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Abstract

The  dispersal  during  the  planktonic  larval  period  is  a  key  feature  to
understand the metapopulation structure of marine fishes, and is commonly
described by four general models: (1) lack of population structure due to
extensive  larval  dispersal;  (2)  isolation  by  geographic  distance,  where
larval connectivity decreases with increasing distance between sites in all
directions (isotropy); (3) population structure without any clear geographic
trend  (chaotic);  and  (4)  population  structure  explained  by  seascape
approaches that explicitly incorporate the spatial and temporal variations in
the direction and strength of oceanic currents via oceanographic modeling.
We tested the four models in the Pacific red snapper Lutjanus peru,  a key
commercial species in the Gulf of California (GC), Mexico. We genotyped
15 microsatellite loci  in 225 samples collected during 2015–2016 from 8
sites,  and  contrasted  the  observed  empirical  genetic  patterns  against
predictions  from  each  model.  We  found  low  but  significant  levels  of
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population structure among sites. Only the seascape approach was able to
significantly  explain  levels  of  genetic  structure  and  diversity,  but
exclusively  within  spring  and  summer,  suggesting  that  this  period
represents the spawning season for L. peru. We showed that in the GC, the
strong asymmetry in the oceanic currents causes larval connectivity to show
different  values  when  measured  in  distinct  directions  (anisotropy).
Management  tools,  including marine reserves,  could be more effective  if
placed upstream of  the predominant  flow. Managers  should consider  that
oceanographic distances describing the direction and intensity of currents
during the spawning period are significant predictors of larval connectivity
between sites, as opposed to geographic distances.
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Introduction
Many species of marine fish have a complex life history that starts with a
planktonic larval stage that can last few days up to several months, and during
this time, oceanic currents can transport the planktonic larvae before settling
as relatively sedentary adults (Luiz et al. 2013; Green et al. 2015). Larval
dispersal is a key factor that defines how marine populations are structured,
and is influenced by several life history traits including spawning time and
location, length of the spawning period and planktonic larval duration (PLD),
among others (Cowen and Sponaugle 2009). An understanding of how larval
connectivity influence source–sink metapopulation dynamics and local larval
replenishment could help to increase the effectiveness of marine spatial
management tools (Sale et al. 2006). For example, during the design of
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networks of marine, reserves or no-take zones patterns of larval dispersal for
focal species could inform about optimal reserve location and spacing
(Munguia-Vega et al. 2014; Green et al. 2015; Dubois et al. 2016).

Genetic analyses are a useful tool to infer the metapopulation dynamics of
diverse marine species (Selkoe et al. 2014; Pascual et al. 2017). Three main
population genetic scenarios or models have been proposed to explain how
populations of marine organisms with a planktonic larval stage are structured,
and each model is associated with characteristic patterns of genetic
differentiation present between sites. The first model is based on the frequent
observation that marine species show very low levels or a complete absence
of population structure, indicative of panmixia over large geographical scales
(Rocha-Olivares and Sandoval-Castillo 2003; Hedgecock et al. 2007). This
pattern has been interpreted as the result of extensive larval dispersal and low
genetic drift associated with large effective population sizes (Hedgecock et al.
2007).

The second model suggests that the probability of larval connectivity
uniformly decreases with increasing distance between locations (Almany et
al. 2009; Green et al. 2015), and is generally represented by an isotropic
dispersal kernel (i.e., has the same value when measured in different
directions) (Cowen et al. 2000; Jones et al. 2005). This pattern of isolation by
geographic distance has been described by comparing allele frequencies
between sites via F  values in species with direct development and across a
wide range of PLDs (Teske et al. 2015, 2016; Almany et al. 2017). The
practical application of the isolation by geographic distance model is
recommendations about spacing in networks of marine reserves (e.g., between
15 and 100 km) to ensure that the mutual replenishment of larvae between
reserves has demographic impacts (i.e., demographic connectivity) which
increase the probability of network persistence (Sala et al. 2002; Almany et
al. 2009; Green et al. 2015).

The third model, known as “chaotic genetic patchiness”, describes significant
population structure among sites without any clear geographic or temporal
trend, and is generally attributed to high variability in individual reproductive
success that leads to distinctive patterns of localized recruitment (Johnson and
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Black 1982, 1984; Hedgecock and Pudovkin 2011). Recent studies have
suggested that this pattern can be explained by pulses of settlement of
genetically related larvae, also known as collective dispersal, that remain
together during their larval stage (Iacchei et al. 2013; Ottmann et al. 2016).

However, other causal factors of chaotic genetic patchiness have also been
proposed, including diversifying selection, temporal shifts in local population
dynamics, strong genetic drift, and other seascape drivers including habitat
extension (Eldon et al. 2016; Selkoe et al. 2010, 2014). A recent
methodology, dubbed seascape genetics, suggests that apparent chaotic
genetic patterns could be explained by explicitly considering ecological and
oceanographic variables in a spatial and temporal context (Galindo et al.
2006; Selkoe et al. 2016). One of the most promising methods in seascape
genetics tries to describe the underlying mechanism driving patterns of export
and import of larvae among sites and levels of local larval retention within
sites by predicting oceanic currents with computer models (Metaxas and
Saunders 2009; Marinone 2012; Treml et al. 2012). Oceanographic models are
spatially-explicit numerical models that simulate dispersal of particles
(analogous to larvae) by oceanic currents based on a precise description of
topography, bathymetry, temperature, salinity, tides, wind, fresh water influx,
etc., while also incorporating information about spawning time and PLD
(Metaxas and Saunders 2009).

