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ABSTRACT.—The spotted seatrout, Cynoscion nebulosus
(Cuvier, 1830), lives almost entirely within natal estuaries, and
although many genetic studies identify fine-scale population
structure, they do not provide a consensus as to the number
of stocks, the stock boundaries, or their connectivity. Two
perceived limitations of previous studies were addressed. To
address a presumption of limited sampling, we assembled a
large sample size with broad geographic range: 547 specimens
from 18 sampling areas (mean inter-area distance = 270 km)
between Texas and North Carolina, representing the majority
of this species’ range. To address the presumptive limitations
of genetic markers, two genetic marker types were compared:
a 335-base-pair segment of the mitochondrial DNA (mtDNA)
control region and 38 microsatellite loci. MtDNA haplotype
frequencies were different only between populations of
the Gulf of Mexico (GoM) and the Atlantic Ocean, but not
between the western GoM and the eastern GoM. In contrast,
the microsatellite loci characterized the species’ range-wide
population structure as three geographically non-overlapping
clusters. These clusters were defined by two genetic breaks:
one at the Apalachicola River, on Florida’s Gulf Coast, and
another in the Atlantic Ocean between Miami and Palm
Beach on Florida’s east coast. Moreover, within each genetic
cluster (identified by microsatellite markers), a pattern of
isolation by distance was evident. This new characterization
of spotted seatrout population structure supports assessment
and management of the species by individual states and
defines distinct stock boundaries in Florida, the only state
with multiple genetic stocks, as defined by either genetic
marker type.
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Spotted seatrout, Cynoscion nebulosus (Cuvier, 1830), is a widely distributed coast-
al finfish, ranging from the temperate zone of the Atlantic Ocean (Massachusetts,
USA), through the subtropical zone of the southeastern United States, to the tropical
zones of the Florida Keys and the Gulf of Mexico (GoM; Campeche Bay, Mexico).
It supports economically important fisheries from the Chesapeake Bay to Texas
(Pearson 1929), which today are primarily recreational (NMFS 2014).

Spotted seatrout adults spawn almost entirely in coastal embayments (Pearson
1929), larvae have a short planktonic existence (<14 d; Peebles and Tolley 1988), and
individuals rarely travel >48 km from their natal estuary (Moffett 1961, Iversen and
Moftett 1962). Short-distance dispersal restricts gene flow between adjacent estuar-
ies and leads to fine-scale population structure. Growth information has been ex-
amined in relation to population structure but with conflicting results, and no other
phenotypic traits (e.g., morphometrics) have been tied to its population structure
(McBride 2014). Genetic evidence of isolation by distance has led to acceptance of
fine-scale (e.g., at the state level) assessment and management of spotted seatrout in
the United States (McBride 2014).

Isolation by distance may be accompanied with distinct genetic breaks at a coarser,
regional scale in coastal ecosystems due to hydrodynamic discontinuities that influ-
ence the phylogeography of individual fish species (Eble et al. 2015). In the scheme of
Briggs and Bowen (2012), the geographic distribution of spotted seatrout overlaps at
least three biogeographic zones that could represent such discontinuities. A north-
ern zone of the western North Atlantic Ocean extends from the Canadian Maritime
to Cape Hatteras, North Carolina, encompassing the marine fauna at boreal and
temperate latitudes. In the subtropics, a Carolina Province is split into two parts on
either side of Florida: one extending from Cape Hatteras to Cape Canaveral, in east-
central Florida on the Atlantic side; and from Cape Romano, in southwest Florida, to
Cape Rojo, Mexico, on the GoM side. In the tropics, the Caribbean Province extends
from Capes Canaveral and Romano to the Amazon and includes Bermuda.

Such a broad distribution of spotted seatrout, across many biogeographical divi-
sions, may be accompanied by population boundaries in association with some of
these biogeographic boundaries. For example, a genetic break has been observed
in association with the southern tip of Florida for estuarine fishes [e.g., bonnet-
head shark, Sphyrna tiburo (Linnaeus, 1758)—Escatel-Luna et al. 2015; sheepshead,
Archosargus probatocephalus (Walbaum, 1792)—Seyoum et al. 2017); and reef fish-
es: black sea bass, Centropristis striata (Linnaeus, 1758)—McCartney et al. 2013;
hogfish, Lachnolaimus maximus (Walbaum, 1792)—Seyoum et al. 2015]. A vicari-
ant zone has been proposed as an additional population boundary in the northern
GoM (McClure and McEachran 1992). Finally, one might expect differences in ge-
netic distance between as well as within these populations, as have been observed
in small estuarine fishes with limited dispersal capabilities, such as Gulf killifish,
Fundulus grandis Baird and Girard, 1853 (Williams et al. 2008), and Atlantic silver-
side, Menidia spp. (Mach et al. 2011).

There is considerable information on the genetic structure of spotted seatrout. In
fact, a series of investigations into its genetic population structure capture major
milestones in terms of advancing methods of population genetics (Online Table S1).
Initially, variations in general proteins (Weinstein and Yerger 1976) and allozymes
(King and Pate 1992, King and Zimmerman 1993) revealed a pattern of isolation by
distance in both the GoM and Atlantic Ocean, although that was not reciprocated
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by the work of Ramsey and Wakeman (1987). Gold and Richardson (1998), using
restriction fragment length polymorphism (RFLP) of the mtDNA, identified distinct
genetic populations in Texas and in the GoM and Atlantic basins, including signifi-
cant subdivisions in the GoM region, though this was not affirmed by a later study
(Gold et al. 1999).

