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ABSTRACT: Thalassia testudinum is prevalent throughout the western tropical Atlantic, Gulf of
Mexico, and Florida. This seagrass inhabits a wide range of coastal ecosystems and published data
suggest significant morphological variation in T. testudinum across acute physicochemical environ-
mental gradients. Strong reliance on vegetative growth provokes expectations of a clonal signature
in the population structure of this species. We utilize high resolution genetic data to explore the pop-
ulation structure of T. testudinum and evaluate the basis for this species’ plasticity as a function of a
phenotypic versus a genotypic response. We studied one of the largest populations of T. testudinum,
the Florida Bay system, and found that the population exhibited high levels of genetic diversity sug-
gesting strong recruitment of sexually derived propagules. Allelic richness was high (Agic = 5.94 to
7.33) and expected heterozygosity was consistently high across our study subpopulations (H, = 0.558
to 0.673). There was no evidence of inbreeding within subpopulations (Fis = 0.02 to 0.13) and overall
gene flow estimates were moderate to high (N, = 5.71). These data support T. testudinum in Florida
Bay as a single metapopulation with high genetic connectivity among subpopulations. Models of
migration utilizing Bayesian modeling revealed a distinct directionality to immigration counter to
models of historical formation of Florida Bay. We also found no evidence that meadows formed
genetic subpopulations suggesting morphological variability observed across environmental gradi-
ents represents norms of reaction within the genetically diverse, interbreeding metapopulation.
We suggest T. testudinum evolved phenotypic plasticity as a general purpose trait under natural
selection.
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INTRODUCTION

Many aquatic plant species, particularly marine
plants, cover large geographic ranges (Cook 1985,
Santamaria 2002, Les et al. 2003). Genetic connectivity
between aquatic plant populations has the potential to
be very high due to habitat continuity. This character-
istic is not exclusive to plants, for example larval dis-
persion in aquatic species supports the suggestion that
genetic connectivity can exist over extensive geo-
graphic ranges (McQuaid & Phillips 2000, Planes et al.
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2009). In addition to their broad geographic distribu-
tions, aquatic plants are also typified by having high
phenotypic plasticity (Sculthorpe 1967). This trait is
likely a result of natural selection pressures associated
with potential stressors such as temperature, salinity,
resource limitations, or other stress-inducing features
of aquatic environments (Barrett et al. 1993). Such
stressors have resulted in a significant reliance on
vegetative growth by aquatic plants (Les et al. 2003).
As a result, population structure is strongly influenced
by the capacity of aquatic plants to form large, dis-
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persed, genets (i.e. clones) capable of long-term persis-
tence (Reusch et al. 1999).

A rarely considered consequence of long-term per-
sistence of genets is that older generations can occupy
space for long periods, thus reducing recruitment
opportunities for younger generations. As a result,
immigration of outside recruits can be limited once
populations become established. This means that the
response of a plant to changing local environmental
conditions will be highly dependent on its morpholog-
ical flexibility. This is referred to as phenotypic plastic-
ity. It is critical to distinguish between variability in the
phenotype caused by ecological determinants, which
results in species-wide phenotypic plasticity, and the
alternative whereby plant variability is the result of
selection-driven genetic diversity. The latter results
in differentiation of traits among subpopulations
(Schlichting 1986). One approach to evaluate the rela-
tive contribution of either strategy in a phenotypically
variable species is to examine the population genetic
structure of species inhabiting heterogeneous and
homogeneous environments.

Marine angiosperms, or seagrasses, represent a
group of species effectively adapted to survive extreme
stressors inherent in the aquatic environment (Les et al.
1997). Their almost global distribution suggests most
seagrass species have broad environmental tolerances.
In addition, this makes seagrass species good candi-
dates for investigation of the mechanistic indicators of
how aquatic species respond phenotypically and geno-
typically to environmental variation. Thalassia testu-
dinum Banks ex Konig (turtle grass) is a widespread
tropical seagrass species. T. testudinum is distributed in
coastal waters of the tropical and north subtropical
West Atlantic region, and is prevalent throughout the

Caribbean, the Gulf of Mexico, Florida, and extending
north to Bermuda (Moore 1963, den Hartog 1970).
Across this range, T. testudinum dominates nearly all
seagrass communities, forming widespread meadows
that have the potential to persist for thousands of years
(van Tussenbroek et al. 2006). Florida Bay contains one
of the largest populations of T. testudinum as a network
of discontinuous, often large (>20 km?) meadows
that occupy almost 1900 km? of the bay's 2100 km?
(Fourqurean et al. 2002). The species is known to have
a high degree of phenotypic plasticity in its morphol-
ogical response. Its phenotypic flexibility can be ex-
pressed as the relative investment in sexual or asexual
propagation. But herein our reference to phenotypic
plasticity refers to the species' capacity to express a
variable, above-ground growth form; therefore leaf
structure and leaf dimension reflect the phenotypic
plasticity discussed in the present study.

