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Abstract

The genus Leuresthes displays reproductive behavior unique among marine fish in which mature adults synchronously emerge
completely out of the water to spawn on beach land. A limited number of sandy beaches, which are suitable for these spawn-
ing events, are present in discontinuous locations along the geographic range of the species, potentially limiting gene flow and
the degree of genetic homogeneity between intraspecific populations. Here, we tested for molecular genetic differentiation
between 363 individuals, representing 3 populations of California grunion, Lesxresthes tenuis, by employing 2 mitochondrial and
4 nuclear DNA markers. We include temporally diverse sampling to evaluate contemporary and temporal divergence, and we
also analyze 28 individuals from one population of Gulf grunion (restricted to the Gulf of California), Leuresthes sardina, at
the same markers to evaluate the molecular evidence for their separate species distinction. We find no significant differences
between temporal samples, but small significant differences among all populations of L. fenuis, and unequivocal support for
the separate species distinction of L. sardina. Genetic data suggest that the Monterey Bay population of L. fenuis near the
species’ most northern range likely represents a relatively recent colonization event from populations along the species” more
traditional range south of Point Conception, California. We conclude that both the topographic features of the California
and Baja California coastlines and the grunions’ unique reproductive behavior have influenced the genetic structure of the

populations.
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A wealth of population structure literature has shown that
genetic breaks can be difficult to predict for California
marine species. Some taxa show great intraspecific genetic
similarity along the coast (Addison et al. 2008), some exhibit
isolation by distance (Buonaccorsi et al. 2004; Lewallen et al.
2007), and others show significant phylogeographic struc-
ture concordant with recognized biogeographic breaks,
such as Point Conception and Monterey Bay (reviewed by
Burton 1998; Dawson 2001). Such results indicate that in
addition to geographic factors in the environment, the pat-
tern of population structure may be strongly influenced
by larval dispersal and behavioral traits (Sivasundar and
Palumbi 2010). Some fish species, such as the grunions
(genus Leuresthes), do not take baited hooks and are rarely
collected in trawls making direct observation of movement
at sea difficult or rare. For such taxa, genetic monitoring

provides the most informative insights into migration and
dispersal over time.

The genus Leuresthes is composed of two species of
marine fish: the Gulf grunion, Leuresthes sardina (Jenkins
and Evermann 1889), and the California grunion, Lexresthes
tenuis (Ayres 1860). Together they represent the only two
species of marine fishes known to constitutively leave the
water to spawn on beach land (Thompson 1919; Walker
1952), and the only marine fishes whose egg incubation
is completely terrestrial. Although this unique mode of
reproduction has stimulated interest in ecological and
molecular genetic studies, it has also raised some concern
over the stability of the populations on a temporal scale;
the fishes are vulnerable to the alteration of beach habitat,
which may render areas unsuitable for egg laying, and also
to human predation while mating. In fact, the recreational
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fishery was reportedly becoming depleted during the 1920s,
and although population sizes of the California grunion
have never been known, it is not thought to be an abundant
species (Gregory 2001). These concerns have led to limited
legal protection for L. fenuis in the state of California,
where a closed season is observed from April through May
and take is restricted during the other months of the year
(Gregory 2001).

With regard to spatial arrangement, the grunions are
allopatric with L. sardina endemic to the northern region
of the Gulf of California from Bahfa Concepciéon, Baja
California Sur, and Guaymas, Sonora, to the Rio Colorado
Delta (Moffatt and Thomson 1975), whereas L. zenuis typi-
cally ranges from south of Point Conception, California,
to Bahia Magdalena, Baja California Sur (Miller and Lea
1972), although a small and physically disjunct popula-
tion exists in Monterey Bay (Phillips 1943; Yoklavich et al.
2002, Figure 1). Neither of the species is known to occur
around the southern end of Baja California, and L. zenuis has
been infrequently reported between Point Conception and
Monterey Bay in California (Straughan 1982). It is thought
that these regions do not possess suitable beach habitat for
spawning (Reynolds et al. 1976) and may exhibit unsuit-
able shoreline temperatures for the adult fish and/or the
developing embryos. In addition, a limited amount of tag-
ging data indicate that the California grunion may exhibit
spawning site fidelity (Walker 1952) and hatched larvae are
thought to remain abundant close to the coastline (Gruber
et al. 1982); they are not known to join ichthyoplankton
assemblages offshore (McGowan 1993). These factors may
prohibit or severely limit migration between southern and
northern California waters.