The mtDNA control region sequencing has more polymorphisms and potentially
could reveal better delineation of the stock structure. However, only one study of the
spotted seatrout employed this method and detected isolation by distance, but not
discrete populations (Anderson and Karel 2009). In a follow-up study, Anderson and
Karel (2010) included microsatellite markers and asserted the existence of at least
three subpopulations in Texas waters. But no study of the control region variation
in spotted seatrout had included specimens from both GoM and Atlantic regions.

Use of microsatellite markers to date has led to conflicting results: Gold et al.
(2003) reported no differentiation of populations in a limited range (approximately
560 km) of Texas, whereas Anderson and Karel (2009, 2010) found isolation by dis-
tance within the same area using both microsatellite markers and control region
sequencing. Similarly, Somerset and Saillant (2014) found an isolation-by-distance
pattern in the northern GoM region along a 466-km stretch of the coast, whereas
O’Donnell et al. (2014) found a weakly defined genetic break at New River, North
Carolina, between Georgia and North Carolina (approximately 750 km). On the oth-
er hand Wiley and Chapman (2003) and Ward et al. (2007) found significant genetic
breaks among samples separated by known zoogeographic barriers; however, the dif-
ferences were contrary to phylogeographic expectations because samples on either
side of the geographic boundaries showed less differentiation than samples within
geographic boundaries (see Online Table S1).

In summary, a wide range of molecular tools have been used to investigate this
species. Individually, some have identified a range-wide pattern of isolation by dis-
tance, or localized subpopulation structure. However, collectively, these results have
been conflicting, and the number and boundaries of spotted seatrout populations
is still debatable among fisheries managers. The earliest studies demonstrated, in a
pioneering manner, that this species exhibits isolation by distance in coastal marine
systems, but they did not report consistent genetic breaks across the seascape. Other
studies, focused within one biogeographic zone, or even one state, were often de-
signed to examine suitable sources for aquaculture or stock enhancement, and were
not designed to advance a comprehensive definition of stock structure. For all these
reasons, a more complete meta-analysis of this rich history was not likely to help
characterize the number and boundaries of genetic populations of spotted seatrout.

For a comprehensive characterization of the spotted seatrout genetic population
structure, we sampled more fish, at more locations, and at more microsatellites loci,
than any previous study. We used two complementary analytical methods: (1) the
mtDNA control region to examine for deep divergence, and (2) a large number of
microsatellite DNA loci to reveal finer-scale patterns of genetic structure for a com-
prehensive analysis of this coastal marine fish.

MATERIALS AND METHODS

SAMPLING AND DNA EXTRACTION.—Specimens were collected from 18 sampling
areas from Texas to North Carolina (Fig. 1). A large collection on three separate
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Figure 1. Sampling areas of spotted seatrout (Cynoscion nebulosus) for the study of genetic popu-
lation structure for both mtDNA control region and 38 microsatellite DNA loci: 1 = South Padre
Island, 2 = Port Arthur, 3 = Pascagoula, 4 = Fort Walton, 5 = Apalachicola, 6 = Steinhatchee, 7 =
Cedar Key, 8 = Tarpon Springs, 9 = Tampa Bay, 10 = Charlotte Harbor, 11 = Big Pine Keys, 12 =
Florida Bay, 13 = Biscayne Bay, 14 = Sebastian Inlet, 15 = St. Johns River, 16 = St. Andrew, 17 =
Charleston, 18 = Morehead City. Specimens were collected sporadically from 1995 through 2000
and an additional collection was made from Cedar Key in 2002 and in 2010. The boundaries of
the three spotted seatrout clusters inferred from STRUCTURE analysis are marked by different
shades. Arrows indicate regions of gene flow restriction (i.e., a genetic break) between western
and eastern Gulf of Mexico (clusters 1 and 2) and eastern Gulf of Mexico and Atlantic Ocean
(clusters 2 and 3).

dates were made from Cedar Key for the microsatellite markers initial analyses. The
average distance between sampling areas was 266 km (range: 69—-788 km). Fish were
collected from 1996 through 2000 (Online Table S2) within the same generation in-
terval (4—5 yrs) except one from Cedar Key in 2010. A small piece of muscle tissue
was excised from each fish, wrapped in aluminum foil, and frozen until processed, or
a piece from the fin was excised, placed in 70% ethanol, and stored at room tempera-
ture until processed. Genomic DNA was extracted using the PureGene DNA isola-
tion kit following manufacturer’s instructions (Gentra Systems Inc., Minneapolis,
MN) and was rehydrated in 50 pl of deionized water. In total, 547 fish were sampled,
amean of 25.5 per sampling area (excluding Cedar Key, to avoid bias) (range: 20—29).

MTDNA CoNTROL REGION SEQUENCING.—Polymerase chain reaction (PCR)
of the control region was performed using general primers L-15926 (Kocher et al.
1989) and H16498 (Meyer et al. 1990) and Promega Taq (Promega Corporation,
Madison, WI) in a DeltaCycler II System (Ericomp Inc., San Diego, CA), as de-
scribed by Kocher et al. (1989). The resulting amplicons were cloned and sequenced
as described in Seyoum et al. (2000). From these sequences, internal primers des-
ignated L- (5’-CTAGCATTCTAAACTAAACTACTCTTTGATG-3") and H- (5"
GCCAGGAATAATTCACTGTGTGAAACCCCC-3") were designed. PCR of the
mtDNA control region of the 547 individuals was performed using the above internal
primers (Kocher et al. 1989). The amplicons were gel-purified (Agilent Technologies,
Santa Clara, CA) and sequenced from both directions using Big Dye Terminator v1.1
(Applied Biosystems, Inc.). The cycle-sequenced products were precipitated and re-
suspended in Hi-Di Formamide and visualized on a 3130 Genetic Analyzer (Applied
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Biosystems, Inc.). Sequences were aligned and edited using Sequencer (v4.9; Gene
Codes Corporation, Ann Arbor, Michigan).

