATGATACGGCGACCACCGAGATCTACAC GACACAGT TCGTCGGCAGCGTC
eDNA2F-B AATGATACGGCGACCACCGAGATCTACAC GCATAACG TCGTCGGCAGCGTC
eDNA2F-C AATGATACGGCGACCACCGAGATCTACAC ACAGAGGT TCGTCGGCAGCGTC
eDNA2F-D AATGATACGGCGACCACCGAGATCTACAC CCACTAAG TCGTCGGCAGCGTC
eDNA2F-E AATGATACGGCGACCACCGAGATCTACAC TGTTCCGT TCGTCGGCAGCGTC
eDNA2F-F AATGATACGGCGACCACCGAGATCTACAC GATACCTG TCGTCGGCAGCGTC
eDNA2F-G AATGATACGGCGACCACCGAGATCTACAC AGCCGTAA TCGTCGGCAGCGTC
eDNA2F-H AATGATACGGCGACCACCGAGATCTACAC CTCCTGAA TCGTCGGCAGCGTC
Reverse Index 1 i7 MID Adapter used for 2" PCR
eDNA2R-01 CAAGCAGAAGACGGCATACGAGAT TCACCTAG GTCTCGTGGGCTCGG
eDNA2R-02 CAAGCAGAAGACGGCATACGAGAT CAAGTCGT GTCTCGTGGGCTCGG
eDNA2R-03 CAAGCAGAAGACGGCATACGAGAT CTGTATGC GTCTCGTGGGCTCGG
eDNA2R-04 CAAGCAGAAGACGGCATACGAGAT AGTTCGCA GTCTCGTGGGCTCGG
eDNA2R-05 CAAGCAGAAGACGGCATACGAGAT ATCGGAGA GTCTCGTGGGCTCGG
eDNA2R-06 CAAGCAGAAGACGGCATACGAGAT AAGTCCTC GTCTCGTGGGCTCGG
eDNA2R-07 CAAGCAGAAGACGGCATACGAGAT TGGATGGT GTCTCGTGGGCTCGG
eDNA2R-08 CAAGCAGAAGACGGCATACGAGAT AGGTGTTG GTCTCGTGGGCTCGG
eDNA2R-09 CAAGCAGAAGACGGCATACGAGAT GACGAACT GTCTCGTGGGCTCGG
eDNA2R-10 CAAGCAGAAGACGGCATACGAGAT GTTCTTCG GTCTCGTGGGCTCGG
eDNA2R-11 CAAGCAGAAGACGGCATACGAGAT TTCGCCAT GTCTCGTGGGCTCGG

eDNA2R-12 CAAGCAGAAGACGGCATACGAGAT CAACTCCA GTCTCGTGGGCTCGG



S2. Methods for PCR 1 and PCR 2 in library preparation.

First PCR step (PCR 1).
The first step was performed to amplify ~ 65 bp from the 12S rRNA gene using “teleo” primers reported
previously in Valentini et al., 2016. Primers included a standard Illlumina sequencing adapter, the gene-
specific primer and an adapter used for the second PCR, listed in S7. Three PCR replicates per sample were
performed in order to offset the variability in individual PCR replicates, maximize diversity detection and
minimize the potential of false negatives. Two PCRs used as template the DNA from the first elution (50
uL), and one with eDNA from the second elution (100 pL).

Each PCR1 reaction contained PCR 1x Buffer (5X Buffer Thermo), 0.2 mM dNTPs, 0.2 uM of each
“teleo” F and R primers, 2 uM human blocking primer, 3% DMSO, 0.6 U Phusion polymerase (Thermo) and
1-2 uLeDNAin a total 12 plL reaction. The parameters for the thermocycling were: 98 ° C x 10min, 35 cycles
of 98°Cx30s,61°Cx30s,72°Cx30s, and a final extension of 72 ° C x 5 min. For all tests, negative
(nuclease-free water, NEB) and positive controls (tissue-derived DNA of Mycteroperca rosacea) were used.
Successful PCR amplifications were verified via 2% agarose gels.
Second PCR step (PCR 2).
The second PCR step was performed in order to incorporate dual molecular identifiers (MID) to individual
samples on the same flow cell. Primer pairs used contain the appropriate 8-nt index sequence (Glenn et
al., 2016), the adapter to bind to the first PCR, and the sequencing primer sites. Following to the second
PCR, the three experimental replicates per sample were combined and purified using 1.8X volume of
AmpureXP beads (Beckman and Coulter). After cleaning, each sample was quantified by fluorescence with
the HS assay kit for Qubit. Finally, a total of 26 samples (24 sampling sites, one Mock community, and one
pooled negative control) were pooled into one 4 nM equimolar sample and sent to Genomic Services at
Langebio-CINVESTAV. A single flow cell lllumina NextSeq 500 MID (35 Gb) v2 chemistry (2x150 bp paired-
ends) was used for sequencing.

