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Oyster-based restoration projects, particularly living shorelines, are being installed to
protect coastal ecosystems and infrastructure. While these installations often
successfully create aquatic habitats, further refinement in optimizing the growth
potential of shellfish on shoreline installations will increase the success rate and
efficiency of restoration projects. This study evaluated the growth and mortality of
two farmed strains of oyster, NEH® (high salinity tolerant) and DBX (medium and low
salinity tolerant), in the lower Delaware Bay. From July to October 2023, we
monitored the growth and mortality of each strain cultured in rack-and-bag
oyster aquaculture gear positioned at intertidal and subtidal environments. The
effect of tidal position, temperature, salinity, and dissolved oxygen on oyster
performance (average oyster length and weekly oyster mortality) was examined
using Generalized Additive Models (GAMs) to determine covariate importance
towards the growth and survival of both oyster strains. Our findings indicate that
NEH® oysters exhibited better meat condition than DBX oysters, and significantly
different average weekly shell length. Oyster weekly average shell length was
influenced by average temperature and the previous week's minimum dissolved
oxygen, while weekly mortality was influenced by minimum and average salinity and
minimum dissolved oxygen. Subtidal oysters exhibited greater growth and survival
than intertidal oysters, suggesting the addition of subtidal design features can
enhance the likelihood of success for oyster restoration projects. These results
emphasize the need to select an appropriate strain based on local environmental
conditions and suggest that pre-seeding selectively bred oysters into living shoreline
materials is a viable option to enhance restoration efficiency. Our results aid in our
understanding of identifying important physical and environmental factors that
determine oyster performance and provide insights via statistical models that can
be applied to inform restoration and shellfish-based living shoreline planning.
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1 Introduction

With the growing impact of climate change and sea level rise,
there is an urgent need for resilient and adaptive solutions to protect
vulnerable shorelines that support growing coastal communities.
Traditional hardened structures, such as riprap and seawalls, while
effective in the short term, are not adaptive in dynamic
environments (Pilkey, 1988; Nunn et al, 2021). As such, there
has been increased interest in living shoreline approaches that are
adaptable and provide ecological benefits. Among these approaches,
oysters and other reef building shellfish species are gaining attention
for their ability to reduce erosion by accreting sediment and
dispersing wave energy (Piazza et al, 2005; Stricklin et al., 20105
Walles et al., 2015), while providing essential ecosystem services
(Shumway et al., 2003).

Eastern oysters (Crassostrea virginica) are a keystone species in
marine environments that contribute to habitat provisioning
services (Coen et al., 1999; Erbland and Ozbay, 2008; Marenghi
et al.,, 2009; Shinn et al., 2021), nutrient assimilation (Newell et al.,
2005; Hoellein et al,, 2014; Ray et al.,, 2015), and water filtration
(Newell and Langdon, 1996; Kreeger et al., 2018; Barr et al., 2023).
Sustainable oyster reefs also provide structural integrity that
modifies water flow patterns and circulation (Morris et al., 2021;
Tso et al., 2023; Stanley et al., 2024; Campbell et al., 2025). However,
eastern oyster populations have experienced a drastic depletion as a
result of overharvesting (Canzonier, 2004; Sarinsky et al, 2005;
Clyde, 2007), habitat degradation (Carlsson et al., 2006; Beseres
Pollack et al., 2012), and disease (Canzonier, 2004; Friedman et al.,
2020), requiring large-scale restoration efforts to aid in their
recovery. Oysters are valuable not only ecologically but also
economically. Oyster aquaculture is an important and rapidly
expanding industry (Botta et al., 2020), valued at $285 million in
2018 in the United States (USDA NASS, 2018). Oyster aquaculture
provides not just economic benefits (Grabowski et al., 2012; Kumar
et al., 2024) but also environmental services akin to natural reefs,
including habitat provisioning (Martinez-Baena et al,, 2022) and
coastal resilience enhancement (Hossain et al., 2013).

Oysters and other shellfish are increasingly being used in
restoration projects aimed at rebuilding reefs (Bersoza Hernandez
et al,, 2018) and protecting shorelines (La Peyre et al., 2013). These
restoration efforts can employ a range of techniques to capture wild
spat by deploying alternate substrates to encourage recruitment
where reef habitats have been lost (van den Brink et al., 2020; Rusydi
et al,, 2023) or through remote setting where juvenile oysters are
seeded onto structures and then are released on existing reefs to
increase their survival (Sunila et al., 2016). In Chesapeake Bay,
where oyster populations have been severely reduced, these
methods are being explored to accelerate the repopulation of
native oyster reefs (USACE, 2012). Additionally, as of 2023, the
cost of oyster restoration efforts in Maryland was approximately
$87.36 million, signaling the need to refine restoration efforts to
reduce expenses (NOAA Fisheries, 2024). Although individual seed
oysters have not been widely used in restoration projects, remote,
‘spat-on-shell’ approaches seem to be effective for large-scale
applications (Maryland Oyster Restoration Interagency
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Workgroup, 2024). Such gaps in understanding highlight the
need for further research to improve the effectiveness of installing
pre-seeded structures for restoration purposes across different
environments, particularly in areas with low natural recruitment.