Florida Bay is a shallow lagoon-type estuary enclos-
ing a succession of nearly discrete basins. Basins con-
stitute the physicochemical subunits of Florida Bay and
are variable in their bathymetry, tidal flux, sediment
depth, nutrient availability, water quality, salinity, and
other key environmental characteristics (Madden et al.
2009). The eastern end of Florida Bay is enclosed by
the mainland and the Florida Keys, and is influenced
by fresh water and terrestrial inputs from the Ever-
glades (Fourqurean et al. 2003). The southwestern
regions of Florida Bay are subject to greater oceanic
influences, and ecological gradients are well recog-
nized across this regional structure (Boyer et al. 1997,
Peterson & Fourqurean 2001). Table 1 provides a
quantitative summary of the gradients associated with
some important environmental factors. The east to
west gradient in Florida Bay has the potential to affect

Table 1. Examples of important environmental characteristics that display a gradient across Florida Bay with proximate study sites
in parentheses (see Fig. 1 for site locations)

Environmental or biological Northeast Central Western Source
characteristic Florida Bay Florida Bay Florida Bay
(Duck, Nest, (Whipray, (Rabbit,
Eagle) Bob Allen, Johnson,
Barnes) Arsnicker)
Average water depth (m) 1.5 2.4 3 Zieman et al. (1989)
Average lunar tidal range (cm) 3 17 61 Holmquist et al. (1989)
Maximum sediment depth of basin, 5 75 300 Zieman et al. (1989)
excluding the banktop (cm)
Thalassia testudinum leaf C:P ratio interpolated 1600:1 1200:1 800:1 Frankovich &
across Florida Bay (compare to Redfield ratio 106:1) Fourqurean (1997)
Range in salinity values 1990-1994 (psu) 42 30 14 Frankovich &
Fourqurean (1997)
Thalassia testudinum green leaf material 34 100 525 Frankovich &
per short shoot (mg ss™!) Fourqurean (1997)
Average maximum Thalassia testudinum 14.69 23.82 34.53 Unpubl. data from
leaf length (cm) (n=170) (n=156) (n=184) exact sites not presen-
ted in Bricker (2003)
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the genetic structure of subpopulations of organisms
that inhabit the ecosystem through differential natural
selection pressures. Thalassia testudinum exhibits
morphological variation throughout Florida Bay that is
hypothesized to be the result of variable environmen-
tal conditions (Hackney & Durako 2004). In addition,
T. testudinum is capable of colonizing and expanding
to form a new meadow from limited recruitment
events. As a result, both abiotic and biotic factors have
the potential to influence the genetic structure of local
subpopulations. For example, barriers to gene flow
such as mud banks, mangrove islands, or even limited
water flow through restricted channels could theoreti-
cally allow selection for locally adapted genotypes
(sensu Linhart & Grant 1996) across these ecological
gradients. If this model is in operation, discrete pat-
terns of gene flow within the ecological zones of the
system would be expected. Alternatively, gene flow
might occur due to successful adaptation (e.g. buoyant
fruits) and the unrestricted recruitment of genotypes
(i.e. no selection), resulting in highly-connected sub-
populations. This outcome would argue for plasticity
being the primary cause of observed morphological
variation rather than selection for local adaptation.

Some populations of Thalassia testudinum are large-
ly clonal, while other meadows have high genotypic
diversity indicating the presence of many clones (van
Dijk & van Tussenbroek 2010). Differences in the level
of genetic diversity detected among populations are
presumably due to historical factors. Sexual reproduc-
tion has often been conjectured to play a limited role in
marine angiosperm life histories due to the scarcity of
observations reporting seedling recruitment (Kirkman
& Kuo 1990). For T. testudinum this inference has his-
torically been based upon the stochastic pattern of
flowering and fruiting (Lewis & Phillips 1980). The
complex factors affecting sexual reproduction in T. tes-
tudinum are being described through ongoing re-
search. For instance, seed set appears enhanced
through synchronized anthesis under particular envi-
ronmental conditions (van Tussenbroek et al. 2008).
Adding to the difficulty of studying sexual reproduc-
tion in many seagrasses, and T. testudinum in particu-
lar, is that fruits are buoyant (Orpurt & Boral 1964),
staying afloat for up to 14 d (Kaldy & Dunton 1999).
Seeds have been observed to settle near the parent
(van Dijk et al. 2009) or, as documented off the Yucatan
Peninsula, to follow surface currents for many days
potentially enabling long distance dispersal (van Dijk
et al. 2009). This dispersal mechanism may explain
why the dispersal range of aquatic plants such as
T. testudinum may be an order of magnitude greater
than terrestrial species (Santamaria 2002).

