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Abstract

Recent  efforts in Frenchman Bay in the Gulf of Maine have aimed to restore 

declining eelgrass (Zostera marina) populations. At the time of the restoration initiatives, 

the population genetics of eelgrass at the donor and the transplant sites were unknown. In 

2009, researchers at the Mount Desert Island Biological Laboratory examined the 

population genetics of the donor site. This study investigates the genetic diversity at the 

transplant site and a nearby, naturally occurring site to examine existing genetic diversity 

and population structure of this important species in Frenchman Bay. Using six 

polymorphic microsatellite markers, high levels of genetic diversity were detected within 

all populations and very low levels of differentiation were found among all three sites. 

Because each of the sites has high levels of genetic diversity, any site can provide suitable 

donor material for future restoration efforts. These results also suggest that genetic 

constraints did not contribute to previous declines in Frenchman Bay, so future 

management efforts should aim to minimize physical disturbance through site protection 

and public outreach. These efforts can be augmented with continued transplantation to 

reestablish eelgrass in previously populated areas. 

 Reed 1



Introduction

Seagrasses are a unique group of angiosperms that grow submerged in marine 

environments. They are known for their significant ecological and economic importance 

in the marine environment. Seagrasses are widely regarded as one of the world's most 

productive and essential habitat types, providing food, shelter, and spawning habitat for a 

number of marine invertebrates and fish (Orth 1992). They contribute to healthy water 

quality by curbing erosion, stabilizing bottom sediments, and cycling nutrients 

(Hemminga and Duarte 2000, Waycott et al. 2009). Growing entirely submerged in 

coastal environments, they are vulnerable to anthropogenic impacts (Duffy 2006) and 

changes in water quality (Moore and Short 2006). Reported cases of seagrass declines in 

tropical and temperate areas have increased tenfold in the past 40 years, followed by an 

increase in monitoring and restoration efforts over the past 10 years (Orth et al. 2006). 

Eelgrass (Zostera marina) is one of approximately 60 seagrass species found 

worldwide (Hartog and Kuo, 2006). It is found in bays, estuaries, and other low-energy 

areas (Granger et al. 2002). Eelgrass is a monoecious perennial plant (Ackerman 2006) 

with sexually reproductive shoots bearing spike-like spadices and monopodial rhizomes 

that allow for clonal growth (Moore and Short 2006). It is the most dominant seagrass 

species in the North Atlantic (Moore and Short 2006) and there have been more Zostera 

marina publications in the literature than any other seagrass species (Waycott et al. 2006). 

As in other parts of its range, eelgrass has recently declined in Frenchman Bay, 

Maine (Hancock County, ME).  Aerial photography and underwater videotaping have 
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revealed drastic declines in eelgrass coverage at Hadley Point in Frenchman Bay. In 

1996, aerial photography done by the Maine Department of Marine Resources revealed 

eelgrass bottom coverage at Hadley Point to be in the range of 60-80%. Underwater 

videotapes recorded in 2005 indicated that eelgrass bottom coverage had declined to 10-

15% (J. Disney and G. Kidder, personal communication). Tests of salinity, temperature, 

dissolved oxygen, Enterococcus (bacteria) levels, and nitrogen conducted by researchers 

and interns at the Mount Desert Island Biological Laboratory (MDIBL) have revealed 

suitable water quality for eelgrass growth at Hadley Point, suggesting that pollution or 

other water quality issues have not contributed to previous declines (J. Disney, 

unpublished data).

Recent efforts undertaken by researchers at MDIBL have enhanced eelgrass 

conservation at Hadley Point through transplantation, site protection, and education. In 

2007, approximately 1,000 vegetative shoots were harvested from the Jordan River 

estuary (Hancock County, ME), a site where eelgrass is abundant, and relocated to a 

restoration area at Hadley Point using a modified version of the Transplanting Eelgrass 

Remotely with Frames System (TERFS) (Short et al. 2002). Approximately 10 – 20 

plants were placed on each frame. Frames were placed in three sets of approximately 15, 

with six feet between each grid (Figure 1). An additional 1,000 shoots were transplanted 

using similar methods in 2008. 

Monitoring efforts in 2008 revealed promising results from these initiatives. A 

survey of invertebrates found greater diversity and abundance of invertebrates in 
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Figure 1. A map of eelgrass grids from the 2007 restoration effort at Hadley Point. Green 
diamonds represent individual grids and red flags mark the protected eelgrass site. The 
large red polygon marks a bottom mussel aquaculture lease site. The map was provided

 by Gordon Longsworth from College of the Atlantic. 

vegetated areas than nearby unvegetated areas (C. Reed and K. Balkaran, unpublished 

data). A study of shoot growth showed that recently restored plants have similar growth 

rates to naturally occurring eelgrass growing nearby and at other sites (Colletti et al. 

2008). 

These restoration and monitoring initiatives, like many other small-scale eelgrass 

projects, were undertaken in the absence of population genetic investigation. Even though 

conservation biologists ultimately seek to maintain genetic diversity of restored 

populations to allow for adaptation and evolution, genetic surveys are not currently 

included in many restoration plans (Williams 2001). This is problematic, as rates of 
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recovery depend upon reproductive strategies, levels of gene flow, and differentiation, 

which can vary greatly among populations (Reusch 2001). In addition, these factors are 

all influenced by reproductive strategies of a given population or set of populations. 

