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The role of environmental heterogeneity in limiting connectivity and shaping population structure continues to
be a major question in evolutionary biology, particularly for high-dispersal species. Many marine species have a
two part life cycle comprised of a sedentary adult phase and a dispersing larval phase. For estuarine species such
as Crassostrea virginica (eastern oyster), larvae are often carried through very distinct water masses that can af-
fect growth and survival prior to settlement, potentially impacting population connectivity. On the mesoscale of
an estuary, gene flowmay be a homogenizing force; however, for genomic regions experiencing strong differen-
tial selection along estuarine gradients, gene flowmay beminimal if recurrent viability selectionmaintains func-
tional genetic differentiation. Estuaries are defined by salinity gradients and many taxa rely on phenotypic
plasticity to thrive there. Nonetheless, even euryhaline species like eastern oysters have their physiological limits,
and this study tests whether survival of C. virginica larvae in different salinities depends on parental source reef
and/or conditioning salinity. Oysters fromhigh, intermediate and low salinitieswithinDelaware Bay, New Jersey,
were spawned in a common garden to test for differences in larval survival that have a genotypic basis. Under the
null hypothesis of functional homogeneity among adult oyster populations we expected no difference in larval
survival. Broodstocks were conditioned in low and high salinity common gardens for 4–6 weeks before
spawning. Larvae from56 pair-cross familieswere reared in low and high salinities for 13 days. Cox proportional
hazardmodelswere used to determine significant predictors of larval survival. Population source interactedwith
larval salinity treatments to significantly affect larval survival. This finding suggests that the larval pool of single
estuaries contains abundant genetic variation for survival across different salinities, stemming in part from func-
tional genetic differences among source reefs. Our results can help parameterize larval connectivity models that
incorporate environment-dependent survivorship.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Understanding the degree of population connectivity, ranging from
“closed” systems characterized by persistent genetic differentiation
between populations to “open” systems showing broad-scale homoge-
neity, is vital to fishery management, restoration design and the desig-
nation of marine reserves (Cowen et al., 2007). Many marine species,
particularly invertebrates, have a bipartite life cycle comprised of a sed-
entary adult phase and a dispersing larval phase. Planktonic larval stages
can persist long enough for organisms to travel hundreds to thousands
of kilometers; however, the connectivity of marine populations is
often more restricted than predicted by the dispersal capabilities of mi-
grants and the known hydrographic barriers (Koehn et al., 1980; Lewis
and Thorpe, 1994). Two plausible and not exclusive explanations are
physical barriers, such as isoclines and hydrographic fronts (Pineda
et al., 2007), and biological barriers (Gaines et al., 2007; Grosberg and
Cunningham, 2001). Physical explanations such as barriers to circulation
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have successfully predicted patterns of larval transport (Gilg and
Hilbish, 2003) but the effects of physical barriers are frequently hard
to determine due to interactions with larval behavior (Shanks, 2009).
Biological barriers may be particularly important in systems with envi-
ronmental gradients or patchinesswhere strong selective pressures dur-
ing and after dispersal both limit connectivity and shape population
genetic variation among breeders. Salinity gradients from fresh to
oceanicwater define estuaries and provide an excellent system formea-
suring biological barriers to connectivity.

Biological barriers to connectivity can occur during both larval dis-
persal and post-settlement. A large percentage of mortality for high
fecundity marine species occurs during dispersal (Thorson, 1950). Pre-
dation and starvation are spatially unpredictable circumstances for lar-
vae leading to potentially high mortality rates over and above intrinsic
factors stemming from genetic load. In contrast, physiological stress as
larvae disperse across abiotic gradients may account for spatially non-
random mortality that could shape population differentiation. Apart
from dispersal, the ‘getting there’ part of connectivity, postsettlement
survivorship further determines realized connectivity between popula-
tions in terms of adult abundance, and onlywith successful reproduction
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do immigrants have an evolutionary impact. Phenotypic plasticity is
a common adaptation to habitat heterogeneity, but every trait has toler-
ance thresholds beyond which plasticity is no longer sufficient to
acclimate to the environment (reviewed in Auld et al., 2010). These
thresholds define habitat use boundaries below the spatial scale of
dispersal.

To the extent that habitat heterogeneity occurs at scales below that of
dispersal, a proportion of dispersal constitutes ‘migrants’ across different
microhabitats. Immigrants to non-parental microhabitats can experience
a phenotype–environment mismatch and low relative fitness (Marshall
et al., 2010) resulting in spatially balanced polymorphisms (Sanford
and Kelly, 2011). Along spatially stable environmental gradients, each
generation of migrants will undergo recurrent viability selection
resulting in persistent population differentiation among adults when
the strength of selection is strong relative toNem(geneflowasmeasured
by effective population size (Ne) and migration rate (m)) (Alleaume-
Benharira et al., 2006; Antonovics, 1968; Barton, 2001; García-Ramos
andKirkpatrick, 1997;Holt, 2003; Kirkpatrick and Barton, 1997). For spe-
cies with sedentary adults and proximity-dependent mating (e.g. broad-
cast spawners), the recurrent functional population differentiation
among adults can be translated into greater functional diversity among
larvae than what is expected under panmixia. Alternatively, where the
strength of selection on a trait is less than Nem, but environmental stress
is beyond plasticity thresholds, surviving immigrants can lower mean
population fitness and constrain local adaptation such that no functional
population differentiation would be observable (Hendry and Taylor,
2004; Nosil and Crespi, 2004; reviewed in Garant et al., 2007). The likeli-
hood of these two outcomes depends on the degree of plasticity for a
given trait, the strength of selection on that trait, and the distribution of
gene effects underlying the trait (Yeaman and Whitlock, 2011). Thus,
depending on the traits under investigation, populations compared
across a gradient may exhibit different levels of connectivity and genetic
differentiation related to these traits (Caillaud and Via, 2012).

One way to test for balancing selection is to measure population
differentiation among adults for loci that are likely to be responding to
selection gradients. Finding the relevant locimakes this classical popula-
tion genetic approach challenging in non-model organisms, but with
some luck and rigorous subsequent experiments, dramatic patterns of
small scale genetic differentiation have been shown to result from
post-settlement selection in several estuarine systems. One example is
clinal variation at the Lap locus of Mytilus edulis (Koehn and Hilbish,
1987; Koehn et al., 1976, 1980). Among adult populations in the Atlantic
Ocean and Long Island Sound a Lap allele decreased in frequency from
0.55 to 0.15 over a 10 mile distance with decreasing salinity (Koehn
et al., 1976). In estuarine cohorts the oceanic allele was common in
newly settled juveniles and progressively declined to the characteristic
frequency found in local adults, consistent with recurrent post-
settlement selection. Similarly, a strong selection gradient across the in-
tertidal zone filters genotypes from themixed larval pool in Semibalanus
balanoides and maintains a stable polymorphism (Schmidt et al., 2000).
These examples, alongwith other studies (rainbow smelt: Saint-Laurent
et al., 2003; three-spined stickleback: Hendry et al., 2002, McCairns and
Bernatchez, 2010), demonstrate the impact of a strong selection gradi-
ent on population differentiation in high gene flow systems.

