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Hurricane Sandy struck the New York metropolitan region on October 29, 2012. The storm severely impacted the
physical state of Barnegat Bay, New Jersey with its heavy storm surge, affecting many forms of benthic life and
ripping up extensive beds of Zostera marina. Pre-Sandy studies of the genetic status of Z. marina in Barnegat Bay
indicated low levels of heterozygosity and high levels of inbreeding. This present study examines the long-term
effects of Hurricane Sandy on the eelgrass meadows of New Jersey. Heterozygosity analysis (mean Ho= 0.482 +
0.013 and mean He= 0.498+ 0.009) of the five Barnegat populations studied suggest an improvement in di-
versity from pre-Sandy values of 2008. Mean inbreeding levels (overall Fis = 0.077 + 0.034) also indicated
reduced inbreeding, and the fixation index (overall mean pairwise Fst = 0.064 +0.006) suggested increased
connectivity between populations with low levels of differentiation. Although we found no indication of bot-
tlenecks in the last 2-3 years, by employing m-ratio calculations, there was strong evidence for long-term,
historical bottlenecks in all populations, potentially due to the mass wasting disease epidemic in the 1930s.
Unexpectantly, the post-Sandy genetic health and diversity of Z. marina in Barnegat Bay appears to have

improved since it was last surveyed in 2008, supporting the “Storm Stimulus” hypothesis.

1. Introduction

Severe environmental disasters can have serious long-term effects on
populations of biological organisms. Plants, being sessile and unable to
flee severe weather events, are particularly prone to habitat fragmen-
tation, which can lead to isolation and reduction in population size
(Booy et al., 2000; Lienert, 2004). Of course, the loss of reproducing
individuals directly results in genetic bottlenecks and deficits in diverse
heritable material. Terrestrial plants suffer from fragmentation events,
but these occurrences can happen in aquatic environments as well and
often lead to isolated sub-populations that are prone to loss (Olivieri,
2000; Kritzer and Sale, 2006).

Seagrasses are particularly disposed to fragmentation and reduced
populations (Bell, 2006), because most species lack the ability to
disperse seeds over long distances. A majority of seeds, when dispersed,
fall through the water column and end up lodging in the soil beneath the
plants, creating seed banks (Orth et al., 1994, 2007; Bell, 2006). It is

thought that the spread of most isolated seagrass plants occurs through
asexual means, i.e. rhizome elongation and dispersal of vegetative
fragments, which is advantageous during the growing season when
meadows need to expand (Setchell, 1929; Bell, 2006). As long as envi-
ronmental conditions remain stable with little change in biotic and
abiotic factors, grass beds will thrive and continue to expand success-
fully by vegetative propagation (Reusch et al., 1999a). However, if
conditions become challenging for survival (e.g., hurricanes, climate
change, wasting disease, etc.) and these asexual processes become the
primary means of reproduction, they may cause issues for long-term
sustained survival. Loss of population genetic diversity leads to
reduced heterozygosity, inbreeding depression, and diminished overall
survival.

Damage to seagrass beds along marine coasts is a particularly
problematic ecological challenge because these beds provide important
ecosystem services that include: support of fisheries, food and shelter for
thousands of species, a buffer against ocean acidification by carbon
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sequestration, coastal protection against soil erosion, and reduction of
pathogenic marine organisms (Nordlund et al., 2018). This is even more
problematic as seagrass beds and many marine coastal habitats have
shown severe global declines (Dunic et al., 2021; Turschwell et al.,
2021), resulting in loss of those ecosystem services, although rapid re-
covery is possible through active restoration (Orth et al., 2020).

Barnegat Bay is the only remaining region in New Jersey with sub-
stantial Zostera marina populations. This system is classified as highly
eutrophic (Kennish et al., 2007) and has shown both rapid, short-term
losses due to nutrient driven macroalgal blooms (Bologna et al.,
2001), as well as long-term declines related to water quality and
development (Lathrop et al., 2001; Kennish et al., 2010; Fertig et al.,
2013). While active restoration of eelgrass in New Jersey has been
successful (Bologna and Sinnema, 2006; Bologna and Sinnema, 2012),
depleted genetic diversity among the existing natural populations re-
mains (Campanella et al., 2010b). This critical habitat continues to be
subjected to nutrient loading impacts (Tweitmann and Dietl, 2018) and
broad declines in fish community structure; both linked to the reduction
in seagrass cover (Olson and Vasslides, 2022). Consequently, continued
efforts to protect and restore Z. marina beds are critical to the long-term
survival of this valuable habitat under emerging climate change sce-
narios (Scalpone et al., 2020).

Hurricane Sandy is one example of a climate change induced envi-
ronmental event that caused severe ecological harm to Z. marina beds in
New Jersey, USA. Sandy originated on the west coast of Africa on
October 11, 2012 and made its first landfall on October 24, 2012 in
Jamaica. The storm intensified as it passed over the warm waters of the
Gulf Stream. Storm surges occurred across the entire east coast of the
United States, with the highest surges occurring in New York and New
Jersey. On October 29, 2012, Hurricane Sandy struck Barnegat Bay, New
Jersey. Powerful waves damaged the shore and tides reached 2.66 m
above normal levels at the northern end of Sandy Hook Peninsula, New
Jersey before the National Ocean Service tide gauge failed and ceased
recording, providing indirect evidence that the storm surge may have
gone higher (Blake et al., 2013). Some barrier islands of Barnegat Bay
and Little Egg Harbor were entirely swamped by the surge and island
breaches occurred. Hurricane Sandy caused $50 billion in damages and
147 lives were lost in the United States (Blake et al., 2013). The bottom
of Barnegat Bay was scoured by the storm surges and ultra-high tides.
This storm had devastating impacts on existing seagrass beds, causing >
70 % declines in both spatial cover and shoot density to grass beds
centrally located in the southern part of Barnegat Bay from 2012 to 2013
(Parsons Brinckerhoff, 2013) and disrupting both natural and restored
eelgrass beds, causing between 27-69 % loss in spatial cover for robust
natural regions between 2012 and 2013 and 13-20 % loss in restored
eelgrass sites evaluated in 2010 and 2013 (Bologna et al., 2014; Bologna
unpubl. data). While these losses were substantial, they did not
completely remove all vegetation from the sediments, leading to po-
tential for increased seed production and germination in the newly
generated unvegetated regions.

