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Abstract
Marine protected areas (MPAs) have the potential to conserve biodiversity and improve fishery sustainability, but their effi-
cacy depends on sound design and implementation, which requires an understanding of connectivity among reserves and 
between reserves and fished areas. Most studies of connectivity involving reserves focus on fishes with characteristics atypical 
for exploited species, making the results less applicable to fisheries management. Here, patterns of genomic diversity were 
assessed within and among geographic samples of juvenile of silk snapper, Lutjanus vivanus, collected in protected and fished 
areas on the western coast of Puerto Rico. The results indicate significant variation in spatiotemporal genetic recruitment 
patterns, with the two MPAs located off the shelf having partially decoupled recruitment processes from sites on the shelf. 
Spatial autocorrelation was found at distances less than 20 km within years, but the degree and pattern of spatial structure 
differed across years, suggesting that recruitment along the west coast of Puerto Rico originates from semi-independent 
units of spawners whose contribution varies in space and time. The results suggest that while MPAs may work to supplement 
fisheries where recruitment is spatiotemporally predictable, in species for which adult contribution is variable in space and 
time, other management strategies should be explored as well.
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Introduction

Marine protected areas (MPAs) have been proposed as a 
tool for explicit spatial management of marine resources, 
both for the conservation of marine biodiversity and for pro-
moting sustainability and profitability of coastal fisheries 
(Roberts et al. 2001; Gell and Roberts 2003; Brander et al. 
2020; Cabral et al. 2020). However, proper MPA design is 
challenging and requires data on the ecology and popula-
tion dynamics of species that an MPA could potentially 

protect (Gell and Roberts 2003; Sale et al. 2005; Kershaw 
et al. 2021). Given often competing fisheries and conserva-
tion objectives, as well as other socioeconomic factors that 
must be considered, it is no surprise that there are often no 
clear answers as to which MPA design, e.g., where, what 
size, how many, etc., is optimal (Halpern and Warner 2003; 
Hilborn et al. 2004; Gaines et al. 2010; Pittman and Hey-
man 2020).

The largest fishery benefits of MPAs are expected to 
accrue through the enhanced persistence and abundance 
of reserve-dwelling adults, whose larvae are exported into 
fished areas, as well as through spillover of individuals that 
recruit in reserves but disperse later in life (Roberts 1998; 
Hilborn et al. 2004; Gaines et al. 2010; Green et al. 2015; 
Lenihan et al. 2021). Establishing the degree of connectivity 
between MPAs and adjacent areas is thus a critical step in 
determining the potential for an MPA to supplement fished 
stocks (Botsford et al. 2001; Halpern and Warner 2003; Ker-
shaw et al. 2021). Connectivity across networks of reserves 
is also an important factor for increasing the capacity of a 
population to persist in the face of natural or anthropogenic 
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disturbances, including exploitation (Watson et al. 2011; 
Berumen et  al. 2012). Spatial models of connectivity 
between MPAs and fished area have emphasized the impor-
tance of protecting sites that are situated in up-current areas 
and/or are net exporters of larvae, so that larval subsidies 
are enhanced (Crowder et al. 2000; Figueira 2009; Jonsson 
et al. 2021). However, these models rely on a number of sim-
plifying assumptions about the spatial extent and stability 
of dispersal kernels (Green et al. 2015; Jonsson et al. 2021; 
Kershaw et al. 2021). Empirical studies of connectivity in 
tropical coastal fishes have often found that larval dispersal 
is more limited than expected based on pelagic larval dura-
tions (Jones et al. 2005; Almany et al. 2013), and that the 
pattern and magnitude of connectivity varies across time and 
space (Berumen et al. 2012; Hogan et al. 2012). However, 
with few exceptions, studies of reserve connectivity have 
focused on fishes with short or no pelagic larval duration 
and/or with adults and recruits that have small home ranges 
and live in shallow water, allowing for visual surveys (Green 
et al. 2015). Much less is known about the function of MPAs 
in the context of recruitment dynamics of typical fishery spe-
cies, such as snappers, with long pelagic larval durations and 
whose juveniles and adults may live at considerable depth.

Genetic markers have been extensively used to estimate 
levels of connectivity in marine species whose dispersal can-
not effectively be measured directly, but there are several 
challenges to this approach (Thorrold et al. 2002; Krueck 
et al. 2020). In many marine species, local effective popula-
tion sizes are in the thousands, slowing the rate at which 
independent populations diverge via genetic drift (Hauser 
and Carvalho 2008) and making connectivity difficult to esti-
mate directly from allele frequencies (Waples 1998). Parent-
age analysis has been suggested as another means to meas-
ure connectivity when the proportion of recruits originating 
from different sets of spawners can be estimated (Christie 
et al. 2010). However, this technique requires nearly exhaus-
tive sampling of potential parents, and, because of large 
census sizes and high variance in individual reproductive 
success, is impractical in most broadcast spawning marine 
species. Alternatively, analyses of genetic diversity and kin-
ship can be used to test predictions of models of meta-popu-
lation structure, in which sets of interdependent sub-popula-
tions act as ‘sources’ that supply recruits to ‘sink’ areas that 
have higher mortality or lower reproductive success (Kritzer 
and Sale 2004). Although a simplification, this model makes 
a number of testable predictions about genetic diversity for 
those areas sitting near the functional ends of the spectrum. 
For example, if protected areas serve as sources with rela-
tively large, stable populations and are largely self-recruit-
ing (Pulliam 1988; Crowder et al. 2000; Figueira 2009), 
they should show higher levels of, and lower variance in, 
genetic diversity among cohorts. Sinks, by contrast, would 
have smaller populations and unstable recruitment (e.g., 

from multiple sources), showing higher variance in genetic 
diversity among cohorts. Meta-population models of genetic 
diversity are therefore a practical framework for assessing 
and monitoring the efficacy of MPAs, but their application 
to MPAs with deepwater fishery species has not yet been 
extensively explored.