CoNTROL REGION DATA ANALYsIs.—The control region sequence of 547 speci-
mens was analyzed in MEGA7 (v7.0, Tamura et al. 2013) to generate a pairwise
matrix of sequence divergence values between pairs of individuals, to construct an
unrooted neighbor-joining tree, and to determine the confidence probability of the
branch lengths on the tree. The TN93 Tamura-Nei model was selected for subse-
quent analyses based on the Akaike information criterion (AICc) lowest score using
the model test program implemented in MEGA. The various molecular indices for
the control region were determined using DnaSP (v5, Librado and Rozas 2009).

Individual- and within-population variance could not be partitioned and prop-
erly represented by eigenvectors when genetic variation is summarized by sam-
pling areas. To reveal the internal structure, that is, within-population variance,
we calculated the pairwise individual genetic distance of the 547 sequences using
MEGA7 under the option of Tamura-Nei distance and used these matrices to con-
duct a principal-component analysis (PCA) plot (GenAlEx v6.5; Peakall and Smouse
2006, 2012). To assess variation among populations, we calculated pairwise sampling
area @ values as implemented in Arlequin (v3.5.; 1000 permutations; Excoffier and
Lischer 2010) and conducted PCA (GenAlEx) to plot the relationships among the
sampling areas. The magnitude of genetic structure among and between groupings
of sampling areas was determined via analysis of molecular variance (AMOVA) us-
ing the program Arlequin. The proportions of variation were computed following
an a priori hierarchical approach at various levels, among regions (®_, ), within re-
gions (O ), and within sampling areas (@), and the ® statistic was assessed by the
permutation method as implemented in Arlequin. The variance components used
to calculate ®-statistics are analogous to Wright’s F-statistics (Excoffier et al. 1992)
and are calculated in the same way in AMOVA. Wright’s F-statistics is related as 0
= F,, and we retained the 6 notation to avoid confusion about F-statistics (Weir and
Cockerham 1984). The a priori hierarchical approach of the AMOVA was based on
the PCA grouping of the sampling areas of the western GoM, eastern GoM, and
Atlantic regions as it is a multivariable method for exploring data to reveal variations
among individuals within populations and by extension among populations prior to
any assumptions.

The population demographic history of the spotted seatrout was examined based
on the observed and expected mismatch distribution of the control-region-sequence
pairwise differences on the assumptions of constant population size (Slatkin and
Hudson 1991) and growing and declining populations (Rogers and Harpending
1992) as implemented in DnaSP. The basic demographic parameters theta initial
and theta final 0, (before and after demographic changes) and T (tau, the date of
growth or decline measured in units of mutational time and the raggedness index;
Harpending 1994) were calculated in Arlequin (parametric bootstrap with 10,000
replicates). In addition, Tajima’s D test, Fu and Li’s D-test statistic, Fu and Li’s F sta-
tistics were calculated as implemented in DnaSP. Negative values in these measures
signify demographic expansion. The pairwise mismatch distributions data for the
Atlantic, GoM, and combined samples and lineage 1 were graphed using SigmaPlot
2012 (Systat Corporation, Inc.).
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MICROSATELLITE DNA Loci GENOTYPING.—AIll specimens sequenced for the
control region of the mtDNA were genotyped for 38 microsatellite DNA loci, 27 of
which were developed in our laboratory specifically for this species (Cneb- used by
Seyoum et al. 2013) and 11 from red drum [(Soc099, -133, and -243; Turner et al.
1998): (Soc415, —416, —426, -532, -564, -568, —635, and —660; Renshaw et al. 2009)]
(see Appendix 1). Multiplex PCR amplifications for each specimen were carried out
in an Eppendorf thermal cycler containing 50-100 ng of total DNA, 10 pl of 1.25 mM
dNTP mix, 0.25 pl of 0.1 mg ml* BSA, a combination of three optimally selected
primers of three loci with each forward primer labeled with a unique fluorescent dye,
5 ul of Taq polymerase buffer (10x) containing 2.5 mM MgCl, (Promega), and 1.25
units of Taq polymerase (Promega). Optimal primers were chosen based on mini-
mum primer dimerization, different sizes and the similar annealing temperature.
The reaction profile was 94 °C for 2 min, 35x (94 °C for 35 s, 55 °C for 35's, 72 °C for 35
s), and final extension at 72 °C for 30 min. Fragments were visualized on an ABI 3130
XL genetic analyzer and genotyped using GeneMapper (v4.0, Applied Biosystems,
Inc.). A Gene Scan-500 ROX-labeled size standard was used for fragment assays.

