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Temporal stability in patterns of genetic diversity and
structure of a marine foundation species (Zostera marina)
LK Reynolds1, JJ Stachowicz1, AR Hughes2, SJ Kamel3, BS Ort4 and RK Grosberg1

Genetic diversity and population structure reflect complex interactions among a diverse set of processes that may vary
temporally, limiting their potential to predict ecological and evolutionary outcomes. Yet, the stability of these patterns is rarely
tested. We resampled eelgrass (Zostera marina) meadows from published studies to determine variability in genetic diversity and
structure within and between meadows over 5–12 years. The meadows sampled (San Francisco, Tomales and Bodega Bays in
California and the Virginia coastal bays) represent a range of life histories (annual vs perennial), age (well-established vs
restored) and environments (rural vs urbanized). In all of these systems, neither diversity nor differentiation (FST) changed over
time. Differences among tidal heights within Bodega Bay were also remarkably consistent, with the high intertidal being more
diverse than the subtidal, and tidal height differentiation being modest but significant at both time points. Historical studies
used only a few microsatellite loci; therefore, our temporal comparisons were based on 4–5 loci. However, analysis of the current
data using a set of 12 loci show that 4–5 loci are sufficient to describe diversity and differentiation patterns in this system. This
temporal consistency was not because of the resampling of large clones, underscoring the feasibility and relevance of
understanding drivers of the differences. Because seagrasses are declining at rapid rates, restoration and conservation are
increasingly a coastal management priority. Our results argue that surveys of eelgrass genetic structure and diversity at decadal
scales can provide accurate depictions of populations, increasing the utility of published genetic data for restoration and
designing networks of reserves.
Heredity (2017) 118, 404–412; doi:10.1038/hdy.2016.114; published online 28 December 2016

INTRODUCTION

The diversity and distribution of genetic variation within and among
populations reflects the historical and contemporary interplay among
a complex set of processes (reviewed in Hedgecock, 1986; Slatkin,
1987; Bohonak, 1999; Olsen et al., 2004; Bradbury et al., 2008; Selkoe
and Toonen, 2011; Dawson et al., 2014). This information is often
used to infer patterns of demographic connectivity, the potential for
local adaptation and effective population size (Procaccini et al., 2007;
Warren et al., 2014). These patterns also have important ecological
implications at the community and ecosystem levels (Whitham et al.,
2006; Hughes et al., 2008). Genetically diverse populations are often
more stable and productive, and for habitat-forming species this
results in increased habitat volume or complexity, and richer or more
abundant associated communities (Hughes and Stachowicz, 2004,
2011; Reusch et al., 2005; Crutsinger et al., 2006; Johnson et al., 2006;
Vellend 2006; Hughes et al., 2008). This mechanistic link has led to the
use of spatial patterns of genetic diversity to infer spatial variation in
functioning (see, for example, Hughes and Stachowicz, 2009; Duffy
et al., 2015; Pohjanmies et al., 2015), but this application critically
depends on the assumption that patterns of genetic diversity are stable
over time.
Temporal variability in both genetic diversity and structure can

be generated by temporal variation in a number of factors and
processes including habitat characteristics, biotic interaction strength,

early life-history, mortality or propagule transport pathways (for
example, winds, current, waves). Larger perturbations, such as those
that alter connectivity (for example, dams, current reversals) or
increase recruitment (for example, masting years) considerably alter
realized dispersal and connectivity among populations that, in turn,
can affect population genetic structure (Yamamoto et al., 2004).
Reductions in population size or local extinctions and subsequent
recolonization alter patterns of genetic structure (Lessios et al., 1994;
Diaz-Almela et al., 2007). More subtle changes can occur through
genetic drift in isolated populations, such as captive salmon in
hatcheries (Waples and Teel, 1990), although these effects may be
negligible in larger interbreeding populations (Heath et al., 2002).
Few studies in either terrestrial or marine systems directly evaluate