PCR amplifications contained 1x PCR Buffer (5X Buffer Thermo), 0.2 mM dNTPs, 0.2 uM F and R
primers, 3% DMSO, 0.6 U Phusion (Thermo), 1-2 puL eDNA, in reactions of 12 uL. The parameters for the
thermocycling were 98 ° C x 5min, 8 cycles of 98 °Cx 305,61 °Cx30s, 72 ° Cx 15 s, and a final extension

of 72 ° C x 5min. | performed three PCR 2, one for each PCR 1 replicate.



Table 22. Pipeline for 12S rRNA metabarcoding bioinformatic analysis (OBITOOLS, VSEARCH, SWARM).

1. Original files:

sample_R1_001.fastq (323,473 reads), sample_R2_001.fastq (323,473 reads)

2. Merge paired-end data (archive order must be reverse R2 — forward R1).

illuminapairedend -r sample_R2_001.fastqg sample_R1_001.fastq > sample.fastq

3. Evaluate quality of the match between merging reads with score >40.

obigrep -p ‘score>40.00" -p ‘mode!="joined”’ sample.fastq > sample.ali.fastq

4. Label sample and experiment with ngsfilter.

ngsfilter -t S1 ngsfilter.txt -u sample_unidentified.fastqg sample.ali.fastq >
sample.ali.assigned.fasta

5. Obistats. To evaluate mean read length.

obistats -C sample —mean seq_length sample.ali.assigned.fastq >
sample.stat.ali.assigned.fastq

6. Filter by length and with no Ns.

obigrep -p ‘seq_length<66’ -p ‘seq_length>59’ -s ‘A[ACGT]+$’ sample.ali.assigned.fastq
> sample.ali.filtered.fastq

7. Concatenate all samples.

cat *.ali.filtered.fastq > samples.cat.filtered.fastq

8. Dereplicate reads into unique sequences.

obiuniq -m sample samples.cat.filtered.fastq > samples.cat.unique.fasta

9. Sort by abundance and change identifier of the sequence.

obiannotate —seg-rank samples.cat.unique.fasta | obiannotate -—set-identifier
“’'Gulf’_%09d” % seq_rank’ samples.cat.rank.fasta > samples.cat.new.fasta

10. Change format fasta to vsearch.

Rscript owi_obifasta2vsearch -l samples.cat.new.fasta -o samples.cat.vsearch.fasta

11. Remove chimaeras of all samples together with vsearch.

vsearch —uchime_denovo samples.cat.vsearch.fasta —sizeout —-minh 0.90 -
nonchimeras cat.nonchimeras.fasta —chimeras cat.chimeras.fasta —uchimeout
cat.uchime_out.txt

12. Change format from vsearch to obitools.

Rscript owi_obifasta2vsearch -1 cat.nonchimeras.fasta -o cat.nochimeras.vsearch.fasta

13. Cluster using SWARM.

swarm -d 2 -z -t 40 -o cat SWARMIlnc_output -s cat SWARMI1nc_stats -w
cat SWARM1nc_seeds.fasta cat.nonchimeras.fasta

14. Recount the abundances.

obitab -o cat.new.fasta > cat.new.tab

15. Recount after SWARM to generate OTU table per sampling site and removes
singletons after clustering

Rscript owi_recount_swarm cat. SWARM_2 output cat.new.tab
obigrep -p 'size>1' samples_seeds.fasta > samples_nonsingleton.fasta




Table 23. Genetic distances at various taxonomic levels: intra-species, intra-genus, intra-family and intra-order with
the 12S rRNA barcode (dmax, % maximum genetic distance) estimated from the custom reference database.