Eelgrass is capable of both sexual reproduction and clonal growth, and may cover a large 

area with a single clone or form a meadow where each genotype is unique (Reusch 2000). 

Genetic studies are of particular importance for selecting appropriate donor 

populations and sampling strategies. In some cases, collections may be taken from small 

areas or populations with unknown or little genetic diversity (Williams 2001). Theory 

suggests that the introduction of novel genotypes may lead to greater outcrossing and, 

subsequently, increased fitness and adaptive potential (Procaccini et al. 2007). However, 

these novel genotypes may suffer increased mortality if there is local adaptation at the 

transplant site (Reusch 2001, Williams 2001, Hammerli and Reusch 2002, Procaccini et 

al. 2007). Additionally, the introduction of new genotypes may lead to outbreeding 

depression, but has not yet been documented in eelgrass (Procaccini et al. 2007). 

Recent research over the past decade has addressed these issues by examining the 

role of genetic diversity in eelgrass restoration efforts. A study conducted in southern 

California found reduced genetic diversity in transplanted eelgrass in comparison to 

naturally occurring donor populations (Williams and Davis 1996). Additional work in 

2001 found that these differences had ecological ramifications for eelgrass populations. 

More seeds germinated from a genetically diverse, untransplanted population than from a 

transplanted population with low genetic diversity. Leaf-shoot density was twice as high 
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in genetically diverse populations when compared to those with low diversity (Williams 

2001). 

A similar study of transplanted eelgrass in the Chesapeake Bay revealed little 

evidence of reduced genetic diversity relative to donor populations (Williams and Orth 

1998). The authors suggested that the discrepancies between these studies may be due to 

different modes of reproduction at the sites and varying approaches to restoration. They 

note that sexual reproduction occurs frequently in the Chesapeake Bay, which creates the 

opportunity for recombination. In southern California, sexual reproduction occurs less 

frequently, and flowering shoot production and seedling recruitment are lower. 

Additionally, seeds were used for restoration initiatives in the Chesapeake Bay, while 

only vegetative shoots were used in southern California. Unfortunately, these studies 

employed allozymes to detect genetic diversity, which are less polymorphic in eelgrass 

than the microsatellite markers that are now commonly used (Reusch 1998, Reusch 2000, 

Reusch et al. 1999, Waycott et al. 2006). Additional studies using more polymorphic 

markers are important to further investigate the role of genetic diversity in eelgrass 

restoration efforts. 

Recent research efforts demonstrate the importance of genetically diverse eelgrass 

populations for marine ecosystems. Hughes et al. (2009) found that many ecologically 

important traits of this “habitat-forming” species vary with genotype . Belowground 

biomass production, rooting depth, and allocation of biomass to different tissues (e.g. the 

ratio of rhizome to root biomass) all varied with genotype, suggesting that genetic 

 Reed 6



diversity in eelgrass has important ecological consequences. Additionally, manipulative 

field experiments have demonstrated that genetically diverse populations of eelgrass are 

much more resilient to disturbance (Hughes and Stachowicz 2004),  including climate 

change (Reusch et a. 2005). 

Previous research highlights the importance of incorporating genetic studies into 

restoration and management plans. At the time of the Hadley Point restoration effort, 

genetic samples were not collected from the donor or transplant site plants. In the 

summer of 2009, E. Correa collaborated with researchers from the Mount Desert Island 

Biological Laboratory to survey samples from the donor site. These data were 

unpublished and were incorporated into this study to evaluate both the genetic diversity 

of the donor site and the genetic diversity within the protected transplant area. We also 

sampled naturally occuring (i.e. non-transplant) eelgrass near the transplant site. This 

third site is an important addition for examining dynamics among populations, as there 

was no direct transfer of transplants to this site from other locations. The results from this 

study were compared to previous population genetic research on eelgrass populations that 

utilized microsatellite markers. 

Methods

Eelgrass samples were collected from three sites in Frenchman Bay, ME. Hadley 

Point samples were collected from within an established restoration area (HPT) and a 

nearby, naturally occurring meadow (HPN). The eight-acre restoration area lies between a 
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subtidal 47-acre bottom mussel aquaculture lease site and an intertidal clam flat 

conservation area on the west side of Hadley Point (Figure 1). The naturally occurring 

meadow is located 0.2 km from the restoration area (Figures 2 and 3). Within and near 

the restoration site, the seafloor varies spatially between eelgrass beds and unvegetated 

areas. For this reason, the grid-based methods used in other studies could not be 

employed in either of the Hadley Point sites (Reusch 2000). Instead, fresh leaf samples 

were collected haphazardly with a minimum of 1m between samples to minimize 

resampling of physically intact clones (Williams and Orth 1998). A total of 43 samples 

were collected within the transplant site, with 33 samples collected on the east side of 

Hadley Point. All samples were collected during September 2009, dessicated with silica 

gel, and stored in a a -80° freezer. 

