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ABSTRACT: The genetic composition of groups of individuals can significantly influence the
productivity, resilience, and functioning of communities and ecosystems. For example, the re-
latedness of individuals within a group often dictates whether their interactions are competitive or
cooperative. It is therefore necessary to characterize the genetic structure of populations at spatial
scales relevant to these interactions and to determine the distribution of genetic diversity at those
scales. Using microsatellite data, we assessed fine-scale population structure of Zostera marina,
an important habitat-forming seagrass, within and between Bodega Harbor and Tomales Bay in
northern California, USA. Despite the potential for long-range dispersal, we found significant
population structure at all hierarchical scales (among bays, among sites, among tidal heights),
corresponding to distances ranging from meters to tens of kilometers. The pattern of genetic dif-
ferentiation that emerged at local scales differed between bays, with Tomales Bay being more
structured even though the Euclidean distances among sites were similar in each bay. The relat-
edness of genets within a tidal height also differed among bays: in Bodega Harbor most genets
occurred in proximity to unrelated individuals, whereas in Tomales Bay, genets were mixed with
their close relatives, likely due to decreased dispersal. These contrasting kin structures, coupled
with highly variable levels of clonal diversity, underscore the importance of examining variation
at multiple scales, as this reveals genetic factors which might play an important role in many
ecological processes.
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INTRODUCTION

Evolutionary ecologists have long appreciated how
the distribution of genetic variation within and
among populations governs the nature and outcomes
of many evolutionary responses (Slatkin 1987). More
recently, it has become clear that many of the eco-
logical processes underlying these evolutionary
responses can, themselves, be strongly influenced by
the local distribution of genetic diversity (reviewed
in Whitham et al. 2006; Hughes et al. 2008). For
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instance, at the level of individuals, local genetic
structure influences the likelihood of interactions
among relatives, and thus opportunities for, and the
costs and benefits of, cooperative (Hamilton 1964) or
competitive (West et al. 2002) behaviors. Likewise,
the proximity of relatives can influence the expres-
sion of a range of traits such as resource acquisition
or reproductive allocation (Donohue 2004, Karban
2008, Arct et al. 2010).

The genotypic composition of groups of conspecific
individuals, especially for ecological dominants or
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habitat-forming species, can also have profound ef-
fects at the population, community, and ecosystem
levels, influencing total biomass, resilience from dis-
turbance, invasion success, and the abundance and
diversity of other species (Hughes & Stachowicz 2004,
2009, Reusch et al. 2005, Crutsinger et al. 2006, John-
son et al. 2006, Vellend 2006, Whitham et al. 2006,
Hughes et al. 2008). However, our understanding of
the spatial scales at which genetic structure is parti-
tioned in natural populations of these species is lim-
ited. More importantly, how this genetic variation is
distributed at scales where it has been shown to affect
ecological processes remains largely unexplored.

Among taxa with sessile or sedentary adults,
including many plants and marine invertebrates,
variation in the dispersal of gametes, seeds, and lar-
vae can lead to substantial differences in the degree
and scale over which populations exhibit genetic
structure (e.g. Marko 2004, Hellberg 2009, Zhou &
Chen 2010). Within species, a complex pattern of
genetic structure can arise from variation in the fre-
quency, duration, and success of dispersal at each life
stage, the incidence of local asexual propagation, the
spatial distribution of suitable habitats (Ayre et al.
2009), variation in physical transport processes
(Levin 2006), and the frequency of disturbance
events (Reusch 2006). These complexities often make
it difficult to predict the scales at which populations
will exhibit genetic structure based on life-history
characteristics alone (Veliz et al. 2006).

In the present paper we characterize the distribu-
tion of genetic variation at multiple spatial scales
in the marine angiosperm Zostera marina (eelgrass),
an important habitat-forming seagrass that is preva-
lent in bays and estuaries throughout the temperate
northern hemisphere. Z. marina often forms mono-
specific meadows in soft sediments, enhancing
coastal primary production, nutrient cycling, and
sediment stabilization, and serving as an important
nursery ground for many marine animals (Williams &
Heck 2001). Genetically distinct individuals grown in
common gardens differ in important physiological
and morphological traits related to these ecological
functions (Hughes et al. 2009), and populations of
eelgrass vary considerably in overall levels of geno-
typic diversity (Olsen et al. 2004, Becheler et al.
2010). Experimental manipulations show that this
variation can have ecosystem-level consequences:
increased genetic diversity enhances total biomass,
as well as resistance and resilience to local environ-
mental disturbance, and affects the abundance and
diversity of epifaunal communities (Williams 2001,
Hughes & Stachowicz 2004, 2009, 2011, Reusch et al.