whether patterns of genetic variation and structure are consistent
through time, and thus whether estimates of population history,
connectivity and the ecological significance of these patterns are
reliable (reviewed in Toonen and Grosberg, 2011). In this study, we
assess the temporal stability of spatial patterns of allelic richness, clonal
richness and relatedness and genetic structure in a widespread marine
angiosperm, the eelgrass Zostera marina. Like all seagrasses, Z. marina
is a clonal plant that can also reproduce sexually (Kendrick et al.,
2012). Rhizome elongation contributes to local spread of genets
(average rhizome elongation 26 cm per year). Sexual reproduction
via seeds can contribute to local recruitment of new genets, as well as
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longer distance dispersal via sediment waves (effective distance of
meters), rafting of seeds at the surface via air bubbles (effective
distance of hundreds of meters) and rafting of flowering shoots
(effective distance of hundreds of km; Churchill et al., 1985; Harwell
and Orth, 2002; Kal̈lström et al., 2008; Kendrick et al., 2012;
Hosokawa et al., 2015). The contributions of clonal spread and sexual
recruitment to the genetic composition of a population can vary with
time and environmental conditions (Van Lent and Verschuure, 1994;
Jarvis et al., 2012), such that meadows can vary from having an almost
annual life history with obligate sexual reproduction due to regular
disturbance (Jarvis et al., 2012) to almost exclusively vegetative spread
and domination by a few very large clones (Reusch et al., 1999a).
Similarly, allelic richness (using a set of microsatellite loci similar to
the ones used here) varies from ∼ 1.2 in the Baltic Sea to 6.4 in the east
Pacific (Bodega Bay; Olsen et al., 2004). Significant differences in
eelgrass genetic diversity and structure are also evident over much
smaller spatial scales, such as across tidal heights and between adjacent
bays (Ruckelshaus, 1998; Oetjen and Reusch, 2007a; Kamel et al.,
2012). We do not know how persistent these larger- or smaller-scale
patterns of diversity are over time; however, we do know that they
have important ecological consequences (Hughes and Stachowicz,
2004, 2011; Reusch et al., 2005; Reynolds et al., 2012a). Our ability to
use these patterns as indices of eelgrass ecosystem functioning or as
predictors of population differentiation depends on the consistency of
patterns over time.
Here we assess the stability of patterns of genetic diversity and

structure within and among eelgrass meadows that vary in their age,
their dominant life history and the intensity of local human influences
(that is, urban vs rural environments). The gap between surveys ranges
from 5 to 12 years, allowing for multiple recruitment events (Olesen
and Sand-Jenson, 1994). We resurveyed eelgrass populations pre-
viously sampled in the mid-2000s in three separate bays, replicating
the methods used by three different studies of these bays. Plots were
not permanently marked. Resampled locations were instead as close as
possible to the original sites. Therefore, our data reflect the consistency
of spatial patterns among sites, but cannot reveal patterns of turnover
at the level of individual genotypes at a particular site.

MATERIALS AND METHODS

Study regions and general approach
To characterize consistency in spatial and temporal patterns of genetic structure
and diversity, we resampled Z. marina meadows from three different regions
with previously published data on genetic structure: Bodega and Tomales Bays
(Kamel et al., 2012), San Francisco Bay (Ort et al., 2012) and the Virginia
coastal bays (Reynolds et al., 2012b). These bays differ in their geography,
human impacts, dominant plant life history and genetic diversity. San
Francisco, Bodega and Tomales Bays are all located in California on the Pacific
coast of the United States, whereas the Virginia coastal bays are at a similar
latitude on the Atlantic coast. San Francisco Bay is a highly urbanized estuary;
Tomales, Bodega and the Virginia coastal bays have watersheds that are more
rural suggesting different potential environmental drivers of diversity
(Supplementary Figure S1).
Previous studies of Z. marina populations in Bodega Bay ranked them

among the most diverse in terms of genotypic and allelic diversity in a species-
wide survey (Olsen et al., 2004). Since then, Tomales Bay (Kamel et al., 2012)
and the Virginia coastal bays (Reynolds et al., 2012b) have been shown to have
similarly high diversity. In contrast, San Francisco Bay has significantly lower
allelic diversity (Ort et al., 2012). Our San Francisco Bay sites include a
semiannual meadow (Crown Beach) that dies back every winter and
regenerates from seeds; all other meadows are perennial. Meadows in San
Francisco, Tomales and Bodega Bays have persisted naturally over time; the
meadows in the Virginia coastal bays are relatively young (o12 years old) and
were reestablished using seed from nearby Chesapeake Bay (McGlathery et al.,

2012; Orth et al., 2012). Because the goal of sampling these three regions was to
compare changes over time within each region, we designed the resampling to
match the previously published studies as closely as possible (Supplementary
Figure S1). Consequently, sampling schemes (haphazard collection vs quadrat
sampling) differed between regions. We highlight key details of the sampling
schemes for each site here, but for more detail see the original studies.