The Pacific red snapper Lutjanus peru (Nichols and Murphy 1922) is a
demersal fish species abundant near the coast in waters up to 91 m depth,
associated with rock and coral reefs, and distributed from California US to
Peru (Rocha-Olivares and Sandoval-Castillo 2003). The species is one of the
most important commercial marine fishes both in terms of value and total
catch for small-scale fisheries in the Pacific coast of Mexico (Zarate-Becerra
et al. 2014), including the Gulf of California (GC) (Diaz-Uribe et al. 2004).
Landings for L. peru in the Southwestern GC (SWGC, Fig. 1a) during the
period 1998–2008 averaged 598 tons worth 1.13 million USD, which
represents 66% of the total catch for the entire GC (Erisman et al. 2010). For
the period 2011–2013, an average of at least ~ 330 tons was landed in the
SWGC according to official records (Niparaja A.C. and Pronatura Noroeste
A.C. 2014).
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Fig. 1

a Study area in the Southwest of the Gulf of California showing main islands,
marine reserves, and bathymetry. Note that the sizes of the marine reserves are
not shown to scale. b Location of 20 spatial units of analyses used during the
oceanographic  simulations  to  calculate  connectivity  matrices  based  on  the
dispersal of virtual larvae that were transported by currents from the 20 release
sites  indicated  by  stars.  The  eight  release  sites  where  genetic  samples  of
Lutjanus peru were also obtained are indicated by a star within a circle

The GC is a narrow (100–150 km) semi-enclosed sea and a fitting area to
study the impact of oceanic currents on the population structure of marine
fishes with planktonic larvae. In the GC, multiple seasonal oceanic gyres
present within each of the main deep (1–3 km) basins shift direction at the
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beginning of the spring (March) and fall (October) seasons (Marinone et al.
2011; Marinone 2012). These gyres create a unique model system, where
strongly asymmetric oceanic currents define a metapopulation structure,
where upstream larval sources export larvae towards specific downstream
locations, according to the spawning time and the direction of the
predominant flow (Soria et al. 2012; Beldade et al. 2014; Munguia-Vega et al.
2015; Lodeiros et al. 2016).

We used microsatellite genotypes to measure levels of genetic differentiation
between populations and genetic diversity within populations of L. peru from
the SWGC. We tested in which of three scenarios our results fit,
hypothesizing that population genetic structure of L. peru follows either (a) a
panmictic pattern, (b) isolation by distance, or (c) chaotic genetic patchiness.
Then, we used a seascape genetic approach to calculate seasonal
oceanographic distances among locations in the SWGC and compared its
ability to explain observed levels of population structure against the other
traditional models outlined above.

Methods

Study area
Our study area in the SWGC covers ~ 200 km along the Southeast portion of
the Baja California Peninsula, Mexico, between the cities of La Paz and
Loreto (Fig. 1a). The area includes nine large islands, dozens of islets and
three marine protected areas (MPAs, here defined as geographical areas under
some kind management), namely (from north to south): Bahia de Loreto
National Park, Espiritu Santo National Park and Balandra Flora and Fauna
protection area (Fig. 1a). Eighteen marine reserves (defined here as no-take
zones that are fully protected from all extractive and destructive activities,
including fishing) are present in the region, including 7 marine reserves
within core zones of the three MPAs administered by the National
Commission of Protected Areas (CONANP) and 11 sites recognized as fishery
refugia administered by the National Commission of fisheries
(CONAPESCA).

Oceanographic model
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The study area was divided into 20 large spatial units or polygons to calculate
connectivity matrices (Fig. 1b). Spatial units were designed combining data
about the coastline (http://www.ngdc.noaa.gov/mgg/shorelines
/shorelines.html), political boundaries including MPAs in Mexico
(www.conanp.gob.mx), and the domain was restricted by the 200 m isobath
that is often used as a proxy for the edge of the continental shelf, where there
is a dramatic ecotone between shallow and deep water habitats (Spalding et
al. 2007).

A literature review about the spawning time of L. peru in the GC showed
contradictory results among studies that suggested different reproductive
periods covering the entire year, including spawning from November through
April (Zarate-Becerra et al. 2014), April to June (Diaz-Uribe et al. 2004), May
to September (Erisman et al. 2010), and June to July and September to
October (Barbosa-Ortega et al. 2015). We predicted that, if L. peru larvae are
transported during particular seasons after spawning, then patterns of genetic
diversity and structure will show a better fit with the oceanographic
connectivity during the seasons, where most larvae gets transported by
currents, as opposed to seasons, where no spawning occurs or larvae has
already developed into juveniles that are no longer part of the plankton. Given
the uncertainty in the spawning time of the species, we modeled the four
different seasons (winter, spring, summer, and fall). The larval dispersal
simulations included the months of January and February (winter), April and
May (spring), July and August (summer), and October and November (fall).
We excluded the months of transition between seasons, because we were
interested in capturing the main oceanographic patterns typical of each
season. For each month, the starting trajectories were for both spring and neap
tides (see Online Resource 1), since in the GC, they represent the full range of
dispersal scenarios (i.e., maximum and minimum, respectively), and any other
calendar day within a particular month will be intermediate to these values
(Soria et al. 2012). Seasonal oceanographic regimes in the GC are strongly
consistent across years, and the most significant inter-annual variability is
represented by ENSO events (Marinone 2003; Soria et al. 2014). Thus, the
year 2015 was arbitrarily chosen as the simulation year, because the model
represents the ocean circulation of any typical year, and only the phase of the
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spring–neap cycle is the one that gets shifted from year to year. Due to
uncertainty about initial conditions for these models, analysis typically
centers on long-term equilibrium (White et al. 2011). Our model converges
within 3 years, and in all the analyses, we used the circulation from the fourth
year. We seeded 4000 passive particles (or virtual larvae) at each of 20
locations (Fig. 1b) for each release date. Although no published references
exist for the PLD of L. peru, a review of 18 species within the genus Lutjanus
(Luiz et al. 2013) showed an average PLD of 29.4 days (range
21.75–40 days). We thus tracked the larvae during our simulations for 28 days
or 4 weeks.