The purpose of the present study was to evaluate
genetic structure in Thalassia testudinum populations

within Florida Bay and to apply this knowledge to the
observed high levels of morphological variation in this
species. Gaining insights into the formation and main-
tenance of T. testudinum populations will be valuable
to ongoing efforts to preserve and better manage the
ecological resources of Florida Bay. Most of Florida
Bay is protected by state and federal guidelines
designed to protect important or threatened ecosys-
tems within the Everglades National Park. Therefore,
Florida Bay, in contrast to other locales that introduce
anthropogenic pressure on seagrass populations (Way-
cott et al. 2009), represents tenable habitat for popula-
tions of T. testudinum. Thus, this population of sea-
grass represents an excellent candidate to establish
baseline information on population genetics of this
important coastal marine species.

MATERIALS AND METHODS

Study sites and sampling methodology. A synoptic
survey of 10 Thalassia testudinum populations was
conducted across Florida Bay (Fig. 1). The collection of
samples took place on September 6 to 11, 2005. The 10
individual basins were selected to represent ecological
gradients along north to south, and east to west vectors
(Table 1). The sediments in the northeastern part of
Florida Bay are shallow and nutrient poor (Fourqurean
et al. 1992, Boyer et al. 1997) while in western areas of
the bay they are deeper with higher nutrient levels
(Holmquist et al. 1989). Within the target basins, we
located areas of sufficient ramet density to support our
sampling methodology. We sampled exclusively within
the basins avoiding transitionary areas (e.g. bank tops,
channels). The precise starting locations within the
seagrass meadow were selected haphazardly to
reduce the potential for introducing any sampling bias.
Once the starting location was established, a boat with
a Wide Area Augmentation System (WAAS) enabled
GPS unit was set adrift and successive samples were
collected at intervals that negated or at least reduced
the collection of physically integrated plants (ideally 10
to 30 m separation between successive samples). How-
ever, the direction and speed of the boat was always
affected by weather conditions, and sometimes succes-
sive pairs of samples were collected as close as 4 m,
and as far as 45 m apart. Sampling at each site con-
sisted of 3 or 4 parallel transect drifts separated by 25
to 50 m, again affected by the local climatic conditions.
The individual shoots were bagged and tagged, and
the spatial coordinates were recorded for each sample.
Therefore spatial distances between all pairs of sam-
ples were known.

Microsatellite analysis. DNA was extracted from
field-desiccated leaf tissue using a Qiagen DNeasy
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Fig. 1. Thalassia testudinum. Sampling sites overlaid by patterns of migration across Florida Bay, USA. Line thickness indicates
the magnitude of the migration rate as modeled using BAYESASS (Wilson & Rannala 2003) and direction is indicated by the
arrowhead

Plant Extraction Kit (Qiagen). Nine microsatellite loci
(van Dijk et al. 2007; Table 2) were amplified on a MJ
Research PTC-200. Specific primers are listed in
Table 2. PCR were performed in 15 pl reactions con-
taining 30 ng of template DNA, 0.5 U of Bioline Immo-
lase DNA Taq (Bioline), 1.5 pl 10x Bioline Immobuffer
(160 mM [NH,4],SO4, 670 mM Tris-HC1 pH 8.3, 0.1%
Tween-20), 2.5 mM MgCl,, 0.133 mM each dNTP, BSA
at a concentration of 0.1 pg pl™!, and 0.33 mM primers;
forward primers were labeled with the fluorochromes
FAM, HEX or TET (Invitrogen). Thermal cycling proto-

Table 2. Thalassia testudinum. Microsatellite primer sum-

mary for 9 loci collected across Florida Bay. Observed hetero-

zygosity (H,), expected heterozygosity (H,), inbreeding coef-
ficient (Fis), and total number of alleles per locus (A)