The growth and survival of oysters depend on a suite of
environmental parameters, including temperature, salinity, and
dissolved oxygen, making oyster-based restoration efforts closely
linked with local water quality (NOAA Fisheries EOBRT, 2007).
Since these environmental parameters vary spatially and
temporally, understanding how the range of environmental
conditions influence oyster performance is critical for developing
effective restoration strategies. Oysters have specific thermal
tolerances (Calabrese and Davis, 1970; Hofstetter, 1977; Stanley
and Sellers, 1986), and extreme changes in temperature have been
shown to disrupt their physiological functioning (Shumway, 1996).
Similarly, salinity levels influence osmoregulation and can impact
oyster health (Casas et al., 2024), while low dissolved oxygen can
create additional physiological stress (Patterson et al., 2014).
Understanding these interactions is key to making sure
restoration sites are selected and managed to enable persistent
oyster populations. Previous studies focused on the impact of
genetic diversity and the comparison between different oyster
strains as an approach to increasing survival and resilience to
environmental stressors, where disease-resistant strains showed
better survival than wild and susceptible lines (Rawson and
Feindel, 2012; Frank-Lawale et al., 2014; Proestou et al., 2016;
McCarty et al,, 2021). Growth patterns were found to differ
between oyster strains and across tidal positions (Bartol et al,
1999; Bishop and Peterson, 2005). These aspects highlight the
importance of targeted oyster strain selection and tidal placement
to optimize restoration success, as well as additional studies on
factors driving oyster growth and survival.

DBX and NEH® are two selectively bred oyster strains
developed by Rutgers University’s Haskin Shellfish Research
Laboratory. NEH®, derived from Long Island Sound stocks, has
undergone decades of selection for improved growth and survival in
high-salinity environments and exhibits strong resistance to two
major oyster pathogens, MSX (Haplosporidium nelsoni) and Dermo
(Perkinsus marinus). DBX, bred primarily from Delaware Bay
oyster lines, was developed to perform well in mesohaline and
oligohaline environments and also carries resistance to both MSX
and Dermo, though it is generally deployed in lower-salinity areas.
Both strains are used in aquaculture and restoration due to their
enhanced growth rates compared to wild oysters and adaptability to
a range of estuarine conditions (Rutgers University, n.d).

Our study examined how environmental variables
(temperature, salinity, and dissolved oxygen), family strain, and
tidal position impact oyster growth and survival using rack-and-bag
oyster aquaculture gear as a proxy for living shoreline coastal
restoration projects. We evaluated the performance of DBX and
NEH® oyster strains in intertidal and subtidal environments within
the Delaware Bay (Lewes) by modeling oyster growth and mortality
as a function of the environment. We hypothesized that oyster
performance will differ by strain and tidal position, dependent on
environmental water quality parameters (temperature, salinity, and
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dissolved oxygen) experienced at the study site. Evaluating these
factors provides recommendations for optimal oyster strain
selection and tidal placement to inform the design of shellfish-
based living shorelines, contributing to more resilient and adaptive
strategies for coastal restoration.

2 Methods
2.1 Study area

The field study was conducted at the University of Delaware
Hugh R. Sharp Campus boat basin (38.788081°N, 75.162194°W),
located in Lewes, Delaware, on the southwest portion of Delaware
Bay. Delaware Bay is connected to the Atlantic Ocean to the
southeast and the Delaware River to the north. This system is
considered a well-mixed estuary with an average depth of 8 m, an
average tidal range of ~1.5 m (Aristizabal and Chant, 2013, 2015;
Hall et al,, 2013), and an average residence time of 40 to 90 days
depending on discharge, categorizing it as a moderately flushed
system (Joesoef et al., 2015). The bay follows a strong salinity
gradient, ranging from 0.1 to 31.5 psu (NOAA DBOFS, n.d) and
provides habitat for many aquatic species (Mathews et al., 2022;
Oleynik et al., 2024).

2.2 Experimental design

We deployed triploid, disease-resistant, high-salinity tolerant
(NEH®), and low-salinity tolerant (DBX) oysters produced by the
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New Jersey Aquaculture Innovation Center at Rutgers University
(Cape May, NJ), using rack-and-bag culture systems throughout
mid-summer (July 2023) to the fall (October 2023). Treatment
groups consisted of six rack-and-bag installations within the boat
basin, three placed in the intertidal zone and three in the subtidal
zone. Each pair of intertidal and subtidal racks ran parallel to the
shoreline (with spacing adjusted for tidal range) and were at equal
depths per respective tidal position. The racks were randomly
allocated to their corresponding tidal positions, with 50-meter
intervals between each pair of racks (Figure 1). Each rack was
approximately 8 inches above the sediment. Oysters were graded at
the start of the experiment and had an average shell length of 8.42 +
1.88 mm for NEH® and 7.69 + 1.69 mm for DBX. Although this
difference was minor, and size grading was conducted to reduce
variation, the initial size discrepancy is acknowledged as a potential
source of bias in growth comparisons. Four rectangular Vexar bags
containing 50 oysters each were attached to each rack and two bags
of ~200 cultch were added as space-holders. The stocking density of
these bags was low compared to commercial standards, which is
typically around 800 oysters at that stocked size. The four bags were
grouped by genetic strain, NEH® and DBX, with two bags per
strain. The mesh size of the Vexar bag was originally 4 mm, based
on the oysters’ initial shell length, and then enlarged to 9 mm when
the minimum shell length reached about 1.5 times that of the mesh
size. To control biofouling, sea squirts (Molgula manhattensis) were
removed, and bags were flipped weekly. Bags were replaced once at
the 4 mm stage to control for extreme biofouling. Oysters within
each pair of bags per strain were pooled per rack, and each rack
served as replicate for that strain and tidal position. These data were
then aggregated across all three racks per tidal position and strain

Lewes Rack & Bag
Locations

Rack Type

o Intertidal
o Subtidal

Map of study design set up at Lewes boat basin (38.788081°N, 75.162194°W). Green points represent intertidal racks, while yellow points represent

subtidal racks.

Frontiers in Ecology and Evolution

03

frontiersin.org


https://doi.org/10.3389/fevo.2025.1608236
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Hudock et al.

(e.g., all NEH intertidal racks) to calculate final strain and tidal
position level averages and metrics for statistical analysis.