MICROSATELLITE DNA STATISTICAL ANALYSES.—We used Micro-Checker soft-
ware (Van Oosterhout et al. 2004) to assess the quality of our microsatellite scoring
for null alleles, stutters, and allele dropouts. Genotypic disequilibrium was examined
for each sampling area using Genepop (Rousset 2008). Hardy-Weinberg equilibrium
(HWE) expectations and observed (H,) and unbiased expected (H,) heterozygosity
estimates were calculated using Genepop. The critical P value was performed using
Benjamini and Hochberg (1995) correction. The polymorphic information content
(PIC) was estimated as implemented in the program Cervus (v3.0., Kalinowski et al.
2007). Genetic diversity, number of alleles, and allelic richness were calculated over
all loci in each sampling area using the program FSTAT (v2.9., Goudet 2001). To
explore variation among individual within-populations to reveal internal structure
using microsatellite markers, factorial correspondence analysis (FCA) (GENETIX
v4.02, Belkhir et al. 2000) was conducted. From this analysis, the individual geno-
types were plotted into two-dimensional space based on the genetic relationships
observed at the 38 microsatellite loci. The D, distance (Nei et al. 1983) produces the
greatest probability of obtaining the correct branching pattern among closely related
populations (Takezaki and Nei 1996, 2008). For this reason, the pairwise sampling
area D, was calculated using the software POPTREE2 (Takezaki et al. 2010). The
estimates were then used to make a plot of the sampling areas in the PCA as ex-
plained above for the mtDNA sequence data. The magnitude of genetic structure
among groupings of sampling areas was determined via AMOVA using Arlequin
also as described above.

Distances in kilometers between sampling areas were estimated by measuring the
shortest points following the coastline in Google Earth. To test whether the genetic
relationships of specimens among sampling areas fit the pattern of isolation by dis-
tance, we estimated the Mantel correlation between genetic distance (@, for the
mtDNA control region and D, for microsatellite markers) and geographic distance
(km) using the program GenAIEx (9999 randomization).

To examine the naturally occurring genetic clusters of individuals of the sampling
areas, we used the Bayesian clustering algorithm employed by STRUCTURE (v2.3.4,
Pritchard et al. 2000). In this model, individuals were probabilistically assigned



Seyoum et al.: Genetic population strcuture of the spotted seatrout 53

to one or more clusters (K) in the manner that minimized deviation from Hardy-
Weinberg equilibrium and linkage disequilibrium between genotypes. Ten replicate
simulations were conducted using 3.0 x 10° Markov-Chain Monte Carlo (MCMC)
simulations after a 1.0 x 10° burn-in period for each value of K from 1 (the null hy-
pothesis of panmixia) to 18 (complete fragmentation into distinct genetic clusters).
We used the admixture model and independent-allele-frequencies option to mini-
mize overestimating the number of groups present in the data set (Pritchard et al.
2009). The output file for 10 replicate runs from STRUCTURE was uploaded into
the Web-based software STRUCTURE HARVESTER (Earl and vonHoldt 2012).
STRUCTURE HARVESTER utilizes the posterior probabilities from STRUCTURE
to calculate [nP(D) and the magnitude change of [nP(D), that is, the log likelihood for
each K, relative to the standard deviation, called AK (Evanno et al. 2005). After the
most likely number of clusters had been identified, the average proportional cluster
and individual membership from the 10 replicate runs were aligned and summa-
rized using the program CLUMPP (v1.1.2, Jakobsson and Rosenberg 2007) under the
Greedy algorithm with 1000 replicates.

RESULTS

CONTROL REGION GENETIC VARIATION.—A 335-base-pair (335-bp) fragment of
the mtDNA control region was sequenced for 547 specimens of spotted seatrout
collected from 18 sampling areas. All sequence mutations recorded in the spotted
seatrout were in the form of single-bp substitutions except in two individuals that
showed single-bp indels. The molecular indices for the control region are summa-
rized in Online Table S2. There were 119 polymorphic sites (mean = 27), 266 haplo-
types (mean = 22) over all sampling area, and 5.4 nucleotide site differences between
individuals. The average nucleotide diversity and haplotype diversity were 0.014 and
0.96, respectively.

GENETIC STRUCTURE BASED ON CONTROL REGION.—Construction of the neigh-
bor-joining tree of specimens of each sampling area and the combined showed the
presence of two major non-overlapping lineages separated by a high interior branch
test (Online Table S2, Fig. 2). This tree does not show a clear geographical split be-
tween GoM and Atlantic sampling areas. However, the overall haplotype lineage dis-
tribution was phylogeographically structured, being significantly different between
the GoM and the Atlantic sampling areas (x* = 70.4, df = 1, P < 0.00001). The distri-
bution also showed highly significant difference among the western GoM, eastern
GoM, and Atlantic specimens (x> = 25.81, df = 2, P < 0.00001). There was, however,
no significant difference in lineage distribution between the between western and
eastern GoM specimens (x> = 0.0002, P = 0.989).

Analysis of the PCA plot to assess variation among the 547 individuals showed
only the western GoM specimens, not the eastern GoM, were separated with little
overlap from the Atlantic specimens by PC2, which explained only 12.3% of the total
variation, whereas the eastern and western GoM samples were not separated by PC1
or PC2 (Fig. 3A). In the PCA plot based on the pairwise 18 sampling areas @ val-
ues (Table 1, above diagonal), PC1 explained 93.2% of the genetic variation and PC2
explained 4.8% (Fig. 3B). The scattergram strongly, but not completely, separated the
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Figure 2. Unrooted neighbor-joining tree of mtDNA control region sequence haplotypes of the
547 individuals implemented in MEGA. Two lineages divided by a 97% bootstrap value are de-
picted in a radial view. Black circles represent western Gulf of Mexico specimens, white circles
represent eastern Gulf of Mexico specimens, and gray triangles represent Atlantic specimens.

GoM and Atlantic sampling areas, whereas the western and eastern GoM sampling
areas were not separated by either PC1 or PC2.