Eelgrass is an annual or perennial monoecious flowering plant which
reproduces underwater with submerged flowers, pollen, and seeds
(Ackerman, 2006). Annual populations often occur in shallow intertidal
regions (Olesen and Sand-Jensen, 1994) or in areas near their thermal
limit (Blok et al., 2018), while perennial populations are common in
subtidal regions, including Barnegat Bay. Additionally, mixed annual
beds have been described (van Lent et al., 1995; Jarvis et al., 2012) and
are important to life history strategies with this species.

Zostera marina has the ability to cross-pollinate with other in-
dividuals, but is also capable of self-fertilization due to its self-
compatibility (Reusch, 2000). While annual populations flower and
sexually reproduce in their first year, seedlings from perennial beds do
not flower their first year, leading to a lag in sexual reproduction and
potential bed collapse during multi-year stressors (Johnson et al., 2021).
Additionally, for established perennial beds, the likely success of seed-
lings is minimal due to light and space competition from established
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plants (Johnson et al., 2020); therefore these beds often show clonal
growth as the dominant force in replacement of senescent shoots. We
estimate, based on Z. marina’s perennial reproductive capacity and the
environment of Barnegat Bay, that maximally seven (7) generations
could have been produced from 2008 to 2021; however, the limitations
in seedling survival under competition with adult plants make that es-
timate a generous one.

Our objective in this new study was to determine the present genetic
health and diversity of the Z. marina populations of Barnegat Bay a
decade after Hurricane Sandy decimated the grass beds of the region.
Seagrass distribution, coverage, and health have been monitored for
over twenty years in Barnegat Bay. Prior to the storm, the Barnegat Bay
Z. marina populations were in poor genetic health (Campanella et al.,
2010b) with low diversity, low connectivity, and high inbreeding. Our
initial hypothesis on Z. marina’s current genetic state was that we would
discover even more reduced diversity and connectivity with greater
inbreeding than we had observed in our initial 2008 survey (Campanella
et al.,, 2010b). We were surprised to find that although Barnegat Bay
grass beds are still problematic and fragmented, they are far more
diverse and genetically “healthy” than they were upon our first
examination.

Kendall et al. (2004) suggested that massive hurricanes every decade
or so are required to induce “Storm Stimulus”, leading to pollination and
seed dispersal of seagrasses in the Caribbean. We now hypothesize that
this “Stimulus” effect can be observed post-Hurricane Sandy in Barnegat
Bay and is supported by our recent Z. marina population data.

2. Materials and methods
2.1. Sample collection

Zostera marina plants were collected individually at five sites in
Barnegat Bay, New Jersey from May to October of 2021. These sites
(Fig. 1) included Barnegat Bay Inlet (39.786188 N, —74.148798 W),
Oyster Creek (39.804487 N, —74.171949 W), Route 72 South
(39.660157 N, —74204361 W), Connective Sedge (39.563911 N,
—74.291749 W) and Ham Island (39.600247 N, —74.229049 W). Bar-
negat Bay Inlet, Connective Sedge, and Ham Island were chosen based
on their involvement in long-term ecological monitoring; Route 72 S.
was of interest because of its geographic location beneath the Mana-
hawkin Bay Bridge between Long Beach Island and the mainland. Oyster
Creek was chosen based on the proximity of the meadow to the outfall of
The Oyster Creek Nuclear Generating Station which had been generating
thermal stresses in Barnegat Bay for over 50 years. Outgroup Z. marina
samples were collected in 2018 from Potter Pond, Rhode Island, USA
(41.389283 N, —71.531916 W). All populations studied were natural,
unrestored meadows.

To ensure that we were not gathering clonal samples, individuals
were collected approximately 5 m apart within the beds, using the same
technique as in Campanella et al. (2010a, 2010b). Because clonal
collection was still possible using this technique, clonality was assessed
in the statistical analyses of all populations. Tissue samples were
transported to Montclair State University on ice, separated, numbered,
and either stored immediately at — 80 °C or dried and then stored at
—20°C.

2.2. DNA extraction

Total DNA was extracted from Z. marina using ~100 mg of leaf tissue
from each plant using the Qiagen DNeasy Mericon Food Kit (Qiagen
Sciences, Germantown, MD, USA) following the alternate protocol of
Abdel-Latif and Osman (2017). DNA was extracted from individuals in
each of the six populations studied (population range N = 30-31, Total
Plants N = 181).

A Nanodrop ND-1000 UV Spectrophotometer (Nanodrop Technolo-
gies, Wilmington, DE, USA) was used to determine DNA concentration
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Fig. 1. The geographic collection sites for the Z. marina populations studied in New Jersey.

and purity. The genomic DNA extracts were stored at — 20 °C until PCR
was performed.

2.3. PCR amplification

We employed thirteen primer sets to amplify thirteen polymorphic
microsatellite alleles from the extracted Z. marina DNA (Table 1) (as in
Campanella et al., 2010a, 2010b). Nine primers (ZmarGA1l, ZmarGA2,
ZmarGA3, ZmarGA4, ZmarGA6, ZmarCT3, ZmarCT12, ZmarCT17, and
ZmarCT19) were developed by Reusch et al. (1999b) and Reusch
(1999). Four primers (ZmarGA9, ZmarAC8, ZmarAG8, and ZmarAGC5)
were developed by Oetjen et al. (2010). All our primer sets were labelled
with either fluorescent FAM or HEX dyes (Table 1).

PCR amplification was carried out in RNase/DNase free 200 ul tubes
with 9.5 ul sterile deionized water, 1 ul forward primer (~1.4 ug/ul), 1
ul reverse primer (~1.4 ug/ul), 12.5 ul DreamTaq PCR Mastermix
(ThermoFisher Scientific, Waltham, MA, USA), and 1 ul total DNA
(~4-100 ug/ul). The PCR reactions were amplified on an Eppendorf
Mastercycler EP Gradient S (Eppendorf, Hamburg, Germany) with a
95 °C, 3 min activation step followed by 35 cycles: 30 s at 95 °C, 30 s at
varying annealing temperatures depending on the primer set employed
(Table 1), and 60 s at 72 °C. The program ended with a 10 min 72 °C
extension step. The PCR products were stored at — 20 °C until fragment
analysis.