2.3 Environmental monitoring

Continuous monitoring of temperature (°C), salinity (psu), and
dissolved oxygen (mg/L) were conducted at subtidal rack locations,
utilizing Onset® HOBO® loggers (HOBO U24-002-C for
temperature and salinity and HOBO U26-001 equipped with a
U26-GUARD-2 anti-fouling guard for dissolved oxygen, Onset
Computer Corporation, Bourne, MA U.S.A). Water quality
loggers sampled at a 30-minute frequency, determined from the
guidance provided by the HOBOware® Pro software.
Environmental time series data were aggregated to examine
temporal patterns in water quality variables throughout the study
period. To assess the stationarity of the data, we tested both daily
(24 hours prior to the sampling event) and weekly intervals (the
week prior to the sampling event), evaluating the maximum,
minimum, and average values for each variable. Stationary
variables included daily averages, minimums, and maximums for
dissolved oxygen, temperature, and salinity, as well as weekly
average temperature and weekly minimum dissolved oxygen. For
stationary time series, no differencing was required, while non-
stationary time series required first- or second-order differencing to
achieve stationarity. Time series that were unable to achieve
stationarity were removed from the analysis.

2.4 Oyster performance

Oyster growth and survival were assessed weekly. For each bag,
shell length, width, and depth of 20 individuals were measured at
random. Mortality was assessed weekly by counting the number of
dead oysters in each bag. A dead oyster was identified by the open
separation of its valves, emitting a hollow sound when knocked
against a live oyster, or by the absence of resistance when attempting
to close its valves together. Dead oysters were removed from each bag
weekly to prevent recounting, and no live oysters were added or
replaced throughout the experiment. Following the completion of the
field experiment, 10 individuals were randomly selected per rack and
per strain across replicate bags to measure wet mass and estimate
their condition index (Equation 1) using methods from Lawrence and
Scott (1982). The ratio of dry tissue weight to dry shell provides an
indication of the oyster meat quality and a proxy for tissue growth
and performance. At the end of the experiment, final measurements
of shell length and mortality were used to determine weekly average
oyster length, instantaneous growth rate (IGR), and survivorship by
strain and tidal position. IGR was calculated using Equation 2, where
L, and L,; correspond to the final and initial lengths, and t,-t; is the
duration of the experiment expressed in weeks. Since the duration of
the experiment was less than one year, this formula was applied.

dry tissue weight (g)+100

T =
¢ dry shell weight (g)

1
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_ log.(Length,) — log,(Length,)
- H—t

IGR (2)

2.5 Statistical analysis

Univariate statistical analyses were conducted to understand the
effects of oyster strain and tidal position on oyster performance
metrics, including growth (average length, instantaneous growth
rate, and condition index) and survivorship, and to provide context
to aid in covariate selection for the preceding descriptive model.
Normality was checked using Shapiro-Wilk tests to determine the
use of standard or non-parametric equivalents to derive differences
in performance. Condition index followed a normal distribution
while growth and mortality did not. For each of the growth metrics
and survivorship, Scheirer-Ray-Hare tests were implemented to
compare significant differences between oyster strains and tidal
positions. For the statistically significant relationships, a post-hoc
Wilcoxon rank sum test was used to define significantly different
groups. For condition index data, a two-way ANOVA was used to
find significant differences between oyster strains and tidal position,
followed by Tukey’s HSD test for significant relationships.
Significance will be determined using an alpha of 0.05 for
normality checks and univariate statistical analyses.

We used Generalized Additive Models (GAMs) to analyze the
effect of environmental variables on oyster growth and mortality.
The goal was to understand how environmental covariates
(temperature, salinity, and dissolved oxygen) influenced oyster
performance across different strains and tidal positions. The
response variables for the models included average oyster length
and weekly mortality. Each weekly observation in the GAMs
represented an average across both bags per strain, per rack,
further aggregated by tidal position, resulting in one observation
per strain and tidal position combination per week. Therefore, each
GAM used repeated, temporally spaced observations from these
four groups (NEH-intertidal, NEH-subtidal, DBX-intertidal, DBX-
subtidal), but did not include a hierarchical or random-effects
structure due to the data being pooled at the strain and tidal
position level. Only stationary environmental time series,
previously found to be correlated with the response variables
through cross-correlation functions, were included as covariates
in the models.

Collinearity tests among covariates were performed by using
Variance Inflation Factor (VIF) analysis using the “vif” function
from the car package in R version 4.2.1 (R Core Team, 2022). We
removed variables with a VIF score greater than 5 to reduce
multicollinearity. Models were fit using the “gam” function in the
mgcv package in R version 4.2.1 (R Core Team, 2022). The best
family distribution was chosen based on scoring using Akaike’s
Information Criterion (AICc) for small sample size (Burnham and
Anderson, 2022). After selecting the best family distribution based
on global models, we applied the “dredge” function in the MuMIn
package of R version 4.2.1 (R Core Team, 2022) for automatic
model selection. This function selects the most relevant
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environmental covariates and identifies the tightest model
construction. Predictive ability and k-fold cross-validation were
assessed on models within 5 AICc points of the top model using the
“predict” function in the car package in R version 4.2.1 (R Core
Team, 2022). This method divides the data into k folds, with each
fold serving as one validation set at a time, while the remaining folds
were used for training data. The predictive accuracy for the models
was determined by calculating the average root mean square error
(RMSE) across all k folds. The model with the lowest average RMSE
value was selected as the final model.