2005). However, it remains an open question whether
naturally occurring populations of Z. marina exhibit
genetic structure at the scale (e.g. meters or less) at
which these ecological effects of genotypic diversity
have been demonstrated (but see Ruggiero et al.
2005 for an example in the seagrass Cymodocea
nodosa).

Several features of the life history and ecology of
Zostera marina should promote population viscosity
and yield genetic structure on spatial scales that
could increase the likelihood of ecological interac-
tions among close relatives. Like other seagrasses, Z.
marina reproduces both sexually, through the pro-
duction of seeds, and clonally, through the vegetative
propagation of ramets via rhizome elongation. Move-
ment of pollen and seeds appears limited to only a
few meters from the flower, based on both direct
observations and indirect measurements of gene
flow using genetic markers (Orth et al. 1994, Ruck-
elshaus 1996). On the other hand, most population
genetic studies reveal little regional population
structure and only weak signatures of isolation by
distance (IBD), suggesting that the realized dispersal
of seeds could occur at much larger scales (~50 km;
see review by Procaccini et al. 2007). Seed-bearing
shoots are commonly uprooted and have been found
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Fig. 1. Sampling sites in Tomales Bay and Bodega Harbor,
northern California, USA. West Tomales: MB: Marshall
Beach, SL: Sacramento Landing. East Tomales: BL: Blake's
Landing, CG: Cypress Grove. Inset of Bodega Harbor:
CM: Channel Marker, DP: Doran Park, WP: Westside Park
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drifting or washed ashore (Harwell & Orth 2002),
providing a potential dispersal mechanism over these
larger spatial scales. In fact, Reusch (2002) reported
finding individuals in the drift that were genetically
distinct from those in the resident population and
inferred that these shoots had likely traveled at least
several kilometers.

Given the uncertainty regarding the realized dis-
persal of Zostera marina, it is difficult to predict the
scale and magnitude of genetic structure in natural
populations of this species. Yet, documenting this
structure will be essential for judging the vitality and
potential resilience of eelgrass beds in the face of
anthropogenic change (e.g. Reusch et al. 2005).
Here, we use microsatellite markers to characterize
genetic structure in Z. marina over multiple spatial
scales, ranging from meters to tens of kilometers. We
then consider how the patterns of genetic structure
which emerge at these different scales might influ-
ence individual and population-level traits and how
these, in turn, can shape ecosystem processes.

MATERIALS AND METHODS
Study area and sample collection

We collected eelgrass samples from 7 sites across
3 regions in northern California, USA that differ in
the distribution of eelgrass and the slope of the tidal
gradient (Fig. 1): (1) Bodega Harbor (3 sites: Doran
Park [DP], Channel Marker [CM], and Westside Park
[WP]); (2) the west side of Tomales Bay (2 sites: Mar-
shall Beach [MB] and Sacramento Landing [SL]); and
(3) the east side of Tomales Bay (2 sites: Blake's Land-
ing [BL] and Cypress Grove [CG]). Eelgrass in
Bodega Harbor occurs primarily in a semi-continuous
strip along each side of a steep, dredged channel. All
3 Bodega Harbor sites were located along this chan-
nel and exhibited a relatively steep transition (<30 m)
from high intertidal (above mean lower low water
[MLLW, designated as 0 m]) to subtidal (0.5 to 1.0 m
below MLLW) eelgrass. Along the western side of
Tomales Bay, eelgrass typically occurs in discrete,
shallow coves separated by rocky substrate. The
slope at these sites also transitioned quickly (within
40 m) from high intertidal to subtidal eelgrass. The
eastern side of Tomales Bay, in contrast, is lined by
an extensive, semi-continuous expanse of eelgrass
with a very shallow gradient from high to low inter-
tidal (>100 m) edges. Within the bays, sites were
separated by <5 km, and between bays, sites were
separated by up to 23 km (Fig. 1).

At 6 of the sites we randomly established four 1 m?
quadrats in continuous parts of the eelgrass bed at
each of 3 tidal elevations with respect to MLLW: high
intertidal, low intertidal, and subtidal. At one site
(SL), we were only able to establish 3 quadrats in the
high intertidal due to the low abundance of eelgrass
at this tidal height. We collected tissue samples dur-
ing summer 2001 (Bodega Bay and west Tomales)
and 2003 (east Tomales) from 25 randomly selected
shoots in each 1 m? plot. Tissue samples were stored
on ice for transport and then frozen at —-80°C.

DNA extraction, isolation, and microsatellite
scoring

We extracted genomic DNA using a modified
cetyltrimethylammonium bromide (CTAB) protocol
from Doyle & Doyle (1987). We genotyped each
sample at 5 microsatellite loci isolated from Zostera
marina (European Molecular Biology Laboratory loci
accession numbers: ZosmarCT-12_AJ249303, Zos-
marCT-19_AJ249304, ZosmarCT-3_AJ009898, Zos-
marGA-2_AJ009900, and ZosmarGA-3_AJ009901;
hereafter called CT12, CT19, CT3, GA2, and GA3,
respectively; Table S1 in the supplement at www.int-
res.com/articles/suppl/m447p127_supp.pdf).

