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Abstract

Deciphering genetic structure and inferring connectivity in marine species have been
challenging due to weak genetic differentiation and limited resolution offered by tra-
ditional genotypic methods. The main goal of this study was to assess how a popula-
tion genomics framework could help delineate the genetic structure of the American
lobster (Homarus americanus) throughout much of the species’ range and increase the
assignment success of individuals to their location of origin. We genotyped 10 156 fil-
tered SNPs using RAD sequencing to delineate genetic structure and perform popula-
tion assignment for 586 American lobsters collected in 17 locations distributed across a
large portion of the species’ natural distribution range. Our results revealed the exis-
tence of a hierarchical genetic structure, first separating lobsters from the northern and
southern part of the range (Fct = 0.0011; P-value = 0.0002) and then revealing a total of
11 genetically distinguishable populations (mean Fgsy = 0.00185; CI: 0.0007-0.0021, P-
value < 0.0002), providing strong evidence for weak, albeit fine-scale population struc-
turing within each region. A resampling procedure showed that assignment success
was highest with a subset of 3000 SNPs having the highest Fst. Applying Anderson’s
(Molecular Ecology Resources, 2010, 10, 701) method to avoid ‘high-grading bias’, 94.2%
and 80.8% of individuals were correctly assigned to their region and location of origin,
respectively. Lastly, we showed that assignment success was positively associated with
sample size. These results demonstrate that using a large number of SNPs improves
fine-scale population structure delineation and population assignment success in a con-
text of weak genetic structure. We discuss the implications of these findings for the
conservation and management of highly connected marine species, particularly regard-
ing the geographic scale of demographic independence.
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goals of modern conservation biology and population

Introduction management (Palsboll et al. 2007). Towards that end,
Determining genetically distinct populations and estab- assignment tests are very useful and versatile tools (Ma-
lishing appropriate management units are primary nel et al. 2005; Schwartz et al. 2007), encompassing a

wide array of applications, ranging from population
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migrants (reviewed by Manel et al. 2005). However,
highly connected and/or recently diverged populations
with large effective population sizes often show very
weak genetic differentiation, thus decreasing the power
of genetic tools for defining management units and
assigning individuals to their origin (Allendorf et al.
2010). The advent of next-generation sequencing (NGS)
genotyping methods (Davey et al. 2011) promises an
increase in the usefulness of genomics markers to finely
define weakly structured populations (Hess et al. 2013;
Ogden et al. 2013; Willette et al. 2014) and more accu-
rately assign individuals (Nielsen et al. 2012; Larson
et al. 2014; Candy et al. 2015).

Elucidating the genetic structure of populations for
conservation and management purposes is particularly
challenging in marine species (Allendorf et al. 2010).
Over the last several decades, numerous studies have
attempted to interpret the very weak genetic differenti-
ation (typically Fsy < 0.01) found in most marine spe-
cies and determine how to link this genetic
information to management plans (Palumbi 2003; Wa-
ples & Gagiotti 2006; Waples et al. 2008). Here, a major
issue concerns the biological meaning of such weak
genetic differentiation in terms of levels of demo-
graphic independence between populations (Waples &
Gagiotti 2006; Waples ef al. 2008). In many marine spe-
cies characterized by large effective population size
(N.), weak genetic structure generally translates into
pronounced genetic connectivity (Nem), but it is
unclear how this relates to demographic connectivity
(m), which matters most for short-term population
management (Cano et al. 2008). Indeed, the transition
from demographic dependence to independence in
populations with large N, occurs within the asymp-
totic region of the hyperbolic relationship between Fgr
and Ngmn, where genetic data have typically been
insufficiently precise to discriminate between migration
rates that are meaningful or not to demographic inde-
pendence.

Working on a larger genomic scale by very substan-
tially increasing the number of markers could overcome
previous methodological limitations by (i) improving
the accuracy of population genetic estimates, (ii) allow-
ing the use of assignment tests for inferring ‘real-time’
migration and (iii) providing new insights from previ-
ously unexplored genomic regions (Kohn ef al. 2006).
Recent studies on sturgeon (Ogden et al. 2013) and sea
anemone (Reitzel et al. 2013) are examples in nonmodel
marine species, where NGS highlighted previously
undetected demographic and evolutionary patterns.
Even though the number of NGS-based genotyping
studies has increased exponentially over the last few
years, there has been little investigation into the possi-
ble gains that such data offer for deciphering fine-scale

population structure in nonmodel marine species (but
see Lamichhaney et al. 2012; Nielsen et al. 2012; Hess
et al. 2013; Pujolar et al. 2013) and particularly in inver-
tebrate species (Reitzel et al. 2013).

Performance of assignment methods depends mainly
on the degree of population differentiation among can-
didate source populations, sample sizes of individuals
and the number of markers used (Cornuet et al. 1999;
Bernatchez & Duchesne 2000; Banks et al. 2003). In prin-
ciple, genotyping thousands of SNP markers in a large
number of individuals should help circumvent these
constraints. However, we are not aware of any study
that specifically investigates the improvement of assign-
ment methods through the use of large sets of NGS
markers in situations of weak genetic differentiation
(typically Fsr < 0.01).

The main goal of this study was to assess how NGS
could help delineate the genetic structure of the Ameri-
can lobster (Homarus americanus) throughout much of
the species” range and increase the assignment success
of individuals to their location of origin. The American
lobster (henceforth lobster) supports one of the most
valuable fisheries in North America. Its distribution
ranges from Cape Hatteras (North Carolina, USA) in
the south to the Strait of Belle Isle (Labrador, Canada)
in the north. Typically inhabiting coastal waters <50 m
deep, lobster can be found offshore in some localities
at depths reaching 700 m (Cooper & Uzmann 1971).
The carapace length at which 50% of females are sexu-
ally mature decreases with increasing temperature and
varies from about 70 to 108 mm depending on locality
(Watson et al. 2013). Mating and spawning occur dur-
ing summer, usually one or more years apart, and lar-
vae are hatched after an incubation period of 11—
12 months on the abdomen of the female (Templeman
1940; Waddy et al. 1995). The planktonic/pelagic larval
phase lasts on average 3-6 weeks, and its duration is
inversely related to temperature (Ennis 1986; Quinn
et al. 2013).