An alternative approach is to experimentally test for genetically-based
differences in survival limits for larvae derived frombreeding populations
experiencing different environments within a single estuary. If adults
from different habitats are functionally differentiated as a result of recur-
rent selection then, after controlling formaternal effects, they should pro-
duce larval cohorts with distinct genotype-by-environment patterns of
viability. Previous studies experimentally testing for genotype-by-
environment effects on survival and growth of larvae have found pheno-
type–environment mismatches that suggest better survival and growth
in the natal habitat than in other environments (eastern oyster:
Newkirk et al., 1977; Newkirk, 1978; European oyster: Newkirk, 1986;
hard clam: Knaub and Eversole, 1988; Manzi et al., 1991). In fact, larvae
have been shown to have narrower physiological tolerances than adults
in several bivalve species (Bayne et al., 1976) facilitating this experimen-
tal approach. The strength of this approach is that no a priori knowledge
of candidate loci ormarkers for population differentiation are needed. Ad-
ditionally, differentiation is identified directly at the phenotypic level
after accounting for plasticity andmaternal effects, explicitly demonstrat-
ing the extent of phenotype–environment mismatch at the dispersal
stage.

The goal of this study was to identify functional differentiation in
Crassostrea virginica (eastern oyster) adults along a salinity gradient
within a single estuary by experimentally measuring the impact of
source location and broodstock conditioning salinity on larval progeny
survivorship at low and high salinity treatments. In western North At-
lantic estuaries the eastern oysters are ecosystem engineers (Lenihan
and Peterson, 1998) whose complex reef systems provide habitat for
over 300 species (Beck et al., 2011). Due to its diverse ecosystem ser-
vices (reviewed in Constanza et al., 1997), the oyster is considered a
keystone estuarine species (Barnes et al., 2007; Coen et al., 1999).
With historic loss of 90% of eastern oyster reefs in North America
(Jackson et al., 2001; Kirby, 2004), restoration of oyster populations is
needed to realize these ecosystem services again. Many states are en-
gaged in efforts to restore oysters (Beck et al., 2011), often through
reef construction and planting of hatchery-produced oysters. It is this
restoration objective thatmotivates amore rigorous examination of lar-
val tolerances and the mechanisms that determine them.

A potentially valuable methodological advance in restoration plan-
ning is to couple hydrodynamic models with larval particle tracking
and habitat heterogeneity to project the efficacy of different manage-
ment and restoration procedures. The Oyster Restoration Optimization
model (North et al., 2010) designed for the Chesapeake Bay and a
model of oyster larval dispersal in the Delaware Bay (Narváez et al.,
2012) are two such models. The integration of larval swimming behav-
ior and environment-dependent mortality potentially increases the ac-
curacy of source and sink relationships inferred from the models. By
identifying sources and sinks, organizations can focus on the appropri-
ate sites for their particular restoration goals such as constructing
reefs at sink locations or enhancing stock at source locations. Currently,
environment-dependent larval mortality is modeled based on species-
specific thresholds. If functional genetic differentiation occurs among
breeding oyster populations within single estuaries, and especially
given that dispersal is predicted to be strongly asymmetric and down-
stream based on these models (North et al., 2010), then implementing
population specific thresholds may improve the ability of models to ac-
curately predict the realized connectivity resulting from differential lar-
val and post-settlement survival.

2. Materials and methods

2.1. Sample collection

Two hundred adult oysters were collected from each of three sites
with distinct salinity regimes within the Delaware Bay on April 18,
2011 (Fig. 1). Oysters fromCape Shore (39° 04.10′N, 74° 54.77′W; salin-
ity range of 20–25; Narváez et al., 2012) were hand collected from inter-
tidal reefs. Oysters from Arnolds reef (39° 23.055′ N, 75° 27.002′ W;
salinity range of 6.5–14.5; Bushek et al., 2012) and New Beds reef (39°
14.518′ N, 75° 15.071′ W; salinity range of 9–16.5; Bushek et al., 2012)
were collected by dredge from the NJ Fish and Wildlife vessel Zephyrus.

2.2. Adult oyster conditioning

The main objectives of adult oyster conditioning were to minimize
the impact of maternal effects on larval survival and to have adults
undergo gametogenesis under two different salinities (10 and 30).
Half of the oysters were conditioned in recirculating tanks at Haskin
Shellfish Research Laboratory (HSRL) of Rutgers University while the



Fig. 1. The Delaware Bay is divided into three salinity regimes: L— low salinity (6.5–14.5),
I— intermediate salinity (9–16.5), and H— high salinity (20–25). Circles represent 3 oys-
ter broodstock collection sites. Squares are conditioning locationswith T representing tank
conditioning at a hatcherywith low (L, 10) or high (H, 30) salinity and F representing field
conditioning in open water field sites with low (L, ~5) and high (H, ~25–30) salinity.
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other half were conditioned in the field. For the tank-conditioned oys-
ters at the hatchery, fifty de-fouled oysters from each of the three pop-
ulations were placed in a tank of UV-irradiated 1 mm filtered seawater
(salinity = 30) andfifty fromeachwere in a separate tankwith the sea-
water diluted to a salinity of 10 with distilled freshwater. Total tank
volume was 500 l. Temperature for the first three weeks of tank condi-
tioningwas 15 °C. Water heaters were then used to slowly increase the
temperature to 20 °C and maintained there until spawning. The
broodstocks were fed a 2:2:1 mixture of Pavlova lutheri, Chaetoceros
muelleri and Tetraselmis chui twice a day. For a slow release of algae dur-
ing feeding, a bucket of themixture was siphoned via an airline into the
tank. Broodstocks were conditioned in tanks for 14 weeks.

Previous experiences in an unpublished pilot study indicated that
tank conditioning can be challenging with oysters collected from low-
salinitywild stocks. Therefore, in this study half of the oysters were con-
ditioned atfield sites in theDelaware Bay. Fifty oysters from each source
population were outplanted on racks in CapeMay harbor (38° 56.73′ N,
74° 53.98′ W) for the high salinity conditioning (25–30; Narváez et al.,
2012) and the remaining fifty oysters from each population were
outplanted in bags off of a dock in the Cohansey River (39° 22.75′ N,
75° 21.32′ W) for the low salinity conditioning (~5; Narváez et al.,
2012). Because of the geographic distance between the two field sites,
the locations may have differed in other biologically important ways
such as food availability. The oysters remained outplanted in the field
for 10 weeks.