INTRA-SPECIES

o
3
L

Species included
Abudefduf troschelli
Anisotremus interruptus

Chaetodon humeralis

Coryphaena hyppurus

Elacatinus puncticulatus

Haemulon sexfasciatum

Holacanthus passer

Hoplopagrus guentheri

Istiophorus platypterus

Johnrandalia nigrirostris

Kajikia audax

Katsuwomis pelamis

Lutjanus aratus

Lutjanus argentiventris

Lutjanus colorado

Lutjanus novemfasciatus

Mycteroperca jordani

Paralabrax aurogutatus

Paralabrax nebulifer

Paranthias colonus

Rypticus bicolor

Scarus perrico

Seriola rivoliana

O OO0 0O|0O|0O|O0O|O0O|O0O|O0O|O|O|O|0O|O|O|O|O|O|O|O|O| O

Sufflamen verres

Kyphosus elegans 0-2.8
Lutjanus peru 0-14
Myceroperca rosacea 0-14
Thunnus albacares 0-14

Scomberomorus sierra 0-1.3




INTRA-GENUS
Genus Species included dmax
Cynoscion C. reticulatus, C. xanthulus 6.8
Epinephelus E. acanthistius, E. labriformis 12.8
Lutjanus L. aratus, L argentiventris, L. colorado, L. novemfasciatus, L. | 14.5

peru

Mycteroperca M. rosacea, M.j ordani 8.1
Paralabrax P. aurogutatus, P. maculatofasciatus, P.nebulifer 10.3
Scarus S. ghobban, S. perrico 0
Seriola S. dumerili, S. rivoliana, S. lalandi 5.4
Thunnus T. albacares, T. thynnus 1.4

INTRA-FAMILY
Family Genus included Amax
Scianidae Cynoscion, Atractoscion, Totoaba 9.6
Istiophoridae Istiompax, Istiophorus, Kajikia, Tetrapturux 2
Scombridae Katsuwomis, Thunnus, Acanthocybium 16.7
Pomacentridae | Stegastes, Abudefduf 42.9
Haemulidae Anisotremus, Haemulon, Haemulopsis, Microlepidotus 28.8
Chaetodontidae | Chaetodon, Johnrandalia 34.6
Balistidae Balistes, Sufflamen 18.9
Serranidae Epinephelus, Mycteroperca, Paralabrax, Paranthias, Rypticus | 42.7
Carangidae Seriola, Gnathanodon 25.3
Lutjanidae Lutjanus, Hoplopagrus 20.3

INTRA-ORDER
Order Families included Amax
Perciformes Acanthuridae, Carangidae, Chaetodontidae, Cirrhitidae, | 54.7

Coryphaenidae, Gerreidae, Gobiidae, Haemulidae,
Istiophoridae, Kyphosidae, Labridae, Lobotidae, Lutjanidae,
Mugilidae, Mullidae, Pomacanthidae, Pomacentridae,
Scaridae, Sciaenidae, Scianidae, Scombridae, Serranidae,

Sphyraenida, Stromateidae, Xiphiidae
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Figure 40. Histogram of genetic distances at various taxonomic levels: intra-species, intra-genus, intra-family, and
intra-order with the 12S rRNA barcode estimated from the custom reference database.
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Table 24. Taxonomic list of Actinopterygii detected with UVC.
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Class Order Family Genus Species
Actinopterygii  Anguilliformes Muraenidae Gymnothorax Gymnothorax castaneus
Muraena Muraena lentiginosa
Aulopiformes Synodontidae Synodus Synodus lacertinus
Beryciformes Holocentridae Myripristis Myripristis leiognathus
Neoniphon Neoniphon suborbitalis
Elopiformes Elopidae Elops Elops affinis
Perciformes Acanthuridae Acanthurus Acanthurus nigricans
Acanthurus triostegus
Acanthurus xanthopterus
Prionurus Prionurus punctatus
Apogonidae Apogon Apogon pacificus
Apogon retrosella
Blenniidae Ophioblennius Ophioblennius steindachneri
Plagiotremus Plagiotremus azaleus
Carangidae Carangoides Carangoides orthogrammus