AQ3

Passive particles were allowed to be advected from an Eulerian velocity field
obtained from the baroclinic three-dimensional numerical model HAMSOM
developed by Backhaus (1985) and adapted to the GC (Marinone 2003, 2006,
2008). The HAMSOM model results have been validated by several studies
where it has successfully reproduced seasonally reversing gyres (Marinone et
al. 2008), tides, sea surface and currents (Marinone et al. 2009), the deep
circulation around large islands (Marinone 2008) and larval dispersal patterns
in other fishes (Munguia-Vega et la. 2014). Briefly, the model domain has a
mesh size of 0.833′ × 0.833′ (~ 1.3 × ~ 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 m. The model equations include fully prognostic
temperature and salinity fields, thus allowing time-dependent baroclinic
motions. The model is started from rest, and the time step is 300 s. At the
mouth of the GC, the forcing is with tides, and with T, S, u, v obtained from
GLORYs. At the sea surface climatological heat and fresh water, fluxes are
included and the wind field is taken from ftp://podaac.jpl.nasa.gov
/ocean_wind/ccmp/L3.0/data/flk/ site every 6 h.

The trajectories were calculated with the advection/diffusion scheme
described in Visser (1997) and Proehl et al. (2005) as described in detail
previously (Marinone et al. 2008). The Lagrangian trajectories are due to the
HAMSOM Eulerian velocity field and a random-walk contribution related to
turbulent eddy diffusion processes. The position of the particles is then
calculated as
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2

3

where (X, Y, Z) are the particle positions in the zonal, meridional, and vertical
directions, respectively, at time t. X , Y , and Z  are the advective
displacements obtained by integrating the velocity field, V  = (u, v, w). A  and
A  are the horizontal and vertical diffusivities, respectively, and are taken
from the Eulerian numerical model. The horizontal eddy diffusivity is
constant (A  = 100 m  s ). The velocity and the vertical eddy diffusivity at
each particle position are calculated by bilinear interpolation of the
instantaneous Eulerian velocity and vertical diffusivity fields from the
numerical model, which were saved every hour. R , R , and R  are random
variables with zero mean and variance σ , σ , and σ , respectively. For
uniform distribution between − 1 and 1, the variances are 1/3 (Visser 1997).
We assumed that larvae are advected as passive particles and do not migrate
vertically downward to deep depths, as supposed in other similar studies (e.g.,
Watson et al. 2010).

Hourly latitude and longitude data for each modeled particle were imported
into MATLAB (Mathworks). To identify the intersection between particles
and each spatial unit at the end of the PLD, we used a selection by location
function (in-polygon). We generated connectivity matrices calculating the
proportion of larvae that settled at each location relative to the total number of
larvae released at each site. We constructed matrices averaging for the four
larval release dates within each of the four seasons. We calculated local
retention as the proportion of larvae released within an area (spatial unit of
analysis) that remains within the natal area at the end of the PLD (Burgess et
al. 2014). We also calculated Export Probability (EP) as the sum of larval
export from sources i into location j, and Import Probability (IP) as the sum of
larval imports from sources j into location i (Munguia-Vega et al. 2014).
Sources are populations in which the net export of larvae is greater than the

X(t + dt) = X (t) + (t) + (2 dt/ )Xa RxÖ Ah s2
x

Y(t + dt) = Y (t) + (t) + (2 dt/ )Ya RyÖ Ah s2
y

Z(t + dt) = Z (t) + (t) + (2 dt/ ) + dt∂ /∂ZZa RzÖ Av s2
z Av

a a a

a h

v

h
2 −1

x y z

x
2

y
2

z
2
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net import, while the reverse are sinks (Cowen and Sponaugle 2009). We
identified each location as either source or sink by subtracting IP from EP
(i.e., EP − IP), where positive values identify net exporters or sources and
negative values correspond to net importers or sinks.

Connectivity matrices for each season were displayed using graph theory and
a spatial network approach using the software GEPHI (Bastian et al. 2009),
where nodes represent sites and links directional larval dispersal probabilities
(Treml et al. 2008, 2012). We calculated four statistics that describe the
relationship among elements (i.e., sites or nodes) in complex networks
(Newman 2003), including: (1) graph size (the total number of directed links
within a graph); (2) in-degree (number of links that enter a node); (3)
out-degree (number of links that leave a node); and (4) eigenvector centrality
of the directed network (eigenvector of the adjacency matrix) by running 1000
iterations, which gives the contribution of site i to the growth rate of a linear
metapopulation model (Watson et al. 2011).

We used the spatial networks describing patterns of larval dispersal for each
season according to the oceanographic model to calculate the graph distance
(hereafter oceanographic distance) between pairs of sites (nodes) with the
software GENETICSTUDIO (Dyer 2009). Graph distance is the length of the
minimum topological distance (i.e., shortest geodesic path) between two
nodes, calculated conditional to the entire data set of nodes and links,
considering the topology of the network and the strength of the connection
between nodes (Dyer 2015).

