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Abstract

There is an interest to develop sugar kelp (Saccharina latissima) cultivation in the rural, eastern 

Maine region of the USA. Future farming efforts would benefit from an understanding of the 

genetic diversity and population structure of kelp, to inform management and conservation, and to 

identify genetic resources. The purpose of the present study was to characterize the fine-scale 

population genetic structure of kelp in eastern Maine, using twelve microsatellite loci. A total of 

188 samples were genotyped from five sampling locations. Overall, kelp exhibited relatively low 

genetic diversity and small but significant differentiation among populations (FST = 0.0157). The 

greatest genetic difference was detected between two geographically close populations in 

Penobscot and Frenchman Bays, which is likely due to patterns in the Eastern Maine Coastal 

Current that may limit meiospore recruitment. The population structure could not be fully 

explained by an isolation-by-distance model. Fine-scale structuring was also detected among 

populations along the more continuous, eastern Maine coastline. These differences highlight that 

sugar kelp populations are finely structured across small spatial scales, and that future 

management and farming efforts should aim to maintain genetic diversity and assess the culture 

potential of local populations.
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INTRODUCTION

The sugar kelp Saccharina latissima (Linnaeus) C.E.Lane, C.Mayes, Druehl & 

G.W.Saunders, previously known as Laminaria saccharina (Linnaeus) J.V.Lamouroux, is a 

brown macroalga broadly distributed in both temperate and polar rocky coastal sites in the 

northern hemisphere, and like many kelp species, plays important roles as nursery habitat, 

shelter, and substrate for many organisms (Bolton 2010, Devit & Saunders 2010). S. 
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latissima can grow to immense sizes (>4 m in length) and occurs attached to rocks, mussels, 

and man-made substrates from the intertidal zone to 26 m depths (Borum et al. 2002; 

Bartsch et al. 2008; Mathieson & Dawes 2017). As a biennial or perennial species, this kelp 

is characterized by rapid, early seasonal growth rates and sporangium formation in the 

autumn and winter, when daylight and temperature decrease (Lüning 1979; Bartsch et al. 
2008; Mathieson & Dawes 2017). Meiospore dispersal is limited, and largely driven by 

water currents (Billot et al. 2003; Bartsch et al. 2008). Haploid gametophytes mostly settle 

on hard substrates, or in some rarer cases can develop as endophytes inside other algal hosts, 

where fertilization takes place and new sporophytes form on the surface (Garbary et al. 
1999; Lane & Saunders 2005; Bartsch et al. 2008).

Saccharina latissima has received considerable economic attention in recent years, due to a 

variety of uses, including in biofuels, bioremediation, feed supplements, and pharmaceutical 

products (Forbord et al. 2012; Marinho et al. 2015; Jahan et al. 2017). For example, S. 
latissima and other brown macroalgae contain biologically active phenolic compounds, such 

as phlorotannins, which are known to exhibit anti-diabetic, anticarcinogenic, and anti-human 

immunodeficiency virus (HIV) activities (Jormalainen & Honkanen 2004; Thomas & Kim 

2011; Cornish et al. 2015; Vilg et al. 2015). In addition, S. latissima contains relatively high 

quantities of alginates, which function as storage polysaccharides and are used commercially 

as thickeners and emulsifiers in food industries (MacArtain et al. 2007). Consumption of 

kelp is also associated with several therapeutic and medicinal benefits, due in part to high 

quantities of alginates and mannitol (MacArtain et al. 2007; Kim & Bhatnagar 2011). 

Another abundant polysaccharide, laminarin, has been investigated in S. latissima as an 

alternative fermentation substrate for efficient bioethanol production (Adams et al. 2009). 

Due to these important uses, the demand for kelp is likely to increase in the future, and may 

exceed limited supplies from wild harvests and require new production from aquaculture 

(Peteiro & Freire 2013).