Bodega Bay and Tomales Bay (BB–TB)
In October–November 2013, at two meadows (sites) in Bodega Bay (Westside
Park (WP) and Channel Marker (CM)), two meadows in eastern Tomales Bay
(Blake’s Landing (BL) and Cypress Grove (CG)) and two meadows in western
Tomales Bay (Sacramento Landing (SL) and Marshall Beach (MB)), we
established four 1 m×1 m plots in the high intertidal (o0 m mean lower
low water (MLLW)) and four 1 m×1 m plots in the subtidal (~0.7 m below
MLLW). Within each plot, we randomly selected 25 shoots and sampled a 2 cm
leaf segment from each shoot. We stored leaf segments at − 80 °C before DNA
extraction. We amplified 12 previously characterized microsatellite loci (CT12,
CT19 (Reusch, 2000), CT3, GA2, GA3 (Reusch et al., 1999b), CL32 Contig 2,
ZMC 12075, ZMC 13053, ZMC 19017 (Oetjen and Reusch, 2007b), CL 559
Contig 1, CL172 Contig 1, ZMC 19062 (Oetjen et al., 2010)). We analyzed
fragments on an ABI 3010XL at the University of California Davis (Davis, CA,
USA) DNA sequencing facility, and visualized the fragments using STRand
software (Toonen and Hughes, 2001).
Using only samples where all loci successfully amplified, we identified

genetically unique individuals by estimating Psex, the probability that replicates
of a clonal lineage were derived from separate sexual events, with the software
GENCLONE 2.0 (Arnaud-Haond and Belkhir, 2007). Samples with a
Psexo0.01 were considered clonemates (Arnaud-Haond et al., 2007), with
scoring errors and somatic mutations accounted for using the methods in
Arnaud-Haond and Belkhir (2007) and Arnaud-Haond et al. (2007). We
calculated genotypic richness (R) as (G− 1)/(N− 1) where G is the number of
clonal lineages in the population and N is the number of samples.
Using only unique genets, we calculated allelic richness of each meadow and

each tidal height, standardized to the smallest population size by rarefaction
(smallest tidal height population= 13, smallest meadow population 25) using
FSTAT 2.9.3.2 (Goudet, 1995). We calculated average number of alleles per
locus (A), and mean expected heterozygosity (He) using GenAlEx 6.5 (Peakall
and Smouse, 2012), and estimated FIS and tested for conformation to Hardy–
Weinberg expectations using GenoDive 6.4 (Merimans and Van Tienderen,
2004).
Genetic diversity, population structure, and degree of relatedness were

analyzed for (1) regions (Bodega Bay, eastern Tomales Bay and western
Tomales Bay), (2) sites within regions (3) and tidal heights within sites. At each
of these spatial scales, we calculated Weir and Cockerham’s FST (10 000
permutations) using ARELQUIN v. 3.11 (Excoffier et al., 2005), Jost DEST using
GenoDive 6.4 (Merimans and Van Tienderen, 2004) and the dissimilarity index
(D) describing difference in allele length (Manhattan distance) described by
Rozenfeld et al. (2007) using using GenoDive 6.4 (Merimans and Van
Tienderen, 2004). We estimated average within group genetic relatedness (all
vs all) (r) among individuals within a sample using STORM (Frasier, 2008).
To analyze changes in diversity and structure over time, we used a subset of

the genetic data (loci: CT12, CT19, CT3, GA2 and GA3) to compare with a
similar survey conducted in 2001–2002 (Hughes and Stachowicz, 2009; Kamel
et al., 2012). To verify consistent microsatellite scoring between sampling
efforts, we reanalyzed (extraction, PCR, sequencing and scoring) a set of
samples (N= 8 genotypes) that were scored in the earlier survey (Kamel et al.,
2012); we found no differences in scoring of the same individuals between time
points. We analyzed differences in diversity (clonal, allelic and heterozygosity)
between the 2001 and 2013 surveys using a paired t-test (paired by meadow and
by tidal height within meadow, to account for known effects of site and tidal
elevation on genetic diversity; Kamel et al., 2012). Using both data sets, we
quantified population differentiation using FST, DEST and Manhattan distance
calculated as above. At each of the spatial scales described above, we also used
Bayesian clustering methods, implemented in the software STRUCTURE v.
2.2.3 (Pritchard et al., 2000), to detect cryptic patterns of structure. The number
of genetic clusters per region (K) was determined using the ΔK method
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described by Evanno et al. (2005). To partition genetic variance within and
among spatial scales, we used a hierarchical analysis of molecular variance
(AMOVA) implemented in the software package ARELQUIN v. 3.11 (Excoffier
et al., 2005).
Only five loci were shared between the contemporary and historical samples.

We explored whether that subset of five loci gave a sufficiently accurate picture
of genetic composition by comparing estimates of genotypic and allelic diversity
calculated using those five loci, as well as the full set of 12 loci, using a paired
t-test.