Early studies based on allozymes and random ampli-
fied polymorphic DNA (RAPD) revealed virtually no
genetic differentiation in lobster from geographically
separate regions (Tracey et al. 1975; Harding et al. 1997).
More recently, Kenchington et al. (2009) conducted a
detailed study of lobster along the northeast coast of
North America with 13 microsatellite markers. A north—
south genetic discontinuity centred on southwest Nova
Scotia was detected, and a weaker, smaller-scale sub-
structure was revealed in the southern region but not in
the northern region. Weak genetic structure in Ameri-
can lobster might reflect potential for extensive dis-
persal (Incze & Naimie 2000; Xue ef al. 2008) via ocean
currents during the long pelagic larval period (Ennis
1986). Adult lobsters have also been shown to
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undertake extensive seasonal migrations over distances
of up to 100 km in some regions (Campbell 1986), but
also exhibit homing behaviour (Pezzack & Duggan
1986). Moreover, as mating and larval release may be
separated in time by about 2 years (Waddy et al. 1995),
these events may occur in different locations, and mat-
ing rather than larval release could determine genetic
patterns. Therefore, the contribution of adult move-
ments to gene flow and population structure remains
unclear.

In this study, we genotyped 586 adult American lob-
sters collected in 17 locations using 10 156 SNPs discov-
ered by RAD sequencing. We first document the
regional and finer-scale population genetic structure
among the sampled locations and then quantify the effi-
ciency of assignment tests as a function of number of
SNPs used and sample size per location. Finally, we
discuss the benefits of genotyping a large number of
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SNP markers for the study, conservation and manage-
ment of the American lobster as well as other marine
species that experience high levels of gene flow.

Methods

Sampling

We collaborated with commercial fishermen to sample
lobsters from 17 locations throughout much of the spe-
cies’ range, 15 that were inshore and two that were off-
shore (Fig. 1). Sampling was done between May and
August 2012. We only sampled adult females bearing
late-stage eggs that would hatch in the coming weeks
(n = 624 total), to standardize the sampling design and to
estimate the genetic structure of individuals that had sur-
vived to reproduce. We reasoned that this sampling
design would perhaps be most likely to reveal genetic
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Fig. 1 Map of lobster sampling locations. South region including Gulf of Maine: BOO, Boothbay Harbour; BRO, Browns Bank; BUZ,
Buzzard’s Bay; LOB, Lobster Bay; MAR, Marblehead; OFF, Georges Basin; RHO, Rhode Island; SEA, Seal Cove. North region includ-
ing Gulf of St. Lawrence: BON, Bonavista; BRA, Bras d’Or Lake; CAN, Canso; CAR, Caraquet; DIN, Dingwall; GAS, Gaspé; MAG,
Magdalen Islands; MAL, Malpeque Bay; TRI, Triton. The figure also illustrates the limits of the 41 current management units in Can-

ada (designated by a number), called Lobster Fisheries Areas (LFAs).
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structure, particularly if females displayed homing
behaviour related to spawning and hatching (Pezzack &
Duggan 1986). The second walking leg of each individual
was removed and preserved in 95% EtOH until DNA
extraction. A total of 36 individuals were sampled in all
but one study location (n = 48 for MAG) (Table 1).

Molecular techniques

Genomic DNA was extracted using a salt-extraction
protocol (Aljanabi & Martinez 1997) with additional
RNase A treatment (Qiagen) following the manufac-
turer’'s recommended protocols. DNA integrity (.e.
presence of degradation or smears) was inspected on a
1% agarose gel. Samples with degraded DNA were
excluded. Extracted genomic DNA (gDNA) was quanti-
fied using Quantit Picogreen dsDNA assay kits (Invitro-
gen). RAD-sequencing libraries were prepared
following a protocol modified from Miller et al. (2007)
(see Appendix S1, Supporting information). Each library
contained 48 individuals barcoded with a unique six-
nucleotide sequence. Real-time PCR was used to quan-
tify libraries. Single-read, 100-bp target length sequenc-
ing on Illumina HiSeq2000 platform was conducted at
the Genome Quebec Innovation Centre (McGill Univer-
sity, Montreal, Canada).

Bioinformatics and genotyping

The libraries were demultiplexed using the process_rad-
tags program in stacks v.1.09 (Catchen ef al. 2013). Poly-
morphic SNPs were identified on reads truncated to
90 bp and filtered for overall quality and presence of
barcodes. The formation of RAD loci was allowed with
a maximum of two nucleotide mismatches (M = 2)—
identified as an optimum threshold according to the
method developed by Ilut et al. (2014)—and a minimum
stack depth of three (m = 3) among reads with poten-
tially variable sequences (ustacks module in stacks, with
default parameters). Then, reads were aligned de novo
with each other to create a catalogue of putative RAD
tags (cstacks module in stacks, with default parameters).
In the populations module of stacks and following con-
secutive filtering steps, we first retained RAD tags with
a minimum stacks depth (m) of 10 to a maximum stacks
depth of 100. This step removed SNPs genotyped with
too low coverage (m <10) to be accurately called as
well as SNPs genotyped with too high coverage
(m > 100), which could be located on highly overrepre-
sented sites due to repeats in the lobster genome. Then,
we retained SNPs genotyped in at least 70% of the indi-
viduals and 70% of the sampling locations. Potential ho-
meologs were excluded by removing markers showing
heterozygosity >0.50 within samples (Hohenlohe et al.

2011). We also removed markers out of Hardy—Wein-
berg equilibrium (P-value = 0.01) at more than 60% of
the locations. Individuals and SNPs with more than
30% of missing data were also eliminated. To avoid bias
in the estimation of the baseline differentiation and
eliminate any sequencing and PCR error from the SNP
data set, polymorphisms with a minor allele frequency
(MAF) > 0.1 in at least one location (i.e. minor allele
occurring at least 4 times in one location) and polymor-
phisms with MAF > 0.05 on average across sampling
locations were kept. It has been shown that very low-
frequency SNPs (MAF < 0.05) create biases in quantify-
ing genetic connectivity and should therefore be
removed when inferring demographic processes (Roesti
et al. 2012). Details of the number of SNPs kept after
each filtering step are provided in Table 2. The result-
ing filtered VCF file was converted into the file formats
necessary for the following analyses using PGDSPIDER
v.2.0.5.0 (Lischer & Excoffier 2012).