Locus H, H, Fig A
Th1 MS 0.467 0.677 0.332 11
TTMS-GA6 0.731 0.669 0.098 13
TTMS-GAS8 0.674 0.669 0.018 17
TTMS-GA12 0.639 0.795 0.183 13
TTMS-TCT58 0.615 0.598 0.016 11
TTMS-GGT59 0.373 0.372 0.015 9
TTMS-GA72 0.581 0.570 0.023 9
TTMS-GT?77 0.676 0.767 0.084 15
TTMS-GT104 0.246 0.238 0.046 6

cols consisted of an initial 14 min denaturing step fol-
lowed by a 15-cycle touchdown with annealing tem-
peratures from 65 to 50°C, finishing with 20 cycles at
50°C. For all cycles denaturing steps were 94°C and
extension temperature was 72°C. PCR products were
analyzed using a MegaBACE 1000 (GE Biosciences)
with ET 400-R internal size standard in each sample, as
per manufacturer's instructions. Fragment lengths for
each allele, at each locus, were determined using
Fragment Profiler software (GE Biosciences).
GenAlEx 6.0 (Peakall & Smouse 2006) was used to
make direct comparisons of genotypes to detect
clones, determine the total number of alleles per locus
(A), the mean number of alleles per population (Na),
the total number of private alleles per population and
the analysis of molecular variance (AMOVA). Popula-
tion migration rates (N, and pairwise population N,
values) were calculated using Genetix 4.05.2 (Belkhir
et al. 2004) along with observed (H,) and expected
(H.) (unbiased) heterozygosity and Nei's genetic dis-
tance (Nei 1978). Genotypic richness (Ggic) was calcu-
lated manually following Dorken & Eckert (2001).
Allelic richness (Agic), standardized to the smallest
population size by rarefaction, was computed using
FSTAT 2.9.3.2 (Goudet 1995). Pairwise Fsr and tests of
significant differences between pairs were calculated
in Arlequin 2.0 (Schneider et al. 2000). All other F sta-
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tistics were calculated using Genetix 4.05.2 (Belkhir et
al. 2004).

Pairwise genetic distance (Nei 1972, 1978) and pair-
wise geographic distance matrices were calculated
using GenAlEx 6.0 (Peakall & Smouse 2006). Spatial
autocorrelation was run with the same software using
999 permutations and 999 bootstraps, using even dis-
tance classes of an optimized distance size class of 7 m
and a total of 15 distance classes. The size class was
based upon the distance interval between successive
samples. Wind and water movement resulted in irreg-
ular sampling intervals; 7 m was the interval that
ensured that size classes were not empty. The geo-
graphic and genetic distance matrices created for the
spatial autocorrelation were reconfigured into columns
for an isolation by distance test, and analyzed by
IBDWS version 3.15 (Jensen et al. 2005) implementing
10000 randomizations.

The number of genetic populations (K) was esti-
mated using STRUCTURE 2.2 (Pritchard et al. 2000).
Model optimization resulted in the following parame-
ters: admixture model, inferring alpha (initial alpha
1.0), burn-in period 100 000, and Markov-chain Monte
Carlo (MCMC) repetitions after burn-in 150 000. Mod-
els were run applying K = 2 to 20, however final model
runs were K = 2 to 5 populations with 10 iterations for
each value of K.

BAYESASS 1.3 (Wilson & Rannala 2003) was used to
estimate recent migration rates; ~25 preliminary runs
were executed to determine the final parameter set.
The delta values for allele frequency, migration rate,
and inbreeding were kept at the program default
(0.15). The burn-in period was set at 2000 000, and the
iterations were set to 5000000. The sampling fre-
quency was set to 1000. Analysis using optimum model
parameters showed variability with different initial
seed values. To overcome this vari-
ance, 75 individual models, each with
a different seed, were run. The migra-
tion rates were mean values across
those 75 runs.

the exact same alleles, at all loci, as a function of an
unrelated genetic descent). In our data set clones typi-
cally consisted of 2 ramets; however there were several
occurrences where 3 or more ramets were identified as
the same genet, and one instance where 5 ramets were
detected as a single genet (sibling probability p =
0.001). The sample population from our study was
found to be highly polymorphic (Table 2). Allelic rich-
ness, standardized using rarefaction, was 6.62 alleles
per locus. Inbreeding coefficients for the individual loci
were low, and the inbreeding estimates Fig for the
entire sample set was correspondingly low (Fis = 0.06).
One locus (Table 2, Thl MS) had a relatively high
inbreeding coefficient despite having 11 alleles, sug-
gesting that this was the only locus where some degree
of spatial structure and segregation might be occur-
ring. The number of distinct genotypes (G) was pro-
portionally high to the sampling effort as shown by the
high G and Ggc values (Table 3). The observed het-
erozygosity was high at all sites ranging from 0.497
(Rankin) to 0.648 (Arsnicker). Overall the sample pop-
ulation was in Hardy-Weinberg equilibrium across all
loci and populations. Allelic richness showed some
variability, but was generally comparable among
basins ranging from Ag;c = 5.94 (Eagle) to Agc = 7.33
(Arsnicker). Sites proximate to each other had the low-
est pairwise Fgr values (e.g. Eagle—Nest Fst = 0.024),
while sites further away had higher values (e.g.
Eagle—Rabbit Fsr = 0.045), and sites at the greatest dis-
tance apart (e.g. Eagle—Arsnicker Fst = 0.077) had the
largest Fsr values (Table 4).