San Francisco Bay (SFB)
In October–November 2013, we sampled two sites in SFB (Crown Beach (CB)
and Keller Beach (KB)) following protocols from a survey in 2006 (Ort et al.,
2012). At each site, we removed a 2 cm leaf segment from 50 haphazardly
chosen shoots, each separated by at least 10 m. These leaf segments were stored
at − 80 °C and genotyped at the 12 polymorphic microsatellite loci described
above. We estimated clonal identity and metrics of genetic diversity (allelic
richness, number of alleles per locus, heterozygosity and inbreeding) and tested
for confirmation to Hardy–Weinberg expectations as described above. We only
included data from the subset of four loci used in the earlier survey (CT12,
CT19, CT3 and GA3) to assess changes since 2006.
We used the BB–TB and SFB regions to characterize how large-scale spatial

patterns and genetic differentiation on the meadow scale change over time and
with a reduction in number of loci. We omitted the Virginia Coastal Bay region
from this analysis because distance (and a continent) precludes substantial
contemporary genetic exchange with the other regions. We used the four
markers common to all analyses (CT12, CT19, CT3 and GA3) to compute
pairwise FST, DEST and Manhattan distance values for each of the meadows
(eight meadows total) at each time period. We regressed the current values
against the historical values to assess whether patterns of differentiation were
consistent over time. We also compared present-day pairwise FST values among
all meadows using the four markers from earlier surveys and the total set of 12
markers to assess whether changes in the number of loci appreciably affected
our estimates of contemporary genetic structure. Finally, we examined cryptic

patterns of structure using Baysian modeling implemented in the software
STRUCTURE v. 2.2.3 (Pritchard et al., 2000) as described above.

Virginia Coastal Bays (VCB)
In July 2013, at a single meadow in the VCB (South Bay (SB)), we haphazardly
collected 50 samples that we stored on silica gel and analyzed at eight
microsatellite loci (loci: CT3, GA2, GA3 (Reusch et al., 1999b), CT17H,
CT35, CT19 and CT20 (Reusch, 2000)) using the methods described by
Reynolds et al. (2012b). As for other sites, we calculated genetic diversity indices
and changes in structure over time by comparing our data with data collected
in 2008 (Reynolds et al., 2012b).

RESULTS

Across three regions, each with distinct sampling schemes, we found
little evidence of temporal change in clonal diversity or allelic richness
(Figure 1). Population differentiation between all bays remained
consistent over time (Figure 2 and Supplementary Table S1), and
even small differences between tidal heights within sites (that is, higher
clonal richness in the intertidal vs the subtidal in Bodega Bay observed
by Kamel et al., 2012) remained consistent across the two sampling
points (Figure 3). Spatial patterns and estimates of genotypic and
allelic diversity were robust to a reduction in the number of loci
analyzed (Figures 2b and 4).

Bodega Bay and Tomales Bay
We identified 244 unique genotypes from the 1152 tissue samples
(using 12 loci, all unique genotypes had a Psexo0.01). Some loci
departed from Hardy–Weinberg equilibrium expectations (19/144
tests); however, no locus deviated in all populations, and no
population deviated. The observed spatial patterns were similar to
patterns found in samples from 12 years earlier (Kamel et al., 2012).
Allelic diversity (mean number of alleles (NA)= 4.2; mean allelic

Figure 1 Z. marina genetic diversity ( allelic richness and expected heterozygosity; mean±1 s.e.) at two sampling periods showing few differences among
times and consistent patterns among sites. For Bodega and Tomales Bay, sampling was conducted 12 years apart; for San Francisco, 7 years apart; and the
Virginia sites were 6 years apart.
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richness (AR)= 3.84) and heterozygosity (mean HE= 0.5) were
uniformly high (Table 1). Genotypic diversity was also high (mean=
5.0 genotypes m− 2, mean genotypic richness (R)= 0.2); and there was
a significant interaction (using analysis of variance) between region
and tidal height, such that genotypic richness remained higher in the
intertidal samples than in the subtidal samples in Bodega Bay
(F= 7.00, P= 0.05), but not in West Tomales (F= 1.00, P= 0.5) or
East Tomales Bay (F= 0.76, P= 0.5; Figure 3). The relatedness of
individuals was higher on average in Tomales Bay than in Bodega Bay
(F= 7.61, P= 0.01), but did not differ between tidal heights (Figure 3
and Supplementary Table S2).
Across all analyses, spatial patterns of population differentiation

were consistent, with little or no difference among temporal samples
(Supplementary Table S1). AMOVA revealed that variation among
tidal heights, sites and regions was comparable to the patterns in the
2001 samples (Kamel et al., 2012). No significant variation could be
attributed to sampling year (Table 2). Allelic frequencies were similar
between samplings (Supplementary Figure S2). Bayesian clustering
implemented in the program STRUCTURE (Pritchard et al., 2000)
supported differences between regions, but not differences over time

