MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Vol. 584: 79–90, 2017
https://doi.org/10.3354/meps12361

Published December 7

Kin aggregations occur in eastern oyster
Crassostrea virginica reefs despite limited regional
genetic differentiation
A. J. Adrian, C. E. Lack, S. J. Kamel*
Department of Biology and Marine Biology, Center for Marine Science, University of North Carolina Wilmington,
Wilmington, NC 28409, USA

ABSTRACT: Larval dispersal, particularly for sessile or sedentary marine organisms, significantly
influences the scale of population structure in many species and fundamentally depends on the
degree to which larvae from different populations are mixed in the plankton. In general, larval
dispersal is thought to lead to well-mixed populations; however, recent evidence shows genetic
structure at highly localized spatial scales in several benthopelagic species, raising important
questions about realized patterns of larval dispersal and the scale of metapopulation connectivity.
Here we use 22 microsatellite markers to characterize multi-scale patterns of genetic structure in
the eastern oyster Crassostrea virginica, an ecologically and economically important foundation
species located along the east coast of North America. At regional scales, we find limited evidence
of spatial genetic structuring and weak population differentiation across 4 sites spanning 200 km
of coastline. However, despite evidence of larval mixing and limited population structure, we find
significant levels of kin structure at the scale of individual reefs, a pattern consistently found
across samples. Such localized kin aggregations suggest that oyster larvae have significant larval
retention within natal sites or exhibit non-diffusive larval movement, whereby siblings are more
likely settle together. Importantly, these results show that larval mixing in the plankton is less
extensive than previously believed, which has important implications for our understanding of
population connectivity, gene flow, and the appropriate spatial management of marine resources.
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The degree to which individuals are dispersed
within and among populations can have substantial
influences on range and population dynamics,
genetic diversity, community composition, and rates
of speciation and extinction in the sea (Roughgarden
et al. 1988, Grosberg & Cunningham 2001, Swearer
et al. 2002, Hastings & Botsford 2006, Hughes et al.
2008). However, levels of connectivity and dispersal
are not clearly understood for many benthopelagic
species, mainly due to the difficulty in tracking lar-

vae directly (Cowen & Sponaugle 2009, Anderson et
al. 2014). The prevailing thought has been that high
levels of gene flow and population connectivity characterize species with the potential for extensive dispersal (Caley et al. 1996). However, for many species,
recent behavioral observations, genetic studies, and
biophysical models are revealing that larvae can use
simple behaviors in the water column to limit dispersal, allowing for high retention of locally produced
larvae within their natal populations (Knight-Jones
1953, Behrmann-Godel et al. 2006, Gerlach et al.
2007). As such, an increasing number of studies are
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revealing that even species with lengthy pelagic larval durations can display significant levels of genetic
structure over relatively small spatial scales (Selkoe
et al. 2006, Iacchei et al. 2013, Concepcion et al. 2014,
Ottmann et al. 2016, Selwyn et al. 2016). For example, the California spiny lobster Panulirus interruptus
shows significant kin structure at multiple sites
despite low population differentiation across its
1400 km range (Iacchei et al. 2013). Thus, levels of
differentiation among populations can exist at
smaller scales, despite little to no genetic structure
with increasing spatial distance (Gorospe & Karl
2013).
Genetic studies that estimate rates of retention and
migration in metapopulations are therefore confronted by the issue of spatial scale, whereby the
absence of genetic structure at a larger scale, despite
its presence at a more localized scale, can inflate
such estimates (Wiens 1989, Levin 1992, Gorospe &
Karl 2013). Although evidence for localized genetic
structure and self-recruitment in marine systems is
mounting, few studies have considered the potential
for a lack of gene flow between groups of individuals
located less than several kilometers apart across
shorter time scales (Jolly et al. 2003, Taylor & Hellberg 2003, Calderón et al. 2007, Gorospe & Karl 2013,
Kamel & Grosberg 2013, D’Aloia et al. 2015). For
example, in habitat-forming species, genetic variation within patches can determine productivity and
resilience from disturbance and disease, as well as
the number and diversity of other species, thereby
affecting community structure and ecosystem processes (Whitham et al. 2006, Kamel et al. 2012, Stachowicz et al. 2013). In order to gain a more comprehensive view of the processes influencing a species’
population dynamics, it is therefore crucial to examine patterns in the genetic makeup of populations
across multiple spatial scales, and in particular, those
at which individuals directly interact. Characterizing
levels of connectivity and dispersal on these scales
should therefore be of critical concern in species
that contribute largely to ecosystem function, such as
oysters.
The eastern oyster Crassostrea virginica provides
key ecosystem services, including water quality
enhancement, habitat construction, and sediment
stabilization (Meyer & Townsend 2000, Cressman et
al. 2003, Newell & Koch 2004, Grabowski et al. 2012).
A recent assessment of such ecosystem services
places its economic value upwards of US$ 99 000 ha−1
yr−1, not including harvest value, which in the state of
North Carolina, USA, totals close to $52 000 ha−1 yr−1
(Grabowski et al. 2012). Despite their critical role in

ecosystem function, oyster populations have experienced a global decline of ~85% in the past century
due to overfishing, disease, and habitat destruction
(Beck et al. 2011). The decline of oyster stocks has
prompted concern over sustainability and considerable restoration efforts. Current management of oysters in North Carolina is explicitly spatial, including
oyster sanctuaries, seed beds, and a patchwork of
individual oyster leases. The success of spatial management can be improved with an understanding of
how oyster subpopulations are connected demographically and genetically by the exchange of larvae, and the degree to which individual subpopulations are self-seeding. However, the extent of
connectivity among oyster subpopulations in tidal
creeks and estuaries in North Carolina remains
unknown.
Previous studies of genetic structure in this species
have primarily focused on geographic scales of 10s to
100s of km (Mann et al. 1994, Hare & Avise 1996,
Rose et al. 2006, Anderson et al. 2014). For example,
biophysical modeling of larval movements in the
Pamlico Sound marine protected area (MPA) in
North Carolina suggest that C. virginica larval dispersal distances may range up to 110 km (Haase et
al. 2012), though how these estimates relate to realized dispersal and genetic structure on the scale of an
individual reef is unknown. Here, we use microsatellite markers to estimate kinship and genetic structure
within and among reefs across multiple scales: from
meters to kilometers within tidal creek populations in
North Carolina. Quantifying local patterns of reef
structure at relatively small spatial scales will clarify
the degree to which reefs are connected by dispersal,
which is important for the spatial design of fisheries,
MPAs, and reef restoration efforts. Moreover, the
patterns of genetic structure which emerge within a
reef might influence individual and population-level
traits, which in turn can shape ecosystem processes.