Recent cultivation efforts of S. latissima have led to many advances, including successful 

year-round meiospore induction, identification of optimal growing conditions at the nursery 

stage, and implementation in integrated multi-trophic aquaculture (IMTA) systems (Forbord 

et al. 2012; Sanderson et al. 2012; Rößner et al. 2014; Freitas et al. 2016). While many of 

these studies were conducted in Europe, sugar kelp aquaculture has also been investigated in 

both Canada and the USA (Brinkhuis et al. 1984; Troell et al. 2009; Redmond et al. 2014; 

Kim et al. 2015). Overall, however, seaweed industries in the northeast USA remains largely 

focused on wild harvests, with some recent efforts in aquaculture (Kim et al. 2014 2017; 

Johnson et al. 2014; Redmond et al. 2014; Augyte et al. 2017). In particular, there is an 

interest to develop S. latissima culture in the rural, economically impoverished region of 

eastern Maine (Hall-Arber et al. 2005), to both diversify local industries and preserve the 

traditional fishing lifestyle.

The development of a new regional industry in cultivation of S. latissima would benefit from 

a more thorough understanding of local population genetics, for proper management and 

conservation, as well as the identification of genetic resources and population dynamics, 

before farming techniques are established. To this end, the purpose of the present study was 

to characterize the fine-scale population genetic structure of sugar kelp in eastern Maine. 
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Recently, twelve polymorphic microsatellite loci were identified in S. latissima and used to 

characterize the genetic population structure along a salinity gradient in the North Sea-Baltic 

transition zone (Nielsen et al. 2016). To our knowledge, however, these loci have not been 

assessed in boreal, northwest Atlantic populations, which also represents an opportunity to 

further evaluate the genetic diversity of this species.

MATERIALS AND METHODS

Adult sporophyte kelp samples were collected (approximately 40 individuals/site) from five 

intertidal sites in eastern Maine, spanning approximately 225 km, during the summer and 

early autumn of 2016 (Fig. 1). The sampling scheme included major bays in the region 

(Penobscot Bay, Frenchman Bay, and Cobscook Bay), as well as two coastal sites adjacent 

to the Gulf of Maine (Englishman Bay and Starboard Cove). Sampling was conducted at low 

tide and in a haphazard manner, to avoid collection of adjacent individuals that could 

originate from the same gametophyte. Blade fragments (~1 cm2) were removed from each 

individual and added to 1.5 ml microcentrifuge tubes with silica gel beads, to preserve and 

desiccate the samples, until DNA extractions were performed.

Since many brown algae contain abundant, viscous polysaccharides and polyphenols that 

may interfere with DNA extractions or downstream PCR applications (Snirc et al. 2010, 

Greco et al. 2014), genomic DNA was extracted from all kelp samples using a modified, 

combined cetyl trimethylammonium bromide (CTAB) and sodium dodecyl sulfate (SDS) 

protocol from Maeda et al. (2013). The protocol modifications included a different 

homogenization method, for ease of use, and several changes in reagent volumes and 

composition (β-mercaptoethanol and RNase A were not used). Briefly, a dried kelp sample 

fragment (~5 mm2) was added to a microcentrifuge tube with autoclaved sand (Sigma-

Aldrich, St. Louis, MO, USA), 400 µl of extraction buffer (100 mM Tris-HCl pH 9.5, 50 

mM EDTA pH 8.0, 500 mM NaCl), and 29 µl of 20% SDS. Each sample was fully 

homogenized by hand using sterile pestles (Nettleton et al. 2013) and incubated at 65°C for 

30–45 min. Potassium acetate (5 M) was added (129 µl) to each sample, incubated at −20°C 

for 15 min, centrifuged (20,000 × g, 10 min), and the supernatant was transferred to a new 

tube. Cold isopropanol was added (280 µl), incubated at −20°C for 15 min, centrifuged 

again, and the DNA pellet was washed twice with 600 µl of cold 75% ethanol. Samples were 

centrifuged (20,000 × g, 5 min) between wash steps. The DNA pellets were vacuum-

aspirated, resuspended in 100 µl of sterile water, and either stored at 4°C overnight or used 

immediately in successive steps. CTAB buffer (3% CTAB (w/v), 1% polyvinylpyrrolidone 

(w/v), 1.4 M NaCl, 20 mM EDTA pH 8.0, 100 mM Tris-HCl pH 9.5) was added (500 µl) to 

each sample, incubated at 65°C for 30 min, combined with 200 µl of 5 M potassium acetate, 

and incubated on ice for 15 min. Each sample was then centrifuged (20,000 × g, 10 min), the 

supernatant was transferred, and 650 µl of chloroform:isoamyl alcohol (24:1) was added. 