The Jordan River donor site (JR) is located approximately 3-4 km from the 

Hadley Point restoration site and the Hadley Point naturally occurring site. Jordan River 

samples were collected from a 50m x 10m grid made up of 5 10m x 10m quadrats was set 

up along the shore in a dispersed eelgrass meadow (Figure 4). The northern corner of the 

grid was located at 44° 28' 18.12 N and 68° 12' 20.20 W. Sixteen samples were collected 

in each 10m x 10m quadrat, also with a minimum of 1m between samples. This method is 

similar to the sampling model used by Reusch (2000). All samples from the Jordan River 

were collected in July 2009 and genotyped by E. Correa. 

DNA was extracted using the CTAB method (Doyle and Doyle 1987) and 

amplified at six polymorphic microsatellite loci described by Reusch (1999) 
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Figure 2. Locations of populations sampled within this study. GPS coordinates were taken 
for all samples from both Hadley Point populations (HPT and HPN) at the time of collection. 
A grid was used to collect samples from the Jordan River (Figure 4). The northern corner of the 
grid was located at 44° 28' 18.12 N and 68° 12' 20.20 W.  

Figure 3. Locations of samples collected from both Hadley Point sites. 
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Figure 4. Sampling grid used to collect samples from the Jordan River.

(Appendix 1). These loci demonstrate sufficient polymorphism for explorations of 

within-population diversity and were chosen for ease of comparison with other studies 

(Reusch et al. 2000). One microliter of crude DNA extract was used in each 25 microliter 

polymerase chain reaction (PCR), following the conditions outlined in Reusch (1999). 

After amplification, the PCR products were visualized on 1-2% agarose gels run at 60 

volts for approximately one hour to determine success of the amplification. Successfully-

amplified PCR products were diluted and combined into duplexes with a ROX size 

standard and HiDi Formamide before submission to an ABI Automated Sequencer 

(Applied Biosystems). The forward primer of each microsatellite marker was 

fluorescently labeled with NED, HEX, or FAM to facilitate visualization. No duplex 

contained two loci with the same flourescent label. Results from the automated sequencer 

were scored using PEAK SCANNER 1.0 (Applied Biosystems). Base pair lengths 

obtained from visual analysis were resolved with previously published allele lengths 

(Reusch et al. 1998, Reusch et al. 1999, Reusch 2000).
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           Table 1. Three duplex polymerase chain reactions (PCRs) for amplification of six polymorphic    
           loci (Reusch 2000). 

PCR Reaction Locus (Zosmar) Flourescent label Dilution 
Duplex 1 CT-3 6-FAM 0.5

GA-2 HEX
Duplex 2 GA-3 NED 1

GA-5 6-FAM
Duplex 3 GA-6 NED 2

GA-4 HEX

Genetic diversity was measured for each site using the five indices described by 

Williams and Orth (Williams and Orth 1998) as well as other common measures of 

population differentiation. These indices included: expected heterozygosity under Hardy-

Weinberg equilibrium (He) = (Σ expected frequency of heterozygotes at each locus)/(total 

number of loci); observed heterozygosity (Ho) = (Σ frequency of heterozygotes at each 

locus)/(total number of loci); proportion of distinct genotypes (G) = (number of distinct 

genotypes)/(number of individuals); percentage of loci polymorphic (P) = (number of 

loci polymorphic)/(total number of resolved loci); allele richness (A) = (Σ number of 

alleles at each locus)/(total number of loci). In calculating G, only identical genotypes a 

same site were included. The study by Williams and Orth applied these metrics to 

allozyme data for eelgrass, and no published study has applied this entire suite of indices 

to one data set using microsatellites. Because microsatellites are much more polymorphic 

than allozymes in eelgrass, these data sets cannot be directly compared. However, these 

basic indices are useful in evaluating our own sites. 

 To measure genetic structure within and among populations, we calculated 
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Wright's F-statistics. The two most common measures of F-statistics are FIS and FST, 

where I = individual, S = subpopulation, and T = total population. FIS estimates the degree 

of inbreeding in a population, ranging from -1 (complete outbreeding) to 1 (complete 

inbreeding). An  FIS value of 0 indicates that there is no inbreeding or outbreeding in the 

population. FST (the fixation index) measures the degree of inbreeding in subpopulations 

relative to the total population, and is commonly used to estimate population 

differentiation (Beebee and Rowe 2008). According to Wright's scale of comparison, FST 

varies from 0-1. FST values of 0-0.05 indicate little genetic differentiation, 0.05-0.15 

moderate, 0.15-.025 great, and >0.25 indicate very great genetic differentiation (Williams 

and Orth 1998). 

Basic statistical measures, including expected heterozygosity (HE), observed 

heterozygosity (HO), and mean alleles per locus, were calculated in the Microsatellite 

Toolkit for Excel (Park 2001). The web-based version of GENEPOP  (Raymond and 

Rousset 1995) was used to obtain Wright's F-statistics, the number of private alleles, and 

test for Hardy-Weinberg Equilibrium. FSTAT 2.9.3 (Goudet 1995) was used to determine 

allele frequencies and allelic richness. Tests for genetic disequilibrium were completed 

using the log likelihood ratio statistic (G test) in FSTAT. 