We used ~5 ng of DNA to seed a 10 pl PCR and am-
plified using a Perkin—-Elmer PCR System 9700. Am-
plification conditions were as follows: 2 min denatura-
tion at 94°C, followed by 35 to 36 cycles of 30 s
annealing (at 55 to 65°C), 45 s extension at 72°C, and
10 to 15 s denaturation at 94°C, followed by a terminal
extension step of 2 min. Products were checked on
2% agarose gels before being run on polyacrylamide
sequencing gels. PCR products were resolved by 6 %
polyacrylamide gel electrophoresis (PAGE), visualized
by using silver nitrate staining (Promega Silver Se-
quence, catalog no. Q4132), and manually scored
against a pUC/M13 sequence ladder.

Data analysis

To identify genetically unique individuals (i.e. to
discriminate all clonal lineages [genets] and to assign
each sampling unit [ramet] to its corresponding
lineage), we used the methods described in Arnaud-
Haond et al. (2007a) and implemented in the pro-
gram GENCLONE 2.0 (Arnaud-Haond & Belkhir
2007). Briefly, we calculated pge,, the probability of
occurrence of a given 5-locus genotype, and used it
to estimate py.,, which is the probability that 2 repli-
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cates of a particular clonal lineage are actually
derived from 2 separate sexual events. When pg.y
<0.01, then 2 identical genotypes are considered to
belong to the same genet (Arnaud-Haond et al.
200%7a). In addition, to assess whether similar, but not
identical, genotypes actually belonged to the same
genet, with the discrepancy potentially arising from
somatic mutations or scoring errors, we applied the
methods described in Arnaud-Haond & Belkhir
(2007) and Arnaud-Haond et al. (2007a, 2007b).

After excluding repeatedly sampled ramets and
thereby restricting the data set to unique genets, we
used GENEPOP 4.0 (Raymond & Rousset 1995) to
estimate expected heterozygosity (H,) and to test for
linkage disequilibrium (LD) and conformation to
Hardy-Weinberg expectations (HWE). We calculated
allelic richness (Ar) using FSTAT version 2.9.3.2
(Goudet 1995).

Spatial genetic structure and population
differentiation

Using only unique genets, we characterized
Zostera marina genetic structure at 4 spatial scales:
(1) among bays, (2) among sites within bays, (3)
among tidal heights within sites, and (4) within tidal
heights. We did not include individual quadrats in
these analyses of population structure because sev-
eral quadrats were isoclonal, and so sampled shoots
could not be considered as independent because
they were all from the same genet. Rather, we
grouped all the genets within a tidal height at a given
site, resulting in 21 tidal height x site combinations
(hereafter referred to as tidal height).

To partition genetic variance within and among
spatial scales, we used a hierarchical analysis of mol-
ecular variance (AMOVA, implemented in the
HIERFSTAT package in R version 2.12.0; Goudet
2005). To test for the influence of local hierarchical
structure on overall patterns, we performed 2 addi-
tional AMOVAs: (1) within Bodega Harbor and (2)
within Tomales Bay. We also used the Bayesian
model-based clustering algorithm implemented by
the program STRUCTURE version 2.2.3 (Pritchard et
al. 2000) to detect cryptic population genetic struc-
ture and to assign individuals to inferred subpopula-
tion clusters based on multilocus genotypes. We
assessed the number of genetic clusters (K) among
our 7 sites for values of K ranging from 1 to 10 using
the admixture model with allelic frequencies corre-
lated among populations and ignoring prior popula-
tion information. We ran 10 Bayesian Markov chain

Monte Carlo (MCMC) searches of 1000000 steps
with a 100000 step burn-in, and used the maximal
values of AK based on the rate of change in the log
probability of data between successive K values
(Evanno et al. 20095) to find the value of K that best fit
the observed distribution of multilocus genotypes.

To assess the degree of genetic structure among
sites and among tidal heights, we determined all
pairwise values of population differentiation by cal-
culating Weir & Cockerham's F-statistics (Fis, Fir,
Fst) using ARLEQUIN version 3.11, and tested for
significance by 10000 permutations of the data
(Excoffier et al. 2005). To characterize the relation-
ship between inferred levels of gene flow and
geographic distance between sites, we conducted
Mantel tests for non-random associations between
matrices of geographic and genetic distances using
the program IBDWS (Jensen et al. 2005). The geo-
graphic distance (in km) between sites was the short-
est over-water path connecting those points. Signifi-
cance of correlations in all Mantel tests was assessed
with 10 000 matrix randomizations.