Detecting SNPs under selection

SNPs potentially under balancing and divergent selec-
tion should also be removed when assessing genetic
connectivity between populations (Beaumont & Nichols
1996; Luikart et al. 2003). This was achieved using BAYE-
scaN v.2.1 (Foll & Gaggiotti 2008) as well as the Fdist
approach (Beaumont & Nichols 1996) implemented in
ARLEQUIN v.3.5 (Excoffier & Lischer 2010). BAYESCAN esti-
mates population-specific Fsr coefficients by the Bayes-
ian method described in Beaumont & Balding (2004)
and uses a cut-off based on the mode of the posterior
distribution to detect SNPs under selection (Foll & Gag-
giotti 2008). SNPs with a posterior probability over 0.95
were considered as outliers, after running 100 000 itera-
tions on all samples together (i.e. not pairwise, with
remaining default parameters). We specified a ‘prior’
odd of 10 000, which set the neutral model being 10 000
times more likely than the model with selection in
order to minimize false positives (Lotterhos & Whitlock
2014). ARLEQUIN was executed with 200 000 simulations
and 100 demes simulated as recommended by the
authors, and SNPs were considered as outliers based on
their Fgt and P-value.

Individual and population clustering

We first inferred population structure using two Bayes-
ian clustering methods that are implemented in the pro-
grams STRUCTURE v2.3.4 (Falush etal. 2003) and
ADMIXTURE v1.23 (Alexander ef al. 2009). Both programs
provide a means of identifying the best value for K, the
number of putative populations. With STRUCTURE, we
used 10 000 burn-in iterations followed by another
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10 000 Markov chain Monte Carlo (MCMC) steps
assuming an admixture model based on individuals
and including no prior information on sampling loca-
tion. We ran ADMIXTURE using 20 000 bootstraps. For
both programs, we varied the number of groups (K)
from 1 to 17 with 5 iterations for each value and stabil-
ization of parameters was checked for this length of
burn-in and MCMC. We then performed a discriminant
analysis of principal components (DAPC) in the r pack-
age adegenet (Jombart et al. 2010), without prior informa-
tion on group individual populations, and we used the
function find.clusters to assess the optimal number of
groups with the Bayesian information criterion (BIC)
method. The DAPC is a non-model-based method,
which maximizes the differences between groups while
minimizing variation within groups. Therefore, retain-
ing too many discriminant functions with respect to the
number of populations can lead to overfitting the discri-
minant functions, which results in spurious discrimina-
tion of any set of clusters. To avoid this bias, we
evaluated the optimal number of discriminant functions
(n=100) to retain according to the optimal o-score
obtained from our data (Jombart et al. 2010). In addi-
tion, a K-means clustering analysis was performed on
sampling locations with the GENODIVE v.2.0b25 program
(Meirmans & Van Tienderen 2004), using simulated
annealing and testing for K clusters from 1 to 10, for
5000 permutations. This analysis provides the Calinski—
Harabasz pseudo-F-statistic for determining the number
of clusters (Calinski & Harabasz 1974).
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Population differentiation

The extent of pairwise population differentiation was
quantified using the unbiased Fgr estimator 6 (Weir &
Cockerham 1984), and 95% confidence intervals were cal-
culated for each pairwise comparison based on 5000 per-
mutations using GENODIVE. Significance of the observed
Fsr values was determined by running 10 000 permuta-
tions and assessed against a FDR-adjusted P-value to
account for multiple testing (Benjamini & Hochberg 1994;
o = 0.05, n = 171). We used the function hclust available
in the R package ggdendro to create a UPGMA dendro-
gram based on the Fsy values. A heatmap was produced
to illustrate the Fst matrix considering four different Fsr
groups delimited from the distribution of pairwise Fgr
values (see Results). A hierarchical analysis of molecular
variance (amMova) (Excoffier et al. 1992) based on north vs.
south regional groupings (see Results) was performed. In
addition, we conducted three standard Mantel tests to
correlate genetic distances (Fsr) and natural logarithm of
geographic distances. Geographic distances between
each pairs of sampling locations were calculated using
ARCGIs software. The first Mantel test included all pair-
wise comparison, whereas the two others were based
only on pairwise comparison of samples belonging to the
same region (either south or north) in order to take the
spatial dependence in the data into account (Meirmans
2012). The Mantel tests were performed with the library
adegenet (Jombart et al. 2010), and significances of the
tests were assessed using 10 000 permutations.

Table 1 Regional groupings of lobster sampling locations and information on locations and samples: latitude and longitude, sam-
pling date and number of individuals successfully genotyped (Nggn)

Region Sampling location Code Latitude Longitude Sampling date Necen

North Malpeque Bay, PEI MAL 46.529 —63.6874 May-12 31
Caraquet, QC CAR 48.7208 —64.2789 May-12 36
Magdalene Islands, QC MAG 47.379 —61.853 Jun-12 38
Gaspé, QC GAS 48.7313 —64.3065 May-12 32
Triton, NF TRI 49.5218 —55.6107 Jun-12 35
Bonavista, NF BON 47.6113 —57.5873 Jun-12 32
Dingwall, NS DIN 46.9139 —60.4285 Jun-12 35
Bras d’Or Lake, NS BRA 45.7516 —60.817 Jul-12 32
Canso, NS CAN 45.3362 —60.9944 Jul-12 35

South Lobster Bay, NS LOB 43.6792 —65.8784 Jul-12 36
Seal Cove, NB SEA 44.6403 —66.7199 Jul-12 33
Boothbay Harbour, US BOO 43.8165 —69.6897 Jul-12 35
Marblehead, US MAR 42.4999 —70.8578 Jul-12 34
Buzzard’s Bay, US BUZ 41.5292 —70.8357 Jul-12 36
Browns Bank BRO 42.4588 —65.2083 Jul-12 35
Georges Basin OFF 42.1538 —66.0143 Jul-12 36
Rhode Island, US RHO 41.58 —71.4774 Aug-12 35
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Population assignment