Currently, the California grunion is considered to be a
single management unit by the California Department of
Fish and Wildlife, although it has not been subject to full
genetic monitoring along its range. A few studies have pro-
vided some insight on the genetic population structure of
the species. An allozyme study conducted by Gaida et al.
(2003) analyzing southern California populations from
Santa Barbara to San Diego was inconclusive with the data
unable to discern between isolation by distance and pan-
mixia. In 2001, a northern extension of the distribution of
L. fenuis was reported in San Francisco Bay (Jahn 2004), a
region where the species had not been recorded since 1860.
This population is composed of significantly more diminu-
tive fish than their conspecific counterparts south of Point
Conception, both in total length (TL) and in mass (Johnson
etal. 2009). However, a recent genetic study using microsatel-
lite and mitochondrial markers indicates that this reportedly
new San Francisco Bay population does not show signifi-
cant genetic differentiation from the southern California
populations, despite showing significant differences in size
morphology (Johnson et al. 2009). The authors suggest that
these findings may represent a range expansion too recent
to result in genetic differentiation and they posit that phe-
notypic plasticity in response to cooler San Francisco Bay
water temperatures may be responsible for the notable size
differences.
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Unlike the San Francisco Bay population, the Monterey
Bay population has been known to be small since its pres-
ence was first recorded in 1940 (Phillips 1943). This pop-
ulation has not been genetically monitored or compared
with the southern California populations. If this popula-
tion has been genetically isolated from the stocks south of
Point Conception for a period of time sufficient to allow
assortment of genetic diversity, then there may be reason
to consider this population a separate management unit for
conservation purposes. Currently, information regarding
L. tenuis populations in northern Baja California is extremely
sparse. It is unknown whether these populations repre-
sent ones that are genetically isolated from the southern
California populations or whether between-population mat-
ing or migration events result in panmixia with respect to
genetic population structure.

In addition, existing studies of the California grun-
ion are based on samples taken at a single point in time,
and therefore indirectly assume temporal genetic stability
of the local populations. Such assumptions may not hold
because in finite populations allele frequencies change over
time due to genetic drift and, therefore, such analyses can-
not attest to the temporal microevolutionary changes of
genetic diversity. In order to monitor natural evolutionary
genetic diversity, as well as the impacts of anthropogenic
forces, temporal samples must be utilized (Schwartz et al.
2007).

In this study, we use mitochondrial DNA (mtDNA)
and microsatellite markers to complement previous survey
work assessing the pattern of gene flow in spatially vary-
ing populations of L. zenuis by utilizing new genetic mark-
ers, more extensive range coverage (including samples
from the previously unstudied Monterey Bay, California,
and Ensenada, Baja California, Mexico, populations), and
temporally diverse sampling. We also evaluate genetic
divergence between L. fenuis and L. sardina to investigate
the molecular evidence for the separate species distinction
within the genus.

Materials and Methods
Study Sites and Sampling

Fin clippings or whole animal samples were taken from
a total of 391 fishes from 4 locations along the coasts of
California, United States of America, and Baja California,
Mexico (Figure 1; Table 1), either by hand at random
during beach spawning events or offshore by beach seine.
A total of 189 samples representing a northern California
population of L. fenuis (which is physically disjunct from
the L. zenuis population south of Point Conception) were
collected from Monterey Bay between 1999-2002 and
2004-2007. A total of 132 samples from Laguna Beach
collected from 2006 to 2008 and 42 samples collected from
Ensenada in 2009 represent the southern contingency of
the species. Also included are 28 samples of L. sardina
collected in 1998 from Puerto Pefiasco, Mexico (Gulf of
California).
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Figure I. Map of the native ranges of the California grunion (solid lines) and the Gulf grunion (hatched line). Collection
locales (Monterey Bay [MB], Laguna Beach [LB], Ensenada [ENS], and Puerto Pefiasco [PP]) are indicated with white dots. This
map was created using an online map creator at http://www.aquatius.geomar.de/omec.
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Table | Population abbreviations and number of fish genotyped at 4 microsatellite loci (IN,) and sequenced at the Cyt b (N¢,) and CR