Results

All loci amplified successfully at all sites, although some did not amplify for 

specific samples. All of the six loci analyzed were polymorphic (P = 1 at all sites), which 
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is expected when using these microsatellites, which were optimized for population 

genetic analysis (Reusch et al. 1999. Reusch 2002). Allelic richness did not vary greatly 

among the sites, ranging from 5.065 to 6.081. Observed heterozygosities were greater 

than expected heterozygosities at all sites (Table 2). FIS calculations suggest little to no 

evidence of inbreeding at all of the sites, with some evidence of outcrossing (see 

Appendix 3). 

The proportion of distinct genotypes (G) was very high at all sites, with complete 

genetic diversity found at both HPT and HPN locations (G = 1). Of 136 total genotypes 

among the three populations, 132 were unique. Four clones were detected in the Jordan 

River, yielding a slightly lower G of 0.934. Two additional clones were found among 

sites. The HPT site shared a single clone with the JR site and with the HPN site. These 

additional clones were not included in our calculations as we were interested in diversity 

measures within the designated sites. These indices are summarized in Table 2.  

 Table 2. Indices of genetic diversity for all sites based on 6 microsatellite loci. HO: observed 
heterozygote frequency; HE: expected heterozygote frequency; G: proportion of distinct genotypes;             
P: percent of polymorphic loci; A: allelic richness.

Site He                 Ho             G    P A

Hadley Point Transplant (HPT)      0.663     0.699 1 1 6.081
Hadley Point Natural (HPN) 0.580    0.701 1 1 5.646
Jordan River (JR) 0.558  0.652 0.934 1 5.065

                  
Tests for genetic disequilibrium resulted in three significant p-values, but this does 

not necessarily indicate linkage between loci. With a p-value set at 0.05 for 45 pairwise 
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comparisons, 2.25 of the comparisons are expected to result with significant p-values 

(<0.05) by chance. The adjusted p-value built into the test for this number of comparisons 

is 0.001, which results in only one marginally significant pairwise comparison (Loci GA-

2 and GA-4, p= 0.001). 

Tests for Hardy Weinberg Equilibrium  (HWE) revealed that multiple loci 

deviated from HWE. Locus GA-4 deviated from HWE at all three sites (HPT, HPN, JR) 

due to a heterozygote deficiency (P<0.0002, P<0.0001, and P<0.0002, respectively). HPT 

deviated from HWE at loci GA-2 (P=0.0419) and GA-5 (P=0.0203) due to heterozygote 

excess. Additionally, tests revealed heterozygote excess at loci CT-3 (P=0.0095), GA-2 

(P=0.0490), GA-3 (P<0.0001), and GA-5 (P<0.0001) in the HPN site. Within the JR site, 

loci CT-3, GA-3, and GA-5 deviate from HWE due to heterozygote excess (P<0.0001, 

P<0.0001, P=0.0203, respectively). These data strongly suggest evidence of null alleles 

for loci with heterozygote deficiencies, and the potential for non-random mating, or some 

mechanism of selection at these sites. Alternatively, allele scoring error could produce 

such results. 

Additionally, pairwise FST values demonstrate very little differentiation between 

sites, suggesting sufficient mixing of propagules between these sites (see Table 3). These 

results suggest that there is significant levels of gene flow between these sites. 
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Table 3. Pairwise FST values comparing all sites. 

Jordan River Hadley Point Transplant 

     Hadley Point Transplant (HPT) 0.0152
    Hadley Point Natural (HPN) 0.0208 0.0071

                                

Discussion

Allelic and genotypic diversity were high at all sites. Allelic richness ranged from 

5.065 to 6.081 per population and the observed heterozygosities were greater than 

expected heterozygosities for all but one locus (GA-4). The proportion of distinct 

genotypes at these sites was very high (G = 0.934-1). The low frequency of clones 

indicates that sexual reproduction is more common than vegetative reproduction at all of 

the sites. Using the same microsatellite markers employed in this study, Reusch et al. 

(2000) detected a range of clonal diversities in twelve populations throughout the world, 

with G values ranging from 0.05-1. The two sites nearest those used in my study were 

located in Nova Scotia, and both exhibited very high proportions of distinct genotypes 

(0.95 and 1). An examination of population genetic structure using a different set of 

microsatellite markers in the western North Atlantic from Maine to Virginia found high 

clonal diversity at three sites in Maine, ranging from 0.60 to 0.85, and a range from 0.60 

to 1 across all sites. A large-scale examination of population structure found that large 

clones were correlated with three factors: physical isolation from other populations, light 
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or salinity stress, and population limits (Olsen et al. 2004). None of the populations in 

this study appear to be impacted by these factors. 

This study did not investigate fine-scale genetic structure within sites. Reush et al. 

(1998) detected a range of clonal diversities within 1x1 m plots with the proportion of 

distinct genotypes measuring from 0.077 to 0.24. Future research efforts in Frenchman 

Bay should evaluate clonal diversity at a smaller scale to better understand within-

population structure and clonal diversity at all sites. 