Population genetics
We collected L. peru tissue samples (fin clips preserved in 70% ethanol) from
225 individuals from eight localities (Table 1) during 2015 and 2016 with
help from small-scale fishers under permit # 103053993271-5 and
PPF/DGOPA-224/16 issued by CONAPESCA. Samples included multiple size
classes and cohorts targeted by commercial fisheries ranging from ~ 28 to
65 cm in total length. We extracted genomic DNA with the DNeasy blood and
tissue kit (Qiagen). Each individual was amplified at 15 independent
hypervariable tetranucleotide microsatellite loci we recently described for L.
peru: Lupe01, Lupe02, Lupe13, Lupe16, Lupe21, Lupe23, Lupe24, Lupe25,
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Lupe28, Lupe29, Lupe34, Lupe39, Lupe55, Lupe62, and Lupe63, following
published PCR protocols and conditions (Paz-García et al. 2017). Alleles
were sized on an ABI PRISM 3730XL DNA sequencer (Applied Biosystems)
using GENESCAN™ 500 LIZ as size standard, scored with the software
GENEMARKER (Softgenetics), and assigned into bins with the software
FLEXIBIN (Amos et al. 2007). We tested for significant deviations from
Hardy–Weinberg equilibrium (HWE) and linkage disequilibrium (LD) with
the software GENEPOP employing 10,000 dememorization steps, 1000
batches, and 10,000 iterations (Raymond and Rousset 1995). We adjusted P
values with a false discovery rate (FDR) method (α = 0.05) (Benjamini and
Yekutieli 2001). We tested for null alleles, genotyping errors, and large allele
drop-out with the software MICROCHECKER (Van Oosterhout et al. 2004).

Table 1

Genetic  diversity  in  Lutjanus  peru  measured  with  15  microsatellite  loci  at  eight  sites  (see
Fig. 1 for details), including average and standard error (SE) for sample size (N), number of
alleles  (Na),  number  of  effective  alleles  (Ne),  allelic  richness  (AR),  observed  (Ho)  and
expected  (He)  heterozygosities,  private  alleles  (PA),  private  allelic  richness  (PAR),  and
average pairwise relatedness (R, showing 95% confidence interval)

Site N Na Ne AR Ho He PA PAR R

3
Montserrat

 Mean 23 15.800 10.407 15.8 0.722 0.858 0.133 0.29 − 0.048

 SE 1.363 1.306 0.052 0.033 0.091 (− 0.034,
− 0.060)

4 Catalana

 Mean 28 17.600 11.854 16.81 0.822 0.904 0.467 0.55 − 0.003

 SE 1.486 1.107 0.026 0.010 0.192 (0.006,
− 0.012)

5 Marcial

 Mean 29 18.600 12.073 17.26 0.784 0.898 0.533 0.51 − 0.022

 SE 1.549 1.257 0.043 0.014 0.192 (− 0.015,
− 0.030)

6 Bajo Seco

e.Proofing http://eproofing.springer.com/journals_v2/printpage.php?token=--I...

12 of 41 11/20/17 8:11 AM



Site N Na Ne AR Ho He PA PAR R

 Mean 28 18.400 12.002 17.1 0.846 0.901 0.800 0.78 − 0.012

 SE 1.527 1.232 0.023 0.013 0.262 (− 0.002,
− 0.020)

8 Botella

 Mean 30 18.533 11.963 16.93 0.850 0.901 0.800 0.74 0.005

 SE 1.647 1.224 0.026 0.013 0.262 (0.014,
− 0.003)

9 San Diego

 Mean 32 19.933 13.003 17.79 0.859 0.910 0.800 0.75 − 0.011

 SE 1.599 1.219 0.014 0.011 0.200 (− 0.004,
− 0.017)

11 Animas

 Mean 23 17.467 12.066 17.47 0.829 0.905 0.133 0.26 − 0.014

 SE 1.305 1.125 0.031 0.010 0.091 (− 0.006,
− 0.024)

15
Francisquito

 Mean 32 19.000 12.887 17.27 0.766 0.910 0.533 0.49 − 0.012

 SE 1.636 1.170 0.060 0.011 0.165 (− 0.005,
− 0.018)

Average

 Mean 28.12 18.167 12.032 0.810 0.898

 SE 0.326 0.531 0.419 0.013 0.006

Genetic diversity
We measured genetic diversity within each location by estimating average
observed and expected heterozygosities, number of alleles, number of private
alleles (alleles that are exclusive to one site), and number of effective alleles
(a measure of allelic diversity which takes into consideration differences in
sample size among localities) with the software GENALEX (Peakall and
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Smouse 2012). We estimated allelic richness, and private allelic richness via
rarefaction with the software HP-RARE (Kalinowski 2005). We estimated
pairwise relatedness values between individuals, a measure of the proportion
of alleles identical by descent (Queller and Goodnight 1989), and calculated
average values within each locality employing 1000 permutations and 1000
bootstraps to estimate 95% CI with GENALEX.

We predicted that, if larval sources differ genetically, genetic diversity within
site i will depend on the number of sources from which larvae are imported
into site i (i.e., in-degree) as estimated from to the oceanographic model
(Kool et al. 2011). To test if in-degree could explain the levels of genetic
diversity found within each site, we performed a linear regression with the
software R (R-Core-Team 2017) between the in-degree values for each season
and the average number of effective alleles found in each site.

In the presence of local larval retention, the relatedness values among
individuals within a site are expected to increase (Christie et al. 2010; Teske
et al. 2016). To test if local retention from the oceanographic model predicted
genetic relatedness within sites, we performed a linear regression with the R
software between the probability of local retention for each season and the
average relatedness found within each site. We also predicted that genetic
relatedness within a site could not only depend upon local larval retention but
that could be heavily influenced by the net balance between the amount of
larvae that is imported and exported into/from a site, respectively. We
hypothesized that sites that act like net sinks will have higher levels of
relatedness, because they could receive larvae that result from collective
dispersal in addition to the presence of self-retention. In contrast, we
predicted low level of relatedness at sites that are net sources, where most
larvae leave their natal site. We tested this hypothesis with a linear regression
in R between the EP and IP values of each site for each season estimated from
the oceanographic model and the average value of relatedness within each
site.