No significant isolation by distance was detected
across the range of our sample sites (R®> = 0.007).
AMOVA detected that 94 % of molecular variance for
Thalassia testudinum across Florida Bay was parti-
tioned within populations (Table 4). Spatial genetic

Table 3. Thalassia testudinum. Summary of population genetic diversity para-
meters across Florida Bay (see Fig. 1 for site locations). Number of distinct geno-
types (G), genotypic richness (Ggic), inbreeding coefficient (Fjs), observed

heterozygosity (H,), expected (unbiased) heterozygosity (H,) (Nei 1987), mean
number of alleles averaged across loci (Na), and allelic richness (Agc). N: num-

RESULTS

ber of samples

Population (N) G GRIC .FIS I_I0 I_Ie Na ARIC
A total of 657 samples were screened
across 9 polymorphic loci, of which 607 Arsnicker (30) 28  0.931 0.054 0.648  0.673 7.33  7.33
samples were identified as unique Barnes (50) 44 0878 0.105 0509 0.562  6.56  6.00
enotvbes. Samples that matched Nest (55) 52 0.944 0.016  0.552 0.558 6.89 6.07
genotypes. b ; , Duck (51) 48 0940 005 0577 0601  7.22 646
identical alleles at all 9 loci were statis- Rabbit (146) 142  0.972 0.037 0.584 0.604 9.78 6.95
tically identified as apparent clones Johnson (75) 73 0.973 0.097 0.522 0.574 7.56  6.38
s s Eagle (75) 68 0.905 0.016  0.567 0.573 7.33 5.94
siblin robability for these ramets g
(sibli é:]fp Y ~ Whipray (50) 46 0918 0097 0531 0582 733  6.77
ranged from p = 0.0006 to p = 0.003, Rankin (50) 45 0.898 0.125 0497 0563 6.67 6.05

meaning a low probability of sharing
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Table 4. Thalassia testudinum. Pairwise comparisons of population differentiation in Florida Bay (see Fig. 1 for site locations)

based on multilocus microsatellite genotypes. Below the diagonal: pairwise Fst (Weir & Cockerham 1984) values for all popula-

tions with significant differences in bold. Along the diagonal: pairwise mean N, (Wright 1969) values for all populations (SD also
shown). Above the diagonal: pairwise N, values (Wright 1969)

Arsnicker Barnes Nest Duck Rabbit Johnson Bob Allen  Eagle Whipray  Rankin
Arsnicker 4.02 3.496 3.606 3.360 5.480 4.739 4.751 3.002 4.083 3.651
Barnes 2)%8617] 7.69 7.663 4.793 9.938 8.046 11.404 4.692 10.630 8.563
Nest 0.065 5)208312) 9.64 11.446 15.171 8.103 14.220 10.099 9.466 7.012
Duck 0.069 0.050 (():3.66211) 6.99 6.950 6.083 8.082 10.160 7.995 4.037
Rabbit 0.044 0.025 0.016 (()2.67335) 12.21 11.839 30.752 5.367 12.266 12.123
Johnson 0.050 0.030 0.030 0.040 (0?.07231) 9.93 10.880 4.752 25.945 8.960
Bob Allen 0.050 0.022 0.017 0.030 0.008 216(;1293] 12.64 6.627 14.395 12.641
Eagle 0.077 0.051 0.024 0.024 0.045 0.050 2)7.65366] 5.84 4.839 3.004
Whipray 0.058 0.023 0.026 0.030 0.020 0.010 0.017 §)2.6647!; 11.31 12.133
Rankin 0.064 0.028 0.034 0.058 0.020 0.027 0.019 0.077 (06(;1260) 8.01
(3.83)

structure was detected within basins, but only at small
spatial scales. The spatial autocorrelation relatedness
statistic r was significant between 0 and 75 m, perhaps
an indicator of the level of the spatial influence of
clonal/vegetative growth. Inbreeding coefficients (Fis)
were typically low within the basins ranging from pair-
wise Fig = 0.02 (Eagle—Nest) up to pairwise Fg = 0.13
(Rankin).