The low to negative FIS values found across loci (excluding GA-4, see Table 3) 

provide further evidence that these populations are predominantly sexually reproducing, 

as populations that reproduce primarily sexually display greater degrees of outcrossing 

(Reusch 2002). 

Results from our study indicate high connectivity among our three sites. Low 

pairwise FST values (0.0071-0.0152) and the similarity of allele frequencies provide 

evidence of gene flow among all three populations. High levels of gene flow leads to 

homogenization among populations, while low connectivity increases genetic structure 

due to genetic drift and selection (Billingham et al. 2007). Extensive gene flow across 

these distances is consistent with previous research. Reusch (2002) found little evidence 

of differentiation among thirteen populations within two European bays at distances of up 

to 54 km. As the distances between sampled sites in Frenchman Bay are 0.2 km to 

approximately 3-4 km, the sampled sites are unlikely to show differentiation. Therefore, 

any of the populations used in this study could provide suitable donor material for 
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restoration efforts in Frenchman Bay. 

Differences among populations have been detected at larger geographic distances 

for this species. Geographically distinct populations from the Baltic Sea and Nova Scotia, 

Canada, demonstrated pronounced differences in allele frequencies (Reusch et al. 1999). 

Although no F-statistics were reported, the differences in allele frequencies demonstrates 

differentiation among the populations. However, spatial scale alone may not be sufficient 

to predict genetic differentiation among populations. Physical factors (e.g. currents) and 

biological factors (e.g. mating systems) may greatly impact the differentiation among 

populations, regardless of distance (Olsen et al. 2004). An understanding of gene flow 

and population differentiation is critical for management purposes, as it provides insights 

into potential source populations, fragmentation, and isolation (Olsen et al. 2004). 

The homogeneity found across populations at these neutral microsatellite loci 

suggest that extensive local adaptation is unlikely in any of the populations. However, the 

microsatellite loci used in this study are selectively neutral, and it is possible that strong 

differential selection is occurring at non-neutral loci that were not used in this study. 

There are few publications that address this issue, and the only study to demonstrate local 

adaptation in eelgrass compared sites with a distance of 50 km (Hammerli and Reusch 

2002). The distance between our sites is much lower than 2-28 km, so the conditions 

between the sites may not vary enough to lead to local adaptations. The similarity of 

allele frequencies among populations is consistent with a lack of local adaptation, but our 

data cannot conclusively exclude the possibility of local adaptation at other, non-neutral 
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loci. To adequately test for local adaptation within these populations, additional studies 

with reciprocal transplants of genetically identical individuals would be necessary. If 

individuals from foreign sites performed as well as, or better than, local individuals, this 

would provide strong evidence against local adaptation. If these individuals did not 

perform as well as local plants, this would indicate a possibility of local adaptation.

The strong gene flow between these sites seems contradictory to the short 

dispersal distances (<4 m) previously documented for eelgrass seeds. Reusch (2002) 

proposed that genetic material disperses over these distances not by seeds, but by drifting 

reproductive shoots bearing seeds. This is a feasible hypothesis for our sites, due to the 

frequency of washed-up shoots on the shorelines. Future studies that quantify the 

proportion of reproductive to vegetative shoots within each population and the number of 

reproductive shoots washed up on the shore will enhance our understanding of 

reproduction and gene flow within these populations. 

The results of this study have important management implications and inform 

future research. Had there been genetic differentiation among the sites at these loci, this 

information could be used to possibly determine the origin of new meadows that are 

established throughout the bay. This is especially important for management purposes, 

because the areas that contribute to new growth should receive immediate protection. 

Such tracking will not be possible in this bay due to the similar allele frequencies among 

the three sites analyzed. It is unclear whether gene flow is originating from one, two, or 

all populations, thus all populations should receive equal management attention. 
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Given the high levels of genetic diversity within populations and the strong gene 

flow among populations, it is unlikely that genetic causes led to previous declines of 

eelgrass in Frenchman Bay. After recreational and commercial activities were limited in 

the transplant site at Hadley Point (HPT), eelgrass began to recover, suggesting that 

physical disturbance from anthropogenic sources contributed to previous declines. 

However, this recovery may have resulted from regional increases in eelgrass coverage in 

the Gulf of Maine, and the contribution of local regional processes to the increasing 

eelgrass coverage at Hadley Point is currently unresolved. 

Previous studies suggest that minimizing disturbance (Duffy 2006, Waycott et al. 

2009) and improving water quality (Moore and Short 2006, Waycott et al. 2009) are the 

most important factors for restoring eelgrass populations. Management efforts in 

Frenchman Bay should aim to maintain water quality while minimizing physical 

disturbance throughout the bay by focusing primarily on site protection, scientific 

research, and public outreach. 

This study indicates that eelgrass is genetically diverse at three sites in Frenchman 

Bay. The three populations sampled shared similar allele frequencies and provided no 

evidence of genetic differentiation among populations. Future studies should investigate 

the reproductive strategies of these populations to elucidate the mechanism of gene flow, 

which will further inform management decisions.