MATERIALS AND METHODS
Study system
Crassostrea virginica is an economically and ecologically valuable species (Grabowski et al. 2012)
that can be found from the Gulf of St. Lawrence in
Canada and along the US Atlantic coast to the Gulf of
Mexico (Carriker & Gaffney 1996). In southeastern
USA, C. virginica reefs occupy a substantial area
along the lower fringe of salt marshes and the intertidal bottom of creeks and estuaries (Meyer &
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Townsend 2000). C. virginica are broadcast spawners, releasing gametes into the water column. After
fertilization, larvae have a planktonic phase of 2−
3 wk, after which the larvae seek hard substrate and
attach to develop into permanently sessile individuals. In North Carolina, primary peaks in reproductive
output occur from May to June, with smaller secondary peaks from July to August (Haase et al. 2012,
Puckett et al. 2014). In addition to its harvest value,
C. virginica contributes substantially to ecosystem
function by providing services such as habitat production, sediment stability, and water filtration (Beck
et al. 2011, Grabowski et al. 2012).
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Hewlett’s Creek, Masonboro Sound, and Lockwood
Folly (Fig. 1). All 4 sampling sites are characterized
by densely populated, naturally occurring C. virginica reefs across relatively flat areas devoid of
apparent geographic barriers to gene flow. Adult
oysters (> 40 mm) were collected from 4 reefs at each
site in August 2014 and in March and May 2015. The
closest and farthest distances at which 2 reefs were
sampled were approximately 3.8 m and 169.5 km,
respectively. Individuals were randomly collected
within a 9 m radius from the center of each reef,
yielding a total sample size of 950 individuals.

DNA extraction and genotyping
Sample collection
We sampled 16 reefs along the North Carolina
coast from intertidal estuaries in Middle Marsh,

We dissected gill tissue from each individual, suspended the tissue in 95% ethanol, and stored it at
−20°C. We then isolated genomic DNA from each tis-
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Fig. 1. Sampling sites for eastern oyster Crassostrea virginica along the coast of North Carolina, USA. Sites are Lockwood
Folly (LF), Masonboro Sound (MS), Hewlett’s Creek (HC), and Middle Marsh (MM). Within each site, 2 fringe reefs (F) and 2
patch reefs (P) were sampled
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sue sample using a salting-out precipitation method
as employed either with the Puregene DNA Purification Kit (Gentra Systems) or the BioExpress Ultraclean Tissue and Cells Extraction Kit (MoBio Laboratories). We amplified 22 microsatellite loci previously
developed for C. virginica (Brown et al. 2000, Reece
2004, Carlsson et al. 2006, Wang & Guo 2007, Wang
et al. 2009, Wang et al. 2010) in 4 multiplex PCRs.
Individual primer working stocks contained 1 µl of
10 µM fluorescently labeled forward primer, and
10 µl each of 50 µM unlabeled forward and reverse
primers diluted in 80 µl of ddH2O; primers were subsequently combined into ‘soups’. The basic PCR
reaction contained 3.0 µl of 30 ng µl−1 genomic DNA,
5.0 µl of 2× Qiagen Multiplex Mix, 0.5 µl of ddH2O,
and 1.5 µl of 1 of each of the 4 different primer soups.
PCR conditions for all multiplex reactions were as follows: 95.0°C for 15 min, followed by 6 cycles of 30 s at
95.0°C, 45 s at 58.0°C and 1 min at 70.0°C, then 10
cycles of 30 s at 95.0°C, 45 s at 55.0°C, and 69.0°C at
1 min 30 s, then 4 cycles at 95.0°C for 30 s, 53°C for
45 s, and 69.0°C for 2 min, and finally 16 cycles of
95.0°C at 30 s, 45 s at 50.0°C, 68.0°C at 2 min 30 s,
ending with a 10 min extension at 68°C. Following
PCR, we set up 2 sequencing reactions: one containing 0.5 µl each of PCR product from Multiplex 1 and
2, and one containing 0.5 µl each of PCR product
from Multiplex 3 and 4. We added PCR products to
9 µl of formalin containing GeneScan-600 (LIZ) size
standard (Applied Biosystems) for genotyping on an
ABI Prism 3130XL Genetic Analyzer at the University
of North Carolina Wilmington’s Center for Marine
Science DNA sequencing facility. Fragments were
scored using the software STRAND version 2.3.69
(Toonen & Hughes 2001).

ing (Van Oosterhout et al. 2004). Since individuals
homozygous for a null allele or heterozygous for 2
null alleles will present as missing data, there may be
an association between the amount of missing data at
a locus and deviation from HWE when null alleles
are present. As such, we performed a linear regression between the proportion of individuals which
failed to amplify at each locus by reef combination as
well as the difference between He and Ho to determine if any deviations from HWE might be caused by
null alleles.

Spatial analyses
We used a hierarchical analysis of molecular variance (AMOVA) in ARLEQUIN 3.11 (Excoffier et al.
2005) to partition genetic variance across spatial
scales. To further assess the degree of genetic differentiation among reefs, we calculated all pairwise values of population differentiation using Weir & Cockerham’s F-statistics (Weir & Cockerham 1984), and
tested for significance with 10 000 permutations of
the data. We also calculated Weir’s FST using the
ENA correction method for null alleles employed by
FreeNA (Excoffier et al. 2005). To test for isolationby-distance among all reefs and sites, we performed
a Mantel test using linearized FST and the natural log
of Euclidean distance using Isolation by Distance
Web Service version 3.2.3 (IBDWS; Jensen et al.
2005), and tested for significance of correlations with
10 000 matrix randomizations. The geographic distance (in km) between sites was the shortest overwater path connecting those points.