Genetic structure
We estimated the statistical power of the 15 genotyped loci to detect low F
values (e.g., < 0.01) with the software POWSIM (Ryman and Palm 2006),
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using a Fisher exact test to compare simulations for eight populations,
employing observed sample sizes and allele frequencies and 1000 replicates.
To investigate the model of panmixia, we performed an Analysis of Molecular
Variance (AMOVA) to estimate the amount of genetic variation found within
individuals, among individuals and among different locations, and tested for
significance with 999 permutations with the software GENODIVE (Meirmans
and Van Tienderen 2004). To test the model of chaotic genetic patchiness, we
estimated genetic distance between locations with the software GENODIVE
employing F  and the JostD estimator and searched for any geographical
trend. Unlike F , JostD is not biased by levels of within population
heterozygosity that are typically high for microsatellite loci (Jost 2008). We
assessed the significance of pairwise F  values with an AMOVA test and
1000 permutations in GENODIVE.

To test the model of isolation by geographic distance, we calculated
geographic distances between the sites, where larvae were released in the
oceanographic model with the software GENALEX. We performed a Mantel
test with 10,000 randomizations between log transformed matrices of both
geographic distance and empirical genetic distances (JostD) with the software
IBDWS (Jensen et al. 2005).

To test if the oceanographic distances between sites, as estimated from the
spatial networks informed by the oceanographic model, could explain
observed genetic distances, we performed a Mantel test between log
transformed matrices of both oceanographic distances for each season and
empirical genetic distances (JostD) with IBDWS.

We tested four different population genetic scenarios about the directionality
of average gene flow patterns among sites with the software MIGRATE-N
(Beerli and Palczewski 2010): (1) a model with one population size, where the
eight sampled sites are part of the same panmictic population; (2) a model
with eight population sizes and symmetric migration rates between each site
and the geographically closest site (isolation by geographic distance); (3) an
unrestricted full migration model with eight population sizes and 64
symmetrical migration rates among all sites (e.g., from sites A to B and from
B to A, etc.); and (4) a model with eight population sizes and 21 asymmetric
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migration rates following the anisotropic larval connectivity suggested by the
HAMSOM oceanographic model during summer (Fig. 2c, see “Results” for
details). We conducted preliminary runs using model 3 to determine
convergence of posterior probabilities for each parameter. We used the
Bayesian inference approach, a Brownian motion mutation model, 1,000,000
recorded steps from which the first 25% was discarded as burn-in, 1 long
chain and four heated chains with a static heating scheme, uniform priors, and
a tree swapping interval of 10. We used the ratio of the marginal likelihoods
(Bayes factors) to compare and select the model best supported by the genetic
data as indicated by the highest natural log Bayes factor with a Bezier
approximation (Beerli and Palczewski 2010). We determined convergence
across three replicated runs for each model. For the best supported model, we
used the posterior distributions of Θ (4 N µ) and Μ (mµ) to calculate the
number of migrants per generation (Nm) as Θ × Μ/4, where Θ belongs to the
recipient population (Beerli 2009). We estimated the role of each site as either
sink or source by subtracting the total Nm leaving from the Nm entering each
site.

Fig. 2

Modeled networks of larval connectivity. Spatial networks of larval dispersal
between sites (nodes) for a planktonic larval duration of 28 days during winter
(a),  spring  (b),  summer  (c),  and  fall  (d).  Line  width  is  proportional  to
probability  according to  the  scale  within  each panel.  The direction of  larval
dispersal is indicated by different colors: northward (red) and southward (blue)
(see Online Resource 2 for  a  video of  the density of  virtual  larvae for  each
release date)

e
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Results

Oceanographic model
We simulated a total of 1280,000 virtual L. peru larvae (4000 larvae × 20 sites
× 16 release dates). All seasonal networks representing patterns of marine
connectivity showed all nodes (sites) completely connected via larval
dispersal (Fig. 2). Graph size was higher during the cold seasons (fall: 330,
winter: 327) with less complex networks observed during the warm seasons
(spring: 195, summer: 138). As expected, oceanic currents in the GC changed
directions drastically twice a year at the beginning of spring and fall (Online
Resource 2). The ocean circulation in the study area of the SWGC followed a
predominantly anticyclonic (clockwise) circulation during winter that
generated connections in both northward and southward directions between
coastal sites and main islands (Fig. 2a). The direction of the currents shifted
during spring and summer to a predominant cyclonic (anticlockwise)
circulation causing a strong current with a predominantly southward direction
with only few larval dispersal events towards the north (Fig. 2b, c). The
oceanic currents reversed again during fall to the anticyclonic period causing
northward and southward connections (Fig. 2d).

The metrics calculated to describe the metapopulation dynamics of each site
in the network indicated strong seasonal and latitudinal trends (Fig. 3, Online
Resource 3). During spring and summer, in-degree was considerably lower
and out-degree higher in the northern half of the study area (sites 1–10), while
the opposite was true for the southern section (sites 11–20). During fall and
winter, both in-degree and out-degree showed a more even distribution with
slightly higher values of in-degree at southern locations. We observed the
highest IP values during most of the year (spring–fall) at sites 15–20 located
south of San Jose Island, while other sites showing moderate IP values
through the year were the island site 3, and sites along the coast 5, 8, 10, and
13. In contrast, EP peaked at various locations spread along the region
through the year, including island sites 1 and 2 and sites along the coasts 5, 8,
10, 13, 14, 16, and 19. Both IP and EP values were comparatively lower
during summer. We observed high local larval retention only at three sites that
were consistent through the year, including two island sites 1 and 11 and the
coastal site 13. Other sites showing relatively large values of local retention
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included the island site 17 (spring), and the coastal sites 14 (summer) and 10,
16, and 19 (fall). Patterns of eigenvector centrality mirrored those of
in-degree.