(Nep) loci for each population of Leuresthes tennis and Leuresthes sardina

Species Sampling location Collection year Population abbreviation N, Neye Ncr
L. tenuis Monterey Bay 1999 MB99 38 24 27
(California, United States)
2000 MBO00 36
2001 MBO01 8
2002 MBO02 8
2004 MBO04 31
2005 MBO05 29
2006 MBO06 29 29 28
2007 MBO7 10
Laguna Beach 2006 LB06 54 14 37
(California, United States)
2007 LB07 20 10 18
2008 LB08 58 15 34
Ensenada 2009 Ens09 42 30 26
(Baja California, Mexico)
L. sardina Puerto Pefiasco 1998 PP98 28 28 15

(Sonora, Mexico)

Genetic Data Collection

Samples were preserved in the field by either immediate
placement on ice or in 95% ethanol, and all samples were
later stored at —20 °C in the laboratory. Genomic DNA was
extracted from fin clippings or from muscle tissue (when
collected) following the animal tissue protocol of Qiagen
DNeasy kits. Polymerase chain reaction (PCR) was used to
amplify 4 polymorphic microsatellite loci in all 391 samples
using primers previously developed specifically for L. fenuis:
B18, B19, B39, and B82 (Byrne and Avise 2009). One of the
primers for each locus was fluorescently labeled with either
FAM (B18 and B82) or HEX (B19 and B39). PCR conditions
and characteristics of the loci are described by Byrne and
Avise (2009). Following PCR amplification, products were
diluted and mixed in 2 multiplex groups (B18 with B19; B39
with B82) for genotyping. Mixtures containing 1 ul. of the
diluted PCR product mix, 9.55 uL. Hi-Di formamide (Applied
Biosystems), and 0.45 ul. of GeneScan-ROX 500 size
standard (Applied Biosystems) were denatured for 3 min at
95 °C and electrophoresed on an ABI 3100 Genetic Analyzer.
Scoring of microsatellite alleles was performed automatically
by GeneMapper 4.0 software (Applied Biosystems) and veri-
fied by eye for each sample. Genotyping errors may greatly
bias the results of population genetic studies and therefore,
an effort should be made to limit and quantitatively estimate
the extent of errors (Bonin et al. 2004). Here, a random sub-
set of the samples (~10%) were rescored for a second time
by eye and compared with the previous results to ensure
reproducibility of genotyping and allele calling;

A total of 149 and 185 individuals were also PCR ampli-
fied at the mitochondrial cytochrome b (Cyt b) and con-
trol region (CR) loci, respectively (Table 1). Three sets of
previously designed primers were used: two sets to amplify
two overlapping fragments of the CR (Johnson et al
2009) resulting in a combined 392-bp segment and one
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set to amplify the Cyt b gene (Palumbi 19906) resulting in
a 1073-bp segment. Each amplification was performed in
a 15-plL mixture of the following: 0.2mM of each deoxy-
ribonucleotide triphosphate, 0.2 pM each of the forward
and reverse primers, 1.5 mM MgCl,, 0.75 units GoTaq DNA
Polymerase (Promega), and 3.0 ul. 5X GoTaq Reaction
Buffer (Promega). A 2-min denaturation at 95 °C began the
amplifications, followed by 35 cycles of 30 s at 95 °C, 1 min
at annealing temperature (50 °C for CR; 53 °C for Cyt b),
and 2 min at 72 °C, followed by a final extension period of
5 min at 72 °C. Each PCR product was sequenced in both
directions by Agencourt Bioscience.

Microsatellite Analysis

We utilized the program MICRO-CHECKER (Van
Oosterhout et al. 2004) to check for the presence of null
alleles, large allele drop out, and other genotyping errots.
GENEPOP (Raymond and Rousset 1995) was then
employed to calculate expected and observed heterozygosi-
ties, as well as deviations from Hardy—Weinberg equilibrium
(Fis, as an indicator of heterozygote excess or deficit; Weir
and Cockerham 1984), for each population (specific to each
location and year) per locus and per locus across popula-
tions. Deviations from Hardy—Weinberg equilibrium were
also calculated for each sampling location, with data between
years combined. Allelic richness estimates and I analyses
(Weir and Cockerham 1984) were calculated using FSTAT
(v. 2.9.3.2; Goudet 1995). Fgp analyses were conducted first
with 13 populations indicated (accounting for both sampling
location and year), and then with 4 populations indicated
(accounting only for the area of collection with years col-
lapsed: Monterey Bay [MB], Laguna Beach [LB], Ensenada
[ENS], and Puerto Pefasco [PP]). We used POWSIM
(Ryman and Palm 2000) to assess the statistical power of our
tests for genetic homogeneity. Finally, Nei’s genetic distance

£T02 ‘€T 1SNBNY U0 ZnID BIUES ‘eIUI0JIED J0 AISIBAINN T /BI0'SfeuInopiojxo paey fj/:dny wouy papeojumoq


http://jhered.oxfordjournals.org/

American Genetic Association

The Journal of Heredity

(Nei 1978) was calculated between these 4 populations using
the program GDA (Lewis and Zaykin 2001). The sequen-
tial Bonferroni technique was used to correct P values for all
multiple tests (Rice 1989).