Genetic diversity and relatedness

At the scale of both tidal height (n = 21) and
quadrat (n = 83), we measured genotypic richness (R)
using R = (G - 1)/(N - 1), where G is the number of
unique genotypes and Nis the total number of shoots
analyzed. We also measured diversity using the
Shannon index (H') and evenness (ED*) as a relative
measure of clonal abundance. Genotypic richness,
diversity, and evenness were calculated using GEN-
CLONE 2.0 (Arnaud-Haond & Belkhir 2007).

We determined the relatedness (r) among genets
using the program STORM (Frasier 2008). This
method was chosen out of the many available
approaches for calculating relatedness because it is
unbiased, it is never undefined, and it consistently
performs well in a variety of situations, and often out-
performs all other estimators (see Frasier 2008 and
references therein). This coefficient is closely related
to the coefficient of coancestry (Fj) between 2 indi-
viduals i and j, which is often used in spatial autocor-
relation analyses and provides the same information:
under Hardy-Weinberg genotypic proportions with
diploids, r; = 2F;; (Vekemans & Hardy 2004). In the
absence of inbreeding, the expected value of rfor (1)
unrelated individuals, (2) parent-offspring or full-
sibs, and (3) half-sibs is 0, 0.5, and 0.25, respectively
(Queller & Goodnight 1989). Where applicable,
results are presented as mean + SD.
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RESULTS

From the 2075 shoots collected, we obtained com-
plete genotypes for 1619 individuals at 5 microsatel-
lite loci from 3 tidal heights at 7 different sites
(n =21). All loci were polymorphic, ranging from 7 al-
leles at Locus CT19 to 13 alleles at Locus CT3 with a
mean of 9.8 alleles locus™! (Table S2 in the supple-
ment at www.int-res.com/articles/suppl/m447p127
_supp.pdf). Analysis of variation at these loci using
GENCLONE 2.0 revealed 322 unique genets. We
found shared multilocus genotypes between qua-
drats within sites and between tidal heights within
sites, but none among sites or among bays.

Across tidal heights, Fig values did not differ
significantly from zero after sequential Bonferroni

correction (Table 1). All 3 of the tidal heights
with a significant departure from HWE were
from Tomales Bay. Of the 220 tests for LD, 47
(21.4 %) were significant. Pairs of loci were non-
randomly associated in a maximum of 7 of the
21 locations (mean: 4, range: 1 to 7). However,
there was no significant LD for any pair of loci
(total of 10 pairs) across all locations, consistent
with non-random mating rather than physical
linkage of the loci (Becheler et al. 2010). We
detected a small but significant homozygote
deficit at the CT3 and GA2 loci and an excess of
homozygotes at Locus GA3, and the exact test of
Raymond & Rousset (1995) indicated a global
departure from HWE (Fs = 0.06, p <0.01; Table
S2 in the supplement).

Table 1. Zostera marina. Parameters relating to clonal structure for each tidal location— N: number of genotyped shoots,

G: number of genets, R: clonal richness, H': Shannon index of clonal diversity, ED*: Simpson's evenness index. Parameters

relating to genetic structure— H,: expected heterozygosity, H,: observed heterozygosity. A: mean number of alleles per loci,

Ar: allelic richness, standardized to a sample size of 5 genets for the tidal heights and 36 genets for the sites, and Fis: inbreed-

ing coefficient. HI: high intertidal, LI: low intertidal, and S: subtidal. Bold indicates significant heterozygote excess at p < 0.05,
before sequential Bonferroni correction. See Fig. 1 for site abbreviations

Bay Site  Tide N G R H ED* A H, H, Ar Fis
Tomales MB  HI 76 19 024 228 0.81  3.20 0.547 0.491 2.61 -0.119
West LI 77 18 022 233 0.86  3.80 0.622 0.538 280  -0.162
S 74 16 021 218 0.83  4.60 0.689 0.588 3.17 -0.178

Total 5.20 0.618 0.556 495  -0.112

SL  HI 59 5 0.07  1.35 0.88  3.40 0.520 0.569 3.40 0.096

LI 74 15 019 223 0.87  4.20 0.587 0.543 2.94 -0.085

S 78 17 021 221 0.83  4.00 0.600 0.586 312 -0.024

Total 4.60 0.584 0.581 459  -0.006

Tomales BL  HI 80 13 0.15  2.02 0.87  3.40 0.462 0.452 268  -0.021
East LI 80 22 027 240 0.80  3.40 0.618 0.584 3.06  -0.059
S 80 39 048  3.25 0.86  4.20 0.667 0.604 312  -0.106