Samples were mixed vigorously by hand for 15 sec, centrifuged again, and the top aqueous 

layer was transferred to a new tube. The chloroform:isoamyl alcohol extractions were 

repeated twice more, 480 µl of cold isopropanol was then added, and samples were 

incubated at −20°C for 20 min. Samples were centrifuged again, DNA pellets were washed 

twice with 75% ethanol, as outlined above, and vacuum-aspirated prior to resuspension in 

sterile water. Extracted DNA was stored at −20°C.
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Microsatellite analysis was performed using twelve loci for S. latissima previously 

characterized by Paulino et al. 2016. PCR was conducted in 15 µl volumes using 2 µl of 

DNA template, 1 × Promega GoTaq Flexi PCR buffer (Promega, Madison, WI, USA), 1.5–

2.5 mM MgCl2, 0.2 µg/µl bovine serum albumin, 0.28 mM dNTPs, 0.1–0.3 µM of each 

primer, and 0.2 U GoTaq Flexi DNA polymerase. Multiplex PCRs were conducted following 

guidelines in Nielsen et al. 2016, except different fluorescent dyes were used to label either 

the forward or reverse primer: 1) SLN319 (FAM-labeled), SLN320 (FAM), SLN34 (HEX), 

and SLN35 (HEX), 2) SLN58 (FAM) and SLN62 (HEX), and 3) SLN32 (NED) and SLN36 

(HEX). Other loci were used individually in PCR reactions, including SLN54 (HEX), 

SLN314 (FAM), SLN510 (FAM), and SLN511 (HEX). All PCR cycling conditions were 

conducted using a C1000 Touch Thermal Cycler (Bio-Rad Laboratories, Inc., Hercules, CA, 

USA) and followed established protocols by Paulino et al. 2016. PCR products were 

transported to the MDI Biological Laboratory (Salisbury Cove, ME, USA) for fragment 

analysis in an Applied Biosystems 3130XL capillary sequencer (Applied Biosystems, Foster 

City, CA, USA). Peaks were scored using PeakScanner 2.0 (Applied Biosystems), and raw 

scores were sorted manually into allelic bins. The same positive control sample was run on 

every PCR plate to ensure consistent scoring patterns and normalize interassay variation 

prior to binning.

Microsatellite data were evaluated for stuttering, large allele drop out, and the presence of 

null alleles using MICRO-CHECKER (Van Oosterhout et al. 2004). Tests for deviations 

from Hardy-Weinberg equilibrium and linkage disequilibrium were conducted in GENEPOP 

v3.4 (Raymond & Rousset 1995), using a Markov chain Monte Carlo (MCMC) method of 

1,000 or 100 batches, respectively, and 10,000 iterations per test. Significance for multiple 

tests was adjusted following a standard Bonferroni correction (Rice 1989). Per locus FST 

values, a global FST, and tests of allelic differentiation using Fisher’s exact tests (1,000 

batches and 10,000 iterations) were also conducted in GENEPOP. Observed and expected 

heterozygosities (Ho and He) and inbreeding coefficients (FIS values) for each locus and 

population were calculated using GDA (Lewis & Zaykin 2001). Significance of population 

FIS values were evaluated in GENETIX (Belkhir et al. 1996–2004). Number of alleles per 

locus and allelic richness were calculated using FSTAT 2.9.3 (Goudet 1995). To identify if 

the sampled kelp populations experienced a recent bottleneck effect, the program 

BOTTLENECK was used, with 1,000 iterations, all mutation models (88% stepwise 

mutations and 12% infinite allele mutations), and variance among multiple steps set at 12 

(Piry et al. 1999). Wilcoxon sign-rank tests for significant heterozygosity excess and allele 

frequency distributions were used to detect evidence of a recent bottleneck (Luikart et al. 
1998). The file conversion program CREATE was used to change input data file formats 

among all statistical tests (Coombs et al. 2008).

To identify genetic differences among the five populations, pairwise population FST values 

and their significance were evaluated in FSTAT. FST values were also used in principal 

component analysis (PCA) in GENALEX 6.503 (Peakall & Smouse 2012), to better 

visualize the population structure. An isolation-by-distance model for the genetic structure 

was evaluated using a Mantel test in GENALEX. The correlation between genetic and 

geographic distance was tested by comparing pairwise linearized FST values (FST(1−FST)) to 

the shortest coastal distances between sites (approximately within 5 km of coast). 
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Geographic distances were calculated using the Measure feature in the ArcGIS Maine 

Basemap General viewer available from the State of Maine Office of GIS (http://

maine.maps.arcgis.com/home/index.html).