To assess genetic population structure, a Bayesian geno-
type clustering analysis was performed with all 391 individu-
als genotyped at 4 loci using STRUCTURE v. 2.2 (Pritchard
et al. 2000). We indicated the number of populations (K) in
the range 1-13 (with 13 being the maximum possible num-
ber of populations counting different years as independent
populations), and we assumed admixture in the model and
correlated allele frequencies between populations, as is con-
sidered best in cases of subtle population structure (Falush
et al. 2003). Ten independent runs for each value of K were
conducted with a 50 000 iteration burn-in period followed by
100 000 Markov chain Monte Carlo repetitions to obtain for
each K the mean estimated logarithmic probability of data,
InP(D). In initial trials with STRUCTURE, no meaningful
differences were seen when we indicated potential popula-
tions of origin versus not indicating origin. For the analyses
reported here, the population of origin was indicated in the
data file. This process was then repeated with K in the range
of 1-12, omitting the .. sardina samples to allow greater sen-
sitivity to a small level of variability that may exist within
L. fenuis. Finally, although the maximum value of InP(D) is
often referred to as the true number of populations, simula-
tions have shown that this method can result in an estimation
of K larger than the true number of populations. To cor-
rect for this phenomenon, we calculated the statistic AK, the
second-order rate of change of the likelihood function with
respect to K as described by Evanno et al. (2005).

Mitochondrial DNA Sequencing Analysis

Sequences were edited and assembled using MegAlign soft-
ware (DNASTAR) and aligned in MEGA-4 (Tamura et al.
2007). The number of haplotypes (4), haplotype diversity
(Hy), and nucleotide diversity () were calculated in DnaSP
4.10.9 (Rozas et al. 2003) in 2 ways. First, the number of
populations was assumed to be the number of original sam-
pling sites and years (z = 7; Table 1), and then it was assumed
to be equal to the number of sampling locations (# = 4), with
data from multiple years within 1 sampling location com-
bined. Collapsed data between these 4 locales were then used
to estimate the number of migrants between populations and
Kgr values were calculated with probability obtained by the
permutation test with 1000 replicates.

Byrne et al. » Genetic Structure of Leuresthes

Two separate networks describing haplotype relationships
were constructed for the CR and the Cyt b region sequences
in TCS 1.21 (Clement et al. 2000) implementing the statistical
parsimony algorithm described by Templeton et al. (1992)
with a default parsimony connection limit of 95%. Minimum
spanning networks were also described using ARLEQUIN
v. 3.5.1.2 (Excoffier et al. 2005).

Results
Microsatellite Analysis

Analysis of the genotyping data set via MICRO-CHECKER
did not show evidence of null alleles, large allele drop out, or
other scoring errors. Fig values were all nonsignificant after
Bonferroni corrections and allelic richness (Table 2) was high
across all populations for all microsatellite loci. Observed
heterozygosities calculated via GENEPOP did not depart
from Hardy—Weinberg expectations at any locus, or within
any population. The power of our microsatellite markers to
detect significant population differentiation was high with
simulations in POWSIM suggesting a probability of at least
0.92 to detect a true differentiation of Fgp = 0.0025 under
different scenarios of NN, and numbers of generations of
drift (7) with 1000 replications.

Pairwise Fgp values across all sampling locations and years
were low and nonsignificant (Table 3). However, pairwise Fg
values between the 4 sampling locations, with years collapsed
within the sites, were significant after 120 permutations
(Table 4). Calculations of Nei’s genetic distance between
these 4 populations were low for intraspecific (. zenuis) com-
parisons, ranging from 0.015 to 0.085, but were high between
L. tenuis and L. sardina populations, ranging from 0.397 to
0.531 (Table 4).