Chaenopsidae

Chaetodontidae

Cirrhitidae

Gobiidae

Haemulidae

Kyphosidae

Caranx

Gnathanodon
Seriola
Trachinotus
Chaenopsis
Chaetodon
Johnrandallia
Cirrhitichthys
Cirrhitus
Coryphopterus
Lythrypnus

Anisotremus

Haemulon

Microlepidotus
Girella

Kyphosus

Caranx caballus

Caranx sp

Gnathanodon speciosus
Seriola lalandi
Trachinotus rhodopus
Chaenopsis alepidota
Chaetodon humeralis
Johnrandallia nigrirostris
Cirrhitichthys oxycephalus
Cirrhitus rivulatus
Coryphopterus urospilus
Lythrypnus dalli
Anisotremus davidsonii
Anisotremus interruptus
Anisotremus taeniatus
Haemulon maculicauda
Haemulon scudderii
Haemulon sexfasciatum
Haemulon steindachneri
Microlepidotus inornatus
Girella simplicidens
Kyphosus azurea

Kyphosus elegans
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Labridae

Labrisomidae

Lutjanidae

Mullidae

Pomacanthidae

Pomacentridae

Scaridae

Sciaenidae

Serranidae

Bodianus

Halichoeres

Semicossyphus
Thalassoma
Labrisomus
Malacoctenus

Lutjanus

Mulloidichthys
Holacanthus
Hoplopagrus
Pomacanthus
Abudefduf

Chromis

Microspathodon

Stegastes

Nicholsina

Scarus

Pareques
Alphestes
Cephalopholis

Epinephelus

Mycteropeca

Kyphosus ocyurus
Kyphosus vaigiensis
Bodianus diplotaenia
Halichoeres chierchiae
Halichoeres dispilus
Halichoeres melanotis
Halichoeres nicholsi
Halichoeres notospilus
Halichoeres semicinctus
Semicossyphus pulcher
Thalassoma lucasanum
Labrisomus xanti
Malacoctenus sp
Lutjanus argentiventris
Lutjanus guttatus
Lutjanus novemfasciatus
Lutjanus viridis
Mulloidichthys dentatus
Holacanthus passer
Hoplopagrus guentherii
Pomacanthus zonipectus
Abudefduf troschelii
Chromis atrilobata
Chromis limbaughi
Microspathodon bairdii
Microspathodon dorsalis
Stegastes acapulcoensis
Stegastes flavilatus
Stegastes rectifraenum
Nicholsina denticulata
Scarus compressus
Scarus ghobban

Scarus perrico

Scarus rubroviolaceus
Pareques sp

Alphestes immaculatus
Cephalopholis colonus
Cephalopholis panamensis
Epinephelus labriformis
Mycteroperca jordani

Mycteroperca prionura
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Scorpaeniformes

Sygnathiformes

Tetraodontiformes

Sparidae
Sphyraenidae
Tripterygiidae
Zanclidae
Scorpaenidae
Fistulariidae

Balistidae

Diodontidae

Tetraodontidae

Paralabrax

Rypticus
Serranus
Calamus
Sphyraena
Crocodilichthys
Zanclus
Scorpaena
Fistularia
Balistes
Pseudobalistes
Sufflamen
Diodon
Arothron
Canthigaster
Sphoeroides

Mycteroperca rosacea

Paralabrax maculatofasciatus

Paralabrax sp

Rypticus bicolor

Serranus psittacinus
Calamus brachysomus
Sphyraena lucasana
Crocodilichthys gracilis
Zanclus cornutus
Scorpaena mystes
Fistularia commersonii
Balistes polylepis
Pseudobalistes naufragium
Sufflamen verres

Diodon holocanthus
Arothron meleagris
Canthigaster punctatissima

Sphoeroides annulatus




Table 25. Read count per bioinformatic step.