Table 1

PCR primers used to amplify Z. marina microsatellite alleles.
Primer Forward Sequence Reverse Sequence Annealing Temp. (°C) Label Citation
ZmarGA1l 5-TAGTGGTGGTTGTTGGAGTGC-3’ 5’-[5-HEX]GCCTCTTCTTCAGACTTCCC-3’ 57 HEX Reusch et al. (1999b)
ZmarGA2 5’-AACAGGCAACAGCACAACTG-3’ 5’-[6-FAM]ACGTCACATCTTTTCACGACC-3’ 55 FAM Reusch et al. (1999b)
ZmarGA3 5-GTGACGGATTGATCGGAATC-3’ 5’-[6-FAM]JACGTCACATCTTTTCACGACC-3’ 55 FAM Reusch et al. (1999b)
ZmarGA4 5’-GCGTGGATTCTGGTTTTCG-3’ 5’-[5-HEX]GCATATCTCTTCTTTTGCCC-3’ 55 HEX Reusch et al. (1999b)
ZmarGA6 5’-AGAAACCCTAATGTGATGAAATG-3’ 5’-[5-HEX]TGTTTGGTCTCTTCTAATCTT-3’ 55 HEX Reusch et al. (1999b)
ZmarGA9 5’-[6-FAM]GGAATCGTCAAGCAAAAAC-3’ 5’-GAACGTTTCCCGGTCATTT-3’ 55 FAM Oetjen et al. (2010)
ZmarCT3 5’-AACAGCGACGAAGGATTTTG-3’ 5’-[5-HEX]AGACCCGAAAGATACCACCG-3’ 57 HEX Reusch et al. (1999b)
ZmarCT12 5’-CGTTCATCTTGTCCTCGTCC-3’ 5’-[6-FAM]TTTCATTCCATTTCCCACC-3’ 57 FAM Reusch (1999)
ZmarCT17 5’-TCTTTACCAACCGATCTCCG-3’ 5’-[6-FAM]AAACACAACAGTTAGTCAG-3’ 57 FAM Reusch (1999)
ZmarCT19 5’-CCCAAGAAATATAAAATCGGGG-3’ 5’-[6-FAM]CTTCTCCTTCCGCCGCTAC-3’ 57 FAM Reusch (1999)
ZmarAC8 5’-[6-FAM]AAACGAATCCTGGTTCCAT-3’ 5’-TGCGAGCAGCTAACTAAGTCC-3’ 56 FAM Oetjen et al. (2010)
ZmarAG8 5’-GGGGAGGTTTCCGAATACTTT-3’ 5’-[5-HEX]TGGAAGATGTTGGACATGGA-3’ 55 HEX Oetjen et al. (2010)
ZmarAGC5 5’-GTGGAGGAAAGTGTGGGTGT-3’ 5’-[5-HEX]CTTGCATCCAACCTCATTTG-3’ 57 HEX Oetjen et al. (2010)
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2.4. Fragment analysis

The allele size of microsatellite loci was determined using an Applied
Biosystems 3130 Genetic.

Analyzer (Thermo Fisher Scientific, Waltham, MA, USA) (as in
Campanella et al., 2010a, 2010b). Samples were prepared in 8.5 ul of
formamide (Fisher, BioReagents, Waltham, MA, USA), 0.25 ul of mo-
lecular weight standard ROX 500 (Applied Biosystems, Waltham, MA,
USA), and 0.5 ul of PCR product sample. The reaction mixtures were
incubated 5 min at 95 °C, followed by ice for 5 min. Samples were
analyzed using POP7 polymer (Applied Biosystems, Waltham, MA, USA)
with the D-filter. GeneMarker v1.51 software (SoftGenetics Corp., State
College, PA, USA) was used to analyze raw data to determine micro-
satellite allele sizes and score for hetero/homogeneity.

2.5. Population genetic analysis

Clonal Diversity (C) was determined employing the method of Olsen
et al. (2004) and calculated by dividing the number of genets detected
by the number of ramets sampled, based on all thirteen loci with the
spatial scale between each ramet sampled being approximately 5 m.
Redundant multilocus genotypes were removed from all further data
analyses.

Observed (Ho) and expected (He) heterozygosities were calculated
with GENALEX6 under the codominant marker settings (Peakall and
Smouse, 2006). Nei’s identity matrix values (Nei and Feldman, 1972)
(bootstrapped 1000 times) and a Principal Coordinate Analysis (PCoA)
(Gower, 1966) were also determined by GENALEX6. The PCoA allows a
multi-coordinate genetic comparison of all individuals in all pop-
ulations. For the PCoA, program parameters were set to employ a
triangular distance matrix and included data labels.

Allelic data was analyzed by Microsat 2.0 (Minch et al., 1995) to
generate genetic distance matrices. PHYLP’s subroutines Neighbor and
Consense (Felsenstein, 1989) were employed to analyze the Microsat
genetic distance matrices and generate the final trees using Majority
Consensus (Wilkinson, 1996). Three types of distance calculations were
employed in matrices: Nei’s (Nei, 1972), Chord (Cavalli-Sforza and
Edwards, 1967), and Delta Mu distances (DiRienzo et al., 1994; Luikart
and Cornuet, 1998). Neighbor-joining cladograms were generated using
Treeview 1.6 (Page, 2003). All cladograms were rooted using the Potter
Pond Z. marina population as the geographic outgroup and bootstrapped
1000 times. These distance calculations were chosen because the Delta
Mu and Chord distances generally show higher probabilities of obtain-
ing correct tree topology than other distance measurements (Takezaki
and Nei, 1996).

Tests for recent bottlenecks were performed using the program
BOTTLENECK (Piry et al., 1999; Cristescu et al., 2010). The Wilcoxon
sign-rank tests were conducted for heterozygosity excess (Cornuet and
Luikart, 1996) in all populations of Z. marina. The Wilcoxon Sign-Rank
test is considered a useful bottleneck test because it is robust when used
with less than 20 polymorphic loci, but it is only accurate when
employed within a couple of generations of a bottleneck; the test allows
for the reliable detection of small bottlenecks occurring in natural
populations over 2-3 generations.