Some of the most extensively exploited deepwater fishery 
species in the U.S. territorial waters are snappers (Lutjani-
dae), but relatively little information about the spatial limits 
of and functional connectivity between snapper stocks exists 
(Reguera-Rouzaud et al. 2021). The distance that larvae, 
post-settlement juveniles, and adults disperse over time 
impacts connectivity (Paris et al. 2005) but is not well stud-
ied in most snapper species. The typical pelagic larval dura-
tion of snappers is roughly 3 to 6 weeks (Leis 1987; Zapata 
and Herrón 2002), and adults are relatively long-lived, large 
predators with low natural mortality (Musick 1999; Ander-
son 2003). These life-history attributes indicate considerable 
dispersal potential at multiple life-history stages. However, 
theoretical dispersal of pelagic larvae to distant sites may be 
diminished when only those larvae entrained in favorable 
currents have a reasonable chance of survival, a dynamic 
that may lead to more localized recruitment (Cowen et al. 
2000; Schulzitski et al. 2016). Further, many adult snappers 
show site fidelity, with relatively few individuals engaging in 
long-distance movements (Patterson et al. 2001; Burns et al. 
2006; Pittman et al. 2014; Reguera-Rouzaud et al. 2021). 
Thus, the spatiotemporal extent of connectivity or local 
retention in snappers, even over relatively small scales, may 
be difficult to predict from broad oceanographic patterns and 
pelagic larval durations alone, and more data about effective 
dispersal rates are needed.

Most deep-water snappers are managed as Snapper Unit 1 
(silk, Lutjanus vivanus, black, Apsilius dentatus, vermillion, 
Rhomboplites aurorubrens, blackfin, Lutjanus buccanella, 
and wenchmen, Pristipomoides aquilonaris) in the U.S. 
Caribbean, and as recently as 2013 have been considered 
overfished (NOAA 2010, 2011; CFMC 2013). The majority 
of commercial landings of Snapper Unit 1 in Puerto Rico 
(~ 84%) are silk snapper, and most landings (mean 71%, 
1971–2000) have historically come from the shelf off the 
western coast (SEDAR 2003). On or adjacent to this shelf, 
which lies next to the Mona Passage (separating Puerto Rico 
and the Dominican Republic), three areas, each ~ 30 km2, 
have been designated as seasonal no-take zones (Dec-Feb), 
and a fourth area (Desecheo; 6.8 km2) as a full-time no-take 
zone (Fig. 1). The seasonal closures, while ostensibly pro-
tecting all species found therein, were created primarily to 
protect the spawning aggregations of red hind (Epinephelus 
guttatus; Matos-Caraballo 2008). The efficacy of these pro-
tected areas in enhancing other Puerto Rican fisheries is, 
therefore, an important but open question. These four MPAs 
lie in proximity (tens of kilometers) to major fishing grounds 
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along the west and southwest coasts of Puerto Rico where 
deep-water snapper have historically been caught (D. Matos-
Caraballo, personal communication). While the broad scale 
patterns of recirculating currents in and around the Mona 
Passage could be conducive for local retention of larvae in 
the area, this area is also notorious for its rapidly-changing 
and heterogeneous current patterns (Johns et al. 1999; Rosa-
rio-Llantín 2000; Baums et al. 2006), many of which could 
advect larvae away from appropriate shelf habitat (Fig. 1). 
Thus, despite the proximity of these protected and fished 
areas, it remains to be seen if connectivity among these sites 
is strong and stable enough for protected areas to supplement 
one of the largest commercial finfish fisheries in Puerto Rico 
(Cummings and Matos-Caraballo 2003; SEDAR 2003).

A high-resolution, microhaplotype-based genomics 
approach (Willis et al. 2017; Baetscher et al. 2018) was 
used to assess patterns of genetic variation within and 
among spatiotemporally discrete samples of juvenile silk 
snapper collected inside and outside of protected areas 
across 3 years along the western coast of Puerto Rico. Rel-
atively little natural history information is available for silk 
snapper to distinguish them from other snappers, except 
that adults generally inhabit deep water (50–200 m), and 

spawn in relatively small, local aggregations of individu-
als throughout the year, with notable increases in spring 
and late summer (Sylvester 1974; Boardman and Weiler 
1979; Sylvester et  al. 1980; Tabash and Sierra 1996; 
Rosario et al. 2006). Genetic diversity was assessed for 
patterns consistent with source or sink dynamics among 
sites and across years, as well as for evidence that pro-
tected areas near the Mona Passage acted differently than 
non-protected sites, including patterns indicated higher 
connectivity or more stable recruitment relative to non-
protected sites. Sources or sinks may present different pat-
terns of relative levels of genetic diversity and relatedness 
depending on the dynamics of connectivity and spatial 
distribution of spawners. For example, sites with strong 
recruitment (sources) might be expected to show high rela-
tive genetic diversity relative to sites where recruitment 
is more sporadic or from a more limited set of spawn-
ers (sinks). Sinks that sporadically receive recruits from 
multiple distinct spawning groups could actually exhibit 
higher genetic diversity than sources with strong and con-
sistent recruitment from fewer spawning groups but would 
likely feature greater temporal variance in genetic diver-
sity. Thus, analyses focused on spatiotemporal patterns 