To further characterize the population structure, without a priori clustering assumptions, a 

Bayesian approach in STRUCTURE 2.3.4 was used (Pritchard et al. 2000; Hubisz et al. 
2009). The no admixture model with correlated allele frequencies and the LocPrior 

algorithm was used to infer population structure, since this is better suited to detect overall 

weak structuring (Hubisz et al. 2009; Pritchard et al. 2010) likely evident across the fine 

spatial scale in the present study. Five runs were conducted at each number of assumed 

populations (K), ranging one through five, with a 300,000 burn-in followed by 200,000 

iterations. Data were uploaded to STRUCTURE HARVESTER (Earl & vonHoldt 2012) to 

determine the optimal number of clusters, using the ΔK method of Evanno et al. (2005). 

Following the identification of the optimal number of clusters, 25 additional runs were 

conducted in STRUCTURE using this number (K = 3), and the results were averaged using 

the greedy algorithm in CLUMPP 1.1.2 (Jakobsson & Rosenberg 2007). CLUMPP results 

were used to generate an averaged bar plot in DISTRUCT (Rosenberg 2004).

To further evaluate differences in population structure evident between FST- and 

STRUCTURE-based analyses, analyses of molecular variance (AMOVA) were conducted in 

ARLEQUIN 3.5.2.2 (Excoffier & Lischer 2010). Populations were grouped into either three 

(1-Penobscot Bay, 2-Cobscook Bay, and 3-Frenchman Bay-Englishman Bay-Starboard 

Cove) or four (1-Penobscot Bay, 2-Frenchman Bay, 3-Cobscook Bay, and 4-Englishman 

Bay-Starboard Cove) clusters, and global AMOVA results were averaged over all loci. 

Assignment tests in GENECLASS2 (Piry et al. 2004) were also performed, to further assess 

connectivity among populations and identify the ability of each individual to be assigned 

back to its correct population of origin. The Bayesian approach of Rannala & Mountain 

(1997), with a 0.05 assignment threshold, was used to calculate the log likelihood of an 

individual genotype originating from each population. Individuals were assigned to 

populations based on the greatest log likelihood value. To assess if the observed number of 

assignments to each population was significantly greater than by chance, chi-square 

goodness-of-fit tests (χ2) were conducted. The expected numbers of assignments were 

calculated by assuming equal proportions to each of the five populations (n/5).

RESULTS

Multilocus genotypes were obtained for 188 total samples, with at least 30 individuals from 

each site. Two microsatellite markers (SLN319 and SLN511) were not polymorphic in the 

sampled populations (fixed for 419 and 368 bp alleles, respectively) and were removed prior 

to analyses. In addition, SLN511 exhibited inconsistent scoring patterns among individuals, 

which likely indicated the presence of null alleles. At all other loci, only six total individuals 

exhibited missing data at one locus each, with three individuals at SLN35, one at SLN36, 

and two at SLN54. No evidence of stuttering, large allele dropout, or null alleles was 

detected at any locus in any population, except for SLN34 in Starboard Cove, where there 

was a significant homozygote excess (P < 0.05). Since an excess was not detected in other 

populations, however, the possibility of null alleles at SLN34 was not considered in later 
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analyses. The final data set consisted of 10 polymorphic microsatellite markers and is 

available from the Dryad Digital Repository: http://dx.doi.org/10.5061/dryad.sp640.

Genetic diversity

No deviations from Hardy-Weinberg equilibrium were detected at any locus in any 

population (P > 0.05), and there was no evidence of linkage disequilibrium between pairs of 

loci following Bonferroni correction (P < 0.0011). The ten microsatellite loci exhibited 

variable levels of polymorphism (3–17 alleles) and allelic richness varied from 1.4 to 8.7 

(Table 1). Observed and expected heterozygosities were also variable and ranged from 0.016 

to 0.665 and 0.016 to 0.669, respectively (Table 1). FIS values for each locus were overall 

small but largest in SLN34 and SLN58 (Table 1). Locus FST values were also small and 

ranged from −0.0050 to 0.0170, with a global FST value of 0.0157. Most loci exhibited 

significant differentiation across all populations (at the α = 0.05 level), except for three loci 

with extremely low polymorphism (3–4 total alleles) (Table 1).