Long term, historical bottlenecks were detected by the M-ratio
(Garza and Williamson, 2001), which was calculated by dividing the
observed number of microsatellite alleles by the range of allele sizes
(M-Ratio= Na/allele™ — allele™™). The M-ratio defines the proportion
between the total number of alleles of a loci divided by the difference
between the largest and smallest alleles. Garza and Williamson (2001)
found that the value of the M-ratio decreases when a population is
reduced in size due to a bottleneck, and the extent of the ratio decrease is
directly associated with the severity and duration in the reduction in
population size. We calculated the mean M-ratio for each allele and
population. Using the program “Critical M” (Garza and Williamson,
2001), we calculated a threshold for the Critical Value of M (Mc). The
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Mc is the “cut-off” which indicates whether the calculated M-ratio im-
plies a history of bottlenecks.

The coefficient of local inbreeding (Fis) (Wright, 1950) was deter-
mined with Genepop (Yeh et al., 1997). The pairwise Fst (the Fixation
Index) (Wright, 1950), and Nei’s identity matrix (Nei, 1972) were
generated by GENALEX6. The Fis is the probability that alleles at any
loci in an individual are identical by descent from the common ances-
tors. Negative Fis values (—1 to 0) are considered to indicate no
inbreeding, while positive Fis values (0—1) suggest mates who are more
closely related on average than expected. The Fixation index (Fst) in-
dicates connectivity and differentiation, determined by a measure of the
degree of gene separation between populations based on allele fre-
quencies. Values for Fst range from 0 (no genetic divergence) to 1
(complete genetic divergence). Nei’s genetic identity is commonly used
to assess the level of genetic diversity within a population and to esti-
mate the gene flow occurring between different populations.

We performed an analysis using FreeNA (Chapuis and Estoup, 2007)
to determine the impact of null alleles on our data. We directed FreeNA
to employ 1000 bootstrap iterations to perform its calculations. Addi-
tionally, an estimate was calculated of Weir’s (1996) global Fst as well as
an Fst value using the excluding null alleles (ENAs) correction described
by Chapuis and Estoup (2007).

3. Results
3.1. Diversity, inbreeding, identity, and differentiation/connectivity

181 ramets were sampled from the restored Barnegat Bay pop-
ulations and analyzed with thirteen microsatellite loci revealing a total
of 180 genets using the Microsatellite Toolkit to determine clonality
(Park, 2001). Most of the 2021 populations studied had clonal diversity
values of 1.0 (C). Only Ham Island had a C= 0.96.

The total number of alleles per locus ranged from 1 to 16 (Table 2).
Across all populations, the CT17 locus had the largest mean number of
alleles (14.0 +0.8, calculated from data in Table 2), while the AG8 locus
had the smallest mean number of alleles (1.8 +£0.2). The 2021 Barnegat
populations did not differ much for the mean number of alleles observed
(Table 2). The numbers of alleles observed were fairly consistent across
the board ranging from a mean of 5.615 in Barnegat Inlet to 5.308 in
Oyster Creek.

There were twenty-two private alleles spread among the five studied
populations; Barnegat Inlet plants possessed the majority with a total of
six private alleles (Data not shown).

The overall mean expected number of heterozygotes (He) was higher
for all loci than the observed mean number of heterozygotes (Ho) for
Barnegat Inlet, Connective Sedge, and Route 72 South (Table 2), indi-
cating a deficit of heterozygotes (Table 2). However, Oyster Creek (mean
Ho = 0.514, He = 0.488) and Ham Island (mean Ho = 0.505, He =
0.475) plants had mean Ho values greater than mean He.

We calculated the coefficient of local inbreeding (Fis) (Nei, 1977) in
order to further examine the genetic health of the Barnegat populations
(Table 2). All Barnegat populations tested, except Ham Island (Fis =
—0.026), had mean positive Fis values. These positive values would
suggest continued inbreeding; however, Oyster Creek (mean Fis =
0.044) and Connective Sedge (mean Fis = 0.064) have mean values
which are close to zero, hence close to Hardy-Weinberg Equilibrium
(HWE). Although it appears that Ham Island is the only outbreeding
Z. marina population, all the 2021 populations have a lower mean Fis
value (overall mean Fis = 0.077 +0.034) (Table 2) compared to those
observed in the 2008 populations (overall mean Fis = 0.646+0.010)
(Campanella et al., 2010b).

The Pairwise Fixation Index (Fst) was also calculated to examine the
overall genetic differentiation and connectivity among the populations
studied (Nei, 1977) ( Table 3 A). The mean pairwise Fst values for the
Barnegat Bay populations range from 0.051 (Oyster Creek) to 0.086 (Rt.
728.) (Table 3 A). The Oyster Creek population is the least



Table 2
Within-population genetic diversity in all of the populations of Z. marina examined in this study.

Population Locus N Na Ho He Fis Population Locus N Na Ho He Fis Population Locus N Na Ho He Fis

Barnegat Inlet Oyster Creek Ham Island
GA1l 30 12 0.733 0.745 0.032 GA1l 31 12 0.677 0.684 0.025 GA1l 30 9 0.7 0.701 0.018
GA2 30 7 0.733 0.733 0.016 GA2 31 7 0.839 0.777 -0.062 GA2 30 6 0.667 0.713 0.081
GA3 30 6 0.233 0.272 0.157 GA3 31 6 0.355 0.34 -0.028 GA3 30 7 0.433 0.422 -0.009
GA4 30 3 0.167 0.452 0.641 GA4 31 2 0 0.312 1 GA4 30 3 0.067 0.065 -0.008
GA6 30 6 0.633 0.591 -0.054 GA6 31 6 0.645 0.605 -0.05 GA6 30 6 0.733 0.624 -0.158
CT19 30 5 0.6 0.618 0.045 CT19 31 4 0.645 0.526 -0.21 CT19 30 4 0.467 0.463 0.008
AC8 30 4 0.767 0.497 -0.531 AC8 31 3 0.903 0.509 -0.766 ACS8 30 2 0.933 0.498 -0.871
CT12 30 4 0.433 0.477 0.107 CT12 31 4 0.613 0.53 -0.14 CT12 30 3 0.367 0.443 0.188
AGC5 30 2 0 0.064 1 AGC5 31 2 0 0.121 1 AGC5 30 4 0.133 0.347 0.625
CT17 30 13 0.967 0.869 -0.095 CT17 31 13 0.871 0.895 0.043 CT17 30 16 0.9 0.889 0.004
CT3 30 6 0.267 0.683 0.62 CT3 31 7 0.419 0.582 0.294 CT3 30 7 0.367 0.44 0.183
AGS8 30 2 0.033 0.033 0 AGS8 31 1 0 0 0 AG8 30 2 0.033 0.033 0
GA9 30 3 0.267 0.235 -0.118 GA9 31 2 0.71 0.458 -0.538 GA9 30 3 0.767 0.543 -0.398