The GAM for oyster growth was fit using the Gaussian family
with the identity link function, using weekly average oyster length as
the response variable (Equation 3). The model included smooth
terms for average temperature and the previous week’s minimum
dissolved oxygen, as well as categorical terms for tidal position and
strain. The formula for the final growth model was:

Avg. Length ~ factor(Tidal Position) + factor(Strain)
+ s(Avg. Temperature)
+ s(Previous Weeks Min . Dissolved Oxygen) (3)

The GAM for oyster mortality was fitted using the Negative
Binomial family with the log link function and weekly mortality as
the response variable (Equation 4). The model included smooth
terms for minimum salinity, average salinity, and minimum
dissolved oxygen, as well as a categorical term for tidal position.
The formula for the final mortality model was:

Weekly Mortality ~ factor(Tidal Position) + s(Min . Salinity)

+ s(Avg. Salinity) + s(Min . Dissolved Oxygen) (4)

3 Results
3.1 Environmental monitoring

The water temperature ranged from 15.8 to 29.12 °C (average
23.3+2.8 °C SD), with the highest temperatures observed in July and
August. Temperature was fairly stable through the summer months,
with a gradual drop in temperature starting in mid-September.
Salinity ranged from 18.34 to 30.94 psu (28.3+1.4 psu) and
remained steady throughout the study, aside from the normal
daily fluctuations associated with tidal changes. Dissolved oxygen
levels ranged from 0.40 to 13.53 mg/L (5+1.9 mg/L), with the lowest
concentrations observed in late summer and early fall. Dissolved
oxygen values declined steadily through September and early
October, tracking seasonal trends expected between summer
and fall.

Environmental time series data for temperature, salinity, and
dissolved oxygen were checked for stationarity at both daily (24
hours prior to the sampling event) and weekly intervals (week prior
to the sampling event). The stationarity tests revealed that all daily
intervals (averages, minimums, and maximums) for all variables were
stationary, in addition to the weekly average temperature and weekly
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minimum dissolved oxygen. Variables that required no differencing
consisted of average dissolved oxygen, minimum dissolved oxygen,
minimum salinity, and weekly minimum dissolved oxygen. First-order
differencing was required for maximum dissolved oxygen, average
temperature, maximum temperature, average salinity, and maximum
salinity, while second-order differencing was necessary for minimum
temperature and weekly average temperature. Variables that were
unable to achieve stationarity include weekly average dissolved
oxygen, maximum dissolved oxygen, maximum temperature,
minimum temperature, average salinity, maximum salinity, and
minimum salinity. Cross-correlation functions (CCFs) were used to
examine the relationships between the daily and weekly environmental
variables and oyster performance response variables (i.e. weekly
average length and weekly mortality). Significant correlations (values
that exceed the 95% confidence interval) were observed for the
following variables for weekly average oyster length: daily average
dissolved oxygen, daily minimum dissolved oxygen, daily average
temperature, daily minimum salinity, and weekly minimum
dissolved oxygen. Significant correlations were observed for the
following variables for weekly mortality: daily minimum
temperature, daily average temperature, daily minimum dissolved
oxygen, daily average dissolved oxygen, daily maximum dissolved
oxygen, weekly minimum dissolved oxygen, daily minimum salinity,
and daily average salinity.

3.2 Oyster performance

Mean oyster shell length was calculated weekly for each tidal
position and farmed strain combination (Figure 2). NEH® subtidal
oysters had the greatest final mean shell length (39.4 mm + 5.6 SD,
95% CI: 38.1-40.8), followed by DBX subtidal oysters (38.8 mm *
6.5 SD, 95% CI: 37.1-40.5). NEH® intertidal was similar, with a final
value of 37.4 mm + 6.2 SD (95% CI: 35.6-39.2). DBX intertidal
showed the smallest final mean length with a value of 30.1 mm * 6.3
SD (95% CI: 27.5-32.7). Mean shell length of oysters from different
strains cultured in subtidal and intertidal positions did not differ
according to the Scheirer-Ray-Hare test (p > 0.05).

IGR was calculated weekly for each oyster group combination
(Figure 3, Equation 2). Growth rates varied between groups. The
NEH® subtidal oysters exhibited a mean growth rate of 0.38 mm/
week, + 0.12 SD (95% CI: 0.3-0.5), followed closely by DBX subtidal
oysters (0.37 mm/week, + 0.13 SD, 95% CI; 0.3-0.4). Mean growth
rate for NEH® intertidal oysters was 0.36 mm/week + 0.13 SD (95%
CI: 0.3-0.4), while DBX intertidal oysters had a mean growth rate of
0.35 mm/week, + 0.12 SD (95% CI: 0.3-0.4). However, the Scheirer-
Ray-Hare test showed no significant effects of tidal position (p = 0.36)
or strain (p = 0.66) on IGR. Additionally, linear models were fit to
evaluate the trend in growth rate over time for each strain and tidal
position combination. Growth rates over time showed no statistical
difference when analyzed using linear models. The DBX intertidal
oysters had an R-squared value of 0.3 (p = 0.08), DBX subtidal oysters
had an R-squared of 0.25 (p = 0.11), NEH® intertidal oysters had an
R-squared value of 0.32 (p = 0.07), and NEH® subtidal oysters had an
R-squared of 0.24 (p = 0.12) (Figure 4).
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Mean oyster length between oyster strain and rack tidal position over time. Blue indicates NEH® oysters, while pink represents DBX oysters. Intertidal
positioning is noted with circle symbols and subtidal positioning with triangle symbols. Error bars are + one standard deviation.