Pairwise genetic differentiation (Fsy) between the 17
sampling locations was calculated for each SNP using
hierfstat library in r (Goudet 2005). All of the 10 156
SNPs were ranked according to their Fsr, from the
highest to the lowest. As recommended by Anderson
(2010), the calculation of Fsr and the ranking of the
SNPs were based on a training-set of individuals (50%
of the individuals for each sampling location), and the
assignment success was assessed using the other, that is
holdout-set of individuals. As such, pools of individuals
to select markers (training-set) and used to assess
assignment success (holdout-set) were totally indepen-
dent, thus circumventing the problem of high-grading
bias (Anderson 2010). To assess the impact of the num-
ber of SNPs on the assignment test results, we per-
formed assignment tests on the subsets of SNPs (500,
1000, 2000, 3000, 4000, 5000, 6000, 7000 and
10 156 SNDPs) selected according to their ranking using
the training-set of individuals, and these subsets were
tested for local assignment on the holdout-set of individ-
uals. Linkage disequilibrium among markers could
introduce bias when we estimated assignment success
for the different subsets of markers (Manel et al. 2005).
We therefore tested for linkage disequilibrium between
each pair of loci for the 3000 most differentiated SNPs
using VCFTOOLS to minimize bias of linkage disequi-
librium on assignment success.

To assess the impact of the number of individuals
per sampling location on assignment success, we cre-
ated five random data sets of 10, 15, 20, 25 and 30 indi-
viduals, which were randomly chosen without varying
the number of SNPs used (using the optimal number of
3000 SNPs, see Results), and this procedure was
repeated three times. Then, we performed a standard
leave-one-out assignment test on these five data sets
(Paetkau ef al. 2004). In order to further test the null
hypothesis that assignment estimates obtained from our
empirical data set were not due to some stochastic pro-
cess, we performed assignment tests on a randomized
data set with populations of identical size and ran-
domly chosen individuals shuffled among populations.
To obtain confidence intervals (CI) on estimates, we ran
each assignment test on 10 generated bootstrapped data
sets using repeated resampling of individuals with
replacement.

Assignment tests were performed on the holdout-set of
individuals for each population both at the regional
(north/south) and at the local (i.e. putative population)
scales using GENODIVE with the frequentist method of Pae-
tkau et al. (1995). In a given genotype, when the
observed frequency of any allele was zero (a missing
allele), the frequency of this allele was replaced by a

fixed value of 0.005 as recommended by Paetkau et al.
(2004), to avoid the calculation of a multilocus likeli-
hood of zero. A null distribution of likelihood values
was generated using a Monte Carlo chain (Cornuet
et al. 1999) for 5000 permutations. In an attempt to dis-
tinguish migrants from miss-assignments, we used
Cornuet et al’s (1999) algorithm with a statistical
threshold calculated separately for every population
based on an o value of 0.05 (Berry et al. 2004). Individu-
als with likelihood values of originating from their sam-
pling location (Ly) inferior to this threshold are thus
defined as putative migrants. As the GENECLASS2 pro-
gram (Piry et al. 2004) has been more commonly used
for population assignment in previous studies (e.g.
Berry et al. 2004; Castric & Bernatchez 2004; Paetkau
et al. 2004), we also compared the local assignment test
results obtained from GENODIVE to those given by GENE-
cLass?, using the same parameters (0.005 for missing
alleles, alpha value of 0.05 and Ly criterion).

Results

Genotyping results

The average number of sequence reads among the 16
libraries was 169 million (range: 112-189 million) and
the average number of quality-filtered reads per library
was 130 million (range: 87-156 million), providing an
average depth of coverage per individual over all SNPs
of 43x and a mean depth per nucleotide position rang-
ing from 18x to 448x. Thirty-eight individuals (~6.0%)
had an insufficient mean coverage (<10x) and were
removed from subsequent analyses. After applying the

Table 2 Number of putative SNPs retained following each
filtering step

From reads to SNPS SNP count
Stacks catalogue 200 313
Population filters
Genotyped
>70% of the samples 74 229

>70% of the populations
Minor allele frequency (MAF) filters
Local MAF > 0.05 15 552
Local MAF > 0.1
Coverage filter

From 10 to 100x 15 505
HWE filters

Hardy-Weinberg equilibrium (P-value 0.05) 10 324

Hops < 0.5 10 156
Genome scan filter

Putatively neutral 8144

Putatively under divergent selection 32
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different filtering steps, 10 156 SNPs were retained for
subsequent analyses (Table 2).

Selecting candidate SNPs for demographic inference

From the 10 156 SNPs retained, a genome scan using
ARLEQUIN detected 8645 SNPs seemingly not under
selection (~85.1%), 406 SNPs (~4.0%) under divergent
selection and 1105 SNPs (~10.9%) potentially under
balancing selection. BAYESCAN identified 8324 SNDPs
(~82.0%) seemingly not affected by selection, 32 SNPs
(~0.3%) potentially under divergent selection and 1800
SNPs (~17.7%) potentially under balancing selection
(Fig. S1, Supporting information). Here, we used the
most conservative neutral model available in BAYESCAN
(pr_odds =10 000) to minimize false positives
detected as being under positive or balancing selec-
tion (Lotterhos & Whitlock 2014). The finding of a
high number of SNPs potentially under balancing
selection may also support several studies suggesting
or showing that balancing selection is more prevalent
in the genome than previously expected (Nielsen
2005; Charlesworth 2006; Shimada et al. 2011). Subse-
quent inferences of genetic structure were carried out
using the 8144 SNPs’ (~80.1%) candidate markers that
were concluded not to be under selection by both
BAYESCAN and ARLEQUIN.
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F-statistics

Our results showed that the majority of sampling loca-
tions were genetically differentiated. Average Fsr was
0.00185 across all 8144 SNPs, and all pairwise compari-
sons of the 17 sampling sites ranged from 0.00002 (BRO
vs. OFF) to 0.00374 (BON vs. BRO) (Table S1, Supporting
information). Overall, 129 of the 136 pairwise
comparisons of genetic differentiation between sam-
pling locations were significant (P-value < 0.05), which
resolved 11 genetically distinguishable populations
among the 17 sampling sites. Eight of these 11 putative
populations corresponded to unique sampling locations
(BON, BOO, BRA, CAR, CAN, SEA, RHO and TRI),
and three (hereafter South Gulf of Saint Law-
rence = SGL, southwest Nova Scotia = SNS and Cape
Cod = CCO) clustered together with neighbouring sam-
pling locations (SGL: GAS, DIN, MAG and MAL; SNS:
BRO, LOB and OFF; CCO: MAR and BUZ). Average
Fsr was 0.00199 across all SNPs and the 11 putative
populations and ranged from 0.00101 (SNS vs. SEA) to
0.00374 (BOO vs. SNS). Significant P-values for most of
the pairwise comparisons of genetic differentiation were
consistent with the very narrow 95% confidence inter-
vals around Fsr estimates, which averaged +0.0006, and
never encompassed zero for all the significant compari-
sons (Table S1, Supporting information).