The overall control region sequence AMOVA result indicated the presence of sig-
nificant differentiation among the sampling areas (®. = 0.098, P < 0.0001) due to
highly significant among-group variance when the sampling areas were grouped into
GoM (1-13) and Atlantic (14-18) (®, = 0.186, P < 0.0001; Table 2). No genetic dif-
ferentiation was indicated within or between the western and eastern GoM sampling
areas. The results of AMOVA is highly complementary to the analysis of the distri-
bution of the lineages and the PCA, and overall the control region strongly, but not
completely, indicated a deep divergence between the GoM and Atlantic sampling
areas. This is because the adjoining sampling areas between the GoM and Atlantic
areas (13 and 14) are not spatially separated as indicated by the PCA. Furthermore,
in a two-group AMOVA, a highly significant genetic distance was found, not only be-
tween the GoM and Atlantic sampling areas (O, = 0.186, P < 0.00001), but also when
sampling area 14 was included in the GoM group against the remaining Atlantic
sampling areas 15-18 (O, = 0.211, P < 0.00001). The control region analysis, there-
fore, did not completely separate the GoM and Atlantic sampling areas, probably due
to limited sample size involving sampling areas 13 and 14.

There was no correlation between the pairwise geographic and genetic distances
(@, mtDNA) of sampling areas within the GoM (P = 0.110, R = 0.208), or within the
Atlantic (P = 0.230, R = 0.482). However, there was a significant correlation over the
entire region of the 18 sampling areas (P = 0.001, R = 0.513), but this is attributed to
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Figure 3. Principal coordinate analysis of the mtDNA (for spotted seatrout, Cynoscion nebulo-
sus) control sequence data based on (A) haplotypic similarity matrix overall samples of the 547
individual pairwise Tamura-Nei distance, (B) nonstandardized distance method of a matrix of
18 pairwise sampling area @ from Texas to North Carolina. Sampling areas numbered as in
Figure 1.

the genetic break between the GoM and Atlantic samples rather than isolation by
distance.

The demographic analysis for the Atlantic, GoM, and both geographic regions’
control region pairwise nucleotide differences showed a bimodal curve and a low
Harpending’s raggedness index, ranging from 0.01 to 0.04, with no significant P val-
ues conforming to a state of population expansion (Online Fig. S1). Tajima’s D-test
statistic (-2.14919, P < 0.01), Fu and Li’s F-test statistic (-4.17343, P < 0.02), and Fu
and Li’s F-test statistic (-5.02451, P < 0.02) also indicated a demography consistent
with the expansion model. The bimodal mismatch distribution is characteristic
of populations at demographic equilibrium (Slatkin and Hudson 1991, Rogers and
Harpending 1992, Excoffier 2004). In this case, however, the bimodal characteristic
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is a manifestation of the two well-defined lineages, each of which, when separately
analyzed, showed a perfect match with the expansion model (Online Fig. S1, the
graph of only one was shown). The lineages showed a 1.61% sequence divergence,
which may have originated through a bottleneck indicated by a negative Tajima’s D
(-2.45973; P < 0.001) and a star-like interhaplotype phylogeny tree (Fig. 2).

MICROSATELLITE MARKER GENETIC DIVERSITY MEASUREMENTS.—The number
of specimens analyzed for the control region and for the microsatellite markers dif-
fered slightly because some specimens from some sampling areas did not work in
the control region but did in the microsatellite genotyping and vice versa. Thirteen
specimens that failed to amplify in 8 microsatellite markers were removed. The aver-
age of the genetic diversity measurements over all 38 loci for each of the three regions
and each sampling area are summarized in Online Table S3 and Online Table S4,
respectively. The total number of unique alleles sampled from the spotted seatrout
gene pool over all the microsatellite markers was 698, and, of these, an average of 335
were recorded among individuals in each sampling area for the study of genetic re-
latedness. For specimens from Cedar Key (n = 117), which were used to characterize
the microsatellite markers, the average number of alleles per locus was 13.7, but 18.4
for the total 18 sampling areas (n = 534) (see Appendix 1). Seven loci departed from
Hardy-Weinberg equilibrium in one to four sampling areas because of homozygote
excess due to scoring errors resulting from stutter bands or from null alleles but no
allelic dropout. Upon applying Benjamini and Hochberg’s (1995) corrections, these
scoring errors were 2.4% (16 out of 666) of the microsatellite locus—sampling area
combinations excluding one almost monomorphic locus. This showed that the scor-
ing quality was quite satisfactory for all analytical purposes.

MICROSATELLITE MARKER GENETIC STRUCTURE.—AXIis 1 of the 2-dimensional
FCA strongly separated the GoM and Atlantic samples, whereas Axis 2 partly sepa-
rated the eastern and western GoM specimens (Fig. 4A). No individuals from the
Atlantic appear to have moved into the eastern GoM region. Similarly, the PCA scat-
tergram based on pairwise D, (Table 1, below diagonal) also showed that the GoM
and Atlantic sampling areas were completely separated by PC1, which explained
57.5% of the variation, whereas the eastern and western sampling areas were also
almost completely separated by PC2, which explained 27.3% of the genetic variation
(Fig. 4B). Three groups were decidedly supported on the PCA plot, the western GoM,
from Texas to Fort Walton, Florida (sampling areas 1-4); the eastern GoM (Florida
GoM), from Apalachicola to Florida Bay (sampling areas 5-13) separated by coor-
dinate 2; and the Atlantic Ocean from Sebastian Inlet to North Carolina (sampling
areas 14-18).