Kinship analyses
Data analyses
We tested for departure from Hardy-Weinberg
equilibrium (HWE) within each reef by locus and
over all loci using GENEPOP version 4.2 (Raymond &
Rousset 1995). We calculated standard diversity indices, tests for linkage disequilibrium (LD), inbreeding coefficients (FIS) according to Weir & Cockerham
(1984), and observed and expected heterozygosity
(Ho and He) using ARLEQUIN version 3.11 (Excoffier et
al. 2005). Using the PopGenReport package in R
(Gruber & Adamack 2015), we calculated allelic richness, rarefied to 58 individuals. We then used
MICROCHECKER version 2.2.3 to determine whether
any deviations from HWE were due to null alleles or
large allele drop-out, as well as to check for stutter-

To investigate spatial patterns of family structure,
we calculated kinship coefficients (Loiselle et al.
1995), which are based on the relative probability of
2 alleles being identical by descent between each
pair of individuals, using GENODIVE (Meirmans & Van
Tienderen 2004). To determine whether kin were
more likely to be clustered on the same reef patch,
we used the PERMANOVA+ 1.0.2 software add-on in
PRIMER7 (Clarke & Gorley 2006) to conduct a 1-way
ANOVA on kinship coefficients following the
approach of Iacchei et al. (2013). The data were
uploaded as a correlation resemblance matrix, and a
1-way ANOVA was performed. To further investigate relationships among oysters within reefs, we
binned individuals according to the following levels
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of kinship (k): ‘nearly identical’, 0.57 > k > 0.375; ‘full
siblings’, 0.375 > k > 0.1875; ‘half siblings’, 0.1875 > k
> 0.09375; and ‘quarter siblings’, 0.09375 > k > 0.047.
Here the bounds represent the midpoints between
coancestry coefficients (Loiselle et al. 1995, Iacchei et
al. 2013). We also conducted a permutation test
where the observed number of closely related individuals within reefs was compared to a null distribution of kinship coefficients generated by randomly
assigning oysters to reefs (Iacchei et al. 2013).

RESULTS
Data analyses
We successfully genotyped 950 individuals at 22 loci
from 16 reefs comprising 4 different sites along the
North Carolina coast. The mean number of alleles per
locus ranged from 11.4 to 17.0 across reefs; similarly,
mean allelic richness ranged from 11.6 to 14.3 across
reefs (Table 1). Ho (range: 0.52 to 0.71) was lower than
He (range: 0.75 to 0.79) for all reefs. There were significant deviations from HWE in 155 of the 352 comparisons (44%) after using a Bonferroni correction for
multiple tests, and these deviations were largely attributed to homozygote excess, which was observed in
75% of comparisons. Homozygote excess can be indicative of high levels of inbreeding or the presence of
null alleles. The ubiquity of homozygote excess in all
reefs and across 19 of the 22 loci indicated potentially
high levels of inbreeding, rather than the presence of
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null alleles. All sites had significant FIS estimates
(Table 1) and, within each reef, FIS estimates were significant for 16 or more loci (Table S1 in the Supplement; www.int-res.com/articles/suppl/m584p079_
supp.pdf). A global test for the presence of null alleles
in MICROCHECKER (Clarke & Gorley 2006) revealed that
15 of the 22 loci showed potential evidence of null alleles, although the frequency of null alleles at each locus
tended to be low (0.3−5%). Further, we found no relationship between the proportion of missing data and
deviations from HWE across loci and reefs (r2 = 0.01, p
= 0.1). Calculation of Weir’s FST in FreeNA (Weir &
Cockerham 1984) also revealed no bias between the
data set potentially harboring null alleles and that of
the data set in which alleles were generated where
nulls were expected. As such, we report all analyses
using our original data. Of the 3696 of tests for LD, 356
(9.6%) were significant after correcting for multiple
tests, but no specific patterns were found across reefs
or loci. The 3 sites with the highest LD were also those
with the highest mean kinship values; furthermore, we
found a significant positive correlation between mean
LD and mean kinship across sites (r2 = 0.3, p < 0.05),
suggesting that kinship might be driving patterns of
LD (see ‘Kinship analyses’ below).

Spatial analyses
The global AMOVA revealed extremely slight, but
significant, structure among sites, although almost all
the genetic variation (99.25%) occurred among indi-

Table 1. Summary statistics for each Crassostrea virginica reef averaged over all 22 microsatellites. Observations include:
sample size (n), mean number of alleles per locus (A), mean allelic richness (A R), mean inbreeding coefficient (FIS), observed
heterozygosity (Ho), expected heterozygosity (He), percentage of loci pairs in linkage disequilibrium (LD), and mean kinship
coefficient (k). Bold: significant at p < 0.05
Area
Middle Marsh

Hewlett’s Creek

Masonboro Sound

Lockwood Folly

Site

Reef type

n

A

AR

FIS

Ho

He

% loci in LD

k

MMP1
MMP2
MMF1
MMF2
HCP1
HCP2
HCF1
HCF2
MSP1
MSP2
MSF1
MSF2
LFP1
LFP2
LFF1
LFF2

Patch
Patch
Fringe
Fringe
Patch
Patch
Fringe
Fringe
Patch
Patch
Fringe
Fringe
Patch
Patch
Fringe
Fringe

50
48
48
34
54
60
71
64
63
67
58
68
65
64
69
67

15.2
14.7
14.1
11.4
13.8
15.6
16.2
16.4
16.0
16.3
15.8
16.3
16.3
17.0
15.8
16.1

13.7
13.3
12.9
11.6
12.6
13.6
13.7
14.3
13.9
13.7
13.7
13.9
14.0
14.5
13.5
13.5

0.16
0.21
0.21
0.14
0.31
0.22
0.32
0.27
0.17
0.18
0.14
0.11
0.16
0.11
0.22
0.22

0.65
0.62
0.63
0.68
0.53
0.60
0.52
0.56
0.63
0.63
0.68
0.71
0.65
0.69
0.59
0.59

0.77
0.78
0.79
0.78
0.75
0.76
0.75
0.76
0.76
0.77
0.79
0.79
0.77
0.77
0.78
0.75

1.73
11.26
13.85
33.33
20.35
4.76
14.72
5.63
5.63
0.43
3.46
0.43
6.06
11.69
6.49
14.29

0.002
0.000
0.002
0.004
0.005
0.001
0.007
0.004
0.004
0.001
0.002
0.002
0.003
0.004
0.004
0.004
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viduals within reefs (Table 2). Of the 120 pairwise
comparisons of genetic differentiation, 26 (22.2%)
were significant, only 1 of which occurred within a
site (Table 3). We found no correlation between geographic distance and FST (r2 = 0.03, p > 0.05) when all
16 reefs were included. When only considering
within-site comparisons, we found a significant positive correlation between geographic and genetic distance (r2 = 0.15, p < 0.05), suggesting that distance
between reefs might be important at local scales,
despite broad mixing across regional geographic
scales.