2.3. Oyster strip spawning

When field and tank broodstocks became ripe, gametes were
stripped from the oysters using standard hatchery methods (e.g. Allen
and Bushek, 1992). Field oyster conditionwasmonitored bymicroscop-
ically examining subsamples of oyster gonads and when they appeared
to be ripe, moving all oysters to a 10 salinity tank for Cohansey-
conditioned oysters and a 30 salinity tank for Cape May-conditioned
oysters on the day before the spawn. Females were considered ripe
when their follicles were filled with large, round oocytes and males
were considered ripewhen the follicleswere densely packedwithmov-
ing spermatozoa. All ripe males and females were used for spawning.
Eggs were passed through an 80 μm sieve and retained on a 20 μm
sieve in order to clean the eggs. The eggs were then resuspended in
200 ml filtered sea water at the conditioning salinity of the female.
Sperm were passed through a 20 μm sieve to remove gonad tissue.
Sperm from a single male was then slowly added to the eggs of a single
female to produce a single family. Sperm–egg mixtures were examined
on a Sedgewick-Rafter slide to ensure that sperm density was approxi-
mately 7–10 spermsper egg (determined by counting the average num-
ber of sperm surrounding an egg) and sperm was added until this
densitywas reached (similar to Eudeline et al., 2000). After 2 h fertiliza-
tion was confirmed based on observation of polar bodies.

2.4. Larval cultures

Two hours after fertilization, embryos were added to 1000 ml bea-
kers of water at a density of 10 embryos/ml, one beaker per family per
experimental treatment salinity. Embryos were maintained at the pa-
rental conditioning salinity until 24 h after fertilization. Then, to reduce
osmoregulatory shock, the water was changed and salinities were ad-
justed to a midway salinity between conditioning and experimental
treatment salinities. At 48 h, 25 D-stage larvae from each beaker were
transferred to separate small glass dishes with 50 ml of water at exper-
imental salinities of 10 and 30. Initiation of the treatment was counted
as Day 1 and survival data were recorded every other day when all sur-
viving larvae were pipetted into a new watchglass with clean water.
Larvae were fed with T-Isochrysis galbana initially and a 1:1 ratio with
P. lutheri starting Day 7 of the experiment. Feeding was daily and the
quantity increased as the larvae grew. Larvae were kept in a tempera-
ture controlled room (temp = 25 °C) and eyed larvae began to develop
on Day 11. Final counts were taken on Day 13.

2.5. Data analysis

Data from tank and field-conditioned oysters were analyzed sepa-
rately. Each combination of population (H, I or L) and conditioning salin-
ities (Hor L)was replicated byhavingmultiple families. The twenty-five
larvae from each family replicated the time to mortality for a family
(population and conditioning combination) at a specific salinity treat-
ment (H or L). We attempted to make ten pair-cross families for each
source population (H, I and L) at each conditioning salinity (H or L).
Eyed larvaefirst appeared onDay11 andmany familieswent extinct be-
fore Day 13. Day 11 was therefore used as the time point for calculating
mean number of surviving larvae and standard deviation as well as for
comparisons between model-predicted reaction norms.

A Cox proportional hazards regression model (survival model) was
used to compare survival of larvae over the course of the 13 day exper-
iment based on population source (P), conditioning salinity (C) and
treatment salinity (T). Coefficient subscripts distinguished their associ-
ation to a particular factor and the subscript i indicated the individual
larvae. Themodel, where hi(t) is the instantaneous risk of demise for in-
dividual larvae (i) at time t, leaves the baseline hazard distribution
unspecified:

log hi tð Þ ¼ α tð Þ þ β j � Pi þ βk � Ci þ βl � Ti:

Larvae from tank-conditioned and field-conditioned oysters were
analyzed separately. In the survival model, time dependent variables
are incorporated through a counting process that accounts for the
time of mortality for each larva in the experiment or for survival until
the end of the experiment (Table 1) (Andersen and Gill, 1982). The
model was implemented with the survival package (Therneau, 2011)
in R (RDevelopment Core Team, 2011). The bestmodelswere identified
using Akaike information criterion (AIC) to evaluate relativemodel fit in



Table 1
Number of independent pair-cross families andDay 11 surviving larvae per family in the larval survival experiment. P is the population source and C is the conditioning salinity. The %mor.
is the percentage ofmortality experienced by adult oysters during conditioning, not including random oysters killed to inspect gonad and gamete condition. The n1 value is the number of
survivingDay 11 families. Mean (mean number of surviving larvae) and sd (standard deviation) are for the families at Day 11. The n2 value is the sample size (number of individual larvae)
for the Cox proportional hazards regression model. The * indicates a family not used in the analysis.

Treatment

High Low

Location P C % mor. n1 mean sd n2 n1 mean sd n2

Tank High High 2.7 7 14.00 7.66 175 7 10.29 5.74 175
Low 4.0 10 12.20 6.09 250 10 16.1 5.70 250

Intermediate High 5.1 6 1.83 2.71 150 6 0.50 0.84 150
Low 4.6 9 7.22 3.99 225 9 4.44 5.27 225

Low High 32.0 0 – – – 0 – – –

Low 8.0 1* – – – 1* – – –

Field High High 8.5 0 – – – 0 – – –

Low 50.0 0 – – – 0 – – –

Intermediate High 2.0 4 9.75 7.76 100 4 16.75 6.18 100
Low 0.0 6 0.33 0.52 150 6 5.67 3.27 150

Low High 8.2 5 7.80 3.11 125 5 19.80 3.11 125
Low 5.5 10 1.78 3.35 250 10 15.78 5.21 250
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relation to the number of parameters and themodelwith the lowest AIC
was selected.

3. Results

3.1. Oyster conditioning and spawning

The field-conditioned oysters developed mature gametes earlier
than the tank-conditioned oysters as determined visually from gonad
and gamete characteristics. Therefore, the spawning and larval culture
of field-conditioned families preceded that of tank-conditioned oysters
Fig. 2. Survival curves for tank-conditioned (Aand B) andfield-conditioned (C andD)oyster larv
The three letter legend abbreviations indicate the population source with the first letter, condit
(L) salinity treatments and solid lines are high (H) salinity treatments. Black and gray lines in
whereas black lines represent results from high source oysters with tank-conditioning in graph
C and D.
by four weeks. The high salinity population conditioned at the high sa-
linity field site was spawned first, followed by the low and intermediate
populations two weeks later and finally all three populations at the low
salinity field site threeweeks after the high salinity spawn. Additionally,
for tank-conditioned broodstocks, gonad maturation and spawning
were one week earlier for the high salinity population than for the
low and intermediate populations.