Moderate levels of gene flow (N, = 5.71) were ob-
served among the sampled meadows of Thalassia tes-
tudinum across Florida Bay. When pairwise N, values
were averaged (Table 4), the meadows in the western
part of Florida Bay showed the lowest level of gene
flow (N, = 4.02) relative to rest of the study population.
The highest levels of gene flow occurred at the central
sites (N, = 12.21).

There was no evidence of genetic differentiation
among the entire sample population (Fst = 0.03). Pair-
wise comparisons of Fsr values (Table 4) showed fairly
uniform values between sites and the low Fsr values
suggest very little genetic segregation between indi-
vidual meadows of Thalassia testudinum across
Florida Bay.

There was no evidence for the existence of discrete
subpopulations based on measures of gene flow and
measures of population differentiation (Fig. 2). This
model, which applies probability state change as a
method of population assignment (i.e. STRUCTURE;
Pritchard et al. 2000), could not differentiate our
Florida Bay samples into discrete genetic subpopula-

tions. This lack of differentiation reflects larger and
more historical patterns of population structure. How-
ever, the proportion of recent immigrants, inferred
using a Bayesian modeling approach as implemented
in BAYESASS (Wilson & Rannala 2003), showed a dis-
cernable pattern of directionality in recent migration
rates of Thalassia testudinum throughout Florida Bay.
These bi-directional migration rates suggested a di-
rection of gene flow that follows a northeast to south-
west pattern (Fig. 1, Table 5). While some eastward
migration of T. testudinum was detected, it was lim-
ited to populations located in basins in the north and
northeast section of Florida Bay. The BAYESASS
analysis suggests that the major proportion of immi-
grants move outward from Nest and to a lesser extent
from Eagle. It is important to reiterate that the lack of
detected population structure using Fsr and isolation
by distance methods reflects longer term processes
versus the detectible migration signal, which repre-
sents patterns of recent influences affecting recent
migrations.

DISCUSSION

The data from this study indicate a high level of
genetic diversity in the populations of Thalassia tes-
tudinum across Florida Bay. All of the loci, screened
across all sample populations, were in Hardy-
Weinberg equilibrium. This indicates that evolutionary
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Fig. 2. STRUCTURE (Pritchard et al. 2000) output for Thalassia testudinum across Florida Bay. Plots represent models where dif-
ferent numbers of populations (K) are assumed and modeled. The output on top represents a model where 2 populations were
assumed to exist, the middle output represents a model where 3 populations were assumed, and the bottom output represents the
model where 5 populations were assumed. The y-axis represents the modeled probability of assignment for each sample (ramet)
to a specific population. The x-axis is a linear continuum of all 627 samples. The signal for population structure would be
distinctive regions along the x-axis of similarly shaded samples. The shading corresponds to the proportion each individual is
assigned to each population group within each model run. Where a mix of shadings occurs, this analysis was not able to precisely
assign the sample unambiguously into only one of the populations

Table 5. Thalassia testudinum. BAYESASS model summary for sampling sites across Florida Bay (see Fig. 1). Bold numbers are

migration rates averaged from 75 runs, with different initial randomization seeds, that significantly differed from the estimated

variance in each run. SDs are given below the average migration rates. Blank cells occur where no significant gene flow was
detected consistently among the 75 independent model runs

Arsnicker Johnson Rabbit Barnes Bob Allen Whipray Rankin Eagle Nest Duck
Arsnicker  0.79
0.03
Johnson 0.68
0.01
Rabbit 0.10 0.75
0.04 0.05
Barnes 0.72
0.01
Bob Allen 0.23 0.72
0.05 0.02
Whipray 0.29 0.73 0.08
0.02 0.01 0.04
Rankin 0.70
0.008
Eagle 0.17 0.99 0.19 0.26
0.04 0.007 0.06 0.038
Nest 0.24 0.08 0.24 0.27 0.72 0.05
0.03 0.03 0.024 0.03 0.022 0.02
Duck 0.67
0.007
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conditions in Florida Bay are not driving the popula-
tion of T. testudinum to a genetic imbalance through
inbreeding or genetic drift. The most important impli-
cation of this equilibrium is that evolutionary forces
sustain a fairly random pattern of mating for this spe-
cies. In short, a single or small group of clones has not
been dominating population structure within Florida
Bay. The limited influence of asexual reproduction
over the population structure at the sampled spatial
scale is also supported by the levels of gene flow
detected. Gene flow was detected at levels that would
be classically considered as moderate. These estimates
of gene flow clearly support significant connectivity
among sampled populations of T. testudinum in
Florida Bay. Our initial conclusion, when we consider
the high degree of system wide connectivity and the
lack of population differentiation, is that T. testudinum
across Florida Bay does not display a highly clonal sig-
nal (Ggic = 0.878 to 0.973). This finding is in contrast to
previous genetic studies of T. testudinum in Florida
Bay that detected low levels of polymorphism using
lower resolution genetic markers (i.e. allozymes,
Schlueter & Guttman 1998). Indeed, the lack of resolu-
tion in prior marker systems would have significantly
hampered these authors’ ability to make meaningful
estimates about population structure and encouraged
the expectation of highly clonal populations. The com-
parative resolution of our genetic markers revealed a
significantly greater level of polymorphism, indeed
limited clonality.