Kinship analyses
Overall, kinship coefficients within reefs ranged
from −0.143 to 0.236, with an overall mean kinship of
0.002. However, the mean kinship among oysters
within reefs (n = 16) was 0.003 ± 0.002, which was
higher than the mean kinship among oysters located

Table 2. Crassostrea virginica. Global hierarchical analysis
of molecular variance (AMOVA) as a weighted average over
all loci
Source of variation

Variance
components

% of
variation

p-value

Among sites
Among reefs within
sites
Within reefs

0.03
0.04

0.32
0.42

< 0.01
< 0.01

8.47

99.26

< 0.01

on different reefs (−0.0002 ± 0.002). Indeed, kinship
coefficients were significantly greater for withinreef than among-reef comparisons (pseudo-F15, 934 =
1.443, p < 0.001), supporting the observation that the
majority of kin comparisons were between oysters
located on the same reef (Fig. 2). There were significantly more kin groupings than expected by chance
in all but 1 reef (MMF1). For example, 9 of the 16
reefs showed a greater proportion of half siblings
than expected by chance (Fig. 3). Mean within-reef
kinship values were significantly positively correlated with the inbreeding coefficient (r2 = 0.26, p <
0.05). At a regional scale, within-site (n = 4) kinship
coefficients were also significantly greater than those
among sites (pseudo-F3, 946 = 2.424, p = 0.0001).

DISCUSSION
Across species with intermediate larval durations
(1−60 d), there is accumulating evidence that larvae
rarely reach their full dispersal potential, contradicting the assumption that most marine populations are
genetically homogeneous across broad geographic
scales (Jones et al. 1999, Swearer et al. 1999, 2002,
Mora & Sale 2002, Grantham et al. 2003, Taylor &
Hellberg 2003, Marko 2004, Cowen et al. 2006,
Becker et al. 2007, Lopez-Duarte et al. 2012, Iacchei
et al. 2013, Ottmann et al. 2016). However, with a larval duration of 14−25 d (Haase et al. 2012), Crassostrea virginica shows limited spatial genetic structure and weak population differentiation among 4
sites spanning 200 km of coastline, suggesting a pat-

Table 3. Crassostrea virginica. Matrix of geographic distance (km) above diagonal, and pairwise genetic distance (FST) below
diagonal. Within-site comparisons in bold; significant values in italics. See Fig. 1 for site abbreviations
MMP1 MMP2 MMF1 MMF2 HCP1 HCP2 HCF1 HCF2 MSP1 MSP2 MSF1 MSF2
MMP1
MMP2
MMF1
MMF2
HCP1
HCP2
HCF1
HCF2
MSP1
MSP2
MSF1
MSF2
LFP1
LFP2
LFF1
LFF2

0.042
−0.003
−0.009
−0.004
−0.005
0.002
0.006
0.004
0.000
0.004
0.005
0.000
0.003
0.004
0.006
0.001

−0.003
−0.007
0.000
−0.009
0.002
−0.003
−0.007
−0.007
0.002
−0.007
−0.005
−0.004
−0.004
−0.002

0.044
0.063
−0.006
−0.003
−0.014
−0.002
−0.010
−0.017
−0.020
−0.010
−0.017
−0.010
−0.013
−0.006
0.000

0.056
0.04
0.043
0.003
−0.008
0.001
−0.005
−0.004
−0.010
−0.009
−0.014
−0.001
−0.001
0.001
0.006

126.2
126.2
126.3
126.3
−0.011
−0.005
−0.011
−0.010
−0.011
0.003
−0.005
0.000
0.001
−0.001
0.002

126.2
126.2
126.3
126.3
0.038
0.001
0.001
0.001
0.001
0.008
0.004
0.002
0.004
0.002
−0.003

126.3
126.3
126.3
126.3
0.108
0.146
−0.001
0.006
0.004
0.014
0.007
0.011
0.009
0.008
0.004

126.3
126.3
126.3
126.3
0.058
0.097
0.05
0.001
0.004
0.012
0.008
0.007
0.007
0.006
−0.003

125.9
126.0
126.0
126.0
1.189
1.152
1.295
1.246
−0.001
0.002
0.000
0.002
0.003
0.005
−0.002

126.0
126.0
126.1
126.1
1.225
1.188
1.33
1.281
0.09
0.000
0.002
0.000
0.000
0.001
−0.005

126.1
126.1
126.2
126.2
1.198
1.161
1.30
1.252
0.191
0.114

126.1
126.1
126.1
126.1
1.113
1.076
1.217
1.168
0.149
0.123
0.101

LFP1

LFP2

LFF1

LFF2

169.3
169.3
169.4
169.4
43.87
43.87
43.84
43.85
43.92
43.84
43.73
43.79

169.4
169.4
169.4
169.4
43.94
43.94
43.91
43.92
43.99
43.91
43.8
43.86
0.092

169.5
169.5
169.5
169.5
44.07
44.07
44.04
44.05
44.12
44.04
43.93
43.99
0.225
0.137

169.3
169.3
169.4
169.4
43.85
43.86
43.83
43.84
43.91
43.83
43.72
43.78
0.160
0.236
0.339

0.001
0.001 0.000
0.000 0.003 0.001
0.008 0.005 0.005
0.002 −0.001 0.004

0.003
0.001

0.001
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Fig. 2. Proportion of total number of pairwise kinship (k) comparisons (n = 450 775) among all Crassostrea virginica oysters
sampled. Kinship estimates are divided into 0.01 bins (each vertical line represents a particular kinship value) and each value
is partitioned into within-reef (blue bars) or among-reef (black bars) comparisons. Absence of bars indicates kinship coefficients that were not found in the current data set
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tern of genetic homogeneity, at least
over a broad regional scale. Hierarchical analyses of variance revealed that
<1% of genetic variation could be
explained by differences among sites;
almost all the genetic variation
occurred among individuals within
reefs. This mirrored the isolation-by-