In the overall AMOVA, 96.7% of the variation was found within sampling areas,
and 3.3% among sampling areas (Table 2) indicating the existence of significant het-
erogeneity among sampling areas (@ value of 0.033, P < 0.0001). The highest ®_,
value for any two-group division across the regions was found when the sampling
areas were divided between the GoM and Atlantic regions (0.057, P < 0.0001). The
@, value for the two-group division between the western and eastern GoM was also
highly significant (0.013, P < 0.002). The greatest @ value among three-group divi-
sions was found when the sampling areas were divided into the three genetic regions
(clusters) as in the PCA plot (0.045, P < 0.0001; Table 2).
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Figure 4. (A) Two-dimensional factorial correspondence analysis of 534 individuals (for spot-
ted seatrout, Cynoscion nebulosus) based on 38 microsatellite loci and (B) principal coordinate
analysis of 18 pairwise sampling area based on Nei’s D,. Analysis based on microsatellite mark-
ers separated the 18 sampling areas into three regions. %ampling areas number as in Figure 1.

The Mantel test conducted with the D, distance matrix showed a significant posi-
tive relationship between genetic and geographic distances within each cluster (1:
western GoM, P = 0.027; 2: eastern GoM, P = 0.010; 3: Atlantic Ocean, P = 0.040;
Online Fig. S2). Individuals within a sampling area were genetically similar, but dif-
ferences increased linearly between sampling areas as geographic distance increased.

In the STRUCTURE analysis run to detect the number of clusters among indi-
viduals, the likelihood values increased quickly from a value of K = 1 to a value of
K =2, followed by a small increase to a value of K = 3 before plateauing at K = 4
and decreasing for larger values of K [L(K); Online Fig. S3]. STRUCTURE output
in STRUCTURE HARVESTER produced two peaks—the highest at K = 2 (AK =
1349) and a lower peak at K = 3 (AK = 256; Online Fig. S3)—indicating a hierarchical



59

Seyoum et al.: Genetic population strcuture of the spotted seatrout

eoIe Surjdures Jo uoneo0T "90UBLIBA = IBA ‘WIOPAAIJ JO 92130p = Jp "seare Surjdwes urgm

*] 21n31,] Ul UOAIS SI s1oquInu

S ‘(suordar) sdnoid Suowe g ousnewIs-@

@ ‘suorar urgim eare Surjdwes Juowe

100°0> 290°0 ¥6'9 0¥8 100°0> 961°0 8¥'C 8¢y seale Surjduwes urgpim

100°0> €000 90°0 4! 120°0 S10°0 6€°0 4! suorSor uryyim seare Surjdures Suowy

100°0 990°0 8¢°0 I 100°0 ¥81°0 ¥$°0 I suorgar usamleg
UBdO() ONUE[)Y SA OIXIA JO JIND) UId)Se

100°0> 810°0 LS9 €78 980°0 0100 19°C 10y seale Surduwes urgpim

100°0> 9000 ¥0°0 T €110 0100 00 T suor3ar utym seale Surjdues Suoury

2000 €10°0 60°0 ! 80C°0 800°0 10°0 ! suor3a1 usamleg
OOIXAA] JO JIND) UISISED SA OJIXOIA JO JIND) UIISIA

100°0> 6v0°0 9L'T1 0S0°1 100°0> 6€1°0 8¥'C 6¢s seale Surduwes urgpim

100°0>  ¥00°0 S0°0 Sl S10°0 S10°0 ¥0°0 Sl suor3ar urym seale Surjdues Suoury

100°0> S¥0°0 9¢°0 [4 100°0> 9CI'0 Seo 4 suor3a1 Suowry
UBO9() ONUE[}Y SA OJIXA] JO JND) UIDJSE SA OOIXIIA JO JIND) UIAISOM

100°0> 890°0 9L'T1 0S0°1 100°0> 661°0 Sv'e (Y49 seale Surjduwes urgpim

100°0> I10°0 €1o 91 1100 L10°0 ¥0°0 91 suorSor uryym seare Surjdures Suowy

100°0> LS00 Lo I 100°0> 981°0 850 I suorgar usamleg
UBaO() ONUE[}Y SA 0IXIA JO JIND)

- 9L'T1 0S0°1 - 8¥'C (149 seale Surjdwes urgpim

100°0> €€0°0 0¥°0 L1 100°0> 860°0 LT0 L1 seare Sudwes Suowy
seate Jurjdwes [y
d D JeA JP d (0] TeA Jp juouodwo)) OoUBLIBA

100] VN 9}[[9}ESOIITIA uo1391 [01U0d VNI

(811 sodwes) uedd( dnue[y pue (¢ [—¢ sojdwes) 0IXIA JO JIND) UIASed ‘($—]
sojdweg) 091X JO JIND) UIASIM Sk (suordar) sdnoisd oa1y) ojur pauonnied orom seare Jurjdweg eurjore)) YiION 0} SBX] WO} PAJOI[[0d suawrdads (snsongau
uorsoud?)) 1noneds papods Jo sadK1oudd 100] YN 23[[resotoru g¢ pue sadKjordey uoidas [0u0d YN (IW SUOWE JOUBLIBA JB[NOJ[OW JO SISA[BUY ‘T d]qeL