Fig. 3

Range  of  seasonal  and  annual  values  for  six  node-based  network  metrics
calculated  from  spatial  networks  among  20  sites  after  a  planktonic  larval
duration of 28 days: in-degree, out-degree, import probability (Import P), export
probability  (Export  P),  probability  of  local  larval  retention  (Local  R),  and
eigenvector centrality (Eigenvector). The scale shows the percentage relative to
the maximum values observed within each metric (see Online Resource 3 for
details)

There was a strong geographic structure in the latitudinal distribution of net
sinks and sources that remains relatively constant through the year according
to the metapopulation dynamics of larval dispersal among sites (Online
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Resource 4). With few exceptions, northern and central sites (1–14) were
consistently identified as larval sources in all seasonal networks, while areas
south of San Jose Island (sites 15–20) were mainly recognized as larval sinks
through the year. The three most important sources of larvae with the largest
EP − IP values were the coastal site 14 and the island sites 1 and 2, while the
three most important sinks with the lowest EP − IP values were located in the
southern section of the study region, including two in Espiritu Santo Island
(17 and 18) and one in the coast (20).

Genetic diversity
We found very high levels of genetic diversity in L. peru (Table 1, Online
Resource 5). The number of alleles ranged from 15.8 to 19.9 (average 18.1),
the number of effective alleles varied from 10.4 to 13.0 (average 12.0), and
rarefied allelic richness ranged from 15.8 to 17.7. Average observed and
expected heterozygosities were 0.810 and 0.898, respectively. The number of
private alleles varied from 0.133 to 0.800, and the private allelic richness
ranged from 0.26 to 0.78. We found no evidence of genotyping errors, null
alleles or large allele drop-out. From 120 tests of deviations from HWE
performed, 27 combinations of loci/site (22.5%) were statistically significant
after the FDR test (Adjusted P = 0.016), without any apparent trend within
loci or populations. From 105 tests of LD between pairs of loci, 19 (18%)
were significant after FDR (Adjusted P = 0.014). Missing data were present in
only 3.08% of the data set. Therefore, we included all loci and samples in
further analyses.

We found that a linear regression model of values of in-degree from the
modeled network of larval dispersal during the spring season explained a
significant amount of the variance observed in effective alleles within the
eight sampled sites (R  = 0.558, F  = 7.575, P = 0.033, Fig. 4a). Similar
analyses were not significant for any the other seasons (winter R  = 0.003,
F  = 0.019, P = 0.892; summer R  = 0.296, F  = 2.530, P = 0.162; and fall
R  = 0.270, F  = 2.229, P = 0.186). Linear regression analyses between the
probability of local retention and average genetic relatedness were not
significant for any season (winter R  = 0.002, F  = 0.0154, P = 0.905; spring
R  = 0.0, F  = 0.000, P = 0.993; summer R  = 0.016, F  = 0.102,
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P = 0.759; fall R  = 0.000, F  = 0.002, P = 0.963). In contrast, a linear
regression model between EP and IP for the summer season that described the
role of each site as a source or sink was not significant but explained nearly
40% of the variance observed in average relatedness within each site
(R  = 0.397, F  = 3.956, P = 0.093, Fig. 4b). Results were not significant for
any of the other seasons (winter R  = 0.154, F  = 1.093, P = 0.336; spring
R  = 0.044, F  = 0.279, P = 0.616; fall R  = 0.170, F  = 1.229, P = 0.309).
An analysis of the scatter plot showed that the coastal site 8, which showed
the largest observed relatedness value, could likely represent an outlier. A
model excluding site 8 was highly significant for summer (R  = 0.800,
F  = 20.056, P = 0.006, Fig. 4b), but not for any of the other seasons (winter
R  = 0.286, F  = 2.007, P = 0.215; spring R  = 0.006, F  = 0.032,
P = 0.865; fall R  = 0.098, F  = 0.544, P = 0.493).

Fig. 4

a  Scatter plot showing the relationship between in-degree estimates from the
oceanographic model during spring after a planktonic larval duration of 28 days
and  the  effective  number  of  alleles  observed  within  each  site  (R  =  0.558,
F  = 7.575, P value = 0.033). b Scatter plot showing the relationship between
a metric describing the role of each site as a source or sink (EP − IP), calculated
from the oceanographic model during summer after a planktonic larval duration
of  28  days,  and  average  genetic  relatedness  observed  within  each  site
(R  =  0.397,  F  =  3.956,  P  =  0.093).  The star  indicates  site  8,  which was
considered as a likely outlier (see text for details, R  = 0.800, F  = 20.056,
P = 0.006 after excluding site 8)
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Genetic structure
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The analysis of statistical power indicated the 15 microsatellite loci
genotyped had a very high power to detect very low F  values. The power
for detecting F  = 0.003 or higher was 100%, for F  = 0.002 was 98.7%,
and for F  = 0.001 was 87.8%. The hierarchical AMOVA found significant
variance among populations (F  = 0.008, 95% CI 0.002–0.011, df = 7,
P = 0.001), among individuals (F  = 0.110, 95% CI 0.083–0.137, df = 217,
P = 0.001), and within individuals (F  = 0.115, 95% CI 0.087–0.143,
df = 225, P = 0.001), rejecting the model of panmixia. From 28 pairwise
values of genetic distance between sites, 12 comparisons (43%) were
considered statistically significant (Table 2). F  values ranged from − 0.002
to 0.023, and JostD values varied from − 0.002 to 0.208. All pairwise F
values including site 3 were significant and about half of the F  values with
the sites 4 and 9 were also significant. These three sites showing the highest
level of genetic structures (3, 4, and 9) are small islands located 20–30 km off
the coast in the northern and central parts of the study area. The presence of a
geographic pattern, where small off-shore islands in the north and center of
the study region displayed a significant genetic structure did not support the
model of chaotic genetic patchiness. A Mantel test between the logarithm of
geographic distances and the logarithm of genetic distances (JostD) was not
significant (R  = 0.000, F  = 0.009, P = 0.439), rejecting the model of
isolation by geographic distance. In contrast, a Mantel test indicated that the
logarithm of oceanographic distances during summer explained a significant
amount of the variance observed among the logarithm of the JostD genetic
distances between sites (R  = 0.311, F  = 9.950, P = 0.004, Fig. 5).
However, the oceanographic distances from other seasons were not significant
predictors of genetic distances (winter R  = 0.0157, F  = 0.063, P = 0.3060,
spring R  = 0.0679, F  = 2.097, P = 0.8280, fall R  = 0.000, F  = 0.018,
P = 0.4270). These results supported that the seascape approach informed by
an oceanographic model can help to predict observed genetic distances in L.
peru, but only within one season of the year (summer).

