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Executive Summary

Opyster aquaculture is economically and ecologically important across much of the Southeastern
United States, contributing to small coastal economies as well as providing ecosystem services such as
water filtration. However, unusual summer mass-mortality events have been reported across the
Carolinas and beyond as the industry has expanded, threatening farmer livelihoods and reducing water
filtration through the death of oyster crops. These episodic mortality events are highly site specific and
it is unclear if they share a common driver. We were interested in how mechanical agitation from wave
action, aquaculture gear choice, and culture practices like tumbling might contribute to stress and
ultimately increased mortality in oysters in North Carolina. Prior research indicates that oysters are
negatively impacted by mechanical stress on both acute and chronic time scales, as evidenced by
hormonal changes and increases in mortality. However, the specific mechanisms and impact of these
forces on oyster health and mortality have not been studied directly. In order to investigate how oysters
respond to mechanical disturbance on both acute and chronic time scales, we performed a series of
field and laboratory experiments on triploid eastern oysters (Crassostrea virginica) in coastal North
Carolina.

In the field, oysters were held in floating bags at three farm sites with different wave energy
profiles and monitored over the summer of 2025. We collected mortality data as well as G-force data
from waterproof accelerometers secured inside of oyster shells within the floating bags. At two sites we
also collected data from bags fixed in place on PVC racks. In the lab, we held two cages of oysters in
recirculating seawater tables and mechanically agitated one cage every day by rolling it for several
minutes. We conducted two trials, monitoring mortality and collecting tissue samples over the course of
one week. RNA was extracted from tissues from one of these trials, and used in a RT-qPCR reaction.
We reverse transcribed the collected RNAs into cDNAs, and ran a qPCR analysis of expression in the
genes interferon-induced protein 44 (IF144), interleukin 17 (IL17) and superoxide dismutase (SOD).

Key Findings:

e FEastern oysters were found to experience increased mortality when exposed to excessive
mechanical stresses on both acute (hours-days) and chronic (weeks-months) timescales.
Opysters in the field site with the highest wave energy experienced a mass mortality event,
while those at the other sites did not. Oysters in the laboratory died in large numbers when
rolled daily, while stationary oysters did not.

¢ Fixed aquaculture gear is shown to reduce chronic oyster G-force exposure compared to
floating gear, but only at sites with high ambient wave action. Oysters within fixed gear
experienced less mortality than oysters in floating gear at both trial sites, but a lack of statistical
significance warrants more research in the future.

¢ RT-gPCR analysis found that acute mechanical stress was associated with increased expression
of the IFI44 and interleukin 17 IL17 genes. SOD underwent a smaller amount of upregulation.



This study suggests that sites with abnormally high wave energy, as well as culture practices
that expose oysters to high levels of agitation, can trigger stress pathways and potentially leading to
reduced growth and performance. Replacing floating aquaculture gear with fixed gear at high-energy
farm sites may improve oyster resilience in these locations by limiting exposure to mechanical stress.
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I. ABSTRACT

Oyster aquaculture is economically and ecologically important across much of the Southeastern
United States, but unusual summer mass-mortality events are threatening farmer livelihoods and
reducing water filtration through the death of oyster crops. Prior research indicates that oysters are
negatively impacted by mechanical stress on both acute and chronic time scales, as evidenced by
hormonal changes and increases in mortality. Exposure to these forces are tied to farming practices
such as tumbling on the acute level and to culture gear selection and site-specific wave action on the
chronic level. However, the specific mechanisms and impact of these forces on oyster health and
mortality have not been studied directly. In order to investigate how oysters respond to mechanical
disturbance on both acute and chronic time scales, I performed a series of field and laboratory
experiments on triploid eastern oysters (Crassostrea virginica) in coastal North Carolina. Eastern
oysters were found to experience increased mortality when exposed to excessive mechanical stresses
on both acute (hours-days) and chronic (weeks-months) timescales. Acute mechanical stress was found
to be associated with increased expression of the interferon-induced protein 44 (IF144) and interleukin
17 (IL17) genes. Fixed aquaculture gear is shown to reduce chronic oyster G-force exposure, but only
at sites with high ambient wave action. This study suggests that sites with abnormally high wave
energy, as well as culture practices that expose oysters to high levels of agitation, can trigger stress
pathways and potentially leading to reduced growth and performance. Replacing floating aquaculture
gear with fixed gear at high-energy farm sites may improve oyster resilience in these locations by

limiting exposure to mechanical stress.