Larval families were only successfully produced from a subset of the
source populations. Oysters conditioned in tanks yielded multiple fam-
ilies from both high and intermediate salinity source populations
(Table 1), but eggs did not fertilize in most pair crosses from the low
aeover timepredicted from two independent Cox proportional hazards regressionmodels.
ioning salinity with the second and treatment salinity with the third. Dashed lines are low
dicate population source with gray always indicating intermediate (I) population source,
s A and B and represent results from low source oysters with field-conditioning in graphs

image of Fig.�2


Fig. 3.Reaction norms of predicted larval survival from the Cox proportional hazardsmodels for each experimental group: (A) Tank-conditioned oysters and (B) field-conditioned oysters.
The two letter legend abbreviations indicate population source (low, intermediate or high salinity)with the first letter and the conditioning salinity (low ~ 10, high ~ 30) with the second
letter. For tank-conditioned broodstocks (A) the only larvae experiencing ‘home’ conditionswere those from the high salinity source at a treatment salinity of 30 inwhich casemean sur-
vivalwas slightly better than at a salinity of 10, but onlywhen conditioned at high salinity (HH).Mean survivalwas better at a salinity of 10when conditioned at low salinity (HL). Forfield-
conditioned broodstocks (B) the only larvae experiencing ‘home’ conditionswere those from low salinity source oysters. The L population larvae survived better at 10 than 30, regardless of
conditioning.
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salinity population. The gonads and gametes for low salinity source oys-
ters appeared fully developed relative to oysters from intermediate and
high salinities, but the lack of successful fertilization suggests that the
eggs were not fully mature. Oysters conditioned in the field yielded
multiple families from both intermediate and low salinity source popu-
lations (Table 1). For oysters from the high salinity source, ten out of ten
spawned pairs conditioned at the high salinity location resulted in suc-
cessful fertilization but the embryos did not develop to the D-stage for
unknown reasons. This was the earliest population in which spawning
was attempted, so it is possible that eggs were not fully mature. High-
salinity source oysters conditioned at the low salinity location had
high mortality while outplanted and the surviving oysters did not de-
velop gonads.

3.2. Survival model

Analysis for the Cox proportional hazards models began on Day 5
when the first mortality event occurred. The survival curves predicted
by the best models are presented in Fig. 2 and reaction norms of the
number of surviving larvae at Day 11, predicted from the models, are
presented in Fig. 3. For the tank-conditioned oysters fromhigh and inter-
mediate salinities, significant predictors of survivorship in the best re-
gression model included population source (P), conditioning salinity
(C), treatment salinity (T), and pairwise interactions of these factors, in-
cluding the P × T interaction (p = 0.012) (Table 2). The largest model
coefficient was population source (P: p b 0.0001) and the strongest
Table 2
Cox proportional hazards regression results for the tank-conditioned experiment involving bro
salinities (C), with survival estimated for larvae at low and high treatment salinities (T). The Δ
(top row) and the model being compared. Significant model coefficients (α = 0.05, df = 6) a
survival relative to that of larvae from the intermediate salinity population conditioned at high

Model coefficient

Model P C T

P ∗ C + P ∗ T + C ∗ T −1.32 −0.64 0.32
P ∗ C ∗ T −1.46 −0.75 0.19
C + P ∗ T −0.91 −0.46 0.09
C + P + T −1.02 −0.46 −0.02
P ∗ C −1.45 −0.82
P ∗ T −0.80 0.08
C ∗ T 0.10 0.15
P −0.93
C −0.28
T −0.08
contrast in survivorship curves showed higher overall survivorship in
the high salinity source families relative to intermediate source families
regardless of conditioning and larval culture treatments (Fig. 2A & B).

For the field-conditioned oysters from low and intermediate salinity
populations, statistically significant predictors of survival in the best
model included C, T, C × T and P × C × T terms (p b 0.0001 for each;
Table 3). The lowsalinity sourcepopulation larvae reared in the lowsalin-
ity ‘home’ treatment had the greatest overall survival and lowest among-
family coefficient of variation for survival (CV = 0.244) of any field ex-
perimental group (Figs. 2C & D, 3B, Table 1). In this field conditioning ex-
periment the best survivorship model showed the location/salinity
conditioning factor having the largest model coefficient (p b 0.0001,
Table 3). Both source populations showed a relatively large change in lar-
val survivorship in response to conditioning treatments, best illustrated
by the predicted reaction norms at Day 11 (Fig. 3B). Predicted reaction
norms from the field conditioning experiment illustrate the significant
treatment (T) effect as steep reaction norm slopes (Fig. 3B).

To determinewhat factorswere driving the higher-order interaction
term of P × C × T for the field-conditioned oysters, the two condition-
ing locations were analyzed separately for the four possible models:
P, T, P + T and P × T. For the high salinity conditioning, the best
model was P + T where the P term was not significant but the T term
was highly significant (p b 0.001) (Fig. 2C). For the low salinity condi-
tioning, the best model was P × T where the main effect P term was
not significant but both T (p b 0.0001) and P × T (p b 0.0001) were
highly significant (Fig. 2D and dashed lines of Fig. 3B).
odstocks from high and intermediate salinity populations (P), conditioned at low and high
AIC is the difference in Akaike's information criterion between the best-performing model
re indicated in bold italics. Negative values increase survival and positive values decrease
salinity and reared in the high salinity treatment.

P ∗ C P ∗ T C ∗ T P ∗ C ∗ T Δ AIC

0.74 −0.28 −0.37 0
0.97 0.00 −0.15 −0.47 7.62

−0.23 51.21
53.76

0.73 11.51
−0.26 112.2

−0.37 349.5
114.4
358.3
380.1

image of Fig.�3


Table 3
Cox proportional hazards regression results for the field-conditioned experiment involv-
ing broodstocks from low and intermediate salinity populations (P), conditioned at low
and high salinities (C), with survival estimated for larvae at low and high treatment
salinities (T). The Δ AIC is the difference in Akaike's information criterion between the
best-performing model and the model being compared. Significant model coefficients
(α = 0.05, df = 7) are indicated in bold italics. Negative values increase survival time
and positive values decrease survival time relative to that of larvae from the low salinity
population conditioned at high salinity and reared in the high salinity treatment.