Mean 30 5.615 0.449 0.482 0.14 Mean 31 5.308 0.514 0.488 0.044 Mean 30 5.538 0.505 0.475 -0.026

S.E. 0 0.959 0.086 0.073 0.11 S.E. 0 1.048 0.092 0.069 0.139 S.E. 0 1.061 0.085 0.067 0.095

Population Locus N Na Ho He Fis Population Locus N Na Ho He Fis Population Locus N Na Ho He Fis

S. Rt. 72 Connective Sedge Potter Pond
GA1l 30 12 0.933 0.799 -0.151 GA1l 30 9 0.733 0.698 -0.034 GAl 30 6 0.5 0.537 0.085
GA2 30 7 0.733 0.76 0.052 GA2 30 8 0.667 0.752 0.129 GA2 30 8 0.7 0.781 0.12
GA3 30 4 0.267 0.466 0.441 GA3 30 6 0.5 0.464 -0.059 GA3 30 8 0.467 0.688 0.336
GA4 30 3 0 0.184 1 GA4 30 2 0 0.5 1 GA4 30 3 0.067 0.065 -0.008
GA6 30 6 0.567 0.617 0.097 GA6 30 7 0.467 0.503 0.088 GA6 30 4 0.533 0.537 0.024
CT19 30 6 0.667 0.593 -0.106 CT19 30 4 0.667 0.586 -0.12 CT19 30 4 0.467 0.542 0.155
AC8 30 4 0.933 0.527 -0.763 AC8 30 2 0.867 0.491 -0.757 AC8 30 3 0.567 0.452 -0.238
CT12 30 3 0.367 0.389 0.075 CT12 30 3 0.5 0.464 -0.059 CT12 30 3 0.067 0.065 -0.008
AGC5 30 2 0 0.42 1 AGC5 30 1 0 0 0 AGC5 30 2 0 0.18 1
CT17 30 12 0.867 0.874 0.025 CT17 30 16 0.9 0.909 0.027 CT17 30 16 0.8 0.884 0.111
CT3 30 8 0.5 0.696 0.297 CT3 30 8 0.233 0.508 0.552 CT3 30 7 0.6 0.665 0.114
AG8 30 2 0.033 0.033 0 AGS8 30 2 0.033 0.033 0 AG8 30 3 0.433 0.383 -0.115
GA9 30 2 0.5 0.455 -0.082 GA9 30 2 0.367 0.299 -0.208 GA9 30 3 0.733 0.476 -0.528

Mean 30 5.462 0.490 0.524 0.164 Mean 30 5.385 0.456 0.477 0.064 Mean 30 5.385 0.456 0.481 0.131

S.E. 0 0.973 0.094 0.067 0.135 S.E. 0 1.176 0.087 0.071 0.115 S.E. 0 1.055 0.072 0.071 0.086

N = Plants in population, Na=Total number of alleles, Ho=observed heterozygosity, He=expected heterozygosity, Fis=Coefficient of Inbreeding.
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Table 3A
Pairwise Fst Matrix.

Barnegat Oyster Ham Connective Rt. 72 Potter
Inlet Creek Island  Sedge South  Pond
Barnegat 0.000
Inlet
Oyster 0.031 0.000
Creek
Ham Island 0.056 0.021 0.000
Connective 0.068 0.054 0.064 0.000
Sedge
Rt. 72 0.103 0.096 0.099 0.045 0.000
South
Potter Pond 0.114 0.110 0.124 0.110 0.122 0.000

differentiated population with a mean Fst value closest to zero. Fst
values can range from “0” to “1”, where “0” means complete sharing of
genetic material and “1” means that populations do not share any he-
redity. For populations of plants which belong to the same species,
values of Fst greater than 15 % (0.15) are considered to have significant
differentiation (Frankham et al., 2002). The mean pairwise Fst for all the
Barnegat populations is 0.064 + 0.006, which suggests high connec-
tivity and low differentiation. The Potter Pond outgroup has the highest
level of differentiation from Barnegat Bay and the lowest connectivity
with a mean pairwise Fst of 0.116 + 0.003.

A Nei identity matrix (Nei and Feldman, 1972) was generated for the
populations to further examine differentiation ( Table 3B). The mean
identity among the Barnegat populations ranges from 0.817 to 0.876.

To ensure that our scoring of heterozygotes was accurate, we tested
for allelic dropout. Allelic dropout occurs when microsatellites are
amplified by PCR and one or both of the allelic copies fail to amplify. The
average null allele frequency for all loci and populations was estimated
to be 0.044 with mean values ranging between 0.000 (for GA1) and
0.169 (for GA4). We found that the mean global Fst including the null
alleles (0.139) differed little from the mean global Fst with the ENA
correction (0.132). This result suggests that null alleles are having little
effect on our overall analysis.

3.2. Genetic distance and microsatellite evolutionary models

We performed genetic distance analyses on all five Barnegat pop-
ulations and generated rooted, neighbor-joining trees (Fig. 2). The Nei
and Chord neighbor-joining trees (Fig. 2A, B) seem to have a similar
topology where Ham Island, Barnegat Inlet, and Oyster Creek branch
together in one clade while Rt. 72 South and Connective Sedge group in
another; this result should be noted since the Ham Island plants are
situated geographically between those locations, but appear genetically
closer to the more northerly populations.

The Chord tree (Fig. 2B) seems to be the most “accurate” model given
the high bootstrap values, while the least accurate distance model is the
Delta Mu tree, which not only has a different topology from the other
two trees, but also has the lowest bootstrap values (Fig. 2C). The Chord-

Table 3B
Nei’s identity matrix.