Genetic diversity was largely similar among the five sampled populations. Mean number of 

alleles and mean allelic richness ranged from 3.9 to 4.8 and 3.6 to 4.2, respectively (Table 

2). Population observed and expected heterozygosities were overall small but largely similar 

to each other (0.283 to 0.339 and 0.273 to 0.340, respectively) and FIS values were not 

significantly different from zero (P > 0.05) (Table 2). Tests of bottleneck effects exhibited no 

evidence of heterozygosity excess in any population, under any mutation model (P > 0.90), 

and all allele frequencies exhibited normal L-shaped distributions (data not shown).

Population structure

Significant population structuring was detected by FST analysis, with 8 out of 10 pairwise 

comparisons exhibiting significant differentiation following Bonferroni correction (P < 

0.005) (Table 3). Significant pairwise FST values ranged from 0.0104 to 0.0316. In addition, 

the comparison between kelp from Englishman Bay and Cobscook Bay was significant at 

the α = 0.05 level (FST = 0.0061). Only Englishman Bay and Starboard Cove kelp exhibited 

a nonsignificant pairwise FST value (FST =−0.0020). The PCA exhibited clear separation 

between most populations, with no apparent clustering except for Englishman Bay and 

Starboard Cove. The greatest differentiation was evident between the Penobscot and 

Frenchman Bay populations (Fig. 2). The population structure could not be fully explained 

by an isolation-by-distance model, as the Mantel test identified no significant correlation 

between genetic and geographic distance among the five populations (P = 0.1290) (Fig. 3).

STRUCTURE analysis and the ΔK method identified three likely genetic clusters (K = 3). 

Sampling location information used in the LocPrior algorithm was informative for the 

population structure, as mean r = 1.14 across the 25 runs. The r parameter refers to how 

sampling locations deviate from the overall population. Large r values (>> 1) indicate that 

different locations likely have the same ancestry, while small values (near or below 1) 

indicate that location information was informative to the model and sampling locations differ 

in their ancestry (Hubisz et al. 2009). The three genetic clusters consisted of: 1) Penobscot 

Bay, 2) Cobscook Bay, and 3) Frenchman Bay, Englishman Bay, and Starboard Cove (Fig. 

4). Kelp from Englishman Bay, however, also exhibited some evidence of mixed 
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membership. Five individuals showed an elevated proportional membership (>59%) to the 

Cobscook Bay cluster, with two exhibiting >98% membership. In addition, two Cobscook 

Bay individuals and two Penobscot Bay individuals showed elevated proportional 

membership to the Frenchman Bay cluster (>52%, and 50%, respectively).

Hierarchical AMOVA, using the three genetic clusters identified by STRUCTURE analysis, 

showed no evidence of significant genetic variation among the population clusters (P = 

0.1020), while significant heterogeneity was present among populations within the 

Frenchman Bay cluster (P = 0.0112) (Table 4). In contrast, when the four genetic groupings 

evident by FST were used instead, significant variation existed among the clusters (P = 

0.0064), with the Englishman Bay and Starboard Cove cluster being genetically 

homogenous (P = 0.6016) (Table 4). Both AMOVAs detected highly significant genetic 

variation within populations (>98% of total variation, P < 0.0001).

Assignment tests also reflected evidence of small genetic divergence among the populations. 

The overall quality index for the assignment test was 40.66%, with only 45.2% of all 

individuals correctly assigned to their population of origin. Penobscot Bay kelp exhibited a 

relatively large correct assignment (71.8%), and its largest incorrect assignment was to 

Englishman Bay (12.8%) (Table 5). No Penobscot Bay individuals were assigned to 

Cobscook Bay. Frenchman Bay kelp exhibited a moderate correct assignment (50.0%), with 

a relatively large proportion assigned to another population in its STRUCTURE cluster 

(Starboard Cove: 26.7%). No Frenchman Bay individuals were assigned to Penobscot Bay. 

Englishman Bay individuals were equally assigned back to their original population or to 

Cobscook Bay (20% each), and a larger proportion was assigned to Starboard Cove (34.7%). 