Fig. 2 Fsr population dendrogram and
heatmap based on Fsr values among the
17 lobster sampling locations. The heat-
map colour code illustrates the Fgr
matrix considering four different Fgr
groups delimited from the pairwise Fsr
distribution: low Fgr (below 5th percen-
tile, Fst < 0.0012), low—intermediate Fgr
(th  to 25th  percentile, 0.0012 <
Fst < 0.0019), intermediate (25th to 75th
percentile, 0.0019 < Fgr < 0.0023), high
Fsr (above 75th percentile, Fsr > 0.0023).

F,, value [0.000-0.0012]
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Both the heatmap and the dendrogram based on Fsr
values separated samples belonging to the north region
from those belonging to south region of the sampled
lobster distribution range (Fig. 2). The heatmap illus-
trated the dichotomic nature of the Fgr values, with
lower Fgr values generally observed between sampling
locations within each of the two large geographic
regions (north or south) and higher Fsr values between
locations belonging to the different geographic regions
(Fig. 2). The aMova showed a modest yet highly signifi-
cant net genetic differentiation between samples from
the north and the south regions (Fcr = 0.0011, P-
value = 0.0002; Table 3). The variation between sam-
pling locations within each region was also significant
(Fsr = 0.0010, P-value < 0.0002) and equal to than that
found between regions (Table 3). We detected a strong
and highly significant positive association between
genetic and geographic distances (* = 0.56, P-
value < 9.999e-05) when considering all pairwise com-
parisons (Fig. 3). This association was still significant,
albeit weaker, when considering samples only within
the north region (+* = 0.41 and P-value = 0.046) or the
south region (> = 0.20 and P-value = 0.049).

Table 3 Analysis of molecular variance (amova) among 17
sampling locations distributed in the north and south regions
of the sampled distribution range of lobster

Percentage
Source of variation of variation Variance P-value
Between regions 0.11 0.001 0.0002
Among locations 0.10 0.001 0.0002
within regions
Among individuals 99.79 0.363 -

within locations

0.002

Fg/(1-Fg;)

0.001

1.8 2.1 24 2.7 3.0
Log distances (km)

Pairwise comparisons

Clustering of individuals and populations

The genetic split between north and south regions was
also discerned by both the DAPC and K-means analyses
but not by sTRUCTURE and ADMIXTURE. Thus, all lobsters
analysed were grouped into a single cluster according
to STRUCTURE and ADMIXTURE when using 8144 potentially
neutral SNPs. The same result was obtained when we
included all 10 156 SNPs (results not shown). In
contrast, the DAPC revealed two clusters, according to
the lowest BIC, separated along the first discriminant
function (PC1), which explained 33.62% of the total
genetic variation among individuals (Fig. 4). Discrimi-
nant functions 2 (PC2), 3 and 4 accounted for 6.27%,
3.84% and 2.28% of the variance, respectively, and did
not reveal any particular clustering (results not shown).
Although there was some overlap between the two
groups, the first cluster resolved by discriminant function
1 corresponded mainly to individuals from the north
region, whereas the second cluster contained mainly
individuals from the south region (Fig. 4). Moreover, an
optimal K of 2 clusters, corresponding to the north-south
separation, was found when performing the analysis at
the population level using the pseudo-F-statistics (Fig. 4).

Individual assignment analysis

The assignment success of individuals to their respec-
tive sampling locations was strongly affected by the
number of SNPs used that were ranked based on their
average Fgr value across all sampling locations (Fig. 5).
Thus, the average assignment success to sampling loca-
tion increased with the number of SNPs from 60.2%
when using the top 500 most differentiated SNPs to a
maximum of 80.8% using the top 3000 most differenti-
ated SNPs and then decreased to only 8.9% using all
10 156 SNPs. Regarding the effect of individuals sam-
pled per location, increasing the number of individuals
from 10 to the maximum average of 34 increased the

Fig. 3 Pairwise genetic distances (Fsy) in
relation to geographic distances [Log
(km)] between lobster sampling locations,
with a linear regression line (in black) fit-
ted with 95% confidence limits (in grey).

Pairwise =~ comparisons  within  and
* North )
+ North-South between the south and north regions are
= South represented by circles (within north),

squares (within south) or squares (north
vs. south).
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Fig. 4 Left panel: Discriminant analysis of principal components (DAPC) of genetic differentiation among the 586 genotyped lobsters
based on 8144 single nucleotide polymorphism markers (each point represents one individual) with principal component 1 (PC1:
33.62% of variance) against principal component 2 (PC2: 6.90% of variance). Right panel: Pseudo-F-statistics analysis assigning each
sampling location to either the south or the north region. The individuals (left panel) and sampling locations (right panel) from the
south and north regions are represented by white and black symbols, respectively.

proportion of individuals (using the top 3000 SNPs) cor-
rectly assigned to their location of origin from 13.7%
(range: 0-50.0%) to 80.8% (range: 56.6-95.6%) on aver-
age (Fig. 5). Visual inspection of this relationship indi-
cates that sampling a greater number of individuals
than were sampled in this study would have generated
additional gains in assignment success.