Fig. 3. Proportion of observed kinship comparisons for each Crassostrea virginica reef
that were more or less than expected for
each of 4 kinship categories (nearly identical: 0.375 < k < 0.57; full sibling: 0.1875 < k <
0.375; half sibling: 0.09375 < k < 0.1875; and
quarter sibling: 0.047 < k < 0.09375). Expected numbers of kinship comparisons for
each category based on pairwise kinship
coefficients that were calculated after randomly shuffling individuals among reefs. *:
significant differences at p < 0.05. See Fig. 1
for site abbreviations
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distance analyses which showed no relationship of
increasing genetic dissimilarity with increasing distance. Further, the majority of significant FST values
included comparisons with reefs located in Hewlett’s
Creek. This site, located in the headwaters of the
creek, might experience more limited tidal excursions leading to reduced larval dispersal into the surrounding waters.
Our results differ from previous studies of genetic
structure among C. virginica populations which have
shown discontinuity in genetic homogeneity across
broad spatial scales in the Chesapeake Bay and
along the Texas and Florida coasts (Hare & Avise
1996, Rose et al. 2006, Anderson et al. 2014). Along
the eastern Florida coastline, analyses of mitochondrial and nuclear loci revealed a stepped genetic cline
in the transition zone between populations of oysters
collected from sites located approximately 40 km
apart (Hare & Avise 1996). Further studies of this
genetic cline indicate that larval dispersal along the
coast should be sufficient to homogenize populations, making limitations to dispersal unlikely and
local adaptation a possible contributor to the
observed genetic differentiation (Zhang & Hare
2012). Indeed, a reciprocal translocation experiment
revealed that local adaptation is a major mechanism
in promoting the maintenance of this step cline, with
oysters displaying better fitness in their natal environments (Burford et al. 2014).
Importantly, our analyses of genetic structure
within and among individual reefs revealed far more
significant patterns of genetic differentiation. Across
all sites, oysters were more closely related within
than between reefs and, for the majority of reefs, we
found significantly greater than expected levels of
kinship between adult oysters. The close association
between mean reef-kinship and reef-specific FIS values supports the idea that stable aggregations of kin
could be driving fine-scale genetic structure in C. virginica. This suggests 2 possible mechanisms that
could be driving this pattern: (1) retention of a significant proportion of kin on their natal reefs, or (2) collective dispersal (Yearsley et al. 2013), whereby
closely related larvae travel in ‘packets’ and settle
together (Finelli & Wethey 2003, Siegel et al. 2008,
Ottmann et al. 2016). An increasing number of studies support the idea that self-recruitment and limited
dispersal are some of the major drivers of genetic
structure in marine populations (Cowen & Sponaugle
2009, Ottmann et al. 2016). Local retention can also
be prevalent despite high levels of gene flow, if pools
of larvae released from a local breeding group do not
diffuse randomly, but instead remain aggregated

during dispersal and settlement (Bernardi et al. 2012,
Iacchei et al. 2013, Yearsley et al. 2013). In a recent
study of the effects of larval swimming behavior on
dispersal and settlement in C. virginica, hydrodynamic and larval behavior models were used to
demonstrate that the probability of settlement
depends on the local hydrodynamic environment
and swimming behavior (Hubbard & Reidenbach
2015). Importantly, their simulations of dispersal indicate that most larvae do not settle very far from their
original spawning locations, and that reefs in areas
characterized by low flow velocities (bays and more
sheltered areas) were more likely to show self-colonization than reefs in those areas characterized by
high flow velocities, such as deep channels connected to inlets (Hubbard & Reidenbach 2015). Given
the relatively sheltered nature of our study sites, low
flow velocities could potentially be contributing to
high levels of larval retention and self-recruitment.
Alternatively, in marine species with high fecundity and highly variable reproductive or recruitment
success, extremely skewed differential reproductive
success, in which only a small proportion of individuals within a population actually reproduce, may foster ‘sweepstakes-like chances’ of larval survival and
settlement success (Johnson & Black 1982, 1984,
Christie et al. 2010, Hedgecock & Pudovkin 2011).
These effects tend to lead to temporary kin structure,
with higher than expected relatedness within cohorts
of recruits declining as subsequent cohorts settle
over time (Allendorf & Phelps 1981, Hedgecock 1994,
Herbinger et al. 1997, Selkoe et al. 2006, Hedgecock
et al. 2007, Christie et al. 2010, Hedgecock &
Pudovkin 2011). Although these results may reflect
sweepstakes effects, the reef-specific patterns of kin
structure seen in our study argue strongly in favor of
sibling cohesiveness, where siblings are more likely
to settle together than disperse across sites (Bernardi
et al. 2012, Iacchei et al. 2013). This implies that some
pelagic assemblages of sibling larvae remain moreor-less intact as they disperse from their natal site,
despite the potential for admixture during the planktonic phase (Veliz et al. 2006, Iacchei et al. 2013).
Another intriguing possibility is that, given that the
intertidal zone is characterized by strong environmental gradients, local adaptation might be an
important driver of the underlying patterns of genetic
structure (Sanford & Kelly 2011). Environmental heterogeneity can produce genetic differentiation
across small spatial scales, even among populations
that lack physical barriers to gene flow. For example,
Tobler et al. (2008) observed phenotypic divergence,
high levels of population differentiation, and low
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rates of migration in the Atlantic molly Poecilia mexicana across habitat types characterized by differences in hydrogen sulfide content and light. Adaptation to a spatially varying environment might result
in non-random post-settlement mortality, with larvae
surviving better on their natal reef types, leading to
the observed patterns of kin structure. We know that
fringing reefs differ from seaward reefs in a number
of biotic and abiotic factors, including tidal elevation,
emersion time, sediment load, salinity, and predation
pressure (Shumway 1996, Lenihan 1999, Lenihan et
al. 1999). However, links to environmental differences and their influence on patterns of post-settlement mortality in C. virginica remain untested.
While understanding the processes generating
such patterns of genetic structure remains an open
question, the consequences of kin structure on localized scales also warrant consideration. For example,
Hanley et al. (2016) showed that while in juvenile
oysters, cohort diversity and kinship were negatively
associated with long-term survivorship, kinship did
show a positive association with growth. Conversely,
Smee et al. (2013) found greater settlement of oyster
larvae on experimental assemblages of adult oysters
with high genetic diversity than on experimental
assemblages of adult oysters with low genetic diversity. Given that oyster reefs have experienced a significant global decline due to overharvesting, coastal
development, and environmental degradation, and
that oyster reef restoration has often produced equivocal results (Beck et al. 2011, Grabowski et al. 2012),
other factors such as kin genetic structure and
genetic diversity should be considered in efforts
aimed at population recovery.
Our kinship analyses show that across North Carolina, the majority of sampled reefs contain an excess
of closely related individuals, despite populationlevel data showing limited regional differentiation or
isolation-by-distance patterns. This suggests that
either self-recruitment or coordinated larval delivery
is driving small-scale genetic differences in a species
with a moderately long larval duration, and complements the growing number of studies that show
genetic differentiation over small spatial scales in
marine populations (Veliz et al. 2006, Christie et al.
2010, Iacchei et al. 2013, Selwyn et al. 2016). The
small scale at which potential breaks in connectivity
are occurring in this system should thus be considered during the placement of constructed reef
reserves and the design of MPAs. Shorter dispersal
distances should favor the delineation of MPAs that
are closer to one another in order to facilitate connectivity between reserves (Sunday et al. 2014). Connec-
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tivity among populations of habitat-forming species
can determine levels of genetic variation that are
essential to the promotion of aspects associated with
population performance such as growth and biomass
(Kamel et al. 2012), persistence in the face of habitat
fragmentation and environmental alterations due to
climate change (Cowen & Sponaugle 2009), and biodiversity of facilitated species (Whitham et al. 2006).
Understanding the extent of connectivity between
populations, and how realized larval dispersal alters
connectivity and gene flow, will be essential to the
recovery and long-term sustainability of the eastern
oyster fishery.
Acknowledgements. A.J.A. collected field data, participated
in study design, carried out molecular lab work, participated
in data analysis, and drafted the manuscript; C.E.L. carried
out molecular lab work, participated in data analysis, and
drafted the manuscript; and S.J.K. conceived of the study,
participated in study design, coordinated the study, participated in data analysis, and edited the manuscript. All
authors are funded by a Center for Marine Science Pilot Project and a National Science Foundation grant to S.J.K. (OCE
1459384). We thank Troy Alphin and William and Lillian
Hurst for helping with site selection, Ami Wilbur for providing sample oyster tissue for microsatellite testing and PCR
optimization, Melissa Smith for creating our map of sample
sites, and Chelsea Crocker, Jaymie Reneker, Elizabeth
Mason, and Calvin Mitchell for helping with tissue collection, DNA extraction, and data collection.