Analysis of the genotyping data in the program
STRUCTURE with K in the range of 1-12 (only including
L. tenuis individuals) resulted in the highest mean estimated
logarithm of likelihood for K = 1, which also exhibited the
smallest standard deviation (SD; Figure 2). The distribution
of AK supported a mode of 2, although the height of this
modal value was extremely low (AK = 9.5), indicating that the
strength of the signal detected by STRUCTURE was weak
(Evanno et al. 2005). Individuals did not cluster in any mean-
ingful way with respect to geographic or temporal space.
When K was set in the range of 1-13 (L. fenuis and L. sardina
samples), the highest mean estimated logarithm of likelihood

Table 2 Allelic richness per locus and population (sampling location and year), and per locus across all populations (RT), and observed
(Hp) and expected (Hp) heterozygosity estimates for all microsatellite loci

Allelic richness
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Locus M™MB99 M™MBOO ™MB0O4 M™MBO5 M™MB06 M™MBO7 LBO6 LBO7 LBO8 Ens09 PP98 RT Ho He

B18 8.59 7.22 7.36 8.52 8.14 8.00 6.78 5.63 8.17 7.77 8.26 790 088  0.85
B19 10.20  10.79 1054 1116  10.17 9.00 10.34 9.49 10.17 9.63 8.51 1036 092 091
B39 11.62 1088 11.76 ~ 11.54 1250  14.00 1282 11.78 1259  13.61 15.04 1284 095 0.93
B82 1326 1223 1279  11.03 13.32 11.00 1256  14.49 13.91 1234 1098 1343 095 095

Allelic richness calculations are based on a minimum sample size of 10 diploid individuals.

00
[ .
o)

%)
5
c
[ -
5

0

B

e
X
)

O
L
@

=
2
3
3

525



http://jhered.oxfordjournals.org/

Journal of Heredity

.5 Table 3  Pairwise Fgp values between the sampling locations and years using microsatellites
=
'§ MB99 MB0O MBOI MB02 MB04 MBO5 MB06  MBO7 LBO6 LBO7 LBO8 Ens09 PP98
w
B MB99
= MB00 0.004
D MB01  —0.002  —0.003
3 MBO02 0.108 0.121 0.122
= MBO4 0.004 0.009 0.018 0.123
] MBO05 0.005 0.010 0.011 0.123 0.009
5 MBO6  —0.002 0.002 0.006 0.115  —=0.001  0.001
S MB07  —0.002 0.001  —0.019 0.119 0.012  0.012 0.001
< LB06 0.005 0.002 0.004 0.123 0.005  0.011 0.002  —0.002
LB07 0.009 0.001  —0.003 0.133 0.011  0.022 0.010  —0.000  0.007
LB0O8  —0.000 0.006 0.005 0.113  —0.001  0.009  —0.001 0.002  0.002  0.007
Ens09 0.006 0.014  —0.003 0.114 0.010  0.013 0.006 0.004  0.012  0.010  0.007
PP98 0.033 0.045 0.033 0.117 0.041  0.037 0.031 0.031  0.035 0.049 0.028 0.041

No values are significantly different from 0 after sequential Bonferroni correction.
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Table 4 TPairwise Fgp (below diagonal) and Nei’s genetic distance
(Nei 1978; above diagonal) values between the sampling locations
using microsatellites with years collapsed within sites

was also for K = 1, however when the data were constrained
to fit K = 2, the 363 L. fenuis samples consistently clustered
separately from the 28 L. sardina individuals.

MB LB ENS PP
- MB 0.015 0.073 0.437 Mitochondrial DNA Analyses
=
B LB 0.001% 0.085 0397 Of the 392 sites analyzed at the Cyt b locus, 39 polymor-
o ENS 0.008* 0.009* 0.531 hic si identified includine 13 uni haol
o PP 0.036* 0.034* 0.041* phic sites were identified including unique haplotypes.
5 Hd ranged from 0.075 to 0.270 with the lowest value for
= *Significance after sequential Bonferroni correction (« = 0.0083) for Fyp the Monterey L. Zenuis samples and the highest value for the
% values. Gulf of California L. sardina samples (Table 5). Nucleotide
o
o
-
'_
-7000 A
-7500 A
-8000 A
a *
a ¢
g ¢
o 8500 | L 3 r'y
o
= &
-9000 -
-9500 A
‘lomo T T T T T T T L) T T T T '
0 1 2 3 4 5 6 L 8 9 10 11 12 13

Figure 2. Mecan log probability of data [InP(D)] and standard deviation (SD) of 10 replicates for each value of K calculated

from the multilocus genotyping data.
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Table 5 Haplotype (Hy) and nucleotide () diversity, sampling
sizes (1), and number of haplotypes (4) of Cytb and CR sequences