At the regional scale, GENODIVE assigned lobsters to
their region of origin with very high success. Lob-
sters sampled in the north and south regions were
re-assigned correctly at 93.6% and 94.8%, respectively,
using the top 3000 most differentiated SNPs. At the
population level, that is considering the 11 putative
genetically distinct populations as defined above,
assignment success was lower than between the
north and south regions but still high with an aver-
age of 80.8%. However, assignment success was
highly variable depending on population, ranging
between 55.5% (CAN) and 95.6% (SGL) (Fig. 6). Inter-
estingly, the lowest assignment success is for a site
(CAN) along the Scotia shelf where there might be a
discontinuity in structure between the north and
south regions. We also estimated assignment success
for sampling sites that were pooled together as rep-
resenting a same putative population based on Fsr
values and alpha = 0.05. Assignment success was still
high for these sites, averaging 77% for sites within
SGL (GAS, MAL, MAG and DIN), 78% within SNS
(LOB, OFF and BRO) and 83% within CCO (MAR
and BUZ) (Fig. S2, Supporting information). As

© 2015 John Wiley & Sons Ltd

expected, miss-assigned individuals were generally
assigned to other sites within each of these three
putative populations. This indicates that despite the
lack of statistically significant genetic differences
between sites that were pooled as representing a
same putative population, individuals from a given
site were genetically more similar among themselves
than they were to lobsters from other sites.

We found only 140 pairs of loci with an 7* value > 0.5
in all sampling locations. Indeed, nonindependence of
markers was expected to be low as the lobster genome is
several times larger than that of many marine fish (~
n = 69 chromosomes: Coluccia et al. 2001; C = 4.75: Ani-
mal Genome Size Database). We randomly removed one
of linked SNPs, and we assessed assignment success
again using the remaining 2860 SNPs. Assignment suc-
cess obtained in this case was very similar to assignment
success using all 3000 SNPs, with on average 93.7%
(instead of 94.2%) individuals correctly assigned to their
region of origin and 79.6% (instead of 80.8%) individuals
correctly assigned to their population of origin.

When using the randomized data set, <5% of individ-
uals were correctly assigned to their location of origin,
clearly indicating the rejection of the null hypothesis of
random assignment based on the empirical data set. In
contrast, the bootstrapped data set (using the top 3000
SNPs) gave a high assignment success of 80.3% on aver-
age, which is similar to the primary data set, further
validating results of the assignment tests. However,
assignment tests could not confidently tell apart
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Fig. 5 Left panel: Boxplot of the proportion of lobsters correctly assigned to their sampling location (y-axis) as a function of number
of SNPs ranked by decreasing order of average Fsr values (x-axis) following the Anderson (2010) method. Right panel: Boxplot of
the proportion of lobsters correctly assigned to their sampling location (y-axis) as a function of number of individuals per sampling
location and according to a standard leave-one-out procedure. The ‘max’ label refers to the maximum number of individuals per
sampling location, which varies from 31 to 38 (average 34) individuals (see Table 1). In both panels, the vertical limits of the box rep-
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extend from the box to the 25th and 75th percentiles.

migrant individuals from incorrect assignments, as no
individuals were outside the 95% likelihood limits of
their respective population. When sampling locations
were considered separately, GENECLASS2 and GENODIVE
gave a similar assignment success (average 81.5% and
80.8%, respectively, Student’s t-test, P-value = 0.82).
Correlation between assignment successes obtained by
both methods for a given population was also high
(Rho = 0.84), indicating largely consistent conclusions
between the two programs.

Discussion

The main goal of this study was to assess how using
thousands of SNPs could help to better delineate fine-
scale genetic structure and increase the assignment
success of individuals to their site, putative population

and region of origin in weakly genetically structured
marine species using the American lobster as a case
study. Results revealed the existence of a hierarchical
genetic structure, first separating populations from the
north and the south regions of the sampled range and
then separating populations within each of these
regions. Thus, 11 putative populations were resolved
of the 17 sampling locations, revealing population
genetic structuring at finer-spatial scale than previ-
ously revealed for this species. On the other hand,
whereas Fgr values were often highly statistically sig-
nificant, they were always small and comparable to
values frequently reported for other species of marine
vertebrates and invertebrates. These small Fgy values
suggest pronounced genetic connectivity among sites
and putative populations or recent separation and
slow approach to equilibrium in very large popula-

© 2015 John Wiley & Sons Ltd
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Fig. 6 Blind assignment success expressed as the percentage of
lobsters sampled from one putative genetic population that are
classified into their population of origin (grey-shaded numbers
on diagonal) or inferred to belong to another putative popula-
tion (nonshaded numbers). Eleven putative populations were
identified (see text), of which 8 were single sampling locations
(BON, BOO, BRA, CAR, CAN, SEA, RHO, TRI) and 3 were
clusters of neighbouring sampling locations (South Gulf of St.
Lawrence, SGL, grouping GAS, DIN, MAG and MAL; South-
west Nova Scotia, SNS, grouping BRO, LOB and OFF; Cape
Cod, CCO, grouping MAR and BUZ). Dashed lines represent a
higher-level genetic discontinuity separating putative popula-
tions in the south (above horizontal line on y-axis) from those
in the north (below horizontal line on y-axis) of the sampled
distribution range.

tions (Marko & Hart 2011). However, contrary to ear-
lier studies on this species, confidence intervals around
Fsr estimates were very narrow and excluded zero, as
a consequence of the very large number of markers
used. Results from the assignment tests provided fur-
ther evidence for this general pattern of population
structuring as 94.2% of individuals were correctly
assigned to their region of origin and 80.8% were cor-
rectly assigned to their putative population of origin
within each region. In addition, assignment success
remained high when assigning individuals to sampling
locations that were not significantly differentiated
based on Fgr, indicating that lobsters from the same
location are genetically more similar among themselves
than they are with individuals from other locations.
Overall, these results confirm the resolution gained by
using a large number of SNP markers to delineate
fine-scale population structuring and to perform
assignment tests in highly genetically connected mar-
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ine species (Waples & Gagiotti 2006). Below, we dis-
cuss the implications of these findings for the study,
conservation and management of American lobster
and other highly connected marine species.