LITERATURE CITED
Allendorf FW, Phelps SR (1981) Use of allelic frequencies to
describe population structure. Can J Fish Aquat Sci 38:
1507−1514
Anderson JD, Karel WJ, Mace CE, Bartram BL, Hare MP
(2014) Spatial genetic features of eastern oysters (Crassostrea virginica Gmelin) in the Gulf of Mexico: northward movement of a secondary contact zone. Ecol Evol 4:
1671−1685
Beck MW, Brumbaugh RD, Airoldi L, Carranza A and others
(2011) Oyster reefs at risk and recommendations for conservation, restoration, and management. Bioscience 61:
107−116
Becker BJ, Levin LA, Fodrie FJ, McMillan PA (2007) Complex larval connectivity patterns among marine invertebrate populations. Proc Natl Acad Sci USA 104:
3267−3272
Behrmann-Godel J, Gerlach G, Eckmann R (2006) Kin and
population recognition in sympatric Lake Constance
perch (Perca fluviatilis L.): Can assortative shoaling drive
population divergence? Behav Ecol Sociobiol 59:461−468
Bernardi G, Beldade R, Holbrook SJ, Schmitt RJ (2012) Fullsibs in cohorts of newly settled coral reef fishes. PLOS
ONE 7:e44953
Brown BL, Franklin DE, Gaffney PM, Hong M, Dendantos D,
Kornfield I (2000) Characterization of microsatellite loci
in the eastern oyster, Crassostrea virginica. Mol Ecol 9:
2216−2218

88

Mar Ecol Prog Ser 584: 79–90, 2017

Burford MO, Scarpa J, Cook BJ, Hare MP (2014) Local adaptation of a marine invertebrate with a high dispersal
potential: evidence from a reciprocal transplant experiment of the eastern oyster Crassostrea virginica. Mar
Ecol Prog Ser 505:161−175
Calderón I, Ortega N, Duran S, Becerro M, Pascual M, Turon
X (2007) Finding the relevant scale: clonality and genetic
structure in a marine invertebrate (Crambe crambe,
Porifera). Mol Ecol 16:1799−1810
Caley MJ, Carr MH, Hixon MA, Hughes TP, Jones GP,
Menge BA (1996) Recruitment and local dynamics of
open marine populations. Annu Rev Ecol Syst 27:
477−500
Carlsson J, Morrison CL, Reece KS (2006) Wild and aquaculture populations of the Eastern oyster compared using
microsatellites. J Hered 97:595−598
Carriker MR, Gaffney PM (1996) A catalogue of selected
species of living oysters (Ostreacea) of the world. In:
Kennedy VS, Newell RIE (eds) The Eastern oyster:
Crassostrea virginica. Maryland Sea Grant College,
University of Maryland System, College Park, MD,
p 1−18
Christie MR, Johnson DW, Stallings CD, Hixon MA (2010)
Self-recruitment and sweepstakes reproduction amid
extensive gene flow in a coral-reef fish. Mol Ecol 19:
1042−1057
Clarke KR, Gorley RN (2006) PRIMER v7: user manual/tutorial. PRIMER-E, Plymouth
Concepcion G, Baums I, Toonen R (2014) Regional population structure of Montipora capitata across the Hawaiian
Archipelago. Bull Mar Sci 90:257−275
Cowen RK, Sponaugle S (2009) Larval dispersal and marine
population connectivity. Annu Rev Mar Sci 1:443−466
Cowen RK, Paris CB, Srinivasan A (2006) Scaling of connectivity in marine populations. Science 311:522−527
Cressman KA, Posey MH, Mallin MA, Leonard LA, Alphin
TD (2003) Effects of oyster reefs on water quality in a
tidal creek estuary. J Shellfish Res 22:753−762
D’Aloia CC, Bogdanowicz SM, Francis RK, Majoris JE, Harrison RG, Buston PM (2015) Patterns, causes, and consequences of marine larval dispersal. Proc Natl Acad Sci
USA 112:13940−13945
Excoffier L, Laval G, Schneider S (2005) Arlequin ver. 3.0: an
integrated software package for population genetics
data analysis. Evol Bioinform Online 1:47−50
Finelli CM, Wethey DS (2003) Behavior of oyster (Crassostrea virginica) larvae in flume boundary layer flows.
Mar Biol 143:703−711
Gerlach G, Atema J, Kingsford MJ, Black KP, Miller-Sims V
(2007) Smelling home can prevent dispersal of reef fish
larvae. Proc Natl Acad Sci USA 104:858−863
Gorospe KD, Karl SA (2013) Genetic relatedness does not
retain spatial pattern across multiple spatial scales: dispersal and colonization in the coral, Pocillopora damicornis. Mol Ecol 22:3721−3736
Grabowski JH, Brumbaugh RD, Conrad RF, Keeler AG and
others (2012) Economic valuation of ecosystem services
provided by oyster reefs. Bioscience 62:900−909
Grantham BA, Eckert GL, Shanks AL (2003) Dispersal
potential of marine invertebrates in diverse habitats. Ecol
Appl 13:S108−S116
Grosberg RK, Cunningham CW (2001) Genetic structure in
the sea: from populations to communities. In: Bertness
MD, Gaines S, Hay ME (eds) Marine community ecology.
Sinauer, Sunderland, MA, p 61−84