Site ID | illuminapairedend | obigrep | ngsfilter | obigrep | obiuniq | vsearch | Swarm (OTUs)
POR 323,473 316,642 | 303,473 | 218,991 | 10,555 | 10,553 542
BSS 228,163 223,001 | 216,396 | 168,903 | 9,727 9,721 542
ANI 207,120 202,009 | 195,084 | 153,536 | 9,172 9,168 542
SDI 243,323 237,758 | 231,105 | 157,864 | 9,656 9,650 542
SCR 236,665 230,230 | 224,202 | 131,085 | 7,419 7,413 542
MAT 229,032 223,873 | 215,868 | 163,328 | 9,385 9,377 542
CAT 197,082 192,269 | 184,964 | 125,589 | 9,115 9,110 542

MON 198,737 194,233 | 188,297 | 142,806 | 8,431 8,428 542
DAN 231,739 225,811 | 217,330 | 167,751 | 9,874 9,869 542
CAR 248,964 242,700 | 220,371 | 132,021 | 8,188 8,182 542
COR 221,945 216,209 | 208,510 | 164,326 | 9,368 9,360 542
PUL 150,982 146,025 | 140,560 | 98,291 6,167 6,164 542
ILD 121,385 117,339 | 113,328 | 89,139 5,921 5,919 542

SMAR 170,012 165,282 | 159,290 | 103,654 | 6,376 6,374 542
TOR 214,539 208,221 | 206,297 | 158,662 | 8,105 8,102 542
NOL 198,148 193,252 | 184,141 | 132,260 | 7,702 7,694 542
PMA 212,156 206,831 | 196,502 | 109,218 | 6,634 6,631 542
FRA 121,642 116,636 | 112,236 | 75,776 6,017 6,015 542
LOR 206,876 201,315 | 193,542 | 110,516 | 7,049 7,046 542
IA-| 181,361 176,382 | 168,824 | 85,520 5,395 5,392 542
LOB 176,736 171,860 | 165,237 | 70,014 5,085 5,085 542
PAT 202,884 197,733 | 189,627 | 135,112 | 7,673 7,668 542
TIB 211,946 206,273 | 199,588 | 146,645 | 8,050 8,048 542
EST 206,776 201,297 | 191,224 | 148,228 | 8,297 8,287 542

MOCK 197,205 192,561 | 187,960 | 184,857 | 7,606 7,605 542
NEG 290,791 258,785 6 6 6 6 4
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Table 26. Summary of the taxonomic assignments for 542 OTUs identified from the eDNA metabarcoding analysis employing three different reference databases (see
methods for details). GOC: gulf of California. We show the number (%) of unassigned/assigned OTUs, then the number of those OTUs that are present in the GOC and

the final OTUs count after taxonomic collapse and minimal abundance filter. The last 5 columns describe the final taxonomic resolution of the OTUs based on thresholds
of sequence identity percentage.

Unassigned Assigned Final number Species Genus Family Order Class
Present in GOC
OTUs OTUs of OTUs (100-97%)  (97-94%)  (94-91%)  (91-88%) (< 88%)
1. NCBI-Genebank 281 (52%) 261(48%) 91 45 24 7 8 4 2
2. Custom reference database 275 (51%) 267 (49%) 267 122 30 15 37 29 11
3. NCBI+ Custom reference databa: 216 (40%) 326 (60%) 326 119 38 26 28 13 16




Table 27. Taxonomic list of Actinopterygii class detected with eDNA metabarcoding.

Class Order Family Genre Species
Actinopterygii  Clupeiformes Clupeidae Dorosoma Dorosoma sp
Sardinops Sardinops sagax
Elopiformes Elopidae Elops Elops sp
Mugilidiformes Mugilidae Mugil Mugil cephalus
Perciformes Acanthuridae Acanthurus Acanthurus sp
Acanthurus xanthopterus
Prionurus Prionurus punctatus
Apogonidae Apogon Apogon retrosella
Balistidae Balistes Balistes polylepis
Balistes sp
Carangidae Carangoides Carangoides sp
Seriola Seriola lalandi
Cirrhitidae Cirrhitichthys Cirrhitichthys oxycephalus
Gobiidae Coryphopterus Coryphopterus urospilus
Haemulidae Haemulon Haemulon sexfasciatum