Barnegat Oyster Ham Connective Rt. 72 Potter
Inlet Creek Island  Sedge South  Pond
Barnegat 1.000
Inlet
Oyster 0.928 1.000
Creek
Ham Island 0.876 0.961 1.000
Connective 0.827 0.876 0.871 1.000
Sedge
Rt. 72 0.770 0.789 0.781 0.928 1.000
South
Potter Pond  0.753 0.758 0.758 0.764 0.736 1.000
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distance model is mathematically-based, while the other two trees are
based on the Infinite Allele (Nei distance) and the Stepwise Mutation
Models (Delta Mu distance) of microsatellite evolution.

3.3. Principal coordinate analysis

We performed a principal coordinate analysis (PCoA) to determine
the genetic relationships between individuals in the various populations
(Fig. 3), employing the Potter Pond population as an outgroup. The
Potter Pond population distributed individuals into the two right
quadrants with no drift at all into the left quadrants. A few Barnegat Bay
individuals, however, can be found with a more similar genetic back-
ground to Potter Pond in the right quadrants; the majority of these plants
appear to be from the Barnegat Inlet population.

3.4. Recent and historical bottlenecks

There appears to be no evidence of recent bottlenecks indicated by
excess heterozygosity (Table 4) employing the Wilcoxon sign-rank test
for heterozygosity excess (Cornuet and Luikart, 1996).

The M-ratio statistic is more utile when detecting both recent and
historical bottlenecks. The M-ratio decreases in bottlenecked pop-
ulations when alleles are randomly lost as a result of genetic drift or
population loss over multiple generations. The mean M-ratio among the
Barnegat Bay 2021 populations is 0.45 £ 0.06, and all mean M-ratio
values are less than the calculated Mc threshold (Fig. 4).

4. Discussion
4.1. Examination of the “Storm Stimulus” hypothesis

It is generally believed that environmental catastrophes bring about
serious ecological consequences (Ehrlich, 1988; Barbier et al., 2019;
Peduzzi, 2019; Walz et al., 2021). This conclusion is sensible in an era
when anthropogenic disasters have become so prevalent in engendering
the losses of ecosystems and their services. Further, natural disasters
(fire, flood, cold, etc.) are considered as destructive to genetic diversity
and species survival as any environmental calamities produced by
humans. However, do natural disasters inevitably lead to loss of di-
versity and populations or is survival dependent upon the species and
environmental circumstances in which the organisms find themselves?

Annual fires have been shown to stimulate growth in a number of
plant species by providing char and smoke that promote seed germi-
nation (Nelson et al., 2012). Beaudet et al. (2007) reported that ice
storms in northern maple forests led to an increase of light flux levels at
almost all understory locations, allowing a high proportion of advanced
regeneration. Some plants may even benefit from flooding and water
stress; sugarcane, for example, has been reported to benefit from short
flooding periods in the form of increased sugar yields (Glaz and Gilbert,
2006; Ray et al., 2009).

Given these examples of “beneficial” natural disasters, it is not hard
to hypothesize that seagrasses may benefit from hurricanes by the
culling of weakened plants from the soil, the thinning of grass beds to
allow new seeds to germinate, and the general increase in light flux that
will allow the surviving plants to regenerate to greater heights. Kendall
et al. (2004) proposed that Caribbean hurricanes are required to induce
“Storm Stimulus”, leading to pollination and seed dispersal of seagrasses
in the Caribbean. O’Brien et al. (2018) concurred, finding that seagrass
ecosystems are resilient to disturbances that remove or damage biomass,
and that this disruption can induce rapid regrowth and expansion after
the perturbation subsides. These disturbances can even expose niche
regions for invasive species after culling of the primary native species, as
was observed with the seagrass Halophila stipulacea (Hernandez-Delgado
et al., 2020), which is now abundant throughout the Caribbean.

In this present Z. marina study, we have found further support for the
“Storm Stimulus” hypothesis in the aftermath of Hurricane Sandy.



J.J. Campanella et al.

A) Nei's Distance
(Assumes Infinite Allele
Model)

Aquatic Botany 189 (2023) 103707

Ham Island

769 Oyster Creek

Barnegat Inlet

C A €A

892 y &

Rt. 72 South

Potters Pond

B) Chord Distance
(Assumes no model)

Barnegat Inlet

742 Oyster Creek

c tive Sedge
816 =

Rt. 72 South

C) Delta Mu Distance
(Assumes Stepwise

Potters Pond

Ham Isl
704

649 —— Oyster Creek

Mutation Model)
390

negat Inlet

Rt. 72 South

Potters Pond

Fig. 2. Neighbor-joining cladograms between the Barnegat Bay Z. marina populations with Potter Pond, RI as the geographic outgroup. A) Nei’s distance, B) Chord
distance, and C) Delta Mu distance. Genetic distances were calculated using Microsat 2.0 with 1000 bootstrap iterations. Final graphic trees were generated

with Treeview.

Principal Coordinates (2 vs 3)
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u Oyster Creek

4 Ham Island
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Fig. 3. Principal Coordinate Analysis among 181 Z. marina individuals from all
the populations examined. A Nei genetic distance matrix was calculated from
microsatellite data of thirteen (13) polymorphic loci using GENALEX6, followed
by the PCoA analysis. The circles indicate the majority of clustered Barnegat
Bay individuals versus the outgroup plants from Potter Pond. Each axis has an
Eigen value whose magnitude indicates the amount of variation captured in
that axis. The orthogonal axes summarize the variability in the data set and
have no units.

Almost all genetic factors that we examined suggest that Hurricane
Sandy was beneficial to seagrass growth in Barnegat Bay.

All 2021 populations had clonal diversity values much higher than
those observed in 2008 (Campanella et al., 2010b) (Table 5). The most
striking contrast can be seen in the Barnegat Inlet population, which had
a C=0.70 in 2008 (Campanella et al., 2010b), but the same population
in 2021 revealed a C= 1.0. This population was monitored in 2013 and

Table 4
Recent bottlenecks detected by heterozygosity excess.
1AM Model SMM Model
Population N Hetex  Hety,s  Prob. Hetex  Hety,s  Prob.
Hexcess Hexcess
Barnegat 30 7.30 1 0.999 7.53 0 1.000
Inlet
Oyster Creek 31 6.64 6 0.935 6.72 2 0.998
Ham Island 30 7.45 3 0.998 7.70 1 0.999
Connective 30 6.57 4 0.978 6.78 2 0.999
Sedge
Rt. 72. South 30 7.20 3 0.965 7.30 2 0.999
Potter Pond, 30 7.10 3 0.998 7.54 0 1.000
RI

it showed a 69 % reduction in spatial coverage compared to
pre-Hurricane Sandy sampling (Bologna et al., 2014; Bologna unpubl.
data), thereby opening the region to recolonization of the site by sexu-
ally generated seedlings. This result strongly supports lower levels of
asexual reproduction, since clonal diversity is considered such a strong
indicator of population diversity (sec. Arnaud-Haond et al., 2020).