Total 5.60 0.616 0.622 4.98 0.010

CG HI 80 20 024  2.44 0.86  4.80 0.510 0.535 3.00 0.049

LI 80 17 020 237 0.89  4.80 0.624 0.592 339  -0.055

S 80 9 0.10  1.81 0.88  3.40 0.520 0.509 2.80  -0.022

Total 6.60 0.553 0.570 6.25 0.031

Bodega CM HI 74 10 012  1.86 0.88  3.60 0.660 0.618 326  -0.072
Harbor LI 78 22 027  2.89 0.89  4.40 0.572 0.557 2.94 -0.030
S 79 9 0.10  1.82 0.89  3.80 0.689 0.668 339  -0.033

Total 4.80 0.610 0.593 472 -0.029

DP  HI 80 14 0.16  2.30 093  4.00 0.600 0.591 3.09  -0.016

LI 78 16 019 222 0.86  5.00 0.713 0.673 3.71 -0.060

S 79 6 0.06  1.66 0.95  3.00 0.533 0.576 2.83 0.080

Total 5.40 0.639 0.639 5.40 0.000

WP  HI 79 26 032  2.83 091  4.80 0.646 0.611 3.24 -0.060

LI 74 10 012 258 092  4.00 0.640 0.623 3.18  -0.029

S 78 13 0.16  2.02 0.85  3.80 0.600 0.634 3.20 0.055

Total 6.00 0.633 0.635 5.49 0.004
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Spatial genetic structure and popula-
tion differentiation

Table 2. Zostera marina. Hierarchical analysis of molecular variance (AMOVA):

(a) bays combined, (b) within Bodega Harbor, and (c) within Tomales Bay

The global AMOVA revealed signifi- Source of variation df Variance Percentage F p
cant structure at all levels (Table 2). components  of variation
Almost all the genetic variation (85.3 %) @
occurred among genets within tidal Among bays 1 0.33 9.26 0.01 0.02
heights. The greatest proportion of Among sites within bays 5 0.01 0.37 <0.01 <0.01
spatial genetic variation was due to dif- Among tidal heights within sites 14 0.18 5.08 0.06 <0.01
f o Within tidal heights 715 3.04 85.29 0.12
erences among bays (9.3%) and
among tidal heights within sites (b) .
(5.1%). This pattern was similar for Among sites 2 0.01 0.08 <0.010.28
ek p . Among tidal heights within sites 6 0.04 2.86 0.03 <0.01
both within-bay AMOVAs, with most Within tidal heights 243 1.53 97.06  0.03
of the variation occurring within tidal ©
heights. There was slightly more hier- Among sites 3 0.02 1.50 0.02 0.05
archical structure in Tomales Bay, with Among tidal heights within sites 8 0.12 7.50 0.03 <0.01
differences among Sites’ as well as Within tidal helghts 416 1.39 91.00 0.09

among tidal heights within sites,
explaining a significant proportion of
the variation (Table 2c).

Bayesian clustering analyses revealed similar
patterns of population structuring. STRUCTURE
identified 2 significant clusters of microsatellite
genotypes that corresponded to Tomales Bay and
Bodega Harbor populations. Although the variance
in the posterior probability of the estimate of the
number of clusters in the microsatellite data was high
for values of K > 4, the AK method of Evanno et al.
(2005) showed a strong mode at K = 2 (Fig. S1 in
the supplement at www.int-res.com/articles/suppl/
m447p127_supp.pdf).

Analyses of pairwise genetic distance (Fsr)
revealed significant genetic differentiation among
the 7 sites (Table 3). All pairwise Fsr values dif-
fered significantly from zero except for one case
which corresponded to a pair of sites within
Bodega Harbor (CM and DP). This pattern was
also evident at finer scales: Fst values were all sig-

nificantly different between pairs of tidal heights
from different bays; however, within Tomales Bay,
56 of 66 (84.8%) Fst values were significantly
different from zero (p < 0.05), whereas only 15 out
of 36 (41.7 %) pairwise values significantly differed
within Bodega Harbor (Table S3 in the supple-
ment at www.int-res.com/articles/suppl/m447p127_
supp.pdf).

The Mantel test showed a significant, positive cor-
relation between geographic distance and Fsr (R? =
0.67, p < 0.01). Some of this is clearly driven by the
sampling scheme which results in 2 groups of points
representing the inter- versus intra-bay distances
among locations (Fig. 2). However, there was a sig-
nificant correlation when only considering either
pairs between bays (R? = 0.26, p = 0.04) or pairs
within bays (R? = 0.56, p = 0.02), suggesting that dis-
tance may be an important factor acting at both local
and regional scales.