Condition index was calculated through Equation 1 (Figure 4).
The average condition index value for intertidal DBX was 5.4 + 0.61
SD (95% CI: 5.2-5.6), while intertidal NEH® showed a condition
index of 5.88 + 0.8 SD (95% CI: 5.5-6.2). Mean condition index
within the subtidal zone for DBX oysters was 4.09 + 0.71 SD (95% CIL:
3.8-4.4), and NEH® oysters had a mean condition index of 4.22 +
0.63 SD (95% CI: 3.99-4.5). A two-way ANOVA was conducted to
examine the effects of tidal position and strain on the condition index.
Analysis indicated a significant effect of tidal position (p< 0.001),
suggesting that the condition index of oysters in the intertidal zone is

significantly different from those in the subtidal zone. Strain also had
a significant effect (p = 0.03), with NEH® oysters showing a
significantly different condition index than DBX oysters. However,
the interaction between tidal position and strain was not significant
(p = 0.18), indicating that the effect of tidal position on the condition
index did not significantly vary between strains. Results of subsequent
pairwise comparisons using Tukey’s HSD test indicated that subtidal
oysters had a significantly lower condition index than intertidal
oysters (p< 0.001), and NEH® oysters exhibited a significantly
higher condition index than DBX oysters (p 0.03).
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Instantaneous growth rate over time (mm/week) for each oyster strain and tidal position with a linear regression trendline found in blue. DBX
intertidal oysters had an R-squared value of 0.3, while DBX subtidal oysters had an R-squared value of 0.25. NEH® intertidal oysters had an
R-squared value of 0.32, while NEH® subtidal oysters had an R-squared value of 0.24.
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Final oyster condition index by tidal position and strain. Intertidal oysters appear to show an overall greater condition index than subtidal oysters.

When comparing oysters of the same strain, subtidal DBX oysters
had a significantly lower condition index than intertidal DBX oysters
(p< 0.001). Condition index of intertidal NEH® oysters was greater
than subtidal DBX oysters (p< 0.001) and subtidal NEH® oysters
(p< 0.001). The difference in condition index between intertidal
NEH® oysters and intertidal DBX oysters was not statistically
significant (p = 0.06), meaning that the condition index of these
two groups was similar. These results indicate that oysters in the
intertidal zone generally have better condition, as well as NEH®
oysters compared to DBX oysters, emphasizing that both tidal
position and strain significantly influence the condition index.

The number of survivors was measured across the oyster group
combinations (Figure 5), with mean survivors as follows: intertidal
DBX had 174 survivors (+ 55.9 SD, 95% CI: 160-188), intertidal
NEH® had 177 survivors (56 SD, 95% CI: 163-191), subtidal DBX
had 221 survivors (+ 42.2 SD, 95% CI: 211-231), and subtidal NEH®
had 227 survivors (+ 40.1 SD, 95% CI: 217-236). A Scheirer-Ray-Hare
test was conducted to examine the effects of tidal position, strain, and
their interaction on survivorship. The results showed a strong effect of
tidal position on survivorship (p< 0.001), with the mean number of
survivors for subtidal oyster groups being significantly different than
intertidal oyster groups. Neither strain (p = 0.28) nor the interaction
between tidal position and strain (p = 0.83) significantly affected
survivorship, suggesting that the difference in survivorship between
intertidal and subtidal oysters was independent of strain. A subsequent
Wilcoxon rank-sum test verified that survivorship differed between
intertidal and subtidal oysters (p< 0.001, adjusted with Bonferroni),
with significantly higher survivorship observed in subtidal oysters
compared to intertidal oysters (Figure 5). No significant differences
were detected between strains within each tidal position.
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3.3 Generalized additive models for oyster
growth and mortality

Generalized Additive Models (GAMs) for weekly average oyster
length were used to assess the effects of environmental covariates,
including average temperature, previous week’s minimum dissolved
oxygen, tidal position, and strain. Multicollinearity was checked using
VIF analysis prior to model fitting, and covariates with a VIF above
five were excluded. The best fit was the Gaussian family distribution
according to AICc scoring (AICc = 311.18). Further model selection
was finalized through automated model selection (Table 1) and k-fold
cross-validation, which identified the model with the lowest mean
RMSE. The best GAM for weekly average oyster length accounted for
89.4% of the deviance in oyster length (adjusted R-squared = 0.87).
We found significant smooth terms for average temperature (effective
degrees of freedom (edf) = 2.67, p< 0.001) and previous week’s
minimum dissolved oxygen (edf = 3.52, p< 0.001), both of which had
a non-linear, positive association with oyster length (Figure 6). The
temperature smoothing plot shows that higher temperatures result in
decreased oyster length (>~20 °C), indicating optimal growth within
a specific temperature range (~10-20 °C). The model showed
significant effects of tidal position (p< 0.001), with subtidal oyster’s
having significantly different mean length than intertidal oysters.
Strain had a small, yet significant effect on average shell length growth
(p=0.02), with NEH® oysters exhibiting significantly greater average
length than DBX oysters. The GAM diagnostics revealed a well-fitting
model, with full convergence after 10 iterations and a positive definite
Hessian. The k-index was verified for the smoothing terms, indicating
adequate basis dimensions for both temperature and dissolved
oxygen (p< 0.001).
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QOyster survivorship curve across strain and tidal position. Trends in survivorship suggest that subtidal oysters had more survivors than intertidal

oysters.

The GAM for weekly oyster mortality was applied to investigate
the effects of minimum salinity, average salinity, minimum
dissolved oxygen, and tidal position on oyster mortality.
Multicollinearity was checked with VIF analysis prior to model
fitting, and covariates with a VIF above five were excluded. The best
fitting model used the negative binomial family with a log link
function, accounting for the over-dispersed nature of the count data
(though AICc comparison favored Poisson distribution). In this
model, we applied the same automated model selection (Table 2)
and cross-validation strategies. The best GAM accounted for 81.7%
of deviance in weekly oyster mortality (adjusted R-squared = 0.72).
Minimum salinity (edf = 2.9, p< 0.001) and minimum dissolved
oxygen (edf = 2.77, p< 0.001) had significant smooth terms. This
indicated lower salinity and dissolved oxygen levels were coupled
with higher mortality counts, and the relationship between these
environmental factors and mortality was non-linear. The minimum
salinity (Figure 7) plot displays that mortality increased with
decreasing salinities, while the minimum dissolved oxygen plot
shows that lower mortality was observed as dissolved oxygen
increased. Average salinity (edf = 1, p = 0.32) was incorporated in
the final model but was not statistically significant. The relationship