Istiophoridae

Kyphosidae

Labridae

Lutjanidae

Haemulopsis

Istiophorus

Hermosilla

Kyphosus

Sectator

Bodianus

Semicossyphus

Thalassoma

Lutjanus

Haemulopsis leuciscus
Istiophorus platypterus
OTU_01 (Istiophoridae)
OTU_02 (Istiophoridae)
OTU_03 (Istiophoridae)
OTU_04 (Istiophoridae)
OTU_05 (Istiophoridae)
Hermosilla azurea
Kyphosus sp

Kyphosus elegans
Sectator sp

Bodianus diplotaenia

Bodianus sp
Semicossyphus pulcher
Thalassoma lucasanum
OTU_06 (Labridae)
Lutjanus novemfasciatus
Lutjanus argentiventris
Lutjanus peru

Lutjanus sp

Lutjanus viridis
OTU_07 (Lutjanidae)
OTU_08 (Lutjanidae)
OTU_09 (Lutjanidae)




OTU_10 (Lutjanidae)

OTU_12 (Lutjanidae)

OTU_14 (Lutjanidae)

Mullidae Mulloidichthys Mulloidichthys dentatus

Pomacanthidae Holacanthus

Holacanthus sp

Pomacanthus Pomacanthus sp

Cynoscion

Cynoscion sp

OTU_21 (Sciaenidae)

Cephalopholis sp

Serranidae Cephalopholis

Hyporthodus Hyporthodus sp

Mycteroperca sp
Paralabrax sp

Rypticus bicolor
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Pleuronectiformes

Sygnathiformes

Tetraodontiformes

Sphyraenidae

Paralichthydae

Fistulariidae
Diodontidae
OTU_43 (Actinopterygii)
OTU_44 (Actinopterygii)
OTU_45 (Actinopterygii)
OTU_46 (Actinopterygii)
OTU_47 (Actinopterygii)
OTU_48 (Actinopterygii)
OTU_49 (Actinopterygii)
OTU_50 (Actinopterygii)
OTU_51 (Actinopterygii)
OTU_52 (Actinopterygii)
OTU_53 (Actinopterygii)
OTU_54 (Actinopterygii)
OTU_55 (Actinopterygii)
OTU_56 (Actinopterygii)
OTU_57 (Actinopterygii)

Diodon

Sphyraena

Paralichthys

Fistularia

OTU_23 (Serranidae)
OTU_24 (Serranidae)
OTU_25 (Serranidae)
OTU_26 (Serranidae)
OTU_27 (Serranidae)
OTU_28 (Serranidae)
Sphyraena ensis
Sphyraena sp
OTU_29 (Perciformes)

OTU_30 (Perciformes)
OTU_31 (Perciformes)
OTU_32 (Perciformes)
OTU_33 (Perciformes)
OTU_34 (Perciformes)
OTU_35 (Perciformes)
OTU_36 (Perciformes)
OTU_37 (Perciformes)
OTU_38 (Perciformes)
OTU_39 (Perciformes)
OTU_40 (Perciformes)

OTU_41 (Perciformes)
OTU_42 (Perciformes)
Paralichthys sp

OTU_16 (Paralichthydae)
Fistularia commersonii

Diodon liturosus
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Table 28. Detection of Species/OTU with UVC and eDNA metabarcoding.

Species/OTU

uvc

eDNA

Abudefduf sp

*

Abudefduf troschelii

*

Acanthurus nigricans

Acanthurus sp

Acanthurus triostegus

Acanthurus xanthopterus

Alphestes immaculatus

Anisotremus davidsonii

Anisotremus interruptus

Anisotremus taeniatus

Apogon pacificus

Apogon retrosella

Arothron meleagris

Atractoscion nobilis

Balistes polylepis

Balistes sp

Bodianus diplotaenia

Bodianus sp

Calamus brachysomus

Canthigaster punctatissima

Carangoides orthogrammus

Carangoides sp

Caranx caballus

Caranx sp

Cephalopholis panamensis

Cephalopholis sp

Chaenopsis alepidota

Chaetodon humeralis

Chromis atrilobata

Chromis limbaughi

Chromis sp

Chromis viridis

Cirrhitichthys oxycephalus

Cirrhitus rivulatus

Coryphopterus uropsilus

Crocodilichthys gracilis

Cubiceps sp

Cynoscion sp

Cynoscion xanthulus
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Diodon holocanthus