Table 3. Zostera marina. Matrix of pairwise differences among the 7 sites. Above the diagonal, genetic distances (Fst) are

calculated following Weir & Cockerham (1984); below the diagonal, geographic distances are expressed in km. Fsr values in

italics are not significant, values in bold are significant at p < 0.05, and all other Fst values are significant at p < 0.0001.
See Fig. 1 for site abbreviations

Bay MB SL BL CG CM DPp WP

Tomales MB - 0.059 0.053 0.022 0.204 0.149 0.164
SL 1.6 - 0.046 0.033 0.141 0.108 0.106
BL 3.6 5.0 - 0.035 0.095 0.058 0.081
CG 1.4 1.8 3.6 - 0.164 0.119 0.130

Bodega CM 20.3 21.9 17.4 20.8 - 0.008 0.012
DP 20.8 22.4 17.9 21.3 0.7 - 0.010
WP 20.8 22.4 17.9 21.3 0.9 0.9 -
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Genetic diversity and relatedness

Heterozygosity and allelic richness were uniformly
high within sites (mean: 0.61 + 0.03 and 5.20 + 0.57,
respectively; n = 7) and tidal heights (mean: 0.6 +
0.07 and 3.10 + 0.26, respectively; n = 21; Table 1).
R varied considerably among tidal heights, ranging
from 0.06 to 0.48 (corresponding to 6 and 39 geno-
types, respectively), with a mean of 0.19 (16 geno-
types; Table 1). Overall, mean richness and H' did
not differ significantly between Tomales Bay and
Bodega Harbor (richness: 0.22 and 0.17, respectively;
t-test: t = 1.16, p = 0.26; H": 2.24 and 2.24, respec-
tively; t-test: t=0.016, p = 0.99).

At the quadrat level, richness was also highly vari-
able. When we grouped quadrats by tidal height, we
found a significant interaction between the effects of
bay and tidal height on genotypic richness, with
higher richness in the intertidal than in the subtidal
sites in Bodega (independent contrasts: F= 3.96, p =
0.05), but not in east Tomales (independent contrasts:
F = 1.35, p = 0.25). At the west Tomales sites, the
trend was in the opposite direction, with genotypic
diversity slightly higher in the subtidal than the inter-
tidal (independent contrasts: F = 3.33, p = 0.0%
Fig. 3).

The relatedness among genets within a given tidal
height varied widely, from r = -0.03 at BL low inter-
tidal to r= 0.42 at MB high intertidal (Table 4). Over-

all, group relatedness differed significantly between
the bays: genets within Bodega Harbor tidal heights
had a mean relatedness of 0.09 (range: —0.02 to 0.17)
and genets within Tomales Bay tidal heights had a
0.25
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Fig. 2. Zostera marina. Isolation by distance: regression of

pairs within a location (local scale; solid line), among loca-

tions (regional scale; dashed line), and across both distance
classes (dotted line)

mean relatedness of 0.21 (range: -0.03 to 0.42;
Mann-Whitney test: U= 28.0, p = 0.04).

At the quadrat level, relatedness among genets
also differed significantly between the bays (t-test:
t=1.998, p = 0.05), with relatedness values being sig-
nificantly higher in Tomales Bay (r=0.50 + 0.34, n =
47 quadrats) than in Bodega Harbor (r= 0.33 + 0.39,
n = 36 quadrats). When quadrat r values were com-
bined across tidal heights, mean values were higher
but a similar pattern emerged (Table 4). Relatedness
values were much higher when calculated on a per
quadrat basis because some quadrats were isoclonal
and thus had a relatedness of 1.

DISCUSSION
Our work was motivated by the need to understand
the extent to which genetic variation in natural pop-

ulations of an ecologically important species is parti-
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Table 4. Zostera marina. Within-group relatedness values

for each tidal height. Relatedness (r) was calculated using

(1) all genets within a given tidal height and (2) among

genets within a quadrat and then averaged across the tidal

height. HI: high intertidal, LI: low intertidal, and S: subtidal.
See Fig. 1 for site abbreviations

Bay Site Tidal rusing raveraged
height all genets across quadrats
Q) (2)
Tomales MB HI 0.42 0.76
West LI 0.39 0.55
S 0.11 0.50
SL HI 0.06 0.59
LI 0.24 0.61
S 0.22 0.34
Tomales BL HI 0.18 0.52
East LI —-0.03 0.49
S 0.03 0.16
CG HI 0.24 0.42
LI 0.21 0.40
S 0.41 0.70
Bodega CM HI 0.12 0.39
Harbor LI 0.16 0.48
S -0.02 0.37
DP HI 0.15 0.11
LI 0.01 0.03
S 0.17 0.61
WP HI 0.16 0.29
LI 0.07 0.38
S 0.04 0.44

tioned across multiple scales, particularly in the con-
text of ecological interactions among conspecific
individuals and their emergent effects on ecosystem
processes. The present study revealed significant
genetic structure in Zostera marina among bays, but
also at much finer scales that correspond to the scales
at which diversity-driven ecological effects occur.
Fine-scale genotypic diversity ranged from 1 to 15
genets m~2 (mean: 4 genets m~2). Furthermore, analy-
ses of relatedness among genets indicate that at
some tidal heights, genets are most likely to occur
near unrelated individuals, whereas at other heights,
genets intermingle mostly with their close relatives,
suggesting much more restricted dispersal of seeds
and pollen.