between average salinity and mortality was somewhat flat, implying
that changes in mean salinity had less impact on weekly mortality
relative to minimum salinity. Tidal position was significant (p =
0.01), with subtidal oysters exhibiting significantly lower weekly
mortality than intertidal oysters. K-index values for smooth terms
were within reasonable bounds (min salinity: p = 0.03, average
salinity: p = 0.01, minimum dissolved oxygen: p = 0.09), suggesting
that the basis functions were correctly specified. The GAM
diagnostics revealed full convergence after 10 iterations and a
positive definite Hessian, signifying a stable solution.

4 Discussion

This study evaluated the growth, condition index, and mortality
of DBX and NEH® farmed oyster strains across different tidal
positions (intertidal vs. subtidal) within the lower Delaware Bay.
NEH® and DBX exhibit both MSX and Dermo disease resistance, as
well as enhanced growth and shell characteristics compared to wild
eastern oysters. NEH® strain, derived from Long Island Sound
oysters, thrives in high salinity (20-34 ppt) environments, while

TABLE 1 Generalized additive model selection table for average oyster length response variable.

s(Previous Week
Minimum Dissolved

s(Minimum

s(Average

Tidal

Intercept Temperature) = Salinity) Oxygen) Strain  position df loglLik AICc Delta Weight
20 ‘ + + ‘ + + 10 -1407 3089 ‘ 0 ‘ 0.7
20 ‘ + + + ‘ + + ‘ 11 ‘ 1401 3112 ‘ 22 ‘ 02
21.1 ‘ + + ‘ + ‘ 9 -144.3 3129 ‘ 4 0.1

Based off selection output, variables kept in final model consist of average daily temperature, previous week’s minimum dissolved oxygen, strain, and tidal position. Daily minimum salinity was

not included.
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Plots of model smoothing terms for average temperature and minimum dissolved oxygen average oyster length. The temperature smooth term
indicates the partial effect of daily average temperature on average oyster length, while the previous weekly minimum dissolved oxygen smooth
term demonstrates the partial effect on average oyster length. The temperature smoothing plot shows that higher temperatures have a decreasing
effect on oyster length, indicating optimal growth within a specific temperature range less than 20°C, while optimal growth of oysters occurred at
periods when the weekly minimum dissolved oxygen was less than 2.0 mg/L.

DBX, derived from Delaware Bay oysters, is suited to medium and
low salinity (18-23 ppt) environments (Rutgers University, n.d.).
NEH® oysters exhibited significantly higher condition index values
than DBX oysters, with a modest trend of greater growth in NEH®
oysters (Figure 2), although this difference was not statistically
significant in univariate tests. NEH® oysters also demonstrated
increased performance, particularly in subtidal environments where
covariate values were within the optimal range for this strain. Tidal
position was also an important driver in our study, where subtidal
oysters performed better than intertidal oysters, especially in
survivability. The higher performance of subtidal oysters may be
due to a more stable environment, where the oysters are less
exposed to environmental extremes compared to the intertidal
treatment group that experiences wider temperature and
dissolved oxygen fluctuations associated with episodic tidal
desiccation (Heo et al., 2023; Masanja et al., 2023). Oyster growth
and survival were significantly affected by environmental covariates,
specifically temperature, dissolved oxygen, and salinity. Our results
are consistent with other studies that found salinity and dissolved

oxygen to be key determinants of oyster survival (Galtsoff, 1964;
Shumway, 1996; Jeppesen et al., 2016; Lowe et al., 2017; Sehlinger,
2018; Davis et al., 2024). Additionally, our finding that temperature
impacts growth also confirms previous findings which demonstrate
that although growth increases with higher temperatures, extreme
heat can adversely affect oyster survival (Galtsoff, 1964; Shumway,
1996; Lowe et al., 2017; Sehlinger, 2018). Our results underscore the
importance of strain selection, tidal location, and environmental
conditions in ensuring optimal oyster performance in living
shoreline and habitat restoration projects. Further research would
be useful to provide more definitive recommendations for the use of
specific oyster strains across salinity regimes and other
environmental gradients.

Contrary to other studies (Manzi et al., 1977; Bartol et al., 1999;
Moroney and Walker, 1999; Bishop and Peterson, 2005), we found
that subtidal oysters consistently performed better than intertidal
oysters, likely due to the protection from daily air exposure and
atmospheric temperature extremes experienced in the summer
months (Clements et al., 2018; Heo et al., 2023), as well as high

TABLE 2 Generalized additive model selection table for weekly oyster mortality response variable.

s(Previous
Week
s(Minimum Minimum
s(Average Dissolved s(Minimum  Dissolved Tidal
Intercept = Salinity) Oxygen) Salinity) Oxygen) Strain position  df
23 + + + 10 -1245 2754 0 05
21 + + 8| -1277 2784 3.01 0.1
23 + + + + 10 -1253 2787 33 0.1
2.3 + + + + 10 -124.7 279.1 3.7 0.1
24 + + + 8| -1203 2807 53 0.03

Based on the selection output, variables kept in the final model consist of minimum daily dissolved oxygen, minimum daily salinity, average daily salinity, and tidal position. Previous week’s

minimum dissolved oxygen and strain were not included.
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that mortality increased with decreasing salinities, while the daily minimum dissolved oxygen plot shows that lower mortality was observed as
dissolved oxygen increased. Daily average salinity (edf = 1, p = 0.32) was incorporated in the final model but was not statistically significant.