Byrne et al. » Genetic Structure of Leuresthes

Table 6 Pairwise Ky values between the sampling locations
with years collapsed within sites

Sampling

location Hy 7T n h
MB 0.075/0.935 0.0002/0.0033 53/55 3/27
LB 0.154/0.958 0.0004/0.0032 38/89 4/55
ENS 0.131/0.963 0.0003/0.0030 30/26 3/20
PP 0.270/0.971 0.0009/0.0175 28/15 5/13

diversity (m) was low and ranged from 0.00019 to 0.0009,
again with the lowest values for the more northern Monterey
population and the highest value for the L. sardina popula-
tion. Overall haplotype and nucleotide diversities were 0.391
and 0.026, respectively.

Haplotype 1 was by far the most common and was repre-
sented by 114 individuals represented by each of the L. fenuis
populations and years sampled (but not by L. sardina). The
second most common haplotype, haplotype 9, was repre-
sented by 24 individuals, all L. sardina. Haplotypes 1 and 9
differed by 31 substitutions. The remaining 11 haplotypes
were represented by single individuals: 2 in the MB samples,
2 in ENS, 3 from the LB samples, and the remaining 4 in
L. sardina. These rare haplotypes differed from the nearest
common haplotype by 2 substitutions at most.

A total of 1073 sites were analyzed at the mitochondrial
CR, resulting in the identification of 78 polymorphic sites
and 94 unique haplotypes. Hd ranged from 0.935 to 0.971
and nucleotide diversity ranged from 0.00326 to 0.01752
(Table 5). Similarly to the Cyt b results, Hd was lowest in the
more northern Monterey population and highest in the Gulf
of Mexico. Nucleotide diversities were similar across L. fenuis
populations and highest in the L. sardina population. Overall
haplotype and nucleotide diversities were 0.9514 and 0.007,
respectively.

Haplotypes 4 and 18 were the most common; they were
found in 35 and 12 individuals respectively and were each
represented by all 3 L. zenuis populations. Of the remaining
haplotypes, 10 were unique to L. sardina, 43 to LB, 12 to ENS,
18 to MB, and 9 were shared between L. fenuis sites (but not
found in L. sardina). Single individuals represented 75 of the
94 haplotypes.

Pairwise Kgr values were highly significant between L. sar-
dina samples and each population of L. fenuis at both the
CR and the Cyt b loci (P < 0.001; Table 6). Values wete not
significant between L. zenuis localities.

Estimated number of migrants was high between all pop-
ulations of L. fenuis, ranging from 17 to 20 (mean = 18) when
estimated from Cyt b data, or from 17 to 57 when CR data
were used (mean = 31.3). For both loci, the estimated num-
ber of migrants between L. sardina and each L. fenuis popula-
tion was 0.

No defined clusters resulted from the statistical parsi-
mony networks constructed in TCS with either Cyt b or CR
sequences, except for a distinct separation of the L. sardina
samples from all L. fenuis samples in each network (data not
shown). The minimum spanning network described using

MB LB ENS PP
MB 0.0000 0.0000 0.9888*+*
LB 0.0055 0.0000 0.9855%+*
ENS 0.0022 —0.0041 0.9859F+*
PP 0.4962%** 0.4689%+* 0.5119%**

CR values are below diagonal and Cyt b values are above diagonal.
*EP < 0.001.

Overall Cyt b: Kgp = 0.9844%%,

Overall CR: Kgp = 0.3908%%*,

Cyt b sequences in ARLEQUIN showed 2 dominant hap-
lotypes, one which is composed only of L. zenuis samples
and another composed solely of L. sardina samples. Eleven
haplotypes were represented by singletons and each was just
1 substitution away from the dominant haplotype for its
species. A minimum of 31 substitutions separates the sister
species (Figure 3). The minimum spanning network utilizing
CR sequences exhibited star-like projections of haplotypes
radiating outward from several haplotypes common to each
L. fenuis locale (Figure 3). Similatly to the Cyt b haplotype
network results, no clear distinctions are seen between L. ze-
uis haplotypes between locales, but strong clustering is seen
between the species with a minimum of 40 substitutions.