Cobscook Bay kelp also exhibited only moderately correct assignments (46.9%), and the 

largest incorrect assignment was to Englishman Bay (18.8%). Proportional assignments for 

all populations were significantly greater than expected by chance, except for Englishman 

Bay individuals (P > 0.10), which indicated overall equal assignments across the five 

populations.

DISCUSSION

Sugar kelp populations in eastern Maine were characterized by significant differentiation 

among sites but overall low levels of genetic diversity. Although no significant inbreeding 

was detected, low to moderate levels of polymorphism were evident at most microsatellite 

loci. In addition, two loci used in the present study were monomorphic across populations. 

Using the same markers, most individual kelp populations in European waters exhibited 

larger allelic richness and heterozygosity, irrespective of geographic location (Nielsen et al. 
2016; Paulino et al. 2016). The only previously sampled European population, at these 

markers, to exhibit somewhat similar heterozygosities to those in the present study was 

found in the more isolated Vejle Fjord in Denmark (Ho = 0.318, He = 0.358), which was 

within the North Sea-Baltic salinity transition zone and characterized by a small population 

size and limited connectivity (Nielsen et al. 2016). Less genetic diversity was also detected 

in some populations of other algal species, including the kelp Laminaria digitata (Hudson) 

J.V.Lamouroux and the red alga Gigartina skottsbergii Setchell & N.L.Gardner, which were 

either spatially isolated by habitat discontinuities or in marginal zones of their geographic 
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distribution, and exhibited significant, recent bottleneck effects (Billot et al. 2003; Faugeron 

et al. 2004; Robuchon et al. 2014). Kelp populations in eastern Maine, however, did not 

exhibit a recent bottleneck, and although they were located in boreal waters, were not at the 

southern edge of their distribution (Mathieson et al. 2008; Guiry & Guiry 2017; Mathieson 

& Dawes 2017). Instead, less genetic diversity in the present study may reflect a relatively 

recent colonization event in the northwest Atlantic after the last glacial maximum, as 

evidenced in another brown alga, Fucus vesiculosis Linnaeus (Coyer et al. 2011). F. 
vesiculosis populations along the Maine coast also exhibited relatively low genetic diversity 

at microsatellite loci, and were characterized by a high abundance of a single mitochondrial 

haplotype that implicated a European origin in glacial refugia (Muhlin & Brawley 2009; 

Coyer et al. 2011). Similarly, S. latissima populations in western Greenland waters exhibited 

fewer alleles and heterozygosities than European populations (Paulino et al. 2016). Reduced 

diversity of sugar kelp in eastern Maine, therefore, may reflect some ancestral genetic 

signature of a colonization and expansion event across the northwest Atlantic, rather than 

evidence of a marginal or bottlenecked population.

Kelp populations within the region exhibited significant differentiation, but at overall smaller 

levels than those previously detected in Saccharina spp. across broad spatial scales. For 

example, kelp population comparisons across greater geographic distances in the North and 

Baltic Seas, as well as in Chinese and Japanese waters, exhibited genetic differentiation an 

order of magnitude larger (FST > 0.1) than those observed in the present study (Liu et al. 
2012; Nielsen et al. 2016). Small but significant population structuring, however, was still 

evident across the small spatial scale in eastern Maine waters, including among individuals 

in the major embayments of Penobscot, Frenchman, and Cobscook Bays. In particular, the 

greatest level of differentiation was detected between the Penobscot and Frenchman Bay 

populations, which were geographically closer to each other than several other comparisons, 

and contributed to an overall lack of evidence for a significant isolation-by-distance model 

to the population structure. In contrast, isolation-by-distance is relatively common in many 

kelp species, since meiospore dispersal is both spatially and temporally limited, and female 

gametophytes are more likely to be fertilized by nearby individuals (Bartsch et al. 2008; 

Alberto et al. 2010, 2011; Robuchon et al. 2014; Nielsen et al. 2016). Other geographical 

features, however, such as habitat continuity and local ocean currents, also greatly impact 

population structuring in macroalgae (Alberto et al. 2011). The relatively larger 

differentiation between the Penobscot and Frenchman Bay populations is likely driven by 

local patterns in the Eastern Maine Coastal Current (EMCC), which flows in a southwest 

direction along the Maine coast and is deflected offshore, by high outflow, in the vicinity of 

Penobscot Bay (Pettigrew et al. 2005). Meiospore recruitment from eastern locations into 