(Supplementary Figure S3). Paired t-tests comparing genotypic rich-
ness (F= 1.0, P= 0.3), allelic diversity (F= 1.0, P= 0.3) and expected
heterozygosity (F= 0.3, P= 0.6) of meadows revealed no differences
between sampling years (Figure 1). For each region there was a small
but significant change in frequencies of some alleles (Supplementary
Figure S2), but these did not alter patterns of genetic structure
(Figure 2b). This consistency was not because of repeated sampling of
long-lived clones. Of the 154 genets sampled in Bodega Bay in 2013,
only 3 were present in the 2001 sample.
In our contemporary survey, most metrics differed by very small

amounts when calculated with the full set of 12 loci vs the reduced set
of 5 loci used in the 2001 survey. When calculated with 12 loci as
opposed to 5 loci, there was no change in relatedness (t= 1.1, P= 0.3),
slightly increased genotypic richness (G: 5 loci= 0.22 vs 12 loci= 0.23,
t= 3.3, P= 0.02), slightly reduced allelic diversity and richness (NA: 5
loci= 5.1 vs 12 loci= 4.3, t= 3.67, P= 0.01; AR: 5 loci= 4.6 vs 12
loci= 3.9, t= 3.7, P= 0.01) and slightly reduced expected heterozyg-
osity (5 loci= 0.58 vs 12 loci= 0.51, t= 3.32, P= 0.02; Figure 4).

San Francisco Bay
Of the 77 samples that we collected from SFB, 76 were unique
genotypes. The two meadows sampled from the SFB region both had
lower allelic diversity and richness (mean NA= 2.4; mean AR= 2.3)
and heterozygosity (mean HE= 0.26) than those from Tomales and
Bodega Bays. Only one locus (CL 559 Contig 1) in the Crown Beach
meadow deviated significantly from Hardy–Weinberg equilibrium. No

Figure 2 (Top) Z. marina population differentiation, estimated by FST (using
4 loci), between meadows in Bodega Bay, Tomales Bay and San Francisco
Bay did not change between two sampling times 6 to 12 years apart.
Historical samples are from Kamel et al. (2012) and Ort et al. (2012). The
reference line is a 1:1 line. (Bottom) Population differentiation (FST)
calculated with a full set of 12 loci vs the restricted set of 4 used in the
study with the fewest markers. The reference line is a 1:1 line and indicates
that for these loci and populations there is little change in FST with reduced
number of markers.

Figure 3 (Top) Consistent patterns of genotypic richness of Z. marina (mean
+1 s.e.) across tidal elevations in Bodega Bay, West Tomales Bay and East
Tomales Bay. High intertidal represents a depth of ~0 m MLLW, and
subtidal represents a depth of ~0.7 m MLLW. The high intertidal and
subtidal sites were separated by o100 m. (Bottom) Mean (+1 s.e.) genetic
relatedness among genets within a plot, averaged across tidal heights within
a site.
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population deviated from Hardy–Weinberg equilibrium. Because these
samples were separated by at least 10 m to avoid collecting clonemates,
clonal diversity was high (Crown Beach G= 1, Keller Beach, G= 0.9)
but not directly comparable to the data from the other California bays,
as our sampling scheme at each site conformed to the previous studies.
Other California sites were sampled by collecting shoots within a
single m2 quadrat. As in Bodega and Tomales Bays, allelic frequencies
remained consistent over time (Supplementary Figure S4), and
Bayesian clustering implemented in the program STRUCTURE
(Pritchard et al., 2000) showed no differences over time
(Supplementary Figure S5).
Diversity indices were robust to the number of loci analyzed. The

SFB historical samples (from 2006) described by Ort et al. (2012)
shared only four loci with our analyses; however, estimates of allelic
diversity (NA: t= 0.67, P= 0.6) and heterozygosity (HE: t= 0.87,
P= 0.5) within meadows did not significantly change according to
the number of loci used to generate the estimates (Figure 4). There
was a nonsignificant reduction in clonal diversity when samples were
analyzed at only four loci (t= 10.1, P= 0.06), but the relative
differences in clonal richness among sites were the same (Figure 2).
Based on the four shared loci, estimates of clonal diversity (t= 0.86,