The population of Thalassia testudinum in Florida is
highly polymorphic. The levels of allelic richness are
also high (Agic = 5.94 to 7.33) and our values are com-
parable to other studies on T. testudinum using co-
dominant markers (van Dijk & van Tussenbroek 2010).
Levels of heterozygosity were observed to be consis-
tently high across our study subpopulations (H, = 0.558
to 0.673). The detected levels of polymorphism places
T. testudinum as a species with diversity greater than
or equal to that of other seagrass species such as
Cymodocea nodosa (H, = 0.48, Alberto et al. 2008),
Zostera marina (H, = 0.45, Olsen et al. 2004), Zostera
noltii (H, = 0.452, Coyer et al. 2004) and Posidonia
oceanica (H, = 0.279 to 0.568, Serra et al. 2010). We
found little evidence to suggest that inbreeding is
prevalent (Fis = 0.02 to 0.13). T. testudinum in Florida
Bay may be classified as a highly diverse seagrass
when compared with the available global data on
other seagrass species using equivalent genetic mark-
ers. There has been little direct evidence of sexual
propagule recruitment into populations despite high
levels of sexual reproduction (flowering, fruiting and
seed production), although it is postulated to occur
(Waycott & Barnes 2001, Whitfield et al. 2004). This
lack of direct evidence for sexual recruitment has lim-

ited our understanding of how meadows form and per-
sist. However, the genetic evidence of high levels of
sexual propagule recruitment provided by the present
study suggests that other processes, such as timing or
genet longevity, are the cause of our inability to make
these observations, not that they are not occurring.

The targeted population in this study could not be
segregated into a series of genetically isolated subpop-
ulations. Low overall Fst and pairwise Fgt values sug-
gest that there is little population structure, especially
one that could be associated with the pervasiveness of
clones. We could not find a significant genetic isolation
by distance signal. In addition, the lack of broad scale
population differentiation was especially clear when
levels of gene flow between individual sites (Rabbit—
Nest N, = 15.71) and across the entire population
Ny = 5.71) were considered. We therefore conclude
that these results provide compelling evidence that
T. testudinum in Florida Bay is a single interbreeding
population. If Thalassia testudinum in Florida Bay is
acting as a large metapopulation, then the morpholog-
ical variation displayed by T. testudinum across the
ecological and environmental gradient is not the result
of locally adapted ecotypes. The absence of discrete
subpopulations, despite very discrete phenotypes, sup-
ports the hypothesis that individual T. testudinum
genets are capable of highly plastic responses. Pheno-
typic plasticity, rather than genotypic adaptation to
local environmental conditions (subpopulations), thus
best describes morphological variation observed in
T. testudinum in Florida Bay.

Variability in plant architecture can be significant for
this species, especially in Florida Bay. Plants in the
northeastern portion of Florida Bay typically have
leaves no longer than 8 cm (Table 1), while plants in
the western portion of the bay typically have longer
leaf lengths (Hackney & Durako 2004) sometimes
exceeding 50 cm (Bricker 2003). These observations
coupled with our findings suggest Thalassia testu-
dinum has the capacity for genets to adopt a highly
plastic growth form, similar to other aquatic plant spe-
cies (Barrett et al. 1993). Indeed the observed pheno-
typic responses of T. testudinum in Florida Bay to envi-
ronmental conditions are plausible, and are supported
by the classic work of McMillan & Phillips (1979), who
attributed at least some of the observed morphological
variation in 3 species of tropical seagrasses found
across wide geographic distances to plasticity. How-
ever, in the strict genetic sense, while microsatellites
are neutral loci and provide adequate assessment of
gene flow, loci specific to the determination of leaf
length may be under selection and may be unlinked to
the neutral markers described here. We do not believe
this is occurring in this system due to the high levels of
connectivity detected. Evaluation of morpho-genetic
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traits would permit testing of the linkage between the
genetic markers used and observed morphological
traits, but that was beyond the scope of this study.