sensitivity of juvenile oysters within the intertidal zone (Overton
et al, 2023). Research has demonstrated that subtidal habitats
generally offer better conditions for oysters, being less likely to
experience air exposure and experiencing more stable temperature
and salinity regimes (Lowe et al., 2017; Sehlinger, 2018), which may
translate to increased survival and growth of subtidal oysters.
Minimum salinity and dissolved oxygen were key environmental
factors associated with mortality in our study, consistent with prior
work in estuarine systems (Jeppesen et al., 2016; Rybovich et al.,
2016). The differences observed in our study in the growth of DBX
and NEH® oysters are largely underexplored in other literature.
However, previous studies have looked at other selectively bred
oyster lines (Leggett, 1999). Our results suggest that NEH® oysters,
which are adapted for high-salinity environments, could be
appropriate candidates for restoration in similar conditions,
though further testing across broader spatial and temporal scales
would be beneficial. Our study also adds new information with
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respect to the impact of tidal position on oyster performance.
Although the impact of tidal position has been described in the
literature (Manzi et al., 1977; Bartol et al, 1999; Moroney and
Walker, 1999; Bishop and Peterson, 2005), our study provides a
better understanding of how strain and tidal position interact to
impact oyster growth and mortality. The performance of DBX
and NEH® oysters in different tidal positions provides insight
into how restoration strategies may be optimized based on such
factors. Additional research across seasons would be valuable in
determining if such interactions occur over longer time frames than
a single growing season. Unfortunately, overwintering can limit
studies that extend into the winter months, as interannual
overwintering mortality can be high (>35%) in farmed oysters
depending upon region and year (Mayrand et al.,, 2017).

These findings can be used to inform strategies for oyster-based
ecological restoration, aquaculture, and living shoreline development
in estuarine habitats. NEH® oysters exhibited increased condition
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indices and may be suitable for candidates for restoration in higher
salinity environments. While their disease resistance and growth
patterns suggest potential advantages, broader validation across
multiple sites and seasons would be needed to confirm long-term
performance. Incorporating selectively bred strains into living
shoreline efforts could enhance establishment success, particularly
in areas subject to disease pressure. Our study emphasizes the need to
match oyster strains to the environmental conditions of the
restoration site, specifically salinity. By selecting the right strain to
match salinity preferences, restoration practitioners can increase
oyster survival and growth, thereby ensuring long-term success in
sustainable oyster reefs. In addition, our findings suggest that the
subtidal zone appears to provide unique benefits to oyster
performance. In this study subtidal oysters exhibited consistently
higher survival than intertidal oysters, which may reflect greater
protection from thermal and dissolved oxygen extremes during
submersion. These submerged environments may offer oysters the
stability needed to grow. Further, by establishing a subtidal oyster
reef, there is a likelihood that subtidal reefs will continue to develop
into intertidal regions as the reef expands and recruitment occurs.
Since oyster reefs are dynamic structures, this allows them to provide
a variety of ecosystem services that aren’t exclusive to the subtidal
zone. Therefore, as the installation changes over time, these structures
can contribute ecosystem services to the intertidal zone, such as
sediment accretion (Salvador de Paiva et al, 2018) and wave
attenuation (Wiberg et al, 2018), while simultaneously providing
subtidal habitats. Overall, these results offer important new insights
into the various physical and environmental factors that can shape
oyster performance, along with support for the development of
tailored restoration strategies that take these factors into account. It
is also important to consider the oyster size range that was tested, as it
represents a very sensitive portion of the oyster life cycle (< 25 mm).
Therefore, identifying the strains and conditions that favor the
survival of these individuals up to 25 mm, represents the critical
point in reef development (Powell et al., 1994). If it is possible to
efficiently transition oysters out of that size range, where they are
more protected against predation, disease, and environmental
changes, the restoration process will have a greater chance of
success. A promising area of growth in living shoreline restoration
is the idea of pre-seeding these installations with the appropriate
strain of oyster to match the environmental conditions of the
installation site. Instead of relying on natural oyster recruitment to
populate the site, pre-seeding the installation with selectively bred
strains (i.e, NEH®) would potentially allow for oyster establishment
within a shellfish-based living shoreline in a shorter period (USACE
Baltimore and Norfolk Districts, 2012). By introducing more oysters
to the restoration area from the start, this approach may enhance
habitat provisioning and coastal protection benefits. The benefits of
this strategy are particularly applicable to sites where natural
recruitment is limited or sporadic. Further exploration of water
quality variables, tidal position, and strain selection will help
improve the restoration process and maximize the effectiveness of
shellfish-based living shorelines.

Although the data and models presented here yield insights into
the complex relationships between environmental factors, oyster