60 Bulletin of Marine Science. Vol 94, No 1. 2018

A
Cluster
B
N2
3
B L) 'I |
1718
Sampling area
C

]
,"\ 91% 98% 98% 96% 98%
5 6 7 8 9 10 11 12 13 14 15 16 17

18
Sampling area

Figure 5. Population structure of the spotted seatrout (Cynoscion nebulosus) within the range
from Texas to North Carolina specimens, according to posterior probability assignment pro-
duced by the analysis of 38 polymorphic microsatellite loci (1.0 x 10° burn-in, and 3.0 x 10°
replications) with the program STRUCTURE. The output from 10 replicates from the program
CLUMPP for 534 specimens from 18 sampling areas indicates (A) cluster percentage per individ-
ual for the highest modal value (number of genetic clusters) when K = 2 partitioning Gulf speci-
mens 1-418 from sampling areas 1-13 and Atlantic specimens 419-534 from sampling areas
14-18; (B) cluster percentage for each individual, grouped by sampling area for the best modal
value of K =3 (spotted seatrout population structure); and (C) proportional values represented by
each cluster within sampling areas 1-18. Cluster percentage >10% is given in each sampling area.

substructure. At K = 2, the spotted seatrout is partitioned between the GoM and the
Atlantic sampling areas with a genetic break between Biscayne Bay (assigned to the
GoM cluster) and Sebastian Inlet (assigned to the Atlantic cluster), with 97% of indi-
vidual assignment to one of clusters 2 and 3 (Fig. 5A). At K = 3, 73%, 93%, and 100%
of the individuals were assigned with >90% probability to clusters 1, 2, or 3, respec-
tively. These clusters differentiate the spotted seatrout from Texas to North Carolina
(Fig. 5B; K = 3), congruent with the FCA/PCA plot (Fig. 4A, B) and show that sam-
pling area associations exist in the spotted seatrout based on geographic location in
three clusters as shown in Fig. 1. The proportional values represented by each cluster
within sampling areas 1-18 are shown in Fig. 5C. The averages were 0.86, 0.91, and
0.96 for clusters 1, 2, and 3, respectively. Independent STRUCTURE analysis in each
of the three regions showed no finer-scale patterns.

DiscussioNn

In coastal areas of the southeastern United States, the genetic population structure
of the spotted seatrout is organized hierarchically at two levels. At the first, higher
level, the GoM and Atlantic sampling areas are divided, and at the second, lower
level, the GoM sampling areas are further divided, resulting in a total of three genetic
stocks. In the present study, a stock is considered as a population (or geographic pop-
ulations, with or without isolation by distance) that is genetically and geographically
distinct by restriction of gene flow between it and adjacent such population(s) and
identified as a cluster via STRUCTURE analysis. The use of STRUCTURE analysis
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should not be considered a sine qua non to define a management stock. For other
definitions of the stock, see Waples and Gaggiotti (2006) and Tringali et al. (2008).

The three genetic stocks of spotted seatrout defined here that satisfy our definition
are: (1) a western GoM stock that extends at least from South Padre Island, Texas, to
Fort Walton, Florida; (2) an eastern GoM stock that extends from Apalachicola Bay,
Florida, to Biscayne Bay, Florida, just northeast of the Florida Keys; and (3) an east
coast, Atlantic stock that extends from Sebastian Inlet, Florida, to the northernmost
collection area at Morehead, North Carolina. Within each of those three stocks, pat-
terns of isolation by distance were also evident, consistent with the longstanding
observation of only limited dispersal of early life from their natal estuaries.

Our efforts to increase sample size at different levels (i.e., number of areas, num-
ber of individuals, and number of loci)—decidedly improved resolution of stock
structure (Reiss et al. 2009, Horne et al. 2013)—but it was less evident with mtDNA
than microsatellite markers. The mtDNA control region indicated a divergence be-
tween the GoM and Atlantic sampling regions at south Florida but none between
the western and eastern GoM regions, whereas the microsatellite markers identified
the presence of two stocks in the GoM region. While the use of microsatellites has
revealed finer-scale genetic structuring in a range of marine fishes (Shaw et al. 1999,
Hallerman 2003), our results have been fortified by a much larger number of loci that
also incorporated species-specific microsatellite markers (see Appendix 1) than in
earlier studies of the genetic population structure of the spotted seatrout (see Online
Table S1).

Our effort to sample across the species’ distribution may not have been sufficient
at its northernmost range. A recent study using 13 microsatellite markers (O’Donnell
et al. 2014) proposed a genetic break between South Carolina and North Carolina,
at the region of the New River in North Carolina. This genetic break is south of the
known biogeographical boundary at Cape Hatteras, which is associated with water
masses of sharply differing temperatures and defines the Virginian and Carolinian
provinces. We had predicted that a more likely site for a genetic break in this region
would be expected to be north of Cape Hatteras, so the result of O’Donnell et al.
(2014) was not expected. More specimens from the northernmost range in our study
may have helped confirm this break. Likewise, the westernmost range of the spotted
seatrout extends to Campeche Bay Mexico, and fish in those waters also should be
examined to determine the western domain of cluster 1.