Fig. 1   Map of study area 
showing sampled sites. The 
100 fathom (183 m) contour 
is shown by a dotted line. In 
the lower inset, major current 
patterns are indicated with 
black arrows, and intermit-
tent currents are shown with 
grey arrows. Site codes follow 
Table 1, with marine pro-
tected sites indicated in bold 
(seasonal) or bold-underline 
(year-round)
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of variation in genetic diversity rather than comparing 
absolute values. Specifically, it was expected that potential 
recruitment sources would show lower variation in genetic 
diversity and higher relatedness across years than other 
sites, indicating consistent recruitment patterns, while 
sink sites would show higher variation in genetic diver-
sity and lower relatedness across years, indicating more 
spatially variable recruitment sources and/or variance in 
reproductive success of spawners. Furthermore, sites that 
were connected demographically, either through animal 
movement or correlated recruitment patterns (synchrony), 
would show consistent patterns of spatial genetic structure 
across years.

Methods

Sample collection and sequencing

Fin clips from silk snapper were obtained from ten sites 
(Fig. 1) in western Puerto Rico including the four MPAs. 
Juvenile fish (median fork length 197 mm, max 410 mm) 
were sampled in 2012, 2013, and 2014 from each site at 
multiple times during each year using small, baited circle 
hooks deployed between 50 and 100 m. Tissue samples 
of adult silk snapper were also obtained from commercial 
fishermen working throughout the Mona Passage in 2015, 
but the explicit location of catch for every individual was 
not provided. Fin clips were preserved in 20% DMSO-
0.25 M EDTA-saturated NaCl buffer (Seutin et al. 1991). 
Only sites with greater than ten fish collected within a year 
(site-years) were included in subsequent analyses.

DNA was extracted using Mag-Bind DNA extraction 
kits (Omega Bio-Tek). Approximately 500 ng of genomic 
DNA was used in a modified version of the double-digest 
restriction site associated DNA (ddRAD) genomic library 
preparation method (Peterson et al. 2012). Barcoded adap-
tors were ligated to individual extractions which had been 
digested with EcoRI and MspI; ligated digestions were 
then pooled in approximately equal numbers into indexed 
groups (40–44 individuals per index). Each indexed group 
was size selected using a Pippin Prep (Sage Science) at 
375 bp (300 bp fragment + 75 bp adapter), PCR amplified 
for 12 cycles with NEB Phusion polymerase, and up to 
four indexed groups were pooled together and sequenced 
on the Illumina HiSeq 2000 and 2500 platforms (paired-
end, 2 × 100 bp). Individuals from each site in each year 
(hereafter, site-year) were divided and sequenced across 
multiple indexed groups and sequencing lanes, where pos-
sible. A subset of ten juvenile silk snappers from eight 
of the sites in the Mona Passage, and 12 adults, were 
also sequenced using on an Illumina MiSeq (paired-end, 

2 × 300 bp) for de novo reduced representation genome 
creation.

Bioinformatics and variant filtering

Raw sequence data were processed using the dDocent 
v2.18 pipeline (Puritz et al. 2014). Full details of bio-
informatics procedures are included in the supplemen-
tal information (Supplemental File 1). Briefly, Illumina 
MiSeq data were used to create contiguous sequences 
(contigs) representing a reduced representation genomic 
reference for silk snapper that included putatively ortholo-
gous (single-copy) fragments, using optimized assembly 
parameters. Illumina HiSeq reads were mapped to the ref-
erence and single nucleotide polymorphisms (SNPs) and 
other variants scored by comparing alignments across 
individuals. Results were compiled into a variant call 
file (VCF) and filtered using a combination of VCFtools 
v0.1.11 (Danacek et al. 2011), vcflib (https://​github.​com/​
vcflib/​vcflib), and custom BASH and Perl scripts. Contigs 
were filtered for SNP quality relative to depth, allele bal-
ance, consistency of scoring in forward and reverse reads, 
relative quality of the reference and alternate alleles, and 
asymmetric read pairing of the reference and alternate 
alleles (O’Leary et al. 2018). The dataset was then phased 
into numbered microhaplotypes (representing one or more 
SNPs) using a custom Perl script, and loci containing non-
allelic fragments (paralogs) removed based on high read 
depth, excess heterozygosity, and number of inferred hap-
lotypes within an individual (Willis et al. 2017). Loci and 
individuals were filtered for missing data with final cutoffs 
of 50% per individual (mean 91%, median 99%) and 90% 
per locus (mean 91%, median 92%) across all samples, 
and no cutoff for minor-allele frequency. To ensure that 
any missing data was randomly distributed across loci 
rather than the result of systematic genotyping errors (i.e. 
null alleles), genotypes from duplicate individuals were 
compared to estimate genotyping error and identify and 
remove loci where systematic errors were evident. Loci 
were tested for significant deviation from Hardy–Weinberg 
expectations within site-years, using Genodive v2.0b27 
(Meirmans and Van Tienderen 2004). The final dataset 
consisted of numbered, multi-allelic, SNP-containing 
loci genotyped across individuals. Data were screened for 
outlier loci using the Bayesian modeling approach imple-
mented in Bayescan v2.1 (Foll and Gaggiotti 2008), and 
identified outliers removed from downstream analysis. 
Outlier loci are potentially under positive or diversifying 
selection, and while they can provide evidence of localized 
selective pressure and adaptations, they may also provide 
misleading signal with regards to background demography 
(Funk et al. 2012).