Model coefficient

Model P C T P ∗ C P ∗ T C ∗ T P ∗ C ∗ T Δ AIC

P ∗ C ∗ T 1.22 3.27 0.36 0.94 1.02 0.29 2.89 0
P ∗ C + P ∗ T + C ∗ T 0.93 2.73 0.26 1.46 2.00 0.47 13.17
C + P ∗ T 1.16 2.43 0.15 2.19 41.88
C + P + T 1.58 2.38 0.22 75.53
P ∗ C 1.22 1.36 1.61 525.1
P ∗ T 1.11 0.20 1.94 209.6
C ∗ T 3.11 0.37 0.44 87.9
P 1.53 599.6
C 1.60 590.1
T 0.27 263.8
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4. Discussion

Some recent studies have suggested thatmarine populations are not
as homogenized as larval planktonic duration and potential dispersal
distance would predict (Sanford and Kelly, 2011; Schmidt et al.,
2008). Until the major mechanisms limiting gene flow are identified,
it will remain difficult to generalize guidelines for spatially explicit
management and restoration plans. One potentially important biologi-
cal barrier to connectivity is phenotype–environment mismatches dur-
ing dispersal or at settlement when habitat heterogeneity exceeds the
tolerances and plasticity of individuals. For euryhaline species adapted
to tidally variable estuaries, plasticity is the assumed primary mecha-
nism by which individuals cope with both temporal and spatial varia-
tion in salinity. Phenotypic plasticity incurs an energetic cost, so
species are expected to experience environmental margins where plas-
ticity is stressful and beyond which environmental variation may be
lethal, depending on genotype. For any particular species and environ-
mental gradient there is presumably a zone of marginal habitat where
differential viability selection becomes relatively important, relative to
phenotypic plasticity, for population persistence. To the extent this is
true, and mating is local, offspring from parents in marginal environ-
ments may have genotypes that are quite distinct from the species'
norm. The demographic and evolutionary consequences of these mar-
ginal populations depend on their extent and patterns of connectivity.
High fecundity and broad scale dispersal are life history traits that
may jointly increase the likelihood that differential viability selection
has spatially broad effects. Not only will broad dispersal make pheno-
type mismatches common, but the large effective population size asso-
ciated with these life history traits will increase the efficacy of selection
relative to drift so that more moderate habitat heterogeneities have
consequences in terms of a selective cost.

This conceptualmodel requires quantitative theoretical development
and empirical systems conducive to hypothesis testing. One fundamen-
tal prediction is that spatially proximate populations exchanging many
migrants across a steep environmental gradient will show functional ge-
netic differentiation. Previous studies have demonstrated that recurrent
post-settlement viability selection produces spatially balanced polymor-
phisms at one or a few loci responding to fine-scale estuarine habitat
gradients (Day, 1990; Johannesson et al., 1995; Koehn et al., 1976,
1980; Schmidt et al., 2000). Transplant experiments have also been
used to demonstrate local adaptation at various scales formarine species
with larval dispersal (reviewed in Sanford and Kelly, 2011).

Here we took an alternative approach to test for phenotype–
environmentmismatches that could generate a biological barrier to dis-
persal. We experimentally tested whether limits to salinity tolerance
differentially affect survivorship for larvae derived from a ‘common
garden’ of local populations that had settled and survived in different
salinity regimes. The approach taken here focuses on the complex phys-
iological phenotype of salinity tolerance, crudely in terms of survivor-
ship, and measures the fitness impact of phenotype–environment
mismatches within a single estuary where larvae are well mixed
(Milbury et al., 2008).

Under the null hypothesis of phenotypic plasticity, reaction norms
should have no slope and there should be no P × T interaction effects.
Alternatively, if broodstock populations are genetically adapted to the
salinity regimeof their home reef, then their larvae should survive better
at that ‘home’ salinity relative to larvae fromother broodstock source lo-
cations (population [P] effect), and better relative to cultures from the
same population reared at non-natal salinities (treatment [T] effect)
for a combined P × T effect. This effect was clear in the survival model
for larvae from the more experimentally-controlled tank-conditioned
oysters collected at high and intermediate salinities within Delaware
Bay. For tank-conditioning, the P × T termhad a significant effect on lar-
val survivorship (p = 0.012), although it was not the most significant
predictor (population: p b 0.0001). The significance of the population
main effect was driven by overall low survival in the intermediate pop-
ulation (the population thatwas not environmentallymatched by either
‘high’ or ‘low’ conditioning or treatments).

For the field-conditioned oysters, conditioning location/salinity had
a large effect, perhaps not surprisingly given the potential for confound-
ing with other environmental factors such as temperature and primary
productivity that may have co-varied with salinity between the condi-
tioning locations. A P × T effect was apparent in the larvae from
broodstocks conditioned up-bay at low salinity (Fig. 2D), and was likely
subsumed in the overall field experiment model within the higher-
order interaction of P × C × T (p b 0.0001).When the two conditioning
locations were analyzed separately a highly significant P × T effect
(p b 0.0001) was indeed found for larvae from low and intermediate
source broodstocks conditioned up-bay at low salinity (Fig. 2D). With
low-salinity field conditioning, larvae from the low salinity population
had asmuch as four-fold better survival in low salinity versus high salin-
ity cultures, whereas intermediate-source larvae showed only a two-
fold difference (Fig. 2D).

Intermediate source broodstocks were not conditioned nor were
their larvae cultured under ‘home’ conditions in either experiment so
predictions were ambiguous. Nonetheless, all else being equal we
expected larvae from the intermediate broodstocks to respond to salin-
ity treatments similarly in the tank and field experiments. This was true
with the reaction norm slope produced by the intermediate source lar-
vae after low-salinity conditioning, suggesting comparability of results
across the experiments, but not for high-salinity conditioning (compare
Fig. 3A and B). If the two experiments are comparable they imply that
low salinity broodstock populations are more genetically differentiated
with respect to alleles influencing osmoregulatory tolerance and pro-
duce larvae with narrower phenotypic plasticity than intermediate or
high salinity populations under most conditions.

Across these analyses a population by treatment effect is evident
both statistically and graphically, either alone or in interaction with
conditioning location/salinity. An unfortunate constellation of experi-
mental factors eliminated our ability to make many of the direct com-
parisons sought, complicating interpretation of the results. However,
the experimentally cleanest (tank) experiment generated results con-
sistent with a significant P × T interaction with respect to high and in-
termediate salinity source populations. Interestingly, the prediction of
home-environment advantage, testable in this experiment only with
the high population source larvae tested under ‘home’ and ‘away’ con-
ditions, was only seen with conditioning at high (home) salinity
(Fig. 2A). Home-environment advantage was also found for larvae
from low-salinity source broodstocks (Fig. 2C &D)with a steep reaction
normnomatterwhat conditioning location/salinitywas experienced by
broodstocks (Fig. 3B). Overall these results provide tentative support for
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a model in which selection across the salinity gradient in Delaware Bay
was strong enough to generate functional genetic differences among
low, intermediate and high salinity adults such that they produced lar-
vae with different survival probabilities at different salinities.