Diodon liturosus

Dorosoma sp

Elops affinis

Elops sp

Epinephelus labriformis

Epinephelus sp

Fistularia commersonii

Girella simplicidens

Gnathanodon speciosus

Gymnothorax castaneus

Haemulon maculicauda

Haemulon scudderii

Haemulon sexfasciatum

Haemulon steindachneri

Haemulopsis leuciscus

Halichoeres chierchiae

Halichoeres dispilus

Halichoeres melanotis

Halichoeres nicholsi

Halichoeres notospilus

Halichoeres semicinctus

Hermosilla azurea

Holacanthus passer

Holacanthus sp

Hoplopagrus guentherii

Hyporthodus sp

Istiophorus platypterus

Johnrandallia nigrirostris

Katsuwomis pelamis

Katsuwomis sp

Kyphosus azurea

Kyphosus elegans

Kyphosus ocyurus

Kyphosus sp

Kyphosus vaigiensis

Labrisomus xanti

Lutjanus argentiventris

Lutjanus guttatus

Lutjanus novemfasciatus

Lutjanus peru
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Lutjanus sp

Lutjanus viridis

Lythrypnus dalli

Malacoctenus sp

Microlepidotus inornatus

Microspathodon bairdii

Microspathodon dorsalis

Mugil cephalus

Mulloidichthys dentatus

Muraena lentiginosa

Mycteroperca jordani

Mycteroperca prionura

Mycteroperca rosacea

Mycteroperca sp

Myripristis leiognathus

Neoniphon suborbitalis

Nicholsina denticulata

Ophioblennius steindachneri

OTU_01 (Istiophoridae)

OTU_02 (Istiophoridae)

OTU_03 (Istiophoridae)

OTU_04 (Istiophoridae)

OTU_05 (Istiophoridae)

OTU_06 (Labridae)

OTU_07 (Lutjanidae)

OTU_08 (Lutjanidae)

OTU_09 (Lutjanidae)

OTU_10 (Lutjanidae)

OTU_11 (Lutjanidae)

OTU_12 (Lutjanidae)

OTU_13 (Lutjanidae)

OTU_14 (Lutjanidae)

OTU_15 (Paralichthydae)

OTU_16 (Scaridae)

OTU_17 (Scaridae)

OTU_18 (Scaridae)

OTU_19 (Scaridae)

OTU_20 (Sciaenidae)

OTU_21 (Scombridae)

OTU_22 (Serranidae)

OTU_23 (Serranidae)
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OTU_24 (Serranidae)

OTU_25 (Serranidae)

OTU_26 (Serranidae)

OTU_27 (Serranidae)

OTU_28 (Perciformes)

OTU_29 (Perciformes)

OTU_30 (Perciformes)

OTU_31 (Perciformes)

OTU_32 (Perciformes)

OTU_33 (Perciformes)

OTU_34 (Perciformes)

OTU_35 (Perciformes)

OTU_36 (Perciformes)

OTU_37 (Perciformes)

OTU_38 (Perciformes)

OTU_39 (Perciformes)

OTU_40 (Perciformes)

OTU_41 (Actinopterygii)

OTU_42 (Actinopterygii)

OTU_43 (Actinopterygii)

OTU_44 (Actinopterygii)

OTU_45 (Actinopterygii)

OTU_46 (Actinopterygii)

OTU_47 (Actinopterygii)

OTU_48 (Actinopterygii)

OTU_49 (Actinopterygii)

OTU_50 (Actinopterygii)

OTU_51 (Actinopterygii)

OTU_52 (Actinopterygii)

OTU_53 (Actinopterygii)

OTU_54 (Actinopterygii)

OTU_55 (Actinopterygii)

Paralabrax maculatofasciatus

Paralabrax nebulifer

Paralabrax sp

Paralichthys sp

Paranthias colonus

Pareques sp

Plagiotremus azaleus

Pomacanthus sp

Pomacanthus zonipectus
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Prionurus punctatus