Table 2

Genetic distance between sites estimated from 15 microsatellite loci in Lutjanus peru

3 4 5 6 8 9 11 15

3 0 0.187 0.08 0.129 0.208 0.168 0.163 0.156
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3 4 5 6 8 9 11 15

Montserrat

4 Catalana 0.020 0 0.044 0.059 0.067 0.068 0.031 0.049

5 Marcial 0.009 0.004 0 0.052 0.051 0.045 − 0.018 0.039

6 Bajo Seco 0.014 0.005 0.005 0 0.035 0.057 0.018 0.019

8 Botella 0.023 0.006 0.005 0.003 0 0.049 0.007 0.009

9 San Diego 0.018 0.006 0.004 0.005 0.004 0 0.027 0.029

11 Animas 0.017 0.003 − 0.002 0.002 0.001 0.002 0 − 0.002

15
Francisquito 0.016 0.004 0.003 0.002 0.001 0.002 0.000 0

F  (below diagonal), JostD (above diagonal)

Significant values are shown in bold after applying a False Discovery Rate
(α = 0.05, corrected P value = 0.020)

Fig. 5

Scatterplot  showing  the  relationship  between  the  logarithm  of  the
oceanographic  distances  from the  modeled  network  after  a  planktonic  larval
duration of 28 days during summer and the logarithm of the empirical genetic
distances (JostD) between sites (R  = 0.311, F  = 9.950, P = 0.004)
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According to the Bayes’ factors (Table 3), model 4 representing a scenario of
asymmetrical larval migration among sites suggested by the oceanographic
model during summer was the best supported migration model. Model 1
representing a panmictic population in the study area scored the lowest.
Estimates of Θ, Μ, and Nm for the best supported model are shown in Online
Resource 6. Results suggested sources were located mainly in the north of the
study area (sites 3, 4, 5, and 11), while sites in the south predominantly acted
like sinks (sites 6, 8, 9, and 15).

Table 3

Natural  log  Bayes  Factors  and  log  marginal  likelihoods  for  each  gene  flow  model
estimated with MIGRATE-N using multilocus genotypes for eight populations and 15
microsatellite markers in Lutjanus peru

Model No. Bezier lmL Rank Model probability

1 Panmictic − 19,870,137.16 4 0.000

2 IBD − 6,848,848.59 2 0.000

3 Full model − 7,020,680.79 3 0.000

4 Asymmetric − 6,616,879.98 1 1.000

The four models tested are: (1) panmictic, (2) isolation by distance (IBD), (3) full
model, and (4) asymmetric (see “Methods” section for details of each model)

Discussion
We showed that patterns of population genetic structure in L. peru were not
consistent with any of three population genetic scenarios commonly used to
explain population structure in marine fishes with planktonic larvae.
However, an explicit seascape genetic approach describing metapopulation
dynamics via larval dispersal driven by oceanic currents significantly
explained observed levels of genetic structure between sites and levels of
genetic diversity within sites.

In the absence of unequivocal information about the spawning period of L.
peru, our approach that contrasted the observed genetic patterns against the
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metapopulation structure informed by the modeled seasonal ocean circulation
showed the oceanic currents during spring and summer were the only seasons
that explained the empirical genetic data. This result suggests that spring and
summer are likely the main seasons when the L. peru samples we analyzed
from the SWGC were transported during their larval period by oceanic
currents. This novel method of indirectly inferring spawning periods based on
the fit between seasonal modeled patterns of larval dispersal and empirical
genetic data based on expectations from metapopulation theory could be
useful in other species, where information about the reproductive timing and
duration is conflicting or currently unavailable. Independent data about
records of fishery landings of L. peru and the observed abundance of L. peru
larvae in the GC further support our conclusion that metapopulation structure
and larval dispersal in the species follow the spring and summer ocean
circulation patterns. For many species of reef fishes that form reproductive
aggregations in the GC, peaks in monthly landings and revenues coincide with
the timing of spawning aggregations when they become more vulnerable to
fishing (Erisman et al. 2010). In the SWGC, landings for L. peru show the
highest peak between the start of spring (March) (Erisman et al. 2010) and the
end of spring (May), and gradually decrease through the rest of the year
(Marquez-Farias and Zamora-Garcia 2016). In addition, long-term studies of
the CALCOFI atlas series based on oceanographic cruises in the GC indicate
that larvae from L. peru have been collected mainly during the summer
months (Watson and Brogan 1996). Conflicting observations regarding the
spawning seasonality of L. peru outside the spring–summer seasons could be
explained if spawning takes place during different times at distinct locations
within the GC. Asynchronous reproduction of fishes has been reported for few
species in the GC, including the yellow snapper (Lutjanus argentiventris) that
spawns during summer in the SWGC (Aburto-Oropeza et al. 2009) and during
winter in the Southeastern GC (Piñon et al. 2009). The leopard grouper seems
to spawn earlier (March–May) in the Southern GC and later (May–June) in
the Northern GC (Sala et al. 2003; Munguia-Vega et al. 2014). The strong
seasonality in oceanic currents in the GC could translate in contrasting
patterns of larval connectivity among populations of the same species that
show asynchronous reproduction in different locations.