Frontiers in Ecology and Evolution

11

10.3389/fevo.2025.1608236

strain, and tidal position, a number of assumptions and limitations
should be noted. Oyster growth and mortality data were collected at
weekly intervals, so measurements were weekly averages and totals.
This sampling frequency could have missed finer timescales of
variations in oyster performance that may be significant. One
important design limitation is that tidal position was spatially
confounded with rack identity. Racks were installed in fixed
locations at the start of the study, which means we could not
statistically distinguish the effect of tidal exposure from potential
site-level variation among individual rack locations. However, all
racks were placed at consistent depths for their respective tidal
positions, spaced approximately 50 meters within a semi-enclosed
basin, minimizing expected environmental heterogeneity across
replicates. Comparable spatial designs have been used in other
estuarine oyster studies with limited microhabitat variation
exhibited between gear sites (Campbell et al., 2025). The
environmental data were recorded every 30 minutes across the
whole study period, but these data have been post-processed and
filtered into two different time scales: daily values and weekly values.
For daily values, the data were filtered to include only the 24-hour
period prior to each oyster sampling event. For weekly values, data
were all the environmental observations for the week before the
oyster sampling event of the current week. We made this choice based
on the assumption that environmental conditions in the days
preceding the sampling event would be the most influential to
oyster growth and mortality. This filtering approach is fairly
reasonable but does not account for any integrated effects
of longer-term environmental exposure. Additionally, the use of
three replicate racks per tidal treatment limits the degree of
statistical inference that can be drawn, particularly when exploring
environmental interactions using GAMs. While model performance
was cross-validated and overfitting was addressed through covariate
screening and AICc-based selection, we acknowledge that the small
number of spatial replicates may constrain the generalizability of
some findings. However, this replication strategy aligns with recent
experimental designs employed in comparable field-based oyster
studies (e.g., Campbell and Gray, 2024), particularly when logistical
and spatial constraints exist in estuarine settings. The duration of this
study was relatively short in the context of oyster performance
metrics (4 months), thus only allowing us to observe oyster
performance across a limited seasonal range of environmental
conditions. The environmental variables included can vary greatly
during the winter months, potentially influencing oyster metabolism,
growth, and mortality (Mayrand et al., 2017). A longer-term study
would provide more insight into how seasonal changes impact oyster
performance, particularly concerning temperature extremes and
variability in salinity. However, oyster farmers frequently adjust
oyster gear before the late fall and winter months to avoid extreme
weather events and increased oyster mortality (Morse, 2006). The
study site reflects a distinct environment within Delaware Bay.
Additional sites with different environmental conditions would
help assess the generalizability of these findings. The Generalized
Additive Models (GAMs) applied in this analysis assume that the
relationships between environmental drivers (salinity, temperature,
dissolved oxygen) and oyster performance (weekly average length
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and weekly mortality) are smooth and non-linear; and that the data
are independent and identically distributed. Though the GAMs
provide useful information on how environmental factors affect
oyster performance, there may be other limiting factors not
considered in the models, including predation, oyster behavior,
or habitat interactions. Furthermore, although the GAMs
incorporated repeated weekly averages as independent observations
to improve temporal resolution, this approach may introduce some
degree of pseudoreplication and potentially inflate significance levels
in the GAM outputs. The resulting strain effect detected in the growth
GAM, not seen in the univariate test, may reflect the influence of
environmental covariates and increased statistical power, but
should be interpreted cautiously. Despite these limitations, we
were able to demonstrate the potential for future research utilizing
GAMs to investigate the interactions among environmental
variables influencing oyster performance, aiding in a series of
recommendations to improve living shoreline designs and
restoration efforts in estuarine environments.

Though this study provides insight into selectively bred oyster
performance across different tidal positions and environmental
conditions, several areas of future investigation would be useful
for further consideration. First, the seasonal variability in
environmental conditions, particularly temperature, salinity, and
dissolved oxygen, has been identified as a potential factor
influencing oyster performance (NOAA Fisheries EOBRT, 2007).
Future studies should extend monitoring to include more seasons
(i.e., winter and spring months). Including a full annual cycle would
help researchers understand how oysters respond to seasonal
changes in their environmental conditions, particularly in growth
and mortality. However, issues of overwintering mortality,
particularly for intertidal installations, would need to be
considered (Mayrand et al., 2017). Studies in additional estuaries
or coastal systems could elucidate more generalized effects of
salinity and temperature on strain performance and tidal position
within estuaries. This information would be particularly applicable
for restoration, aquaculture, or living shorelines, as their success is
often dictated by site-specific characteristics. Other future research
directions should attempt to integrate additional environmental
covariates that can affect oyster health (e.g., sediment type,
turbidity, and pH). For example, oysters in areas with high
sediment loads or elevated turbidity may face feeding and survival
challenges (Barille et al., 1997; La Peyre et al., 2020). Another
potential avenue for future research would be to compare other
selectively bred strains of oyster like the Virginia Institute of Marine
Science (VIMS) DEBYs, LOLAs, or HNRYs, as these strains are
characterized by genetic differences that allow them to thrive in
different salinity regimes (Proestou et al, 2016). Despite these
associated limitations, our study provides essential information
regarding the importance of strain and tidal placement on oyster
performance. A coupled approach to living shoreline designs
featuring subtidal and intertidal oyster reef components, though
underexplored, could be used as a prescriptive measure to enhance
living shoreline resilience. Some shellfish-based living shoreline
designs allude to the fact that subtidal installations can result in
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the mitigation of shoreline retreat (Scyphers et al., 2011). However,
intertidal reefs have been found to reduce wave height buffering
shoreline erosion during storm events (Morris et al., 2021). The
discrepancy between the functional differences of the two zones
emphasizes the tradeoff between greater survival and suitable
habitat of the subtidal zone compared to increased wave
attenuation of the intertidal zone (Salatin et al., 2022). However,
these elements should be considered synergistically to maximize the
likelihood of shoreline resilience.

5 Conclusion

Selectively bred oysters can help increase the success of oyster-
based restoration and living shorelines. Our results suggest that
NEH® oysters, selected for disease resistance and improved growth,
perform better in the conditions of the lower Delaware Bay than
DBX oysters, emphasizing the importance of strain selection based
on associated environmental conditions. Furthermore, subtidal
areas appeared to provide more optimal conditions for oyster
growth and survival, suggesting their potential value for initiating
reef formation in restoration efforts. However, these findings should
be interpreted in the context of the study’s limitations, including a
short duration, single-site design, limited spatial replication, and
potential lack of independence in weekly measurements. Despite
these limitations, our results highlight the importance of tailoring
oyster restoration strategies that consider environmental factors
and genetic strain. More studies are needed to further optimize
these approaches and explore interactions between oyster strains,
tidal position, and environmental variables to increase the success
and resilience of living shorelines in a changing climate.
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