https://github.com/vcflib/vcflib
https://github.com/vcflib/vcflib
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Patterns of genetic diversity in recruits

Homogeneity of allele and genotype distributions among 
juvenile fish grouped by site-year was tested using exact G 
tests in Genepop v4.5.1 (Raymond and Rousset 1995), with 
10,000 dememorization steps and 100 batches of 5000 steps 
per batch. Estimates of pairwise FST were made between 
site-years, sites (pooled across years) and years (pooled 
across sites) in Genodive, and significance tested by per-
muting individuals between groups 10,000 times. Correction 
for multiple testing was made using the false discovery rate 
procedure described by Benjamini and Hochberg (1995).

Spatial autocorrelation of genetic variation among indi-
viduals was assessed following the method of Smouse and 
Peakall (1999) as implemented in Genalex (Peakall and 
Smouse 2006). Each annual sample was analyzed sepa-
rately. Geographic distances were calculated in kilometers 
and coordinates were jittered ± 10 m from the center of a 
given collection event, eliminating identical positions among 
individuals. Autocorrelation was estimated for eight dis-
tance classes chosen to represent biologically meaningful 
distances. These included (i) the distance across individual 
sites (0–1 km), (ii) the distance between sites and their near-
est neighbors (1–15 km), and (iii) the distances between con-
secutively wider groupings of collection sites (six distance 
classes at increments from 15 to 70 km). Confidence inter-
vals around the autocorrelation coefficient (r) were tested 
using 1000 bootstrap replicates; significance of r was tested 
using 999 permutations of individuals among distances. The 
program Barrier v2.2 (Manni et al. 2004) was used to visu-
alize patterns of genetic variation among sites within years. 
In the context of this study the analysis was not used to infer 
barriers to gene flow, but rather to look for genetic similar-
ity between sites that might suggest common sources for 
recruits. Strength of detected genetic discontinuities were 
assessed by generating 1000 bootstrapped matrices of FST 
(Weir and Cockerham 1984) using hierfstat (Goudet and 
Jombart 2015) and a custom R script (Supplemental File 
2). This analysis was not conducted on samples from 2012 
because too few sites had sufficient sample size.

Within sample genetic diversity was estimated for 
each locus at each site-year as rarefied allelic richness (El 
Mousadik and Petit 1996) and unbiased gene diversity 
(expected heterozygosity, HE; Nei 1973), using PopGen-
Report (Adamack and Gruber 2014) and Adegenet (Jom-
bart 2008), respectively, as implemented in R (R Corp). 
In addition, local FST (beta) was calculated for each locus 
for each site-year as 1-(gene diversity / total heterozygo-
sity) in hierfstat (see also Weir and Hill 2002). Mixed 
model analysis of variance (Anova) was used to assess 
the contribution of site, year, and protection status (MPA 
vs. open) to observed patterns of within sample diversity, 
using rank-transformed values. Two different mixed-effects 

models were constructed, with year and site or year and 
protection-status as fixed effects; locus identity and global 
allelic richness (total number of alleles per locus across 
all samples) were set as random effects in both models. 
Models were constructed using the R package lme4 (Bates 
et al. 2015), and analysis of variance tests were conducted 
as Wald type-III χ2 tests using the R package car (Fox 
et al. 2011). Post-hoc Tukey’s tests, adjusted for multiple 
comparisons, were used to determine which, if any, spe-
cific pairwise comparisons between sites (across years), 
between years (across sites), and between protected and 
non-protected areas (across and within years) were driv-
ing significant results, as implemented in the R package 
multcomp (Hothorn et al. 2017). Additional post-hoc tests 
of homogeneity between sites within years was made using 
pairwise Wilcoxon’s tests, corrected for multiple compari-
sons with custom R code, using the R Stats package.

Estimates of relatedness between individuals were gen-
erated using the triadic likelihood method (Wang 2007), 
as implemented in the R package Related (Pew et  al. 
2015). This approach applies a likelihood algorithm that 
compares the genotypes of any pair of individuals against 
the genotypes of 100 other individuals (when available). 
Pairs of individuals with relatedness values in the range 
expected for full- (r ≈ 0.5) or half-siblings (r ≈ 0.25) were 
identified to assess direct dispersion of recruits from a sin-
gle source across sites and years. Confidence intervals for 
these relationships were calculated using the moment esti-
mator of Wang (2002), and were assessed for overlap with 
confidence intervals determined through simulation, to 
evaluate whether full-, or half-sibling relationships could 
be assigned with confidence using this data set. Confi-
dence intervals for empirical pairs of individuals were cal-
culated by bootstrapping loci 1000 times, while simulated 
confidence intervals were made by calculating coefficients 
from 500 simulated pairs each of full- and half-siblings 
using empirical allele frequencies. Wilcoxon signed-rank-
tests, implemented in R, were used to test homogeneity in 
pairwise relatedness within sites vs. among sites, within 
years vs. among years, and within protected vs. within 
non-protected sites. Kruskal–Wallis tests were used to test 
for homogeneity of relatedness among years (sites pooled) 
and among site-years. Post-hoc Conover-Iman tests (Cono-
ver and Iman 1979), with correction for multiple compari-
sons, were used to make pairwise comparisons between 
site-years, using the R package PMCMR (Pohlert 2014).