Genetic differentiation between populations in
Tomales Bay and Bodega Harbor explained the
greatest amount of variation in structure, suggesting
that genetic exchange in this region is restricted at
distances =225 km. The analysis of IBD also showed
increasing genetic dissimilarity with increasing dis-
tance at local scales (1 to 5 km). Previous studies

showed that the strength of IBD in Z. marina substan-
tially varies among regions (Olsen et al. 2004, Pro-
caccini et al. 2007, Becheler et al. 2010), although in
many European populations, as well as those in the
eastern USA (Campanella et al. 2010), there is little
evidence for IBD at distances less than 150 to 250 km.

This discrepancy between the scale of genetic
structure in central California versus other popula-
tions of eelgrass may partly reflect the highly frag-
mented distribution of suitable eelgrass habitat in
California. Eelgrass is restricted to protected bays
and estuaries, which are presently relatively sparse
along the California coast. The predominant currents
run north to south along this coast, and the nearest
extensive habitat for eelgrass north of Bodega Har-
bor is >350 km away in Humboldt Bay (although
there is a small population 160 km north in Fort
Bragg). To the south, it is 50 km from suitable habitat
in Tomales Bay to the nearest site in Drake's Estero,
around the southern tip of Point Reyes. In more con-
tinuous eelgrass habitats in Europe, there appears to
be increased gene flow among distant populations.
For example, some populations in the southwest
Baltic and Wadden Sea are not significantly differen-
tiated at distances ~50 km (Reusch 2002). Rare, long-
distance dispersal has been documented in sea-
grasses (van Dijk et al. 2009), and the fact that
Zostera marina has moderately buoyant leaves and
spathes, durable seeds (Orth et al. 1994), and a
monoecious mating system makes gradual, stepping-
stone dispersal a viable possibility (Olsen et al. 2004).
In cases where no such stepping-stones are present
in Europe, such as between the central Baltic Sea and
the Mediterranean Sea, populations are isolated and
show regional structure on a scale (10 to 100 km) sim-
ilar to that observed in our study.

Genetic structure at smaller spatial scales was
more pronounced in Tomales Bay than in Bodega
Harbor, even though the Euclidean distances among
sites were on the same order of magnitude in both
bays (£5 km). In comparisons of pairwise Fst among
tidal heights within bays, there were many fewer
locations that were significantly genetically different
from one another in Bodega Harbor compared to
those in Tomales Bay. In separate hierarchical analy-
ses of variance for each bay, there was significant
structuring among sites and among tidal heights
within sites in Tomales Bay, but this was weak or
absent in Bodega Harbor (Table 2).

Given that the 7 sites were relatively similar dis-
tances apart and that tidal heights were all separated
by 15 to 30 m, seeds and pollen do not have greater
distances to travel in Tomales Bay, and therefore
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Euclidean distance cannot explain the disparity
between bays in the magnitude of population struc-
ture. Thus, it appears that, at least within sites, the
effect of distance per se might be less important than
other biotic or abiotic features of the environment.
This disconnect between genetic and geographic dis-
tances at fine scales has been reported in numerous
marine taxa, including Zostera marina (Becheler et
al. 2010) and other seagrasses (Arnaud-Haond et al.
2007b), as well as invertebrates (Edmands et al. 1996)
and fish (Hogan et al. 2010).

In our study, local bathymetric or oceanographic
features that influence the transport of pollen and
seeds may account for at least some of the observed
differences in patterns of genetic structure between
Tomales Bay and Bodega Harbor sites. For example,
the central dredged channel in Bodega Harbor effec-
tively drains the entire bay during many low tides,
and because all the sites are located along this chan-
nel, this may facilitate dispersal among sites and tidal
heights, resulting in fewer significant pairwise Fgr
values among tidal heights. In Tomales Bay, the sites
are located along either side of the central section of
the bay (ca. 10 to 12 km from the mouth) and here, a
small tidal excursion infrequently mixes the inner
portions of the estuary with coastal waters from June
to October, causing increased residence times, and
providing little means for pollen or seeds to spread
widely (Kimbro et al. 2009), and resulting in higher
levels of differentiation among tidal heights.