Fine-scale population structuring

The small yet significant genetic differentiation found
among 94.8% of the pairwise site comparisons, along
with generally high site, population or regional assign-
ment success, contributes to a growing literature finding
that many marine organisms are subdivided into geneti-
cally separated units, sometimes at small spatial scales
(e.g. Atlantic cod, Gadus morhua: Ruzzante et al. 1999;
Knutsen et al. 2003; flathead mullet, Mugil cephalus: Krtick
et al. 2013; Atlantic herring, Clupea harengus; Pacific lam-
prey, Entosphenus tridentatus: Hess et al. 2013), which has
changed the general perception that most marine species
are panmictic across broad geographic scales (Swearer
et al. 1999; Mora & Sale 2002; Banks et al. 2007; Iacchei
et al. 2013). In the particular case of American lobster,
earlier studies did indeed suggest that the species was
panmictic over large geographic areas (Tracey et al. 1975;
Harding et al. 1997). However, Kenchington et al. (2009)
provided evidence of a north-south discontinuity in
genetic structure that is corroborated by the genetic struc-
ture observed with SNPs reported here. Kenchington’s
study also showed a fine-scale genetic structure in the
southern region, but not in the northern region where
panmixia was proposed. In contrast, our results sug-
gested the existence of six populations among the nine
sampling sites from the northern region. Although
genetic differences were small and variable depending
on sampling sites comparison, they were accompanied
by a relatively high assignment success. This outcome is
most likely due to the increased accuracy and statistical
power provided by screening thousands of SNPs across
the lobster genome, as anticipated by Allendorf et al.
(2010). Our results show that the use of thousands of
SNPs returned very narrow (40.0006) confidence inter-
vals even around weak estimates of differentiation, there-
fore substantially increasing the accuracy of Fgr
estimates. Willing ef al. (2012) recently demonstrated via
computer simulations that a large number of screened
markers could be used to detect genetic differentiation as
small as Fgr = 0.001, assuming there is a real genetic
structure. This increased accuracy of genetic estimates
may enhance our ability to relate indirect measures of
gene flow and migration to demographic connectivity
(that is m, the proportion of migrants among populations
per generation), which matters more than genetic connec-
tivity for short-term population management (Waples &
Gagiotti 2006; Cano et al. 2008). Here, our results of pop-
ulation assignment suggest that at least some of the lob-



3310 L. BENESTAN ET AL.

ster putative populations might be ‘demographically
independent’, meaning that their dynamics is driven
more by local birth and death than immigration and emi-
gration (Hanski 1998). For instance, more than 89% of
individual lobsters were correctly assigned for 6 of the 11
proposed populations, suggesting on average for these a
maximum proportion of migrants (1) of about 0.11, that
is considering that a proportion of that 0.11 most likely
corresponds to spurious miss-assignment errors. Interest-
ingly, and although this must be interpreted cautiously
(Lowe & Allendorf 2010), Hastings (1993) proposed a
value of m = 0.1 as the threshold below which popula-
tions may be considered demographically independent.
Admittedly, however, interpretations regarding demo-
graphic independence must be done cautiously because
our study was based on egg-carrying females, which is
likely to have increased detectable genetic population dif-
ferentiation. Whereas this strategy was used to standard-
ize our sampling design, it may have biased the
estimates of demographic independence, to which males
and juveniles may also contribute. Therefore, future stud-
ies on this species should also compare patterns of con-
nectivity in males and juveniles.

Our findings set the stage for future research into the
demographic processes that are relevant to fine-scale
genetic structuring in American lobster and other
weakly differentiated marine species. For American lob-
ster, bio-physical larval dispersal models have shown
that lobster postlarvae may disperse up to 300-400 km
from where they hatch (Incze & Naimie 2000; Xue et al.
2008; Chassé & Miller 2010), but it is not known what
proportion of these individuals will successfully settle
and survive to recruit into the ‘local” reproductive adult
population. Similarly, although some adults have a resi-
dent behaviour year-round, most undergo seasonal
movements or long-range migrations to search for over-
wintering habitat that protects against harsh coastal
winter conditions (e.g. ice scour or storms) and/or
dampens seasonal thermal variability (Campbell 1986;
Bowlby et al. 2007; Cowan et al. 2007). Despite the
observation of long distance movements by some indi-
viduals, migrating adult lobsters tagged within the
northern and southern regions defined here, including
egg-bearing females, are generally recaptured within 5-
10 km of their original tagging location, even after a
number of years at liberty (Campbell 1986; Pezzack &
Duggan 1986, Comeau & Savoie 2002). This would be
congruent with the low migration rate suggested by our
assignment tests. There is also evidence that adult
American lobsters display homing behaviour (Comeau
& Savoie 2002), as reported in palinurid lobsters (Panu-
lirus  cygnus: Chittleborough 1974; Panulirus argus:
Herrnkind et al. 1975; Jasus edwardsii: Kelly & MacDiar-
mid 2003; Panulirus versicolor: Frisch 2007; Palinurus ele-

phas: Follesa et al. 2009). Homing behaviour could result
in large groups of adults belonging to a same popula-
tion segregating to their coastal areas for reproduction,
independent of other such groups, thereby potentially
reducing genetic connectivity even if the adults
undergo long-range migrations at certain times of the
year (Lawton & Lavalli 1995).

Our results indicated that isolation by distance does
play a role in the observed pattern of genetic structure
and that this was not only driven by the hierarchical
separation between the south and north regions, as sig-
nificant isolation by distance existed within and
between regions. Clearly, this underlines the need for a
more comprehensive study investigating the impact
of factors other than geography in determining
the genetic structure of American lobster. This, how-
ever, was beyond the scope of this study and will be
treated elsewhere (L. Benestan, B. Quinn, R. Rochette,
L. Bernatchez, in preparation). Namely integrating lar-
val dispersal and consideration of additional environ-
mental factors (e.g. ocean temperature, salinity, bottom
topography, coastline) into a seascape genetics frame-
work could help better understand the ecological deter-
minants underlying the observed pattern of genetic
structure in lobster, similar to previous works on highly
connected marine species (Banks et al. 2007; Selkoe et al.
2010; White et al. 2010).