The observed heterozygosity (Ho) for all 2021 populations was
either close to HWE with a slight deficit (Barnegat Inlet, Connective
Sedge, Route 72 S.) or had a slight surplus of heterozygosity compared
to He (Ham Island, Oyster Creek) (Table 2). Severe deficits were
observed in heterozygosity of the 2008 Barnegat Bay populations, which
had overall means of Ho = 0.27 & 0.01 and He = 0.78 & 0.01 (Cam-
panella et al., 2010b) (Table 5). It appears that this improvement in the
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Fig. 4. Bottleneck analysis of Barnegat Bay populations using M-Ratio. The M-
ratio was calculated by dividing the observed number of microsatellite alleles
by the range of allele sizes. The critical M threshold (Mc) was calculated
employing the “Critical M” program (Garza and Williamson, 2001). The band
on the graph indicates Mc threshold calculated between q= 0.01 and q= 10. “q”
represents the pre-bottleneck Ne values (250 and 250,000 in this case with 10,
000 simulations calculated using Critical M).

Table 5
Mean statistics for the Barnegat Bay populations before and after Hurricane
Sandy.

2008 2021
Ho 0.270 + 0.010 0.482+ 0.013
He 0.780 + 0.010 0.498 + 0.009
Fis 0.646 + 0.010 0.077 £ 0.034
Pairwise Fst 0.120 + 0.010 0.064 + 0.006
Clonal Diversity 0.831 +0.032 0.990 + 0.010

Ho= observed heterozygosity, He=expected heterozygosity, Fis= Coefficient of
Inbreeding
2008 data from Campanella et al. (2010b).

diversity has occurred over the last decade since Hurricane Sandy.

All the Barnegat Bay populations, except Ham Island, showed evi-
dence of inbreeding. However, all the inbreeding values calculated were
much closer to HWE (overall mean Fis for all 2021 populations = 0.077
+0.030) (Table 2), than those found in 2008 (overall mean Fis = 0.646
+0.010) (Campanella et al., 2010b) (Table 5). As suggested by the
population studies of Arnaud-Haond et al. (2020), this post-Sandy shift
supports increased outbreeding and diversity in all 2021 populations
tested.

Our pairwise Fst analysis (Table 3 B) supports this result as well
because compared to the older 2008 populations (mean overall 2008 Fst
= 0.120 +0.010), connectivity was increased in the 2021 plants, while
differentiation between the populations was reduced (mean overall
2021 Fst = 0.060 +£0.006) (Table 5).

At the same time, additional evidence for increased connectivity can
be observed in our Nei Identity Matrix (Table 3 B) where the overall
mean identity among the Barnegat populations is 0.841 £ 0.010. The
matrix values for Barnegat ranged from 0.817 to 0.876, supporting a
strong genetic identity in Z. marina there, along with low levels of dif-
ferentiation. The reduced mean identity for the Rhode Island outgroup
population (0.753) suggests the Barnegat Bay populations have not been
isolated for a long evolutionary time period and still retain a great deal
of commonality. The Pairwise Fst values (Table 3 A) support this result
with evidence of reduced connectivity for the Rhode Island population.

Another aspect of the shared genetic heritage among Barnegat Bay
plants can be seen in the results of the PCoA study (Fig. 3). This rela-
tionship is indicated by the circle around the majority of Barnegat in-
dividuals (Fig. 3). The PCoA data suggest that the Barnegat populations
examined either a) share genetic backgrounds from pre-Sandy or b)
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remain connected through interbreeding. Certain individuals are out-
liers from the core group, but in general, most are genetically similar.

We found it notable that Ham Island seemed to clade more closely
with Oyster Creek or Barnegat Inlet than it does with either geograph-
ically closer population (Fig. 2A, B). Oyster Creek and Barnegat Inlet
already appear to be genetically related due to their northern geographic
proximity (Fig. 1). Ham Island may be genetically linked to these pop-
ulations because currents around the island result in a generally north-
ward particle movement, which could be a source of genetic transfer
between these regions (Defne and Ganju, 2015). This northward bulk
flow could explain the connectivity of Ham Island by the movement of
either floating reproductive shoots or shoots with flowers dispersing
seed (Harwell and Orth, 2002). Unfortunately, neither of these phe-
nomena can explain why there seems to be a lower rate of connection
with the Rt. 72 population which lies between these areas. However, a
more likely pathway could exist as a result of Hurricane Sandy, where
storm water entered Barnegat Inlet tearing plant material, sediments,
and potential seed banks from these populations. This storm surge was
then redirected north and south of the inlet, flushing large quantities of
material into adjacent landscapes (Blake et al., 2013). As water flushed
southward, a channel constriction at the Rt. 72 site would have accel-
erated flow, transporting material further south toward Ham Island
under this extreme event. In this region, Z. marina spatial coverage was
reduced by 78 % and shoot density decreased by 75 %, including com-
plete loss of Z. marina from 57 % of the 235 sampled stations (Parsons
Brinckerhoff, 2013), with substantial erosion taking place within the
constricted water way (Bologna et al., 2014). This provides a proximal
mechanism connecting Ham Island with the more northerly populations
of Barnegat Inlet and Oyster Creek through this major stochastic event.
The additional recruitment of plant material from around the bay could
therefore account for Ham Island’s lack of inbreeding (Table 2) and
relatively low fixation value (Table 3 A).