The present findings provide a framework for ex-
ploring the origins of the Florida Bay meadows of Tha-
lassia testudinum. The western border of Florida Bay
represents the ca. 4500 yr boundary of the now
drowned terrestrial system (Scholl et al. 1969). As sea
level rise continued following the last glacial maxi-
mum, Florida Bay became progressively inundated to
its current depth profile (Parker et al. 1955, Scholl et al.
1969, Smith et al. 1989). It is expected that T. testu-
dinum would have kept pace with the development of
the bay, colonizing new habitat as it became sub-
merged. This suggests a model where one would
expect younger populations to occur in shallower
depths located in the northeast portion of the bay. In
addition to this direction of colonization, the formation
of meadows would have been affected by physical fea-
tures such as mud banks and mangrove islands that
restrict tidal surge. Currently, hydrological flow in
Florida Bay is forced by a wind-driven upper water col-
umn movement and bulk flow of oceanic-bound water
(Nuttle et al. 2000). These interactions create a com-
plex pattern of water motion in the bay. Wind and
water movements are the 2 forces that have the po-
tential to affect the dispersal of pollen, fruit, and vege-
tative fragments. The current results demonstrate a
pattern of migration that is outwards from the north-
eastern portion of the bay westwards and southwards
towards the ocean. The pattern of migration (Fig. 1) is
more consistent with bulk flow water movement within
the bay (Smith 2005), than serial colonization towards
the northeast as the bay formed.

We used BAYESASS which utilizes a Bayesian mod-
eling strategy (Wilson & Rannala 2003) and found an
asymmetric pattern of migration. The most distinct
example occurred from Nest (Fig. 1), where outward
migration was estimated to be in the direction of both
western and southwestern basins. In terms of a gener-
alized pattern of outward migration, the northeast sec-
tion of the bay appears to be important (Fig. 1) with
models suggesting emigration out of this area towards
western and southern areas of Florida Bay. Due to the
conventions of the model these estimates most likely
suggest a pattern of recent migration representing up
to 4 generations of gene flow. The conundrum to inter-
preting a time scale for this recent migration is that
Thalassia testudinum genet longevity is indeterminate,
rendering the time frame of generation length unde-
fined. In addition, fine-scale genetic structure detected
by these migration patterns is most likely to be mainly
controlled by physical drivers, such as surface and sub-
surface currents, influencing dispersal of pollen and
fruit (Waycott & Sampson 1997).

In marine systems, unassisted dispersal will primar-
ily occur through water movement; typically hydrolog-
ical models have not been developed in sufficient
detail for this purpose. Broad-scale hydrological mod-
els have been utilized to understand environmental
conditions (e.g. salinity gradients) throughout Florida
Bay, but are insufficient to identify hydrological pat-
terns at the level of detail required to improve our
understanding of biological processes. Wind-driven
surface currents are most likely to contribute to disper-
sal of floating fruits in this system. So while there does
not appear to be broad-scale impediments to gene
flow, complex bathometry, limited connector channels,
and complex water flow patterns appear to be affect-
ing specific dispersal vectors (Lewis & Phillips 1980). It
appears that Thalassia testudinum recruitment is
strongly linked to these processes and dispersal dis-
tances will be a function of the currents present at the
time of fruit and seed release. Improved understanding
of the origins and efficacy of sexual propagule recruit-
ment along with genet longevity will further resolve
population processes in this species.

In summary, Thalassia testudinum in Florida Bay
appears to be a single connected metapopulation in-
stead of spatially segregated and genetically distin-
guishable subpopulations. This seagrass is morpholog-
ically variable across Florida Bay; this variation may be
interpreted as norms of reaction in a genetically di-
verse interbreeding population rather than a series of
genetically distinct locally adapted ecotypes. The
capacity of this species to respond to local conditions
through phenotypic plasticity appears significant and
must reflect selection for a general purpose genotype
or selection for phenotypic plasticity itself (sensu
Schlichting 1986). As noted earlier, such an evolution-
ary strategy likely contributes to T. testudinum having
a long history in the Atlantic basin given its apparent
capacity to adapt to ongoing changes during the past
14 million years of its known species history (Les et al.
2003). Such genomic flexibility as an evolutionary
strategy leads to reduction in drivers of speciation and
may explain the general low diversity in seagrasses
(Waycott et al. 2006).
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