Contrary to other studies (Teske et al. 2016), our analyses showed that the
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average genetic relatedness among individuals from L. peru within each site
was not correlated with the probability of local retention predicted by the
oceanographic model. However, we found some support to the hypothesis that
the relatedness of individuals within each site depends on the balance between
the amount of larvae that is imported and exported. Net sinks that received
more larvae than they exported showed higher levels of relatedness than net
sources. 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 net sink or source within the metapopulation (i.e., external influences) and
less by the process of local larval retention itself (Hedgecock 2010).
Alternatively, our oceanographic model could lack the coastal resolution
needed to realistically track self-retention of larvae (Nickols et al. 2015), or
our passive larval dispersal model could misrepresent patterns of local larval
retention that are influenced by larval behavior (Leis et al. 2014; Irisson et al.
2015). The coastal site 8 (Botella), identified as a likely outlier, actually
showed the highest average relatedness value among the eight sites analyzed,
suggesting a lower fit between the oceanographic model and instances of
extreme values in the empirical genetic data. The discrepancy between the
oceanographic model that suggested site 8 was a source and the empirical
genetic data that indicated it was likely the strongest sink with the highest
levels of relatedness could be explained if, for example, this site shows high
levels of local retention not predicted by the model. The estimate in the
number of migrants (Nm) entering and leaving site 8 according the best
supported population genetic scenario indicated its role as a net sink (Online
resource 6), suggesting that the model overestimated the amount of actual
larval export and/or underestimated the amount of larval input. Another
feasible scenario is the presence of unsampled “ghost” populations that could
be supplying larvae to site 8. These observations highlight that oceanographic
models could be further improved on realistic spatial and temporal scales
based on mismatches with empirical data (Metaxas and Saunders 2009).

Our results corroborated that in the GC, the geographic distance between sites
is a poor predictor of larval connectivity for species with planktonic larvae
compared to oceanographic distances that follow the direction and consider
the strength of the predominant currents during the spawning period
(Munguia-Vega et al. 2014; Lodeiros et al. 2016). The strong asymmetry in
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the direction of oceanic currents in the GC causes that larval connectivity
between sites is anisotropic or that shows different values when measured in
different directions. An example of this anisotropy on connectivity is the
relatively lower connectivity found between off-shore small islands in our
study area and relatively nearby coastal sites located 20–30 km to the west
due to the presence of a predominant southward current during the spawning
period. This property of the anisotropic larval connectivity in the GC
contrasts with the previous observations elsewhere, where larval connectivity
is assumed to be a function of geographic distance as measured in all
directions (Almany et al. 2009; D’Aloia et al. 2015; Green et al. 2015).
According to theory and simulations, the genetic consequences of asymmetric
dispersal as many parallels with a scenario of collective dispersal since both
processes increase the probability of sampling individuals from the same natal
population and the rate of genetic drift (Eldon et al. 2016). The result is an
increase in population differentiation despite high migration rates, in contrast
to the classical role of migration during symmetric dispersal (Yearsley et al.
2013). Most empirical studies regarding asymmetric dispersal involve aquatic
species and have focused on the contribution of upstream sites to the genetic
diversity of downstream populations (Pringle et al. 2011: Paz-Vinas et al.
2015). The roles of anisotropic dispersal, collective dispersal, variation in
individual reproductive success, and asynchronous local population dynamics
on the presence of seemingly chaotic genetic patchiness are at the core of the
research needed to understand the evolution of marine species with planktonic
larvae.

A pattern of anisotropic larval connectivity has strong implications for
management and conservation of marine resources. For example,
recommendations for spacing of marine reserves for L. peru in the GC should
be based on oceanographic distances that explicitly incorporate the direction
and intensity of currents during the spawning period. Consequently, sites that
might appear distant from each other (e.g., separated by geographic distances
of 50–80 km in our study) could show short oceanographic distances and high
rates of larval exchange when considering oceanic currents in the relevant
directions and seasons. Consequently, recommendations for marine reserve
spacing in the GC should explicitly consider the PLD and the direction of the
currents during the spawning period of the target species, instead of applying
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rules of thumb that assume that larval connectivity decreases as a function of
geographic distance in all directions (i.e., isotropy) during any time of the
year. Likewise, under strong asymmetric currents within a defined spatial
domain (Fig. 1), marine reserves located upstream (e.g., sites 1–6 in our
study) could be more effective, since they will export L. peru larvae to
multiple downstream sites (i.e., higher out-degree), creating a domino effect
of larval export to other reserves and fishing sites (Green et al. 2014;
Munguia-Vega et al. 2014). In contrast, marine reserves located downstream
(e.g., 16–20) will have little or no effect in terms of larval export to the rest of
the network (i.e., lower out-degree).

The modeling we conducted is a first step towards understanding
metapopulation structure of L. peru in the GC, but can be improved in several
aspects. First, we assumed that larvae were passively advected, and various
studies suggest that the late stages of fish larvae could have significant
sensory and swimming abilities that could reduce the influence of oceanic
currents on dispersal (Leis et al. 2014; Irisson et al. 2015). Our models
implicitly assumed that larval production, larval survival, and the amount of
recruitment habitat for L. peru were homogeneous across the study region,
while is recognized that these aspects are key in shaping the realized patterns
of larval connectivity (Cowen and Sponaugle 2009; Burgess et al. 2012). The
oceanographic model and the genetic sampling we conducted did not include
temporal replicates or the effects of ENSO events, a step needed to
disentangle the effects of inter-annual variation of oceanic currents and
temporal shifts in local population dynamics. In addition, we did not
explicitly consider the movement of adult fish within their home range or as
part of spawning migrations, neither we considered ontogenetic shifts
between distinct recruitment habitat for juveniles and adults, and both aspects
are likely to influence the observed patterns of genetic connectivity among
sites (Green et al. 2015). Although no information is currently available on
any of these aspects for L. peru, such information could improve the
explanatory power of our models when it becomes available.
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