The genetic break between the GoM and Atlantic groups falls in the coastal area
between Biscayne Bay and Sebastian Inlet. In the case of the spotted seatrout and
other estuarine-dependent marine species [e.g., sheepshead, Archosargus proba-
tocephalus (Walbaum, 1792); Seyoum et al. 2017] this genetic break occurs north
of Biscayne Bay, from Miami to Palm Beach and is associated with discontinuity
in estuarine habitat in this area. This estuarine gap deprives juvenile spotted seat-
rout of essential nursery habitat, limiting gene flow between the eastern GoM and
Atlantic stocks. Spotted seatrout records are rare for this 112-km stretch (Johnson
and Seaman 1986), a linear discontinuity greater than the typical range of individual
spotted seatrout movements (approximately 48 km from their origin; Moffett 1961,
Beaumariage 1969). This pass causes a major hurdle for the spotted seatrout to over-
come and the genetic break at this region is, for this reason, more pronounced caus-
ing a deeper divergence between the GoM and Atlantic stocks than that between the
western and eastern GoM stocks.
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The location of the genetic break between the western and eastern GoM stocks is
at Apalachicola Bay, situated within the central GoM coast vicariant zone (McClure
and McEachran 1992). This is a region of genetic breaks in several benthic fishes and
invertebrate species, the result of complex geographic and environmental history and
variables (for discussion of hypotheses, see Bert 1986, McClure and McEachran 1992

and references therein; and Portnoy and Gold 2012). Apalachicola Bay is not an area
of discontinuous estuarine habitat, but one of estuarine plasticity, in which habitats
undergo cyclical changes. It is a shallow coastal lagoon fringed by barrier islands and
dominated by high- and low-energy wind effect and tidal currents (Livingston 1984).
Apalachicola Bay periodically floods, rapidly switching salinity from marine to al-
most entirely fresh water and increasing nutrient loads (Livingston et al. 2000). For
example, high freshwater runoff (January—May), resulting in reduced salinity, acts as
a barrier near the Apalachicola River, sharply curtailing most westward emigration
of blue crabs (Callinectes sapidus Rathbun, 1896; Steele 1991). The Apalachicola pen-
insula also impedes the eastward flux of red snapper [Lutjanus campechanus (Poey,
1860)] larvae from the central and western GoM (Johnson et al. 2009). We postulate
that temporal changes in the estuarine habitat, whether reflecting changes in salin-
ity, wind, tidal currents, or combinations of these factors, limit gene flow between
spotted seatrout groups in the eastern and western GoM. The occurrence of oceano-
graphic barriers or potentially transient current inhibiting larval exchange between
populations cannot be ruled out. These cyclical, complex changes interfere with (as
opposed to impede, as in between the GoM and Atlantic break) gene flow between
spotted seatrout populations on either side of the estuarine plasticity zone, causing a
shallow divergence within the GoM region.

Defining stock boundaries is fundamental for continued fisheries assessment and
management, which proceeds in real time, using the best available science. In the
case of spotted seatrout, our literature review did not find consensus as to the num-
ber and locations of stocks. In some cases, the spatial scale of specific studies was
local by design, and findings did not particularly complement those of the other
studies. In other, more expansive studies, selected samples were phylogenetically
misaligned with a geographically distant stock. Our experience with microsatellite
markers (sheepshead; Seyoum et al. 2017) leads us to recommend species-specific
markers versus nonspecific markers for investigating genetic stock of coastal species,
particularly where the differentiation might be of a fine-scale nature. As we did here,
a recommended field sampling design has two stages: sampling broadly at regular
intervals and filling gaps later, or increasing sample sizes for areas of high genetic
diversity. After adding several years of collections to our spotted seatrout database,
it appears that we have reached a stable conclusion about the spotted seatrout genetic
stock structure as determined by STRUCTURE.

Our approach suited our goal to address the genetic structure of spotted seatrout
across a majority of this species’ distribution. Further investigation of genetic struc-
ture will likely include next generation application of single nucleotide polymor-
phisms, which will be an appropriate, independent method to test our hypothesis for
spotted seatrout. Such additional work can also be justified because of the criticism
that STRUCTURE may not work very well for less differentiated populations that are
below F . = 0.02 (Latch et al. 2006).

Our results confirm that Florida is the only state that has more than one genetic
stock of spotted seatrout within its jurisdiction. Florida has already recognized two
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management units—GoM and Atlantic—and assesses these units as four Florida re-
gions (northeast, southeast, southwest, and northwest) based on preliminary genetic
samples collected in coastal Florida more than a decade ago (Murphy et al. 2011).
The north-south boundaries used for assessment are approximately halfway along
peninsular Florida (east coast: Flagler-Volusia county line; west coast: Pinellas-Pasco
county line). Strictly in terms of these new findings of genetic stock structure: (1)
the east coast is unnecessarily split into two assessment units, (2) the GoM-Atlantic
boundary should be moved to Biscayne Bay, and (3) the GoM assessment bound-
ary should be moved north to Apalachicola. However, our recommendation may be
tempered for other reasons, for example, if the assessment is trying to model spatial
fleet differences within or across a genetic stock area. In addition, spotted seatrout
management has been largely successful recently, exceeding the 35% spawning po-
tential ratio (SPR) management goal in three regions, and close to the SPR goal in
the northwest Florida region. In such favorable conditions, our recommendation is
more proactive rather than of urgent concern, such as when genetic diversity is at
risk when stock sizes are low. A new assessment is expected in the next year or two,
at which time the ramifications of these mismatched genetic and harvest stocks can
be evaluated and incorporated appropriately.

The requirement for sustainable management of spotted seatrout by regulatory
agencies is likely to drive further research of this relatively data-rich species, which
will be of interest to managers, ecologists, and evolutionary biologists alike. The ge-
netic data presented herein provide geographic context of population structure, and
specifically, identifying priority regions to measure mixing rates of individual spot-
ted seatrout by tagging and testing population structure hypotheses on an ecologi-
cal scale. Such familiar fisheries techniques, as part of an interdisciplinary approach
(Cadrin et al. 2014, McBride 2014), should shed light on more general mechanistic
processes restricting gene flow between population clusters in nearshore marine
systems.
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Seyoum et al.: Genetic population strcuture of the spotted seatrout
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