1. BACKGROUND

Oyster aquaculture is an industry that has seen wide-scale growth around the world (Campbell
and Hall 2018), and is especially important on a regional scale in areas of the Southeastern US. Oyster
aquaculture contributed $186 million to the US economy in 2017, and over $31 million to North
Carolina’s economy in 2022 (NOAA Fisheries 2023, Edwards 2023). Oysters can be grown in a variety
of farming styles in fixed or floating cages or bags. Because off-bottom culture methods are generally

believed to produce a more uniform crop with shells more suitably shaped for the lucrative half-shell



market (Mizuta and Wikfors 2019), floating bag methods have become commonplace in oyster grow-
out operations both in North Carolina and globally (Thomas et al. 2019).

As the industry has expanded there have been increasing reports of mass mortality events in
which farmers can lose as much as 90% of their crop. Similar mortality events, usually in the summer,
have been reported in multiple species of oyster in coastal regions worldwide (Cheney et al. 2000,
Pernet et al. 2010, Wadsworth et al. 2019). Oyster pathogens like Perkinsus marinus can contribute to
mortality events, but the summer episodes reported in North Carolina have not been consistently
associated with pathogens (Ben-Horin et al. 2024). Summer oyster mortality seems to be highly site-
specific, and can affect both diploid and triploid oysters (Matt et al. 2020). It is not clear if these
episodic mortality events share a common driver.

Opysters in nature anchor themselves to rocks or other solid substrate after a planktonic larval
phase, and do not move throughout their adult lives (Gosling 2015). In oyster culturing, particularly for
the half-shell market, oysters are often grown detached from substrate, contained within a bag or cage
either on the bottom or suspended in the water column. This lack of attachment can expose oysters to
mechanical forces (i.e. ‘jostling’) associated with wave action that oysters fixed in place on a substrate
do not experience. Oysters farmed at sites with higher wave action can experience higher levels of
agitation. Exposure to open water, wind strength and direction, tidal regime and boat activity can
influence the wave intensity at a given farm site, and sites very close together can have markedly
different wave energy.

Agitative stress in oysters can broadly be divided into two temporal categories. Acute
mechanical stress results from agitation on the order of minutes to hours, while chronic mechanical
stress manifests with periods of exposure over months to years (Harris 2015). The effects of these
varying scales of mechanical stress on eastern oysters is poorly understood. Lacoste et al. (2001, 2002)
subjected Pacific oysters to acute mechanical stress via spinning on a laboratory agitator, and saw
significantly reduced noradrenaline and dopamine levels over the course of 120 minutes, indicating
stress. Bodenstein et al. (2021) exposed eastern oysters to different levels of desiccation in addition to
tumbling as methods to remove oyster biofouling. This study found that tumbling oysters once per
month led to increased mortality in all groups compared to the non-tumbled group with the same
desiccation rate.

In addition to acute stress such as tumbling, oysters in an aquaculture environment may be

exposed to chronic mechanical stress cover an entire growing season. Oysters do not naturally recruit in



areas with high wave energy and transplant experiments have shown reduced growth and increased
mortality in oysters moved to sites with extreme wave action (Ortega 1981). Oysters are suspension
feeders deriving nutrients from the water column, and their growth rate when fixed to substrate is
dependent on local hydrodynamic conditions (Grizzle et al. 1992, Wildish and Kristmanson 1997).
Sampled oysters from several mortality events in North Carolina shared digestive diverticula pathology
consistent with nutrient deprivation (Ben-Horin et al. 2024).

The type of gear being used may also contribute to how oysters react to conditions at a specific
site. Surface aquaculture gear across all species is more vulnerable to storm damage than subsurface
gear (Gagnon 2024), and surface oyster gear is known to move much more in response to wind and
waves in comparison with subsurface gear (Campbell and Gray 2024). Whether or not oysters are
affected negatively by this movement is unknown, however some studies have found that fixed-gear
aquaculture can yield improved oyster growth in cases where sedimentation is not a risk (Bishop and
Peterson 2005). Mallet et al (2013) found that oysters reared in floating bags had depressed growth at
more dynamic sites with higher wave energy, while oysters glued to ropes in floating racks performed
better. This suggests the loose oysters tumbling around in the bags may be a source of stress.

If high-agitation conditions are detrimental to oyster performance, chronic exposure over time
could result in higher mortality in oysters grown at sites experiencing more wave action. This would
come with negative economic consequences for oyster farmers and a reduction in ecosystem services.
Acute stress on a regular time scale may have similar effects. This stress could originate from several
common farming practices including flipping, shaking, pressure washing and tumbling. Reducing
mechanical stress on oysters using methods such as alternative gear use or reduced tumbling may have
the potential to reduce mortality and improve oyster health.