P= 0.48), heterozygosity (t= 0.28, P= 0.8) and allelic richness (t= 1.0,
P= 0.42) did not differ between samples taken in 2006 and 2013
(Figure 1). Spatial differentiation among SFB meadows estimated by
FST and Bayesian clustering was greater than temporal differentiation
(Supplementary Figures S4 and S5). Based on AMOVA, sampling year
did not explain a significant amount of the total genetic variation

(Table 2). In San Francisco Bay, 7 of the 66 multilocus genotypes
sampled in 2013 were part of the historical data set; however, this
likely reflects the reduced number and lower variability of markers
used in the temporal analysis of those populations, rather than
persistence and resampling of identical genets.
When we regressed historical pairwise FST values from all of the

California sites against present-day values, the slope of the line was 1.0
(R2= 0.98; Po0.0001; Figure 2), indicating no change in population
differentiation over the time between samples. Population differences
described by DEST (slope 0.95, R2= 0.87; Po0.0001) and Manhattan
distances (slope 0.9, R2= 0.93; Po0.0001) were very similar
(Supplementary Figure S8). Estimates of population differentiation
based on 4 versus 12 loci were strongly correlated (Figure 2; slope=
1.0, R2= 0.96 Po0.0001), suggesting that this lack of difference is not
merely because of limited power to detect structure based on 4 loci.
Bayesian clustering implemented in the program STRUCTURE
(Pritchard et al., 2000) also supported differences between regions,
but not differences over time (Figure 5).

Virginia Coastal Bays
In the VCB, samples were separated by ⩾ 5 m, and given the
apparently small extent of individual clones, this led to an estimate
of clonal diversity equal to 1. No genets appeared in both the historical
and present-day data sets. These samples had a high allelic diversity
and richness (mean NA= 8.1; mean AR= 5.5) and a high expected
heterozygosity (mean HE= 0.7). Sites did not differ across samples in
2008 vs 2013 in clonal (all values were 1.0) or allelic diversity (5.6

Figure 4 In order to compare samples with historical data with present
samples, we used a reduced number of Z. marina microsatellite loci. Allelic
and genotypic diversity calculated using both sets of markers are presented.
See Materials and methods for loci.

Table 1 Measures of Zostera marina diversity from each site

Region Site Tide R NA AR HE

BB–TB
East Tomales Bay BL HI 0.23 3.83 3.35 0.43

S 0.22 3.67 3.31 0.44

Total 0.23 4.42 3.98 0.45

CG HI 0.19 3.42 3.24 0.47

S 0.32 3.50 3.05 0.46

Total 0.26 4.00 3.61 0.47

West Tomales Bay MB HI 0.12 3.08 3.08 0.48

S 0.16 3.08 3.06 0.52

Total 0.14 3.67 3.67 0.54

SL HI 0.15 3.17 3.13 0.45

S 0.14 3.42 3.45 0.53

Total 0.15 3.67 3.72 0.51

Bodega Bay WP HI 0.26 3.83 3.50 0.54

S 0.17 3.83 3.63 0.53

Total 0.22 4.75 4.34 0.55

CM HI 0.41 4.42 3.68 0.52

S 0.31 4.50 3.78 0.55

Total 0.37 5.17 4.39 0.54

SFB
CB 1.00 2.55 2.41 0.28

KB 0.93 2.27 2.25 0.24

VCB
SB 1.00 8.14 5.48 0.70

Abbreviations: AR, allelic richness; BB–TB, Bodega Bay and Tomales Bay; BL, Blake’s Landing;
CB, Crown Beach; CG, Cypress Grove; CM, Channel Marker; HE, expected heterozygosity; HI,
high intertidal; KB, Keller Beach; LI, low intertidal; MB, Marshall Beach; NA, number of alleles
per locus; R, genotypic richness; S, subtidal; SB, South Bay; SFB, San Francisco Bay; SL,
Sacramento Landing; VCB, Virginia Coastal Bays; WP, Westside Park.
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(Reynolds et al., 2012b) vs 5.5 (Table 1), and estimates of population
structure based on FST and Bayesian clustering remained constant
between samples (Supplementary Table S1 and Supplementary
Figure S7). Allelic frequencies were also consistent (Supplementary
Figure S6). Similarly, AMOVA revealed no significant contribution of
sampling year to the distribution of molecular variance (Table 2).