 Reed 19



Acknowledgments

This project was made possible by funding from the NASA Maine Space Grant 

Consortium, the Maine IDeA Network of Biomedical Research Excellence (INBRE), and 

College of the Atlantic. I would like to thank Dr. Chris Petersen of College of the Atlantic 

and Dr. Charles Wray of the Mount Desert Island Biological Laboratory for their 

assistance in research design, data analysis, and advising throughout the duration of this 

project. Dr. Wray and the Mount Desert Island Biological Laboratory  generously 

provided lab space and supplies. I am grateful to Chris Smith of the Mount Desert Island 

Biological Laboratory for her invaluable assistance with sequencing all samples. Elena 

Correa of Colorado College collected and amplified samples from the Jordan River, 

which were then scored for this study. Naveed Davoodian and Kelsey Munger assisted 

with collection of samples at both Hadley Point sites. Thanks to Dr. George Kidder and 

Dr. Jane Disney of the Mount Desert Island Biological Laboratory for support during 

eelgrass restoration and habitat monitoring. Without their support and insight, this project 

would not have been possible. Also, thank you to Kavita Balkaran for invaluable 

assistance with the study of invertebrates associated with eelgrass. Thank you to Gordan 

Longsworth of College of the Atlantic for the creation of Figure 1 and Sydney Kase for 

assistance with the creation of Figures 2 and 3. 

 Reed 20



Works Cited
Ackerman, J. D., 2006. “Sexual Reproduction of Seagrasses: Pollination in the Marine 

Context.” In Seagrasses: Biology, Ecology, and Conservation. Eds. A.W.D. 

Larkum., R.J. Orth, and C.M. Duarte, Springer: Dordrecht, The Netherlands.

Beebee, T. and G. Rowe., 2008. An Introduction to Molecular Ecology, Second Edition. 

Oxford University Press Inc., New York. 

Billingham, M.R., T.B.H. Reusch, F. Alberto, and E. A. Serrao, 2003. “Is asexual 

reproduction more important at geographical limits? A genetic study of the 

seagrass Zostera marina in the Ria Formosa, Portugal.” Marine Ecology Progress 

Series, 265, 77-83. 

Billingham, M.R., T. Simoes, T. B. H. Reusch, and E. A. Serrao, 2007. “Genetic sub-

structure and intermediate optimal outcrossing distance in the marine angiosperm 

Zostera marina.” Marine Biology 152, 793-801. 

Colletti, S.L., Kidder, G., and Disney, J., 2009. “Growth rate of eelgrass (Zostera marina)  

in Frenchman Bay.” MDIBL Bulletin, 48, 120. 

Doyle, J.J. and J.L. Doyle, 1987. “A rapid DNA isolation procedure for small quantities  

fresh leaf tissue.” Phytochemical Bulletin, 19, 11-15. 

Duffy, J.E., 2006. “Biodiversity and the functioning of seagrass ecosystems.” Marine 

Ecology Progress Series, 311, 233-250. 

Granger, S.L., M.S. Traber, S.W. Nixon, and R. Keyes, 2002. “A practical guide for the 

use of seeds in eelgrass (Zostera marina L.) restoration part I: collection, 

 Reed 21



processing, and storage.” M. Shwartz (ed.). Rhode Island Sea Grant, Narragansett, 

R.I. 

Goudet J, 1995. FSTAT (Version 1.2): A computer program to calculate F-statistics. 

Journal of Heredity, 86, 485–486.

Hammerli, A., and T.B.H. Reusch, 2002. “Local adaptation and transplant dominance in 

genets of the marine clonal plant Zostera marina.” Marine Ecology Progress 

Series, 242, 111-118. 

Hartog, C. and J. Kuo, 2006. “Taxonomy and Biogeography of Seagrasses.” In 

Seagrasses: Biology, Ecology, and Conservation. Eds. A.W.D. Larkum., R.J. Orth, 

and C.M. Duarte, Springer: Dordrecht, The Netherlands.

Hemminga, M.A. and C.M. Duarte, 2000. Seagrass Ecology. Cambridge University 

Press: Cambridge, The United Kingdom.  

Hughes, A.R. and J.J. Stachowicz, 2004. “Genetic diversity enhances the resistance of a 

seagrass ecosystem to disturbance.” Proceedings of the National Academy of 

Sciences, 101, 8998-9002.

Hughes, A. R., J. J. Stachowicz, and S. L. Williams, 2009. “Morphological and 

physiological variation among seagrass (Zostera marina) genotypes.” Oecologia, 

159, 725-733.  

Moore, K. A., and F. T. Short, 2006. “Zostera: Biology, Ecology, and Management.” In 

Seagrasses: Biology, Ecology, and Conservation. Eds. A.W.D. Larkum., R.J. Orth, 

and C.M. Duarte, Springer: Dordrecht, The Netherlands.

 Reed 22



Olsen, J.L., W.T. Stam, J.A. Coyer, T.B.H. Reusch, M. Billingham, C. Boström, E. 

Calvert, H. Christie, S. Granger, R. La Lumière, N. Milchakova, M. Oudot-le 

Secq, G. Procaccina, B. Sanjabi, E. Serrão, J. Veldsink, S. Widdicombe, and S. 