The effective number of breeders (Nb) was estimated for 
each site-year using the linkage disequilibrium approach 
(Waples 2006) as implemented in NeEstimator v2 (Do 
et al. 2014). Minor alleles at a frequency of 0.05 or less in 
each respective site-year were excluded; confidence inter-
vals were determined parametrically (Waples 2006).
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Finally, all measures of within sample diversity, mean 
relatedness and Nb were calculated for all adults pooled into 
a single sample for comparison with the juvenile data sets.

Results

A total of 15 or more juveniles were obtained for 2 consecu-
tive years of silk snapper at all ten sites and for 3 consecutive 
years at five sites, for a total sample of 622 juveniles after 
filtering (Table 1; Supplemental Table 1). Tissues were also 
sampled from 166 adults from throughout the sampling area. 
After filtering and removing four outlier loci, a total of 1130 
haplotyped loci, containing 2780 SNPs, with 2 to 24 alleles 
per locus (1 to 15 SNPs), were retained. The genotyping 
error rate, based on 55 duplicate individuals, ranged from 
0.14 to 2.69% per individual, with a mean of 1.12% of con-
flicting genotypes within SNPs. This value is likely an over-
estimate, since many duplicate individuals were repeated 
because of poor coverage or low-quality DNA, factors that 
produce an increased rate of genotyping error.

All exact tests of homogeneity between juvenile fish 
grouped by site-year were significant (p ≤ 0.0003). The mag-
nitude of pairwise divergence between samples, as meas-
ured by FST, was low, ranging from zero to 0.004. Forty-
seven (out of 300) pairwise comparisons were significant 
before correction and one comparison, between the 2013 
sample from Macamba (MAC) and the 2014 sample from 
Rincon (RIN), was significant after correction (FST = 0.0044, 
p < 0.0001; Supplemental Table 2). For sites pooled across 
year, MAC was divergent from RIN and Bajo de Cico (BJC) 
from Desecheo (DES), before, but not after, correction (Sup-
plemental Table 3). For years pooled across site, 2014 was 

significantly different from 2012 and 2013 before, but not 
after, correction (Supplemental Table 4).

Spatial autocorrelation analyses revealed significant, 
positive autocorrelation within sites (0–1 km), and signifi-
cant, positive autocorrelation across nearest-neighbor sites 
(1–15 km and 15–20 km) in 2013 and 2014 (Fig. 2). At 
greater distances spatial autocorrelation became negative 
or non-significant with the exception of 50–60 km in 2013. 
While the pattern of spatial autocorrelation was largely 
congruent across years, the magnitude of autocorrelation 
was considerably higher in 2013 than 2014 and 2012. Con-
sistent with results of spatial autocorrelation, bootstrapped 
estimates of FST revealed disjunctions between more sites 
in 2013 than 2014 (Fig. 3). In both 2013 and 2014, the 
two northern shelf sites Aguadilla City (ADC) and Bahia 

Table 1   Sample sizes for each sampling site in each year for juvenile 
and adult silk snapper

Marine protected areas are indicated in bold font
*2015

Site Code ‘12 ‘13 ‘14

Abrir la Sierra ABS 0 32 40
Aguadilla City ADC 22 19 20
Bahia Aguadilla BAD 27 19 20
Bajo de Cico BJC 26 17 20
Bahia Mayagüez BMA 32 19 20
Desecheo DES 0 50 38
Macamba MAC 4 29 20
Margarita MRG 2 19 15
Rincon RIN 6 20 20
Tourmaline TOR 25 21 20
Mona Passage adults 166*

Fig. 2   Spatial autocorrelation of annual samples of silk snapper: 2012 
(A), 2013 (B), 2014 (C). Black lines denote estimated spatial auto-
correlation coefficient for that distance class, with bars denoting the 
95% confidence interval from bootstrapping across loci. Dotted lines 
denote 95% confidence interval for autocorrelation from permuted 
samples among localities. Significant autocorrelations fall outside the 
dotted lines and have bootstrap intervals that do not include zero
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Aguadilla (BAD) grouped together as did the two southern 
shelf sites Macamba (MAC) and Margarita (MRG).

Genetic diversity statistics for site-cohorts are presented 
in Supplemental Table 5. Mixed model analysis of variance 
revealed significant heterogeneity in allelic richness, gene 
diversity, and local FST attributable to site and year, and to 
an interaction between site and year (Table 2). There was 
also significant heterogeneity in all three measures attrib-
utable to protection status and/or the interaction between 

protection status and year, (Table 3). In post-hoc pairwise 
comparisons between sites (years pooled), BJC, a protected 
site, had significantly lower allelic richness than the other 
nine sites, significantly lower gene diversity than six other 
sites, and significantly higher local FST than eight other sites 
(Supplemental Table 6). In post-hoc comparisons between 
years (sites pooled), the 2013 sample had significantly lower 
allelic richness and higher local FST than both the 2012 and 
2014 samples, and significantly lower gene diversity than the 

Fig. 3   Barriers inferred from FST distances (Weir and Cockerham 
1984) calculated from 1000 bootstrapped locus matrices from silk 
snapper samples in 2013 and 2014. Sites and features are as in Fig. 1. 
Width of the barrier is proportional to the number of times that bar-
rier was inferred out of 1000; values are also shown. Barriers with 
values between 7 and 67 are not shown. Within each panel, strength 

of the barrier is proportional to width, but these values are not com-
parable between panels, since even a weak barrier may show a high 
consistency if it represents the strongest barrier in that year. Rather, 
these barriers show the spatial extent of genetic disjunction in a given 
year. See also Fig. 2