Discussion

Due to their high mutation rates, microsatellite markers are
useful for elucidating contemporary fine-scale population
structure but may be considered undesirable for larger scale
estimates of structure due to high potential levels of homo-
plasy (Hewitt 2004a, 2004b). Frequently, studies of popu-
lation structure have been based on one or more mtDNA
genes (Moore 1995; Avise 2000), which are typically marked
by slower mutation rates. Although these loci might prove
satisfactory for describing historical events, they may lack
the resolution for recent microevolutionary processes. Our
current study on the grunions, genus Lewresthes, combines
the analysis of both microsatellite genotyping and mtDNA
sequencing data in an attempt to elucidate both historical and
recent genetic population structuring;

Spatiotemporal Population Structure and Migration
of the California Grunion

Despite large geographic distances between the MB pop-
ulation of L. femuis and its conspecifics south of Point
Conception, as well as a limited amount of tagging study
data that may indicate spawning site fidelity (Walker 1952),
the molecular genetic data suggest that recent migration or
colonization between the populations has limited the effects
of genetic drift and subsequent divergence. Results from
mtDNA sequencing data analyses support 1 panmictic L. en-
uis population. The Cyt b locus is characterized by 1 domi-
nant haplotype that is shared between each of the 3 sampled
localities, as well as a few uninformative haplotypes held by

527

£T02 ‘€T 1SNBNY U0 ZnID BIUES ‘eIUI0JIED J0 AISIBAINN T /BI0'SfeuInopiojxo paey fj/:dny wouy papeojumoq


http://jhered.oxfordjournals.org/

American Genetic Association

The Journal of Heredity

00
[ .
o)

%)
5
c
[ -
5

O

B

e
X
Q

O
L
@

=,
2
3
3

Journal of Heredity

A MB

O
O
O

o
&‘25 78
28 3

49 I 58

12

Figure 3. Minimum spanning networks of haplotypes observed in the genus Leuresthes from Cyt b (a) and CR (b) sequencing
data (haplotype number indicated within circles). Haplotypes separated by more than one substitution are indicated by slashes
and the number of substitutions. Small unnumbered circles indicate hypothetical haplotypes not observed in this study. Shading
indicates locale of origin and size is proportional to the frequency of the haplotype.

528

€70z ‘ST NPV U0 ZniD eIUeS ‘eluloieD Jo AisAIUN e /Bi0'sfeudno(pioxo paseylj/:dny woly papeojumoq


http://jhered.oxfordjournals.org/

American Genetic Association

The Journal of Heredity

00
[ .
o)

%)
5
c
[ -
5

0

B

e
X
)

O
L
@

=
2
3
3

single individuals (Figure 3a). The more quickly evolving
CR locus is marked by several shared haplotypes between
populations and numerous haplotypes exhibited in one or a
few individuals that do not group by geographic location in
any meaningful way (Figure 3b). Pairwise Kgp analyses also
failed to detect genetic differentiation using mitochondrial
sequencing data (Table 6). In addition, estimates of the num-
ber of migrants between populations of L. fenuis are high.

Results from the program STRUCTURE using microsat-
ellite data also did not reveal genetic differentiation between
populations and all pairwise Fgp values between sampling
locations and years (uncollapsed data; Table 3) were nonsig-
nificant, indicating panmixia. Conversely, all pairwise Fgy val-
ues from microsatellite data between sampling locales (with
multiple years at individual sites collapsed) were significant
(Table 4), but low, implying limited subdivision of the popu-
lations. The observed discrepancies between these Fgy analy-
ses are likely the result of increased power to detect small
genetic differences in the larger sample sizes of the collapsed
data sets.

Microsatellite loci are characterized by high mutation rates
and are therefore typically useful in elucidating fine scale
and recently derived population structure. Nonrecombining
mtDNA, on the other hand, evolves more slowly and is gener-
ally appreciated for usefulness in less-contemporary historical
genetic processes (Avise 2000). This general observation may
help explain the somewhat contrasting results between nuclear
and mtDNA data described here. The slight genetic differences
implied by microsatellite Fg- analyses most likely are indicative
of a colonization event too recent to produce observable levels
of divergence in the more slowly evolving mtDNA.

These results are consistent with findings from other pop-
ulations of the species using allozyme markers (Gaida et al.
2003) and DNA (Johnson et al. 2009), where low levels of
genetic differentiation between populations were discovered.
However, although Gaida et al. (2003) found that an isolation
by distance model best supported their allozyme data analy-
ses between 4 southern California populations, Johnson et al.
(2009) found that geographic distance was not a good esti-
mator of genetic differentiation between populations north
and south of Point Conception. Our data are concordant
with the latter; our microsatellite data indicate that the LB
population is more similar to the MB population than it is
to the less geographically distant ENS population (approxi-
mately 546 vs. 397 km). Interestingly, these data also indicate
that the ENS population is almost equally genetically dissimi-
lar from the LB population as it is from the MB population,
despite a more than 2-fold difference in geographic distance
(approximately 397 vs. 943 km; Table 4).