Wyllie-Echeverria, 2004.  “North Atlantic phylogeography and large-scale 

population differentiation of the seagrass Zostera marina L.” Molecular Ecology, 

13, 1923-1941.

Orth, R.J, 1992. “A perspective on plant-animal interactions in seagrasses: physical and 

biological determinants influencing plant and animal abundance.” In Plant-

Animal Interactions in the Marine Benthos. Eds. D.M. John, S.J. Hawkins, J.H. 

Price.  Clarendon Press: Oxford., England. 

Orth, R.J., T.J.B. Carruthers, W.C. Dennison, C.M. Duarte, J.W. Fourqurean, K.L. Heck 

Jr., A.R. Hughes, G.A. Kendrick, W.J. Kenworthy, S. Olyarnik, F.T. Short, M. 

Waycott, and S.L. Williams, 2006. “A global crisis for seagrass ecosystems.” 

Bioscience, 56, 987-995.

Park, S. D. E. 2001. “Trypanotolerance in West African cattle and the population 

genetic effects of selection.” Ph.D. Thesis, University of Dublin 

Procaccini, G., J.L. Olsen, and T.B.H. Reusch, 2007. “Contribution of genetics and 

genomics to seagrass biology and conservation.” Journal of Experimental Marine 

Biology and Ecology, 350, 234-259.

Reusch, T.B.H., 2000. “Pollination in the marine realm: microsatellites reveal high 

outcrossing rates and multiple paternity in eelgrass Zostera marina.” Heredity, 85, 

 Reed 23



459-464. 

Reusch, T.B.H., 2001. “New markers—old questions: population genetics of seagrasses.” 

Marine Ecology Progress Series, 211, 2001. 

Reusch, T.B.H, 2002. “Microsatellites reveal high population connectivity in eelgrass 

(Zostera marina) in two contrasting coastal areas.” Limnology and 

Oceanography, 47, 78-85.

Reusch, T.B.H., 2006. “Does disturbance enhance genotypic diversity in clonal 

organisms? A field test in the marine angiosperm Zostera marina.” Molecular 

Ecology, 15, 277-286. 

Reusch, T.B.H., A. Ehlers, A. Hammerli, and B. Worm, 2005. “Ecosystem recovery after 

climatic extremes enhanced by genotypic diversity.” Proceedings of the National 

Academy of Sciences, 102, 2826-2831. 

Reusch, T.B.H., W.T. Stam, and J.L. Olsen, 1998. “Size and estimated age of genets in 

eelgrass, Zostera marina, assessed with microsatellite markers.” Marine Biology, 

133, 519-525.

Reusch, T.B.H., W.T. Stam, and J.L. Olsen, 1999. “Microsatellite loci in eelgrass Zostera 

marina reveal marked polymorphism within and among populations.” Molecular 

Ecology, 8, 317-321. 

Reusch, T.B.H., W.T. Stam, and J.L. Olsen, 2000. “A microsatellite-based estimation of 

clonal diversity and population subdivision in Zostera marina, a marine flowering 

plant.” Molecular Ecology, 9, 127-140. 

 Reed 24



Short F.T., BS Kopp, J. Gaekle, and H. Tamaki, 2002. “Seagrass ecology and estuarine 

mitigation: A low-cost method for eelgrass restoration.” Japanese Journal of Fish 

Science, 68, 1759-1762. 

Waycott, M., C.M. Duarte, , T.J.B. Carruthers, , R.J. Orth, , W.C. Dennison, S. Olyarnik, 

A. Calladine, J.W. Fourqurean, Heck Jr., A.R. Hughes, G.A. Kendrick, W.J. 

Kenworthy, F.T. Short, and S.L. Williams, 2009. “Accelerating loss of seagrass 

across the globe threatens coastal ecosystems.” Proceedings of the National 

Academy of Sciences, 106, 12377–12381.

Waycott, M., Procaccini, G., Les, D. H., and T. B. H. Reusch, 2006. In Seagrasses: 

Biology, Ecology, and Conservation. Eds. A.W.D. Larkum., R.J. Orth, and C.M. 

Duarte, Springer: Dordrecht, The Netherlands.

Williams, S.L., 2001. “Reduced genetic diversity in eelgrass transplantations affects both 

population growth and individual fitness.” Ecological Applications, 11, 1472-

1488.  

Williams, S.L. and C.A. Davis, 1996. “Population genetic analyses of transplanted 

eelgrass (Zostera marina) beds reveal reduced genetic diversity in southern 

California.” Restoration Ecology, 4, 163-180.

Williams, S.L. and R.J Orth, 1998. “Genetic diversity and structure of natural and 

transplanted eelgrass populations in the Chesapeake and Chincoteague Bays.” 

Estuaries, 21, 118-128.

 Reed 25



Appendices

Appendix 1.  Description of six polymorphic microsatellite loci, associated primers, and repeat array of 
Zostera marina used in this study. Number of published alleles and allele sizes are those published in by 
Reusch (1999). 