Table 2   Analysis of variance of linear mixed-effects model fit to 
allelic richness, gene diversity, or local FST data from juvenile snap-
per, with site-years classified by site and year

Significant p-values in bold

Factor χ2 df P

Allelic richness
 Site 50.456 9 8.84 × 10–8

 Year 29.124 2 4.74 × 10–7

 Site:year 43.763 13 3.36 × 10–5

Gene Diversity
 Site 52.942 9 3.00 × 10–8

 Year 13 2 0.0015
 Site:year 43.947 13 3.13 × 10–5

Local FST

 Site 44.955 9 9.40 × 10–7

 Year 22.459 2 1.33 × 10–5

 Site:year 25.593 13 0.0193

Table 3   Analysis of variance of linear mixed-effects model fit to 
allelic richness, gene diversity, or local FST data from juvenile silk 
snapper, with site-years classified by year and protection status

Significant p-values in bold

Factor χ2 df P

Allelic richness
 Year 28.3391 2 7.02 × 10–7

 Protection 2.8782 1 0.0898
 Year:protection 19.6883 2 5.31 × 10–5

Gene diversity
 Year 15.9057 2 0.0004
 Protection 7.7041 1 0.0055
 Year:protection 17.3005 2 0.0002

Local FST

 Year 18.9729 2 7.59 × 10–5

 Protection 2.8452 1 0.0917
 Year:protection 8.1767 2 0.0168
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2014 sample (Table 4). Comparisons between the protected 
and non-protected sites revealed significantly lower gene 
diversity in protected sites across years (P = 0.006; Table 3), 
and when compared within the same year, protected sites 
had significantly lower allelic richness and higher local FST 
in 2012 (Tukey’s P = 0.013) and significantly lower gene 
diversity in both 2012 and 2013 (Supplemental Table 7). 
By contrast, in 2014 protected sites had significantly higher 
allelic richness and gene diversity than non-protected sites 
(Supplemental Table 7). In post-hoc tests, the two offshore 
protected sites appeared to be driving this pattern: BJC and 
DES (Supplemental Table 8).

Only one pair of juveniles were identified as full-siblings, 
both collected in 2014, one at BAD and the other at Bahia 
Mayagüez (BMA; Supplemental Table 9). Twelve pairs of 
juveniles were half-siblings, none of which were from the 
same site-year, though one pair was from the same site Tour-
maline (TOR) in consecutive years. Wilcoxon tests revealed 
that mean relatedness within sites (across years) was sig-
nificantly greater than among sites, greater within years 
(across sites) than among years, and greater in protected 
areas than in non-protected areas (Supplemental Table 10). 
Kruskal–Wallis tests revealed that relatedness also differed 
among years (H = 255.29, P < 2.2 × 10–16), with related-
ness among silk snapper in 2013 > 2012 > 2014 (Supple-
mental Table 11). Kruskal–Wallis tests also revealed sig-
nificant heterogeneity in mean relatedness among site-years 
(H = 129.66, P < 1 × 10–14), with post-hoc testing revealing 
that BJC in 2012 and DES in 2013, both offshore protected 
sites, had elevated mean relatedness and accounted for 27 
out of 33 significant site-year comparisons (Supplemental 
Table 12).

The effective number of breeders (Nb) for site-year of 
each species generally had infinite upper confidence inter-
vals, indicating that the sample size was insufficient relative 
to Nb (e.g., the 10% rule; Waples 2005). In all but 2 cases, the 

lower confidence interval was above 1000, and the remain-
ing above 500 (Supplemental Table 13).

Comparisons of adult and juvenile data was also instruc-
tive. While there were no significant pairwise FST val-
ues between Mona Passage adult and any juvenile cohort 
(P > 0.38; Supplemental Table 4), all 3 years (pooled across 
sites) had higher mean relatedness than the adult sample 
(P < 0.03; Supplemental Table 14), suggesting that juveniles 
originate from a subsample of available adult breeders. Sim-
ilarly, adult silk snapper exhibited greater rarefied allelic 
richness (P < 0.0001), higher gene diversity (P < 0.002), 
and lower local FST (P < 0.001) than the cohort samples of 
juveniles, indicating that, even with larger sample sizes in 
2 years, juveniles still represented a subset of the genetic 
variation in the adult population (Supplemental Table 15). 
Consistent with this, the point estimate of Nb (29,449; 95% 
CI 20,794–50,309) for all YOY silks did not fall within 
the lower confidence limit of the estimate of Nb for adults 
(34,596-inf), likely indicating a smaller Nb for juveniles rela-
tive to adults. Only a single first-order (offspring-parent or 
full-sibling) relationship was observed, as well as two sec-
ond order relationships (half-sibling or avuncular) between 
adults and juveniles, and one between two adults.