An intriguing pattern that emerges from these results is that the low
salinity population has much greater survival in low salinity than in
high salinity treatments whereas the high salinity population shows
more similar survival rates across salinity treatments. Some biophysical
models, such as the Oyster Restoration Model (North et al., 2010), sug-
gest a predominantly downstreammovement of larvae from low salin-
ity regions to high salinity regions of the estuary. Our results suggest a
greater potential for genetic differentiation in the upstream reaches of
the estuary and this is consistentwith limited up-estuary dispersal. Fur-
thermore, the more plastic phenotypic response (lower reaction norm
slope) observed in families from high salinity regions was potentially
due to downstream transport generating recruitment from a more di-
verse larval pool. Further research should investigate the degree of
asymmetric gene flow within estuaries and its consequences for func-
tional genetic differentiation.

To draw inferences about genotypic differentiation, we minimized
maternal effects on larval survivalwith the one exception of conditioning
salinity, a variable that in principle could bemanipulated in the hatchery
if therewere strong justifications to do so. Tominimize generalmaternal
effects two approaches were taken. In the more controlled experiment
using tank-conditioned broodstocks to generate larvae, broodstocks
were collected early in gametogenesis and maintained in common gar-
den tankswhere temperature, water volume andwater change frequen-
cywere uniformand only salinity differed. Oysters in each tankwere also
fed equal densities of algae relative to themass of oysters in the tank. The
second experiment using field-conditioned broodstocks was an attempt
to test larvae based on a common garden broodstock design, while using
a more natural ‘garden’. However, environmental conditions other than
salinity may have differed between the two conditioning locations in
Delaware Bay. Production of and experimentation with F2 progeny
from the original broodstocks is a more thorough method of controlling
maternal effects, but captive propagation of oysters typically entails re-
ductions in genotypic diversity (Boudry et al., 2002) and invites inadver-
tent artificial selection (Christie et al., 2012). Many maternal effects are
expected to wane during larval development, particularly after meta-
morphosis to a feeding veliger. Newkirk et al. (1977) reported that sig-
nificant maternal effects on the survival of C. virginica larvae ended
after day 6. Thus, in this study generalmaternal effectswere furthermin-
imized by starting the larval survival experiment 48 h after fertilization
and measuring larval survival out to 13 days.

Our experimental focus on larvae allows us to directly relate results
to the dispersing phase of oysters and concomitant selection in the
plankton, and as such will help parameterize dispersal and recruitment
models. The relevance of these results to post-settlement selection is
less clear, especially given that salinity tolerances are somewhat
narrower in oyster larvae than in adults (Kennedy, 1996). Nonetheless,
given other examples of strong post-settlement selection (e.g., Koehn
et al., 1976, 1980; Schmidt et al., 2008)we can expect that functional ge-
netic differentiation among adults from different salinity regimes was
produced by a combination of pre- and post-settlement selection.

The genetic patterns demonstrated here lead to several recommen-
dations for restoration practice andmodeling. For hatchery-based resto-
ration methods, survival of outplanted juveniles may be improved by
collecting broodstocks from the region of the estuary where the
outplanting will occur, or from an environmentally similar region with-
in the estuary. Additionally, larval survival in the hatchery can be max-
imized by conditioning broodstocks at a salinity that falls within the
source location range of variation. Environmental matching between
broodstock source location and outplant site can maximize post-
outplant survival but does not necessarily improve the success of subse-
quent larvae. Success of subsequent larval cohorts will depend on their
dispersal patterns relative to salinity gradients, among other factors. For
modeling, realized dispersal may be more accurately estimated if larval
survivorship is parameterized as a function of parental environment.
Because broadcast spawning enforces local mating at the scale of indi-
vidual reefs (Levitan et al., 1991), our results imply that the larval pool
is not just a product of generalist parents, but includes contributions
from assortative mating among physiological specialist genotypes
along the habitat margins. Depending on the demographic extent of
contributions, this interpretation of the larval pool suggests a dramati-
cally different source–sink dynamic for oyster recruitment than
would be presumed for a homogeneous habitat.

Our study has demonstrated greater larval survival at salinities that
more closely match the parental source salinity, consistent with pre-
settlement selection contributing to functional genetic differentiation
of osmoregulatory genes in adults spanning the estuarine salinity gradi-
ent. In order to quantify the combined pre- and postsettlement effects of
selection on functional connectivity, future research should compare es-
timates of neutral marker gene flow to that realized in functional genes
under selective pressure across habitat heterogeneities.

Role of the funding source

Funding for the researchwas provided by BioOce 0830547, Sigma Xi
Grant-in-Aid of Research, Department of Natural Resources and Cornell
funds, and a Cornell Travel Grant. These sources had no role in the study
design; in data collection, analysis, and interpretation; in the writing of
the report; or in the decision to submit the paper for publication.

Acknowledgments

We thank J. Scarpa and D. Bushek for providing access to hatchery
facilities and information on oyster aquaculture, B.J. Landau for assis-
tance in algal culture, and H. Kates and K. Kirk for research assistance.
We would also like to thank P.J. Sullivan and W. Fetzer for statistical
consultation. [RH]

References

Alleaume-Benharira, M., Pen, I.R., Ronce, O., 2006. Geographical patterns of adaptation
within a species' range: interactions between drift and gene flow. J. Evol. Biol. 19,
203–215.

Allen Jr., S.K., Bushek, D., 1992. Large scale production of triploid Crassostrea virginica
(Gmelin) using “stripped” gametes. Aquaculture 103, 241–251.

Andersen, P.K., Gill, R.D., 1982. Cox's regression model for counting processes: a large
sample study. Ann. Stat. 10, 1100–1120.

Antonovics, J., 1968. Evolution in closely adjacent plant populations. VI. Manifold effects
of gene flow. Heredity 23, 507–524.

Auld, J.R., Agrawal, A.A., Relyea, R.A., 2010. Re-evaluating the costs and limits of adaptive
phenotypic plasticity. Proc. R. Soc. B 277, 503–511.

Barnes, T.K., Volety, A.K., Chartier, K., Mazzotti, F.J., Pearlstine, L., 2007. A habitat suitability
index model for the eastern oyster (Crassostrea virginica), a tool for restoration of the
Caloosahatchee Estuary, Florida. J. Shellfish. Res. 26 (4), 949–959.

Barton, N., 2001. Adaptation at the edge of a species' range. In: Silvertown, J., Antonovics,
J. (Eds.), Integrating Ecology and Evolution in a Spatial Context. Blackwell, London,
pp. 365–392.

Bayne, B.L., Thompson, R.J., Widdows, J., 1976. Physiology. In: Bayne, B.L. (Ed.), Marine
Mussels: Their Ecology and Physiology. Cambridge Scientific Press, UK, pp. 121–206.