Penobscot Bay, therefore, is probably restricted, compared to other sites along the more 

continuous, eastern Maine coastline. In agreement, STRUCTURE-based analyses identified 

some evidence of genetic mixing among the Frenchman Bay, Englishman Bay, and 

Starboard Cove populations. Analyses of molecular variance, though, suggested that they 

did not represent a single cluster, since significant genetic variation was evident within the 

grouping. Rather, geographic distance likely contributed to their fine-scale structuring, as 

there was a larger separation between Frenchman Bay and the other two populations, which 

were close geographically and more genetically homogenous to each other.
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The Cobscook Bay population exhibited significant differentiation from most other sites, 

likely due to reduced connectivity and partial geographic isolation, since the mouth of 

Cobscook Bay is connected to the Bay of Fundy and partially separated from the EMCC by 

the Grand Manan Channel. Some evidence of genetic mixing, however, was detected 

between the Cobscook and Englishman Bay populations. For example, a few individuals 

from Englishman Bay exhibited greater proportional membership to Cobscook Bay. In 

addition, assignment tests identified the Englishman Bay collection as a mixture of 

individuals from multiple populations, with assignments no greater than expected by chance, 

and equal individual assignments among itself and Cobscook Bay. This connectivity, 

however, did not include the centrally located Starboard Cove population, which in contrast, 

exhibited very small assignment scores to Cobscook Bay and a highly significant pairwise 

FST value. In many marine systems, population structure is characterized by asymmetrical 

transport, due in part to different habitat features and discontinuities among sites (Alberto et 
al. 2011). In the present study, the Englishman Bay site consists of predominately sandy 

substrate, with kelp sporadically attached to mussels and boulders, while all other locations 

exhibit more rocky substrates. In addition, Starboard Cove is a relatively sheltered site, 

compared to Englishman Bay, and receives a greater proportion of freshwater input from the 

local terrestrial environment. These local features may restrict meiospore recruitment, or 

perhaps, reduce gametophyte survival from a locally acclimated Cobscook Bay population 

that is likely exposed to stronger tidal currents and high nutrient levels (Mathieson et al. 
2009). Kelp populations in other species, for instance, exhibit local acclimation with respect 

to latitude or habitat (Henkel & Hofmann 2008). More research, however, will be needed to 

elucidate the possible factors that drive these small, fine-scale differences in populations 

along the eastern Maine coastline.

The fine-scale genetic structure of kelp in this region is likely strongly influenced by the 

EMCC southwest current, as well as geographic isolation associated with major bays. Even 

along the fairly continuous coastline east of Penobscot Bay, some evidence of local 

differentiation was detected at small spatial scales, which is likely dependent on both habitat 

features and geographic distances that impact meiospore dispersal. Wild harvesting practices 

and future kelp cultivation should avoid fragmentation or extirpation of these local 

populations, especially considering the overall reduced genetic diversity when compared to 

European S. latissima populations. If future kelp aquaculture goals in this region are to be 

realized, management may be needed to maintain adequate diversity, and further research 

comparing local populations in culture is possibly warranted.
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Fig. 1. 
Map of sampling locations in eastern Maine. Scale bar refers to 30 km, and the arrow refers 

to the direction of the Eastern Maine Coastal Current (EMCC) in the region.
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Fig. 2. 
Principal component analysis of pairwise FST values for all sampled populations. The dotted 

circle encloses populations with a negative, non-significant (P > 0.05) pairwise value.
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Fig. 3. 
Mantel test of isolation-by-distance across all sampled kelp populations (P = 0.1290).
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Fig. 4. 
Genetic clustering identified through STRUCTURE analysis. Each vertical bar represents an 

individual kelp sample and its proportional membership to three clusters (light gray, gray, 

and dark gray). Black lines separate different populations.
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Table 3

Pairwise FST values across 10 microsatellite markers for all kelp populations studied.

Penobscot Bay Frenchman Bay Englishman Bay Starboard Cove

Frenchman Bay 0.0316

Englishman Bay 0.0164 0.0202

Starboard Cove 0.0260 0.0104 −0.0020

Cobscook Bay 0.0133 0.0134 0.0061* 0.0161

Bold indicates significance following standard Bonferroni correction (P < 0.005), while the asterisk indicates significance at the α = 0.05 level.
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