Gruber B, Adamack AT (2015) landgenreport: a new R function to simplify landscape genetic analysis using resistance surface layers. Mol Ecol Resour 15:1172−1178
Haase AT, Eggleston DB, Luettich RA, Weaver RJ, Puckett
BJ (2012) Estuarine circulation and predicted oyster larval dispersal among a network of reserves. Estuar Coast
Shelf Sci 101:33−43
Hanley TC, Hughes AR, Williams B, Garland H, Kimbro DL
(2016) Effects of intraspecific diversity on survivorship,
growth, and recruitment of the Eastern oyster across
sites. Ecology 97:1518−1529
Hare MP, Avise JC (1996) Molecular genetic analysis of a
stepped multilocus cline in the American oyster (Crassostrea virginica). Evolution 50:2305−2315
Hastings A, Botsford LW (2006) Persistence of spatial populations depends on returning home. Proc Natl Acad Sci
USA 103:6067−6072
Hedgecock D (1994) Does variance in reproductive success
limit effective population sizes of marine organisms? In:
Beaumont AR (ed) Genetics and evolution of aquatic
organisms. Chapman & Hall, London, p 122−135
Hedgecock D, Pudovkin AI (2011) Sweepstakes reproductive success in highly fecund marine fish and shellfish: a
review and commentary. Bull Mar Sci 87:971−1002
Hedgecock D, Barber PH, Edmands S (2007) Genetic
approaches to measuring connectivity. Oceanography
20:70−79
Herbinger CM, Doyle RW, Taggart CT, Lochmann SE,
Brooker AL, Wright JM, Cook D (1997) Family relationships and effective population size in a natural cohort of
Atlantic cod (Gadus morhua) larvae. Can J Fish Aquat
Sci 54:11−18
Hubbard AB, Reidenbach MA (2015) Effects of larval swimming behavior on the dispersal and settlement of the
eastern oyster Crassostrea virginica. Mar Ecol Prog Ser
535:161−176
Hughes AR, Inouye BD, Johnson MTJ, Underwood N, Vellend M (2008) Ecological consequences of genetic diversity. Ecol Lett 11:609−623
Iacchei M, Ben-Horin T, Selkoe KA, Bird CE, GarcíaRodríguez FJ, Toonen RJ (2013) Combined analyses of
kinship and FST suggest potential drivers of chaotic
genetic patchiness in high gene-flow populations. Mol
Ecol 22:3476−3494
Jensen JL, Bohonak AJ, Kelley ST (2005) Isolation by distance, web service. BMC Genet 6:13
Johnson MS, Black R (1982) Chaotic genetic patchiness in
an intertidal limpet, Siphonaria sp. Mar Biol 70:
157−164
Johnson MS, Black R (1984) Pattern beneath the chaos: the
effect of recruitment on genetic patchiness in an intertidal limpet. Evolution 38:1371−1383
Jolly MT, Vivard F, Weinmayr G, Gentil F, Thiebaut E, Jollivet D (2003) Does the genetic structure of Pectinaria
koreni (Polychaeta: Pectinariidae) conform to a sourcesink metapopulation model at the scale of the Baie de
Seine? Helgol Mar Res 56:238−246
Jones GP, Milicich MJ, Emslie MJ, Lunow C (1999) Selfrecruitment in a coral reef fish population. Nature 402:
802−804
Kamel S, Grosberg R (2013) Kinship and the evolution of
social behaviours in the sea. Biol Lett 9:20130454
Kamel SJ, Hughes AR, Grosberg RK, Stachowicz JJ (2012)
Fine-scale genetic structure and relatedness in the eelgrass Zostera marina. Mar Ecol Prog Ser 447:127−137