The Oyster Creek population is also notable because of its unusual
“natural” history. This population has been under selective environ-
mental conditions for decades (Campanella et al., 2010b), growing near
the hot water outflow of Oyster Creek Nuclear Generating Station
(OCNGS) since 1969. Qin et al. (2020) documented differences in
Z. marina flowering under marine heat waves leading to lower flower
and seed production in response to heat. However, Johnson et al. (2021)
suggest that an acute excessive heat stress led to reduced survival of
Z. marina plants, with recovery dependent upon seedling recruitment as
opposed to clonal regrowth. While marine heat wave events have been
investigated, major chronic thermal stresses have not really been
assessed due to the rarity of the situation, but this population could
provide a foundation for genetic selection related to climate change.
Consequently, the Oyster Creek genetic make-up may reflect this
long-term stress through repeated deaths and recovery from seeds, akin
to the marine heat wave response observed in the Chesapeake Bay
(Johnson et al., 2021), or it may reflect longer-term directional selection
forces leading to heat tolerance. The OCNGS was shut down on
September 17, 2018 and is being decommissioned. The elimination of
this chronic heat stress may have allowed a greater number of seed
haplotypes from sexual reproduction to germinate, grow, and expand in
that region. These events, along with the Hurricane Sandy “culling”
process, may explain why Oyster Creek appears to have reduced
inbreeding close to HWE and increased diversity (Table 2).

All the populations appear to manifest evidence of historical bot-
tlenecks (Fig. 4), but we can find no evidence of bottlenecks within the
last 2-3 years (Table 4), suggesting that the populations have been
bolstered by active sexual reproduction during the recovery from the
storm. The 2008 Barnegat populations all showed evidence of recent
bottlenecks using the Wilcoxon sign-rank tests for heterozygosity excess
(Campanella et al., 2010b). During the decade preceding the evaluation
of genetic diversity in 2008, several key environmental stressors
occurred including a massive macroalgal bloom in 1988 which resulted
in mass die-offs of Z. marina near Ham Island (Bologna et al., 2001,
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2007) and repeated brown-tide events severely restricting light in Bar-
negat Bay (Gastrich and Wazniak, 2002). These repeated stress events
could have led to those bottlenecks among populations. This present
trend of improved Z. marina genetic health may be evidence that these
previous environmental stresses that caused historical genetic bottle-
necks and loss of diversity have been relieved by Hurricane Sandy,
supporting the “Storm Stimulus” hypothesis.

4.2. Implications for restoration

During the last 20 years, we have been involved with several miti-
gation and restoration efforts to replace and enhance the spatial extent
of Z. marina in Barnegat Bay (Bologna and Sinnema, 2006, 2012;
Bologna unpubl.). Our early attempts relied upon transplanting existing
shoots to document survival success as a metric for management and
permit compliance (Bologna and Sinnema, 2006). However, after initial
analyses identified low genetic diversity and significant population
bottlenecks (Campanella et al., 2010a, 2010b), we combined transplant
and seeding in mitigation and restoration efforts (Sinnema and Bologna,
2009) to promote greater genetic diversity and increase spatial coverage
(sensu Orth et al., 2020).

Consequently, it appears that the use of seeds may be required to
counteract flowering and seed destruction due to higher sea surface
temperatures in systems where inbreeding, bottlenecks, and haplotype
diversity are under changing climate stress (Qin et al., 2020). Hopefully,
through active restoration efforts, we may limit severe bottlenecks, as
somatic, clonal reproduction can result in fixation and limited diversity
(Yu et al., 2020). However, the underlying factor that impacts popula-
tion diversity in organisms which exhibit both sexual and asexual
reproduction is recruitment of new individuals.

Under the Storm Stimulus hypothesis, the intermittent destruction of
existing habitats opens sediments for seeds to germinate and support
sexual recombination leading to greater genetic diversity, which is
supported by the findings of our research. Ultimately, the long-term
recovery of seagrasses on a global stage will provide necessary
ecosystem services and support Sustainable Development Goals (Uns-
worth et al., 2022).

4.3. Conclusions

The recovery of the Barnegat Bay Z. marina populations may be
accounted for by alternative explanations than the Storm Stimulus ef-
fect. The OCNGS has had a long-term and lasting effect on the whole bay
since its opening in 1969. Even without the high temperatures in the
immediate vicinity of the power plant, its operation induced substantial
circulation changes for decades. It is possible that removing the power
plant heat source and inflow/outflow circulation effects in 2018 had an
ameliorative effect on the population genetics of the bay by helping
revert the system closer to a process of natural selection. It is unlikely
that the processes of migration or outside gene flow occurred, as seen in
animals (Dobzhansky, 1955), especially in the sessile eelgrass beds of
Barnegat Bay with limited outside tidal access due to barrier islands
(Fig. 1).

Future stressors in Barnegat Bay are not just a possibility, but a
likelihood (Scalpone et al., 2020). Even though there is no more nuclear
power plant altering water temperatures in the bay, global climate
change seems likely to increase the temperature of the New Jersey
coastal region (Wilson and Lotze, 2019). Already populations of
Z. marina in North Carolina, the southernmost Western Atlantic eelgrass
beds, are beginning to lose ground to the more tropical Halodule wrightii,
which is moving north (Shields et al., 2019; Nguyen et al., 2021). Combs
et al. (2020) found that Z. marina in North Carolina has shifted to
flowering earlier in the season due to temperature cues being reached
sooner. Farther north, Hensel et al. (2023) reported the more tempera-
ture tolerant Ruppia maritima rapidly recolonizing Chesapeake Bay
ahead of Z. marina after a heat wave dieback; this also occurred in
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Barnegat Bay following the algal induced mass die off of Z. marina near
Ham Island (Bologna et al., 2007).

Given that Wilson and Lotze (2019) predicted that eelgrass could be
extirpated from its current southern range limit in North Carolina by the
end of this century, we are naturally concerned for the long-term sur-
vival of the species along the entire Western Atlantic Coast. Because of
this concern, we suggest that studying thermal tolerant strains may be
critical to the long-term survival of this species under elevated tem-
perature regimes. The genetics of the Oyster Creek Z. marina population,
which may have become more temperature resistant through selection
at the outflow of the OCNGS, could be critical to understanding thermal
tolerance evolution. Future experiments with these heat-resistant eco-
types should involve Next Generation DNA Sequencing, RNA expression
analysis, and genetic comparisons to wild-type heat-sensitive ecotypes
of the species. The information generated from this ecotype may become
quite valuable in future advances in restoration against marine global
warming and loss of submerged aquatic vegetation.
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