DISCUSSION

Temporal variation in allelic and genotypic richness, relatedness and
among-population differentiation can occur at multiple spatial scales
across a species distribution (Lessios et al., 1994; Becheler et al., 2014).
However, we found no evidence for temporal variation in eelgrass
genetic structure at any of the scales we investigated (regions,
meadows and tidal heights) in three separate regions over sampling
intervals of 5–12 years. This consistency occurred despite some modest
changes in the frequencies of particular alleles, and a sampling time
interval that exceeded the likely turnover time of individual ramets
(Olesen and Sand-Jenson, 1994). Apparently, factors that determine
and maintain eelgrass population genetic structure are consistent
enough over multigenerational timescales that genetic snapshots are
reliable indicators of consistent patterns of structure and diversity. To
the extent that genetic structure and diversity are useful for inferring
connectivity, population differentiation, resilience and ecosystem
functioning, such genetic snapshots may also provide useful indicators
of ecological status.

The consistency of genetic structure and diversity across scales
implies that the forces that drive this structure persist over ecologically
relevant time frames. For example, at the scale of different embay-
ments (for example, Tomales Bay vs San Francisco Bay), the temporal
stability in patterns of genetic differentiation (that is quite high—
Supplementary Table S1) likely reflects consistent, restricted dispersal
over the 30 km of open water without stepping-stone habitats in
between the two bays. The consistent patterns in diversity and
relatedness between tidal heights within sites in Bodega Bay is not
likely because of limits to dispersal, as they are only separated by
~ 100 m. Multiple mechanisms of dispersal, including rafting flowers
(Harwell and Orth, 2002; Källström et al., 2008) and floating seeds
(Tutin, 1938; Churchill et al., 1985), likely facilitate dispersal across
these scales. Furthermore, meadows of this same species, separated by
much larger distance (~50 km) have shown almost no differentiation
(Reusch, 2002). Instead, these persistent differences are probably
driven by local ecological processes, such as higher rates of sexual
reproduction combined with higher rates of disturbance (for example,
air exposure, macroalgal blooms or geese grazing) at the upper
intertidal edge of the beds that break up large clones, creating space
for seedling recruitment (Kamel et al., 2012). Although we cannot yet
determine the causes of these patterns, their consistency over time
makes this a feasible and relevant endeavor.
Many of the processes known to cause temporal variation in genetic

patterns in other systems (for example, disturbances, climate cycles)
are known to be drivers in eelgrass dynamics (Collier et al., 2011;

Table 2 Hierarchical analysis of molecular variance (AMOVA) for Zostera marina in each region: (a) Bodega Bay and Tomales Bays (b) San

Francisco Bay and (c) the Virginia Coastal bays

Source of variation d.f. Variance components Percentage of variation P

(a) Bodega Bay–Tomales Bay
Among sampling dates 1 0.002 0.1 0.4

Regions within sampling dates 5 0.09 5.84 o0.0001

Sites within regions 11 0.09 0.4 o0.0001

Tidal heights within Sites 12 0.05 3.1 o0.0001

within tidal heights 808 1.4 90.6

(b) San Francisco Bay
Among sampling dates 1 −0.3 −5.8 1

Sites within sampling dates 2 0.06 9.9 o0.0001

Within Sites 160 0.6 95.9

(c) Virginia Coastal Bays
Among sampling dates 1 0.01 0.7 0.2

Sites within sampling dates 92 1.5 99.3

Figure 5 Z. marina Bayesian clustering using the program STRUCTURE from 4= four regions (BB, Bodega Bay; ETB, East Tomales Bay; SFB, San Francisco
Bay; and WTB, West Tomales Bay) at two sampling periods showing few differences among times and consistent patterns among sites. Each color represents
a genetic cluster, and the number of clusters (3) was determined using the methods of Evanno et al. (2005).
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Thom et al., 2014). Nevertheless, the consistency that we observed
within and among eelgrass meadows is widespread across regions that
span the species variability in life histories and habitat quality. Notably,
our samples included both annual (one SFB meadow) and perennial
populations (BB–TB and VCB), as well as recently restored (VCB) and
natural populations (BB–TB and SFB). In addition, populations
exhibiting this stability occurred in both human-impacted systems
(SFB) and pristine systems with relatively low nutrient loading (VCB
and BB). Finally, we observed this stability in systems across a range of
allelic diversity found in nature (see Olsen et al., 2004). However, all of
the meadows we studied are relatively large, and all of the populations
in this study contain small clones and high clonal diversity, pre-
sumably reflecting a predominance of sexual reproduction and
recruitment (especially the annual meadow of Crown Beach in SFB
and the meadow restored from seed in the VCB). Systems with large,
persistent clones are not represented in our study. Multilocus
genotypes were rarely resampled over time or over spaces bigger than
the 1 m2 plots; therefore, stability in structure is not likely to be due
simply to low turnover of individuals, as many of our sampled habitats
(high intertidal, the annual SFB population) experience high turnover
of individuals each year. Populations with longer lived individuals are
expected to be very stable, with few changes even following dis-
turbance events (Jahnke et al., 2015).
Some eelgrass beds are dominated by a few large, persistent clones