Beck, M.W., Brumbaugh, R.D., Airoldi, L., Carranza, A., Coen, L.D., Crawford, C., Defeo, O.,
Edgar, G.J., Hancock, B., Kay, M.C., Lenihan, H.S., Luckenbach, M.W., Toropova, C.L.,
Zhang, G., Guo, X., 2011. Oyster reefs at risk and recommendations for conservation,
restoration, and management. BioScience 61 (2), 107–116.

Boudry, P., Collet, B., Cornette, F., Hervouet, V., Bonhomme, F., 2002. High variance in re-
productive success of the Pacific oyster (Crassostrea gigas, Thunberg) revealed by
microsatellite-based parentage analysis of multifactorial crosses. Aquaculture 204,
283–296.

Bushek, D., Ford, S.E., Burt, I., 2012. Long-term patterns of an estuarine pathogen along a
salinity gradient. J. Mar. Res. 70, 225–251.

Caillaud, M.C., Via, S., 2012. Quantitative genetics of feeding behavior in two ecological
races of the pea aphid, Acyrthosiphon pisum. Heredity 108, 211–218.

Christie, M.R., Marine,M.L., French, R.A., Blouin, M.S., 2012. Genetic adaptation to captivity
can occur in a single generation. Proc. Natl. Acad. Sci. U. S. A. 109, 238–242.

Coen, L.D., Luckenbach, M.W., Breitburg, D.L., 1999. The role of oyster reefs as essential
fish habitat: a review of current knowledge and some new perspectives. In:
Benaka, L.R. (Ed.), Fish Habitat: Essential Fish Habitat and Rehabilitation. American
Fisheries Society, Symposium, 22, pp. 438–454 (Bethesda, MD).

http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0005
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0005
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0005
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0010
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0010
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0015
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0015
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0020
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0020
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0025
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0025
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0030
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0030
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0030
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0035
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0035
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0035
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0290
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0290
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0040
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0040
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0045
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0045
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0045
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0045
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0050
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0050
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0055
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0055
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0060
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0060
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0295
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0295
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0295
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0295


68 L.E. Eierman, M.P. Hare / Journal of Experimental Marine Biology and Ecology 449 (2013) 61–68
Constanza, R., D'Arge, R., De Groot, R., Farber, S., Grasso, M., Hannon, B., Limburg, K.,
Naeem, S., O'Neill, R.V., Paruelo, J., Raskin, R.G., Sutton, P., Van den Belt, M., 1997.
The value of theworld's ecosystem services and natural capital. Nature 387, 253–260.

Cowen, R.K., Gawarkiewicz, G., Pineda, J., Thorrold, S.R., Werner, F.E., 2007. Population
connectivity in marine systems. Oceanography 20, 14–21.

Day, A.J., 1990. Microgeographic variation in allozyme frequencies in relation to the de-
gree of wave action in the dogwhelk Nucella lapillus (L.) (Prosobranchia: Muricacea).
Biol. J. Linn. Soc. 40, 245–261.

Eudeline, B., Allen Jr., S.K., Guo, X., 2000. Optimization of tetraploid induction in Pacific
oysters, Crassostrea gigas, using first polar body as a natural indicator. Aquaculture 187,
73–84.

Gaines, S.D., Gaylord, B., Gerber, L.R., Hastings, A., Kinlan, B.P., 2007. Connecting places:
the ecological consequences of dispersal in the sea. Oceanography 20, 90–99.

Garant, D., Forde, S.E., Hendry, A.P., 2007. The multifarious effects of dispersal and gene
flow on contemporary adaptation. Funct. Ecol. 2, 434–443.

García-Ramos, G., Kirkpatrick, M., 1997. Genetic models of adaptation and gene flow in
peripheral populations. Evolution 51, 21–28.

Gilg, M.R., Hilbish, T.J., 2003. Patterns of larval dispersal and their effect on the mainte-
nance of a blue mussel hybrid zone in Southwest England. Evolution 57, 1061–1077.

Grosberg, R.K., Cunningham, C.W., 2001. Genetic structure in the sea: from populations to
communities. In: Bertness, M.D., Gaines, S., Hay, M.E. (Eds.), Marine Community
Ecology. Sinauer Associates, Sunderland, MA, pp. 61–84.

Hendry, A.P., Taylor, E.B., McPhail, J.D., 2002. Adaptive divergence and the balance be-
tween selection and gene flow: lake and stream stickleback in theMisty system. Evo-
lution 56, 1199–1216.

Hendry, A.P., Taylor, E.B., 2004. How much of the variation in adaptive divergence can be
explained by gene flow: an evaluation using lake/stream stickleback. Evolution 58,
2319–2331.

Holt, R.D., 2003. On the evolutionary ecology of species' ranges. Evol. Ecol. Res. 5, 159–178.
Jackson, J.B.C., Kirby, M.X., Berger, W.H., Bjorndal, K.A., Botsford, L.W., Bourque, B.J.,

Bradbury, R.H., Cooke, R., Erlandson, J., Estes, J.A., Hughes, T.P., Kidwell, S., Lange,
C.B., Lenihan, H.S., Pandolfi, J.M., Peterson, C.H., Steneck, R.S., Tegner, M.J., Warner,
R.R., 2001. Historical overfishing and the recent collapse of coastal ecosystems.
Science 293, 629–638.

Johannesson, K., Rolan-Alvarez, E., Ekendahl, A., 1995. Incipient reproductive isolation be-
tween two sympatric morphs of the intertidal snail Littorina saxatilis. Evolution 49,
1180–1190.

Kennedy, V.S., 1996. The biology of larvae and spat. In: Kennedy, V.S., Newell, R.I., Eble,
A.F. (Eds.), The Eastern Oyster: Crassostrea virginica. Maryland Sea Grant, College
Park, MD, pp. 371–422.

Kirby,M.X., 2004. Fishing down the coast: historical expansion and collapse of oyster fish-
eries along the continental margins. Proc. Natl. Acad. Sci. U. S. A. 101, 13096–13099.

Kirkpatrick, M., Barton, N.H., 1997. Evolution of a species' range. Am. Nat. 150, 1–2.
Knaub, R.S., Eversole, A.G., 1988. Reproduction of different stocks of Mercenaria

mercenaria. J. Shellfish. Res. 7, 371–376.
Koehn, R.K., Hilbish, T.J., 1987. The adaptive importance of genetic variation. Am. Sci. 75,

134–141.
Koehn, R.K., Milkman, R., Mitton, J.B., 1976. Population genetics of marine pelecypods. IV.

Selection, migration, and genetic differentiation in the blue mussel Mytilus edulis.
Evolution 30, 2–30.

Koehn, R.K., Newell, R.I.E., Immermann, F., 1980. Maintenance of an aminopeptidase allele
frequency cline by natural selection. Proc. Natl. Acad. Sci. U. S. A. 77 (9), 5385–5389.