Discussion

For juvenile silk snapper in western Puerto Rico, heteroge-
neity in allele and/or genotype distributions was detected 
across spatial and temporal scales, but there was no clear 
evidence the protected sites (Desecheo, Bajo de Cico, Tour-
maline, or Abrir la Sierra) showed elevated estimates of 
within-site genetic variation, or temporal stability in genetic 
diversity, as might be expected for sources. Instead, patterns 
of within site-year variation for silk snapper at Desecheo 
(an offshore island) and Bajo de Cico (an offshore bank) 
relative to all other sites were consistent with a decoupling 
of local recruitment at offshore sites from recruitment in 
the sites along the Puerto Rican shelf. Recruits at the two 
offshore protected sites were less diverse genetically in 2012 
and 2013 than shelf non-protected sites and more diverse 
than shelf non-protected sites in 2014. Further, both had 
significantly higher mean relatedness than most shelf sites 
in at least some years (Bajo de Cico in 2012 and Desecheo in 
2013), suggesting that at times Desecheo and Bajo de Cico 
received immigrants from a more limited (and perhaps dif-
ferent) set of sources than sites along the Puerto Rican shelf. 
There was no clear evidence that juveniles of this species at 
the protected sites on the shelf exhibited divergent patterns 
from those at the non-protected sites, indicating that they 
may be integrated into the same, spatiotemporally variable 
recruitment processes.

Table 4   Tukey post-hoc tests of equal means in allelic richness, gene 
diversity, or local FST among annual samples of silk snapper juveniles

Significant p-values in bold

Years Estimate SE Z P

Allelic richness 13–12 – 665.3 209.5 – 3.176 0.0034
14–12 – 481.5 209.5 – 2.298 0.0465
14–13 183.8 39.6 4.644  < 1 × 10–5

Gene diversity 13–12 – 401.3 194.8 – 2.059 0.0835
14–12 – 285.6 194.8 – 1.466 0.2778
14–13 115.7 36.8 3.141 0.0038

Local FST 13–12 1576.3 568.3 2.774 0.0123
14–12 1137.3 568.3 2.001 0.0954
14–13 – 439.0 107.4 – 4.087 0.0001
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The finding of temporal and spatial heterogeneity in 
allele/genotype frequencies among juveniles is contrary to 
expectations based on dispersal potential of snappers, with 
a larval period on the order of 3 to 6 weeks (Leis 1987; 
Szedlmayer and Conti 1999; Zapata and Herrón 2002), and 
the relative geographic scale of this study (10 s of kilometers 
between sites) (Reguera-Rouzaud et al. 2021). However, 
such a pattern, often referred to as genetic patchiness, is not 
uncommon even in marine species with significant pelagic 
larval periods (Broquet et al. 2013; Deli et al. 2020). While 
genetic patchiness is sometimes ascribed to large variances 
in reproductive success among adults (Hedgecock 1994; 
Flowers et al. 2002; Vendrami et al. 2021), estimates of Nb 
for site-years were large and no full-sibling or half-sibling 
pairs were detected within site-years, suggesting that large 
variance in reproductive success alone may not explain the 
observed pattern. Genetic patchiness can also result from 
spatiotemporal variation in larval sources for recruitment, 
as well as cohesion of larvae from the same source during 
dispersal (Eldon et al. 2016; Rueger et al. 2020; Vendrami 
et al. 2021), an idea supported by elevated mean related-
ness within site-years, sites and years, as well as positive 
spatial autocorrelation within years at the distances across 
sites and between neighboring sites (< 20 km). Silk snap-
per differs from some other lutjanids in that they spawn 
throughout the year and likely in small ephemeral groups 
(Boardman and Weiler 1979; Tabash and Sierra 1996; Rosa-
rio et al. 2006), rather than in large, annual or semi-annual 
aggregations (Carter and Perrine 1994; Claro and Lindeman 
2003). If adults show site fidelity, as predicted for similar 
species (Patterson et al. 2001; Burns et al. 2006; Pittman 
et al. 2014), then the spawning stock could be composed 
of semi-independent spawning units whose contribution to 
recruitment on local scales could differ both temporally and 
spatially due to biophysical processes (Reguera-Rouzaud 
et al. 2021). Contrary to expectations based on simple parti-
cle diffusion, cohesion of individuals from a common source 
during long-distance larval dispersal may be common (Ber-
nardi et al. 2012; Ottmann et al. 2016) and such a dynamic 
has been suggested in red snapper, Lutjanus campechanus, 
in the northern Gulf of Mexico, where genetic heterogene-
ity occurs in young-of-the-year at small spatial scales (Sail-
lant et al. 2010; Puritz et al. 2016). Currents in the Mona 
Passage have regular features such as a countercurrent 
movement to the north along the West Puerto Rican shelf, 
but there is also complex spatial and temporal variation in 
currents, including the formation of small and meso-scale 
eddies (Johns et al. 1999; Rosario-Llantín 2000; Baums et al. 
2006). Oceanographic features, such as eddies, can concen-
trate and enhance fishery productivity by facilitating larval 
survival (Cowen et al. 2000; Schulzitski et al. 2016), but 
can also facilitate cohesion and movement of larvae from 
a common source (Ottmann et al. 2016). Further, because 

pelagic larvae are in fact not passive particles, their behavior 
can also influence patterns of recruitment (Jones et al. 2005; 
Paris et al. 2005; Berumen et al. 2012), perhaps contributing 
to cohesion.