It is also possible that gene flow is not limited by
dispersal but rather by factors such as low seed ger-
mination due to intraspecific competition (Arnaud-
Haond et al. 2007b) or local adaptation to spatially
varying selection (Hellberg 2009). Using allozymes
and expressed sequence tag (EST)-derived micro-
satellites, several studies have found patterns consis-
tent with adaptation across a tidal gradient in Zostera
marina (Ruckelshaus 1998, Oetjen & Reusch 2007),
although tidal zones were separated by 0.5 to 4 km,
distances much greater than those in the present
study (10 to 30 m). However, local adaptation across
a narrow intertidal gradient has been reported for
other marine macrophytes (Hays 2007) and so
remains an intriguing possibility here.

Overall, measures of genetic diversity, such as
clonal richness and heterozygosity, did not differ sig-
nificantly between bays, but the distribution of this
diversity varied markedly. Within a given tidal height
at a particular site, we found from 5 to 39 unique
genotypes; indeed, within a single 1 m? quadrat, the
number of genets ranged from 1 to 15. This is in strik-
ing contrast to spatial patterns of clonal diversity in

some European populations, where eelgrass beds can
contain one or several large genets (e.g. Aland Island,
Finland: clone length =160 m, Reusch et al. 2000;
Baltic Sea: clone length > 50 m, Olsen et al. 2004), and
clones are often aggregated over distances >3 m
(Hammerli & Reusch 2003, Billingham et al. 2007).
This disparity may reflect the fact that we primarily
sampled intertidal to shallow subtidal (<1 m deep at
low tide) beds, whereas the beds sampled in other
studies of Z. marina genetic diversity were primarily
subtidal. Indeed, the subtidal sites that we sampled in
our study, notably those in Bodega Harbor, con-
sistently exhibited lower diversity than our intertidal
sites (Fig. 3). This corresponds to a marked decline
in flowering frequency with depth observed in
Bodega Harbor, a pattern less evident in Tomales Bay
(Hughes 2006). Other possible mechanisms con-
tributing to declining diversity with depth include de-
creasing disturbance and pollination efficiency with
depth; however, these should operate equally in both
bays, yet the depth gradient in diversity is only evi-
dent in Bodega. We also reanalyzed the site-level
genotypic richness data from populations in Europe
and North America (Olsen et al. 2004), and found a
strong negative correlation between depth and
richness (r? = 0.13, p = 0.01), suggesting that this pat-
tern may be widespread, whatever the underlying
mechanisms. Interestingly, even within single 1 m?
quadrats, we were often able to recapture allelic rich-
ness values similar to or greater than those reported
for other Z. marina beds (Olsen et al. 2004, Becheler
et al. 2010, Campanella et al. 2010). This is consistent
with the global comparison of Olsen et al. (2004)
where the Bodega Channel population had the high-
est allelic richness among populations sampled from
North America and Europe.

Our results have implications for understanding
the ecological consequences of genetic diversity in
natural settings (Vellend 2006, Hughes et al. 2008).
While a growing number of studies have manipu-
lated the diversity of genotypes in field or green-
house experiments (reviewed in Hughes et al.
2008), few studies consider the natural distribution
of genetic variation in these species in the design
or interpretation of those experiments (e.g. Tack &
Roslin 2011). However, it is critical to establish that
the spatial scales over which diversity varies corre-
spond to the spatial scales over which diversity-
dependent ecological processes operate. For Z.
marina, we show that there is significant variation
in clonal richness and genetic relatedness at the
scales at which experiments revealing such diver-
sity-dependent effects have been conducted. Our
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results highlight that even when locations are simi-
lar in overall genotypic richness and diversity,
there can still be spatial genetic structure, as
demonstrated by the differences in relatedness
among genets in Bodega Harbor versus Tomales
Bay, both among tidal heights and individual
quadrats.

These differences in the incidence of interactions
with non-self (versus clonemates) and with unrelated
versus related conspecifics can have profound impli-
cations for a wide range of ecologically relevant
traits. For example, behaviors that reduce competi-
tion among members of the same genet have been
reported for several plant species: when in contact
with genetically identical individuals, they develop
fewer and shorter roots and have more uniform plant
heights than when in contact with non-self con-
specifics (Karban 2008, Biernaskie 2011). The impli-
cations of these sorts of interactions for understand-
ing the effects of genotypic diversity on eelgrass
resistance and resilience to disturbance (Hughes &
Stachowicz 2004, 2011, Reusch et al. 2005) are cur-
rently unknown. However, previous findings in other
plant species provide enticing evidence that such
interactions can alter the distribution of above- and
belowground biomass as well as plant morphology,
and thus may play a critical role in the link between
genotypic diversity and ecosystem-level processes.
These contrasting opportunities for kin interactions,
coupled with highly variable levels of genotypic
diversity, underscore the importance of examining
genetic structure at ecologically relevant scales.
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