(for example, some meadows in The Baltic Sea, The Black Sea, The
Channel Islands and Puget Sound (Olsen et al., 2004)). These beds
have limited recruitment and may be characterized by competitive
exclusion; yet, these systems can also be quite stable. In one system
with large clones that persist over time, Becheler et al. (2014) reported
significant temporal (3-year) genetic structure within plots at same site
and tidal elevation. They attributed this to increasing dominance of
some clones within sites, as opposed to changes in population genetic
diversity over time. Their analysis looked for temporal consistency in
plots within a site that were initially very similar (little spatial
structure), whereas ours examined temporal patterns over various
spatial scales (from tidal heights to regions) where there was significant
structure. When we reanalyzed the data from Becheler et al., (2014) at
larger spatial scales (33 to 442 km), however, patterns of genetic
differentiation between sites are consistent over time, and at this scale,
just like our study results, little variation is attributable to time relative
to space (see Supplementary Information S2).
Differentiation and stability are important to our understanding of

diversity–ecosystem function relationships. In eelgrass, among-site
genetic differentiation within bays can predict trait differentiation
(Abbott, 2015). Furthermore, both broad-scale surveys and small-scale
experiments show that genetic diversity and eelgrass productivity,
resilience and associated community diversity are positively related
(Hughes and Stachowicz, 2004, 2009, 2011; Reusch et al., 2005;
Stachowicz et al., 2013; Duffy et al., 2015). Given that both smaller-
and larger-scale patterns of genetic diversity persist over time, under-
standing the distribution of genetic diversity in nature may allow
prediction of ecosystem functioning and resilience. This underscores
the importance (and feasibility) of identifying the drivers of these
differences in diversity.
The use of historical genetic data as a baseline for assessing temporal

changes in genetic composition is often difficult as techniques evolve
and older surveys may use markers that are now considered obsolete.
For example, the diversity of eelgrass (Z. marina) meadows in
Chincoteague Bay revealed by allozyme markers in the 1990s was
quite low (Williams and Orth, 1998), but using a similar sampling
intensity and spatial scale, microsatellite markers subsequently revealed

quite high diversity in 2012 (Reynolds et al., 2012b). Rather than a real
temporal shift in diversity, this likely represents differences in resolution
of the two types of genetic marker (see Reusch, 2001). Over the period
of this study, microsatellites have been the dominant tool used to
analyze genetic structure of seagrass populations, but the number of loci
available has increased over time (for example, Hughes and Stachowicz,
2004 and Reusch et al., 2005 use 5 loci, whereas Reynolds et al., 2012b
use 8 and Gonciarz et al., 2014 use 12 loci). By using nested subsets of
loci in our analysis, we also assessed whether patterns of genetic
structure are robust to changes in the number of loci in the analysis.
Despite differences in the degree of statistical support for the robustness
of measures of clonal diversity (in SFB samples), all spatial genetic
patterns remained consistent whether we used only the 4–5 historical
loci or the full 12-locus data set (Figures 2 and 4).
Because of the ecosystem services that seagrasses provide and their

declining abundance (Costanza et al., 1997; Orth et al., 2006; Waycott
et al., 2009), restoration and conservation of these plants is increas-
ingly a priority for coastal management. The use of spatial distribution
of genetic variation data within and among populations has been
suggested as effective tools to direct conservation and restoration
activities, yet genetic information is rarely used in seagrass manage-
ment efforts (see Van Katwijk et al., 2009). For example, population
genetic surveys could be used to identify priority conservation sites
where genetic diversity and connectivity with other adjacent systems is
high (Palumbi, 2003; Olsen et al., 2004; Procaccini et al., 2007).
Similarly, population genetic surveys have been used to inform the
collection of genetically diverse donor stock for restoration (Peterson
et al., 2013). Alternatively, some restoration approaches choose locally
adapted source populations for restoration (see Hufford and Mazer,
2003). The relative effectiveness of these strategies is unclear, and may
vary among target species (Kettenring et al., 2014). Either strategy
requires that the genetic landscape (distribution of diversity and
relative migration between sites) is sufficiently stable over time to
allow identification of source populations and patterns of connectivity.
Our results argue that, at least in the absence of catastrophic
disturbances, even decadal patterns of genetic structure and diversity
can provide surprisingly accurate depictions of genetic patterns among
eelgrass assemblages. This dramatically increases the potential utility of
such genetic data for management actions such as restoration and
designing networks of reserves.
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