These findings may be the result of continuous or occa-
sional migration events from the southern California popu-
lations toward the northern locales, or it may be possible
that the populations are in fact genetically isolated but that
colonization occurred recently enough such that not enough
time has passed to result in strong genetic divergence
between them. For either case, we may conclude that the
molecular genetic evidence at hand do not support a geneti-
cally distinct population in MB that has been isolated from

Byrne et al. » Genetic Structure of Leuresthes

its conspecifics for a long period of time. Notwithstanding
this conclusion, microsatellite results do indicate marginal
molecular differences between each population sampled,
which may describe the very early stages of microevolution-
ary divergence.

Although our findings here do not indicate strong genetic
population structuring, this may be an artifact of the loci
investigated. Selection that acts on some loci, but not others,
can lead to heterogeneity among loci with regard to genetic
differentiation. For example, Kochn et al. (1976, 1984) found
little genetic differentiation between populations of the
blue mussel, My#ilus edulis, between populations to the north
and south of Cape Cod along the eastern coast of North
America; however, other studies have shown a definite allele
frequency cline in the aminopeptidase-1 (leucine aminopepti-
dase) allozyme locus (Koehn et al. 1980; Hilbish and Koehn
1985). The authors suggest that the differences in environ-
mental salinity between populations can explain the natural
selection directed on this locus. In the case of the California
grunion, it is possible that the more northern MB popula-
tion is affected by local selection pressures in response to the
cooler waters or to differences in sand temperatures where
eggs develop, which differ from those of its more southern
conspecifics. Such differential selection pressures may create
a heterogenic genetic environment that would not be rec-
ognized by the presumably neutral molecular markers used
here.

Species Distinctions of the Grunions

The mtDNA analyses at both the Cyt b (1073 nucleotide frag-
ment) and at the CR (392 nucleotide fragment) loci strongly
support the separate species distinction of the California and
Gulf grunions. The lack of any shared haplotypes, as well as
the high mutational distance between the most similar haplo-
types between the species, unequivocally support their sepa-
rate species status. Interspecific pairwise Iy analyses using
microsatellite data resulted in significant, but low values,
which are most likely explained by the high degree of poly-
morphism of the loci. This is supported by the high values
of Nei’s genetic distance (Table 4) and results from analysis
in STRUCTURE. Also supporting these findings are previ-
ously described differences in behavior and salinity tolerance
between the species (Reynolds et al. 1976), morphomettic
and meristic characteristics (Moffatt and Thomson 1975;
Dyer and Chernoff 1996), and a limited amount of molecu-
lar genetic data (Crabtree 1987; Bernardi et al. 2003).

Both haplotype and nucleotide diversity were highest in
the L. sardina samples in the Gulf of California, lower in
the northern Baja California and southern California sam-
ples, and with one minor exception were lowest in the most
northern sampling locale, MB (Table 5). These trends are
consistent with a south-to-north expansion of the genus,
perhaps achieved by adult movement during episodes of
warm water pulses as suggested by Roberts et al. (2007),
which would allow individuals to travel northward along the
coast into the thermal refuges of the northern coastal bays
(Johnson et al. 2009).
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Conservation Implications

It is likely that both the unique reproductive behavior of
the California grunion and the topographic features of the
California and Baja California coastlines have strongly influ-
enced the distribution and structure of the populations of L.
tenuis and both may create specific challenges regarding the
conservation management of these fish. Most notably, their
tendency to spawn only on slowly sloping sandy beaches
limits the area of spawning habitat suitable to their needs,
developing embryos are negatively affected by anthropogenic
alterations of these beaches (Martin et al. 2006; Matsumoto
and Martin 2008), and adults are vulnerable to depredation
by humans while spawning (Gregory 2001). Possibly con-
founding these challenges is the observation that the popula-
tion in MB spawns less frequently and in smaller numbers
than the populations south of Point Conception (Bernardi,
personal communication), indicating small population size.
These findings are consistent with those for the other north-
ern population in San Francisco Bay (Johnson et al. 2009).
We, therefore, support recommendations by Johnson et al.
(2009) that areas north of Point Conception be classified
as “no take” zones for California grunion throughout their
entire spawning season.
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