Pseudobalistes naufragium

Rypicus sp

Rypticus bicolor

Sardinops sagax

Scarus compressus

Scarus ghobban

Scarus perrico

Scarus rubroviolaceus

Scarus sp

Scorpaena mystes

Sectator sp

Semicossyphus pulcher

Seriola lalandi

Serranus psittacinus

Sphoeroides annulatus

Sphyraena ensis

Sphyraena lucasana

Sphyraena sp

Stegastes acapulcoensis

Stegastes flavilatus

Stegastes rectifraenum

Sufflamen verres

Synodus lacertinus

Thalassoma lucasanum

Thunnus albacares

Thunnus sp

Trachinotus rhodopus

Zanclus cornutus

158



Table 29. Genera detection from UVC and eDNA metabarcoding.

Genus

uvC

eDNA

Abudefduf

*

*

Acanthurus

*

*

Alphestes

Anisotremus

Apogon

Arothron

Atractosion

Balistes

Bodianus

Calamus

Canthigaster

Carangoides

Caranx

Cephalopholis

Chaenopsis

Chaetodon

Chromis

Cirrhitichthys

Cirrhitus

Coryphopterus

Crocodilichthys

Cubiceps

Cynoscion

Diodon

Dorosoma

Elops

Epinephelus

Fistularia

Girella

Gnathanodon

Gymnothorax

Haemulon

Halichoeres

Hermosilla

Holacanthus

Hoplopagrus

Hyporthodus

Istiophorus

Johnrandallia
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Katsuwonus

Kyphosus

Labrisomus

Lutjanus

Lythrypnus

Malacoctenus

Microlepidotus

Microspathodon

Mugil

Mulloidichthys

Muraena

Mycteroperca

Myripristis

Neoniphon

Nicholsina

Ophioblennius

Paralabrax

Paralichthys

Pareques

Plagiotremus

Pomacanthus

Prionurus

Pseudobalistes

Rypticus

Sardinops

Scarus

Scorpaena

Sectator

Semicossyphus

Seriola

Serranus

Sphoeroides

Sphyraena

Stegastes

Sufflamen

Synodus

Thalassoma

Thunnus

Trachinotus

Zanclus
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Table 30. Family detection from UVC and eDNA metabarcoding.

Family

uvc

eDNA

Acanthuridae

*

*

Apogonidae

*

*

Balistidae

*

Blenniidae

Carangidae

Chaenopsidae

Chaetodontidae

Cirrhitidae

Clupeidae

Diodontidae

Elopidae

Fistulariidae

Gobiidae

Haemulidae

Holocentridae

Istiophoridae

Kyphosidae

Labridae

Labrisomidae

Lutjanidae

Mugilidae

Mullidae

Muraenidae

Nomeidae

Paralichthydae

Pomacanthidae

Pomacentridae

Scaridae

Sciaenidae

Scombridae

Scorpaenidae

Serranidae

Sparidae

Sphyraenidae

Synodontidae

Tetraodontidae

Tripterygiidae

Zanclidae
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Table 31. Order detection from UVC and eDNA metabarcoding.

Order

Anguilliformes

Beryciformes

Clupeiformes

Elopiformes

Mugilidiformes

Myliobatiformes

Perciformes

Pleuronectiformes

Scorpaeniformes

Sygnathiformes

Tetraodontiformes

UVC | eDNA
*
*
*
* *
*
*
* *
*
*
* *
* *

Table 32. Class detection from UVC and eDNA metabarcoding.

Class uvc

eDNA

Actinopterygii *

*
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Richness

Richness

Figure 42. Individual rarefaction curves for (A) eDNA metabarcoding and (B) UVC. Sampling sites are shown.
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Figure 43. Pearson correlation tests among the environmental variables for population localities. R values are shown
and its statistical significance (p-value 0 ***, 0.001 **, 0.01 *, 0.05 ).
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Figure 44. Pearson correlation tests among the environmental variables for community localities and the observed
species. R? values are shown and its statistical significance (p-value 0 ***, 0.001 **, 0.01 *, 0.05 -).