Adrian et al.: Kin aggregations in Crassostrea virginica

Knight-Jones EW (1953) Laboratory experiments on gregariousness during setting in Balanus balanoides and other
barnacles. J Exp Biol 30:584−599
Lenihan HS (1999) Physical–biological coupling on oyster
reefs: how habitat structure influences individual performance. Ecol Monogr 69:251−275
Lenihan HS, Fiorenza M, Shelton SW, Peterson CH (1999)
The influence of multiple environmental stressors on susceptibility to parasites: an experimental determination
with oysters. Limnol Oceanogr 44:910−924
Levin SA (1992) The problem of pattern and scale in ecology. Robert H. MacArthur award lecture. Ecology 73:
1943−1967
Loiselle BA, Sork VL, Nason J, Graham C (1995) Spatial genetic-structure of a tropical understory shrub,
Psychotria officinalis (Rubiaceae). Am J Bot 82:
1420−1425
Lopez-Duarte PC, Carson HS, Cook GS, Fodrie FJ, Becker
BJ, DiBacco C, Levin LA (2012) What controls connectivity? An empirical, multi-species approach. Integr Comp
Biol 52:511−524
Mann R, Rainer JS, Morales-Alamo R (1994) Reproductive
activity of oysters, Crassostrea virginica (Gmelin, 1791)
in the James River, Virginia, during 1987–1988. J Shellfish Res 13:157−164
Marko PB (2004) ‘What’s larvae got to do with it?’ Disparate
patterns of post-glacial population structure in two benthic marine gastropods with identical dispersal potential.
Mol Ecol 13:597−611
Meirmans PG, Van Tienderen PH (2004) GENOTYPE and
GENODIVE: two programs for the analysis of genetic
diversity of asexual organisms. Mol Ecol Notes 4:
792−794
Meyer DL, Townsend EC (2000) Faunal utilization of created
intertidal eastern oyster (Crassostrea virginica) reefs in
the southeastern United States. Estuaries 23:34−45
Mora C, Sale PF (2002) Are populations of coral reef fish
open or closed? Trends Ecol Evol 17:422−428
Newell RE, Koch EW (2004) Modeling seagrass density and
distribution in response to changes in turbidity stemming
from bivalve filtration and seagrass sediment stabilization. Estuaries 27:793−806
Ottmann D, Grorud-Colvert K, Sard NM, Huntingdon BE,
Banks MA, Sponaugle S (2016) Long-term aggregation
of larval fish siblings during dispersal along an open
coast. Proc Natl Acad Sci USA 113:14067−14072
Puckett BJ, Eggleston DB, Kerr PC, Luettich RA (2014)
Larval dispersal and population connectivity among a
network of marine reserves. Fish Oceanogr 23:
342−361
Raymond M, Rousset F (1995) GENEPOP (version 1.2): population genetics software for exact tests and ecumenicism. J Hered 86:248−249
Reece KS (2004) Microsatellite marker development and
analysis in the eastern oyster (Crassostrea virginica):
confirmation of null alleles and non-Mendelian segregation ratios. J Hered 95:346−352
Rose CG, Paynter KT, Hare MP (2006) Isolation by distance
in the eastern oyster, Crassostrea virginica, in Chesapeake Bay. J Hered 97:158−170
Roughgarden J, Gaines SD, Possingham H (1988) Recruitment dynamics in complex life cycles. Science 241:
1460−1466
Sanford E, Kelly MW (2011) Local adaptation in marine
invertebrates. Annu Rev Mar Sci 3:509−535

89

Selkoe KA, Gaines SD, Caselle JE, Warner RR (2006) Current shifts and kin aggregation explain genetic patchiness in fish recruits. Ecology 87:3082−3094
Selwyn JD, Hogan JD, Downey-Wall AM, Gurski LM, Portnoy DS, Heath DD (2016) Kin-aggregations explain
chaotic genetic patchiness, a commonly observed
genetic pattern, in a marine fish. PLOS ONE 11:
e0153381
Shumway SE (1996) Natural environmental factors. In:
Kennedy VS, Newell RIE (eds) The eastern oyster: Crassostrea virginica. Maryland Sea Grant College, University
of Maryland System, College Park, MD, p 467−513
Siegel DA, Mitarai S, Costello CJ, Gaines SD, Kendall BE,
Warner RR, Winters KB (2008) The stochastic nature of
larval connectivity among nearshore marine populations.
Proc Natl Acad Sci USA 105:8974−8979
Smee DL, Overath RD, Johnson KD, Sanchez JA (2013)
Intraspecific variation influences natural settlement of
the eastern oyster. Oecologia 173:947−953
Stachowicz JJ, Kamel SJ, Hughes AR, Grosberg RK (2013)
Genetic relatedness influences plant biomass accumulation in eelgrass (Zostera marina). Am Nat 181:715−724
Sunday JM, Popovic I, Palen WJ, Foreman MGG, Hart MW
(2014) Ocean circulation model predicts high genetic
structure observed in a long-lived pelagic developer.
Mol Ecol 23:5036−5047
Swearer SE, Caselle JE, Lea DW, Warner RR (1999) Larval
retention and recruitment in an island population of a
coral-reef fish. Nature 402:799−802
Swearer SE, Shima JS, Hellberg ME, Thorrold SR and others
(2002) Evidence of self-recruitment in demersal marine
populations. Bull Mar Sci 70:251−271
Taylor MS, Hellberg ME (2003) Genetic evidence for local
retention of pelagic larvae in Caribbean reef fish. Science 299:107−109
Tobler M, DeWitt TJ, Schlupp I, García de León FJ and others (2008) Toxic hydrogen sulfide and dark caves: phenotypic and genetic divergence across two abiotic environmental gradients in Poecillia mexicana. Evolution 62:
2643−2659
Toonen RJ, Hughes S (2001) Increased throughput for fragment analysis on ABI Prism 377 automated sequencer
using a membrane comb and STRand software. Biotechniques 31:1320−1324
Van Oosterhout C, Hutchinson B, Wills D, Shipley P (2004)
Micro-checker: software for identifying and correcting
genotyping errors in microsatellite data. Mol Ecol Notes
4:535−538
Veliz D, Duchesne P, Bourget E, Bernatchez L (2006)
Genetic evidence for kin aggregation in the intertidal
acorn barnacle (Semibalanus balanoides). Mol Ecol 15:
4193−4202
Wang Y, Guo X (2007) Development and characterization of
EST-SSR markers in the eastern oyster Crassostrea virginica. Mar Biotechnol 9:500−511
Wang Y, Shi Y, Guo X (2009) Identification and characterization of 66 EST-SSR markers in the eastern oyster Crassostrea virginica (Gmelin). J Shellfish Res 28:227−234
Wang Y, Wang X, Wang A, Guo X (2010) A 16-microsatellite
multiplex assay for parentage assignment in the eastern
oyster (Crassostrea virginica Gmelin). Aquaculture 308:
S28−S33
Weir BS, Cockerham CC (1984) Estimating F-statistics for
the analysis of population structure. Evolution 38:
1358−1370

90

Mar Ecol Prog Ser 584: 79–90, 2017

Whitham TG, Bailey JK, Schweitzer JA, Shuster SM and
others (2006) A framework for community and ecosystem
genetics: from genes to ecosystems. Nat Rev Genet 7:
510−523
Wiens J (1989) Spatial scaling in ecology. Funct Ecol 3:
385−397
Yearsley JM, Viard F, Broquet T (2013) The effect of collec-

tive dispersal on the genetic structure of a subdivided
population. Evolution 67:1649−1659
Zhang H, Hare MP (2012) Identifying and reducing
AFLP genotyping error: an example of tradeoffs
when comparing population structure in broadcast
spawning versus brooding oysters. Heredity 108:
616−625

Editorial responsibility: Inna Sokolova,
Charlotte, North Carolina, USA

Submitted: August 1, 2017; Accepted: October 6, 2017
Proofs received from author(s): November 28, 2017