Lenihan, H.S., Peterson, C.H., 1998. How habitat degradation through fishery disturbance
enhances effects of hypoxia on oyster reefs. Ecol. Appl. 8, 128–140.

Levitan, D.R., Sewell, M.A., Chia, F., 1991. Kinetics of fertilization in the sea urchin
Strongylocentrotus franciscanus: interaction of gamete dilution, age, and contact
time. Biol. Bull. 181, 371–378.
Lewis, R.I., Thorpe, J.P., 1994. Temporal stability of gene frequencies within genetically
heterogeneous populations of the queen scallop Aequipecten (Chlamys) opercularis.
Mar. Biol. 121, 117–126.

Manzi, J.J., Hadley, N.H., Dillon Jr., R.T., 1991. Hard clam, Mercenaria mercenaria
broodstocks: growth of selected hatchery stocks and their reciprocal crosses. Aqua-
culture 94, 17–26.

Marshall, D.J., Monro, K., Bode, M., Keough, M.J., Swearer, S., 2010. Phenotype–environ-
ment mismatches reduce connectivity in the sea. Ecol. Lett. 13 (1), 128–140.

McCairns, R.J.S., Bernatchez, L., 2010. Adaptive divergence between freshwater and ma-
rine sticklebacks: insights into the role of phenotypic plasticity from an integrated
analysis of candidate gene expression. Evolution 64 (4), 1029–1047.

Milbury, C., Guo, X., Bushek, D., Ford, S.E., 2008. Spatial population structure in Delaware
Bay oysters. J. Shellfish. Res. 27 (4), 1033 (abstract).

Narváez, D.A., Klink, J.M., Powell, E.N., Hofmann, E.E., Wilkin, J., Haidvogel, D.B., 2012.
Modeling the dispersal of eastern oyster (Crassostrea virginica) larvae in Delaware
Bay. J. Mar. Res. 70, 381–409.

Newkirk, G.F., 1978. Interaction of genotype and salinity in larvae of the oyster Crassostrea
virginica. Mar. Biol. 48, 227–234.

Newkirk, G.F., 1986. Controlled mating of the European oyster, Ostrea edulis. Aquaculture
57, 111–116.

Newkirk, G.F., Waugh, D.L., Haley, F.E., 1977. Genetics of larval tolerance to reduced salin-
ities in two populations of oysters, Crassostrea virginica. J. Fish. Res. Board Can. 34,
384–387.

North, E.W., King, D.M., Xu, J., Hood, R.R., Newell, R.I.E., Paynter, K.T., Kellogg, M.L.,
Liddel, M.K., Boesch, D.F., 2010. Linking optimization and ecological models in
a decision support tool for oyster restoration and management. Ecol. Appl. 20,
851–866.

Nosil, P., Crespi, B.J., 2004. Does gene flow constrain trait divergence or vice-versa? A test
using ecomorphology and sexual isolation in Timema cristinae walking-sticks. Evolu-
tion 58, 101–112.

Pineda, J., Hare, J.A., Sponaugle, S., 2007. Larval transport and dispersal in the
coastal ocean and consequences for population connectivity. Oceanography
20, 22–39.

R Development Core Team, 2011. R: A Language and Environment for Statistical Comput-
ing. R Foundation for Statistical Computing, Vienna, Austria3-900051-07-0
(URL http://www.R-project.org/).

Saint-Laurent, R., Legault, M., Bernatchex, L., 2003. Divergent selectionmaintains adaptive
differentiation despite high gene flow between sympatric rainbow smelt ecotypes
(Osmerus mordex Mitchill). Mol. Ecol. 12, 315–330.

Sanford, E., Kelly, M.W., 2011. Local adaptation in marine invertebrates. Annu. Rev. Mar.
Sci. 3, 509–535.

Schmidt, P.S., Bertness, M.D., Rand, D.M., 2000. Environmental heterogeneity and
balancing selection in the acorn barnacle Semibalanus balanoides. Proc. R. Soc. Lond.
B 267, 379–384.

Schmidt, P.S., Serrão, E.A., Pearson, G.A., Riginos, C., Rawson, P.D., Hilbish, T.J., Brawley,
S.H., Trussell, G.C., Carrington, E., Wethey, D.S., Grahame, J.W., Bonhomme, F., Rand,
D.M., 2008. Ecological genetics in the North Atlantic environmental gradients and
adaptation at specific loci. Ecology 89 (11), S91–S107 (Supplement).

Shanks, A.L., 2009. Pelagic larval duration and dispersal distance revisited. Biol. Bull. 216,
373–385.

Terry Therneau and original Splus-NR port by Thomas Lumley (2011). Survival: Survival
analysis, including penalised likelihood. R package version 2.36-9. http://CRAN.R-
project.org/package=survival.

Thorson, G., 1950. Reproductive and larval ecology of marine bottom invertebrates. Biol.
Rev. 25, 1–45.

Yeaman, S., Whitlock, M.C., 2011. The genetic architecture of adaptation under migration
selection balance. Evolution 65, 1897–1911.

http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0065
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0070
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0070
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0075
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0075
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0075
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0080
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0080
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0080
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0090
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0090
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0095
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0095
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0100
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0100
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0105
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0105
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0110
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0110
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0110
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf9000
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf9000
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf9000
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0120
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0120
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0120
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0125
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0130
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0130
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0135
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0135
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0135
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0140
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0140
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0140
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0150
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0150
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0155
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0160
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0160
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0165
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0165
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0170
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0170
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0170
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0175
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0175
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0180
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0180
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0185
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0185
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0185
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0190
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0190
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0190
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0200
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0200
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0200
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0205
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0205
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0210
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0210
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0210
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0300
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0300
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0215
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0215
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0220
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0220
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0225
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0225
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0230
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0230
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0230
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0235
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0235
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0235
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0240
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0240
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0240
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0245
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0245
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0245
http://www.R-project.org/
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf9900
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf9900
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf9900
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0250
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0250
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0255
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0255
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0255
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0310
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0310
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0265
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0265
http://CRAN.R-project.org/package=survival
http://CRAN.R-project.org/package=survival
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0275
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0275
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0285
http://refhub.elsevier.com/S0022-0981(13)00306-7/rf0285

	Survival of oyster larvae in different salinities depends on source population within an estuary
	1. Introduction
	2. Materials and methods
	2.1. Sample collection
	2.2. Adult oyster conditioning
	2.3. Oyster strip spawning
	2.4. Larval cultures
	2.5. Data analysis

	3. Results
	3.1. Oyster conditioning and spawning
	3.2. Survival model

	4. Discussion
	Role of the funding source
	Acknowledgments
	References