Though not exclusive, the majority of temporal differ-
ences in genetic diversity were observed among the off-shelf 
(Desecheo and Bajo de Cico) and the remaining, on-shelf 
sites, suggesting that the former are decoupled from the 
recruitment dynamics of the latter. Oceanographic features 
of the Mona Passage and the western Puerto Rican shelf 
may also explain this apparent decoupling. For example, 
the western side of Puerto Rico is the leeward side of the 
island, and local larval retention may be enhanced in nearer-
shore, leeward locations due to hydrodynamic drag (Swearer 
et al. 1999; Krueck et al. 2020). In addition, the northward 
countercurrent on the eastern side of the Mona Passage is 
disrupted at times north of Rincon, resulting in a clockwise 
circulation pattern (Baums et al. 2006). This clockwise cir-
culation could facilitate larval connectivity between south-
western insular shelf sites while at the same time excluding 
sites further offshore. Further, the insular shelf is separated 
from Desecheo by waters greater than 500 m in depth and 
Bajo de Cico by waters greater than 300 m in depth (Chaytor 
and ten Brink 2010), depths which exceed the lower depth 
preference (~ 200 m) of adult silk snapper (McEachran and 
Fechhelm 2005) and therefore, likely limit movement of 
juveniles, and perhaps adults between offshore and shelf 
sites. Finally, ephemeral, seasonal circulation patterns have 
been shown to facilitate movement of larvae from eastern 
and central parts of the Mona Passage to western Puerto 
Rico (Baums et al. 2006). Due to proximity, offshore sites 
may be more likely to receive recruits from sources to the 
west than shelf sites.

Excluding the off-shelf sites, it appears likely that recruit-
ment processes across the western insular shelf are fairly 
coupled demographically, as indicated by the similarity in 
genetic diversity within years. However, it remains unclear 
if these factors also produce correlation in the magnitude 
of recruitment (recruit abundance) across on-shelf sites, 
a pattern known as synchrony (Roughgarden et al. 1988; 
Oken et al. 2021). Determining the spatiotemporal extent 
and variance of synchrony in the magnitude of recruitment 
is important because it indicates the spatial scale of forces 
determining recruitment and assists with identifying the 
forces themselves (Myers et al. 1997; Lagos et al. 2007). 
Synchrony also has implications for resilience and MPA 
design, since populations that fluctuate synchronously may 
be more at risk of extirpation (Heino et al. 1997; Moore 
et al. 2021; Ong et al. 2021). Generally, there are two pro-
cesses expected to produce synchrony: environmental forc-
ing by shared environmental factors (Moran 1953) and 
recruitment from a common pool, i.e. dispersal (Kendall 
et al. 2000). At scales where local populations are linked 
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by demographically significant migration, both recruitment 
from a common pool and environmental forcing can contrib-
ute to synchrony, but as the distance between sites increases 
and migration between them declines, environmental forcing 
becomes more important. Thus, determining the extent and 
influence of dispersal is important for discriminating the 
contribution of these two factors to synchrony. If correla-
tions in genetic diversity are indicative of some degree of 
synchrony in deep water snapper recruitment e.g. years of 
high genetic diversity across sites indicates strong regional 
recruitment success, it seems unlikely that post settlement 
dispersal contributes to this pattern at all but the smallest 
scales, since positive spatial autocorrelation was detected 
only among juveniles within sites and their nearest-neigh-
bors (Fig. 2). This would suggest a greater role for meso-
scale or regional environmental factors in producing syn-
chrony (Lagos et al. 2007), however, additional data on 
recruit abundance across sites and time should be examined 
to determine the extent of synchrony.

The results also indicate that our juvenile samples, both 
separated by site and year and in aggregate, represent only a 
subset of the genetic diversity of the adult population. Yearly 
samples represent collections made across several trips to 
each site over the course of a given year, while spawning 
in these species appears to happen largely year-round, with 
peaks in spring and late summer (Boardman and Weiler 
1979; Tabash and Sierra 1996). Moreover, as silk snap-
per are known to grow quickly (Tabash and Sierra 1996) 
and some of our samples were > 300 mm, the possibility of 
some post-recruitment dispersal of age 1 + fish cannot be 
dismissed. Thus, it is likely that the degree of temporal vari-
ation in genetic patchiness and the heterogeneity in larval 
sources are underestimated relative to what would be seen if 
only new recruits (young-of the year) were sampled.

The efficacy of MPA networks depend crucially on under-
standing meta-population dynamics, the rates of dispersal 
and retention of larvae and older age classes, habitat suitabil-
ity and carrying-capacity of each area, as well as other den-
sity-dependent processes (Figueira 2009). However, because 
important demographic parameters vary widely among spe-
cies, it is unlikely that any single MPA will equally serve 
all co-distributed species (Hilborn et al. 2004; Green et al. 
2015). Recruitment processes of silk snapper in the waters 
of western Puerto Rico, and perhaps other deep-water snap-
pers as well, may be dependent on subsets of the available 
adult spawners whose contribution to recruitment varies in 
space and time. Further, genetic recruitment at the shelf and 
off-shelf sites seems to be decoupled. Therefore, it may be 
that the current MPA arrangement (with restricted fishing 
at Desecheo and Baja De Cico) off the western Puerto Rico 
shelf is not the optimal strategy for promoting sustainabil-
ity of silk snapper resources on the shelf. While additional 
MPAs could theoretically be erected to protect a larger 

portion of the adult spawners on the shelf, it remains unclear 
where or how large these would need to be. Coordinating 
alternative management strategies, such as a region-wide 
catch quotas or seasonal closures, with the current MPAs 
could be more effective. However, closures will only be 
effective if they are strictly enforced and if fishing pressure 
is reduced rather than simply displaced to the open season 
(Roberts et al. 2001; White et al. 2020).

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10592-​021-​01426-2.
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