Hierarchical structure between south and north regions

The genetic distinctiveness of the north and south regio-
nal groups of populations was previously interpreted as
the result of a range expansion from south to north fol-
lowing the end of the last glacial period, approximately
10 000 years BP (Kenchington et al. 2009). An additional
explanation could lie in oceanographic features that
promote larval exchange and retention within each of
these two regions (Urrego-Blanco & Sheng 2014). More-
over, the direction of larval dispersal between the two
regions is probably constrained by the dominant south-
westerly current outflow from the Gulf of St. Lawrence
to the Gulf of Maine via the Atlantic coast of Nova Sco-
tia, and not the other way around. At the mid-Scotian
Shelf, off Mahone Bay, the surface currents disperse lar-
vae away from the coast (Hannah et al. 2001), and this
could act as a barrier to gene flow, assuming the larvae
do not survive. This hypothesis is in agreement with
previous studies showing difference in productivity
between southern and northern populations along the
Nova Scotia (reviewed by Miller 1997). At the same
geographic area than our study, a recent genetic study
also revealed the existence of a north/south dichotomy
in northern shrimp (Pandalus borealis) that could be
explained by oceanic circulation and temperature varia-
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tion (Jorde et al. 2015). That being said, the net genetic
differentiation between the north and south regions
identified here was weak, which is also consistent with
physical oceanographic studies suggesting that a pro-
portion of larvae may drift through the strong Scotian
Shelf current every generation and translate into long-
term and pronounced genetic connectivity (Hannah
et al. 2001). As discussed above, however, we cannot
exclude the possibility that the weak differentiation
between lobsters from the two regions may also reflect
their very recent divergence along with presumably
large effective population sizes. On the other hand, the
assignment tests indicated again that the proportion of
migrants between the two regions is very low. Thus,
the 94.2% assignment success within each region sug-
gests a short-term demographic independence between
the two regional groups. This is also consistent with
results of all the tagging studies involving adult lob-
sters, which report no long distance movements
between the Gulf of Maine and Gulf of St. Lawrence
lobsters (Lawton & Lavalli 1995).

The use of clustering software (DAPC, pseudo-F-statis-
tics, AMOVA, STRUCTURE and ADMIXTURE) with different sensi-
tivities to uncover subtle population structure resulted in
contrasting findings. STRUCTURE and ADMIXTURE did not
reveal any genetic structure (either regional or local),
whereas DAPC, pseudo-F-statistics and amova showed a
significant division between the south and north regions.
This is congruent with simulation studies (Waples &
Gagiotti 2006; Kalinowski 2010) showing that Bayesian
clustering methods fail to detect any genetic structure
when genetic divergence is very low (Fsr < 0.01). Appar-
ently, this still holds true even when using thousands of
markers, as suggested in this study. Also, Kanno et al.
(2011) and Jombart ef al. (2010) showed the efficiency of
DAPC to discern significant genetic clusters where sTrRuc-
TURE failed to detect any signs of clustering in the system.
Thus, DAPC appears more efficient than STRUCTURE at
detecting population clustering in systems of weakly
(Fsr < 0.01) differentiated populations.

Assignment success as a function of number of
markers and sample size

Several simulation-based studies and analytical models
previously demonstrated that correct assignment varies
as a function of the number of markers and individuals
used (e.g. Cornuet et al. 1999; Bernatchez & Duchesne
2000; Paetkau et al. 2004). Here, our results empirically
illustrate how the potential of using a large number of
SNP markers may enhance the resolution of assignment
methods for weakly differentiated populations. How-
ever, while we showed how increasing the number of
markers genotyped up to a maximum of 3000 top-
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ranked markers improved assignment success, beyond
that number, the assignment success decreased gradu-
ally, indicating that more weakly differentiated markers
added noise and contributed to blurring rather than
improving assignment. We believe that this is most
likely due to a sampling error (arising from too few
individuals being analysed), which is stronger on
weakly differentiated markers with only modest allele
frequency differences between populations relative to
more differentiated markers (Roques et al. 1999). It
would be important in future studies to assess whether
this pattern of decreasing assignment success beyond a
given number of top rank markers will be generalized
in other marine species with similarly weak population
structure. As for the effect of sample size, our results
showed that our maximum number of individuals per
sampling location in total (n = 34 on average) was not
sufficient to reach the highest assignment success possi-
bly attainable in this system with the top 3000 markers.
Clearly, further improvement in assignment success
could have potentially been gained by substantially
increasing the number of individuals genotyped per
sampling location.

Management implications

Our sampling design was largely based on obtaining
samples belonging to different spatial units currently
used for lobster management in the Northwest Atlantic
[e.g. lobster fishing areas [LFAs] in Canada; Fig. 1].
Interestingly, the pattern of structuring we observed
generally fitted these LFAs in the sense that most sam-
pling sites representing different LFAs were genetically
differentiated and lobsters belonging to different LFAs
were often reassigned with high success. In some cases,
however, such as the South Gulf of St. Lawrence, sam-
ples from different LFAs were not different based on
Fsr values and assignment success was reduced, albeit
remaining markedly more important than expected by
chance alone. This suggests that there is a geographic
distance below which demographic dependence may
occur. Therefore, future studies should aim to refine the
geographic scale of structuring by applying a sampling
design including different geographic scales, many sam-
ples from the same LFA, different lobster life stages
from larvae to adults, and both genders. Moreover, the
temporal and seasonal stability of population structure
should be addressed to properly document the match
between population structure and management units.
Finally, and although sample sizes should be increased,
the promising results of individual assignment to their
population of origin indicate that a lobster SNP data-
base covering most, if not all populations, could also
provide new informative tools in the context of com-
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mercialization and marketing of American lobster. For
instance, in the context of eco-certification and increased
consumer awareness, such a database could provide a
means for local managers and fishermen to define terri-
torial branding. Moreover, the application of population
assignment based on such a database could improve
the traceability from fishers to consumers (e.g. FishPop-
Trace Consortium, Nielsen et al. 2012). We envision a
bright future for the use of high-density genotyping
facilitated by NGS-based genotyping protocols, both for
improving our basic knowledge of population genetic
structure of highly connected marine species and for
using that knowledge to improve management and con-
servation practices of exploited species.
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neutral SNPs
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Supporting information

Additional supporting information may be found in the online ver-
sion of this article.

Fig. S1 Bayescan test for selection on individual SNPs among
17 lobster sampling locations, implemented in BAYESCAN pro-
gram. Red symbols represent SNPs potentially under.

Fig. S2 Blind assignment success expressed as the percentage
of lobsters sampled from one sampling location that are classi-
fied into their sampling location of origin (greyshaded num-
bers on diagonal) or inferred to belong to another sampling
location (nonshaded numbers).

Table S1 Bayescan test for selection on individual SNPs among
17 lobster sampling locations, implemented in BAYESCAN pro-
gram. Red symbols represent SNPs potentially under divergent
selection whereas black symbols represent SNPs potentially
neutral and green symbols represent SNPs potentially under
balancing selection.

Appendix S1 Protocol for RAD Library preparation.
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