Locus Primer Sequence (5'-3')         Repeat Array             No. of alleles         Allele size (bp)

Zosmar CT-3f TGAAGAAATCCCAGAAATCCC          (CT)17           11                106, 110, 112, 114,  
     116,  118, 120, 122,

CT-3r AGACCCGTAAAGATACCACCG                        124, 130, 134

Zosmar GA-2f GGCAGCGATCTAATAACAATTAAGG           (GA)12            8      163, 165, 167, 169,  
     171, 173, 175, 177

GA-2r ACGTCACATCTTTTCACGACC 

Zosmar GA-3f CGACGATAATCCATTGTTGC           (GA)13            6      108, 110, 112, 114, 
     116, 120

GA-3r GCTTTTCATTTATCCAATAGTTTGC

Zosmar GA-4f GCGTGGATTCTGGTTTTCG                      GATA-(GA)7-            5          135, 136, 137, 138, 
     139

GA-4r GCATATCCTCTTCTTTTGCCC          CGAA-(GA)5
        -AGAG

Zosmar GA-5f ACCATTTCCCGTCGTTATC           (GA)13            6         146, 150, 152, 154, 
     156, 158

GA5-5r TTTGGTGCTAATGAGTTGGG
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Zosmar GA-6f AGAAACCCTAATGTGATGAAATG          (GA)11            5                         168, 170, 172, 174, 
TGTTGGTTAATTCTCTTCTAATCTT                 GA-6r      176

Appendix 2. Allele frequencies for all three sites based on six loci. All(uw) represents the overall frequency 
and  All(w) represents the weighted overall frequency.

Locus Allele 
Length

HP BR JR All(w) All(uw)

Zosmar CT-3

Sample Size 42 33 72

108 0.015 0.014 0.010 0.010

110 0.143 0.167 0.229 0.190 0.180

112 0.333 0.333 0.438 0.384 0.368

114 0.060 0.121 0.042 0.065 0.074

116 0.381 0.242 0.222 0.272 0.282

118 0.024 0.030 0.007 0.017 0.020

120 0.048 0.076 0.035 0.048 0.053

122 0.012 0.015 0.007 0.009

126 0.007 0.003 0.002

128 0.007 0.003 0.002

Zosmar GA-2

Sample size 42 32 72
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163 0.012 0.016 0.027 0.027 0.023

165 0.226 0.203 0.175 0.175 0.187

167 0.298 0.313 0.277 0.277 0.287

169 0.083 0.047 0.140 0.140 0.115

171 0.036 0.031 0.041 0.041 0.039

173 0.131 0.031 0.058 0.058 0.063

175 0.167 0.344 0.250 0.250 0.256

177 0.010 0.010 0.007

183 0.048 0.016 0.021 0.021 0.023

Zosmar GA-3

Sample size 42 33 70

102 0.015 0.003 0.005

106 0.012 0.007 0.007 0.006

108 0.369 0.379 0.407 0.390 0.385

110 0.512 0.576 0.579 0.559 0.555

112 0.071 0.030 0.007 0.031 0.036

114 0.036 0.010 0.012

Zosmar GA-4

Sample size 42 33 68

128 0.012 0.003 0.004

132 0.060 0.045 0.028 0.035

133 0.095 0.030 0.088 0.077 0.071

134 0.786 0.879 0.853 0.839 0.839

135 0.048 0.030 0.059 0.049 0.046

136 0.015 0.003 0.005

Zosmar GA-5 

Sample size 42 32 69

148 0.048 0.031 0.152 0.094 0.077

150 0.214 0.344 0.130 0.203 0.229

152 0.310 0.406 0.312 0.332 0.342

154 0.321 0.203 0.391 0.329 0.305

156 0.036 0.014 0.017 0.017

158 0.024 0.007 0.008

160 0.048 0.016 0.017 0.021

Zosmar GA-6

Sample size 40 33 69
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162 0.013 0.004 0.004

164 0.050 0.076 0.022 0.042 0.049

166 0.175 0.197 0.116 0.151 0.163

168 0.663 0.682 0.797 0.732 0.714

170 0.013 0.022 0.014 0.011

172 0.088 0.045 .043 0.056 0.06

Appendix 3. P-values of Hardy-Weinberg Equilibrium (HWE) are given for each locus per population. 
Significant deviations from HWE are in bold. FIS values for all populations across all loci are provided. 

Hadley Point Transplant (HPT)

 Locus    HWE FIS  
 

 ct3     0.1203 -0.1508 
 ga2    0.0704 -0.1125  
 ga3    0.0000 -0.4302  
 ga5    0.4269 -0.1651  
 ga4    0.0000   0.4911   
 ga6    0.4893   0.0030  
 
 Hadley Point Natural (HPN)
 
 Locus    HWE  FIS  
 ct3    0.0826   -0.1887 
 ga2    0.2518   -0.1698 
 ga3    0.0000   -0.6101 
 ga5    0.0000   -0.4707 
 ga4    0.0021     0.4700  
 ga6    0.2540     0.1467  

 Jordan River (JR)

 Locus    HWE   FIS  
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 ct3    0.0030   -0.2572 
 ga2    0.1672  -0.0489 
 ga3    0.0000   -0.6262 
 ga5    0.0030   -0.3009 
 ga4    0.0000    0.7778 
 ga6    0.4512   -0.0744  
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