I conducted a series of field and laboratory experiments on eastern oysters in Eastern North
Carolina in order to further study the relationship between acute and chronic mechanical stressors and
oyster mortality, as well as compare how oysters are affected by wave energy in different types of
oyster culture gear. I measured oyster growth and mortality over a summer growing season across three
farm sites with different wave action regimes, and compared oyster performance between fixed and
floating gear types at two of these sites. I conducted two laboratory trials to simulate the effects of
regular tumbling on oysters, and performed RT-qPCR on oysters from these trials in order to examine

the effects of acute mechanical agitation on expression of molecular markers.



2. MATERIALS AND METHODS

2.1. Chronic mechanical stress: Field monitoring experiment

From May to September of 2025, the Duke Aquafarm Bass Connections team maintained a field
monitoring program of eastern oysters at three separate farm sites within the vicinity of the Duke
University Marine Laboratory in Beaufort, North Carolina /Figure 1]. The primary farm site, ‘Duke
Aquafarm,’ is located in Tar Bay (34°42°02” N, 76°42°13” W) near Fort Macon in Atlantic Beach, NC.
Two experimental farm sites were also monitored. One was located at the North Carolina State
University Center for Marine Sciences and Technology (CMAST) in Morehead City, NC (34°43°19” N,
76°45°37” W), and the other at the mouth of Ward Creek on the North River near Otway, NC
(34°45°49” N, 76°34°41” W). The primary Aquafarm site is the most sheltered of the three, located
behind a barrier island with limited exposure to wave action. The CMAST site is located in an artificial
embayment with less sheltering from wind and high fetch coming across Bogue Sound. The Ward
Creek site is slightly further inland and sits exposed to the North River estuary. We used commercial
triploid eastern oysters between 12 and 15 months in age. The oysters were spawned in spring of 2024,
grown and overwintered at the main Duke Aquafarm prior to the experiment. In May 2025, oysters
were selected from the larger farm stock for the experiment. Oysters were transplanted to CMAST
(n=450) and Ward Creek (n=300) in three floating plastic oyster culture bags (density = 150 for Duke
and CMAST, 100 for Ward Creek) alongside other bags. At each site, a waterproof accelerometer
(HOBO Pendant G data logger, Onset Computer Corp, USA) was attached to the inside of an oyster
shell via zip ties and placed inside of an oyster bag alongside oysters to record the acceleration
experienced by the oysters due to wave action. Sensors logged G-force every 60 seconds in 3 axes (X,
Y, and Z). Shell length, width, and depth measurements were taken for 60 oysters at three points
throughout the summer to monitor growth. Oysters with a shell length below 60mm were considered to
be new recruits and excluded from the data. At biweekly oyster mortality measurement intervals from
June to September, oysters in each bag were sorted to separate and count the dead oysters. The number
of dead oysters found in each bag over time was subtracted from the initial stocking number to
calculate the percent survivorship of oysters over time. During the weeks between mortality

monitoring, data was offloaded from the accelerometers.

2.1b. Gear mortality comparison



One of the goals of the field experiment was to assess the potential efficacy of different gear
types at reducing oyster mortality. At the CMAST and Duke Aquafarm sites, an additional population
of oysters (n = 450 at both sites) were transplanted into a fixed ‘rack-and-bag’ aquaculture setup made
of PVC pipe and rebar. Oysters were kept in bags that were identical to the floating gear, but secured
onto the rack with elastic cord approximately fifteen inches above the benthos. These bags showed
reduced motion with waves compared to floating bags, and were exposed to air during low tides to

decrease biofouling. Fixed bags were monitored alongside floating bags starting in late July.

2.2. Acute mechanical stress: Laboratory agitation experiment

I carried out two short-term mechanical stress trials in a laboratory setting in order to examine
the acute effects of high G-force exposure in a setting removed from potentially confounding
environmental variables. Oysters were transferred from the Duke Aquafarm and transplanted to
cylindrical plastic cages (TUMO0O01-8 tumbler, ACO Farming Systems, USA) at a density of 75 oysters
per cage. The cages were maintained in flow-through seawater tables at Duke University Marine
Laboratory. Oysters were allowed to acclimate for two days after relocation prior to each trial. During
the trials, the oyster cage was rolled by foot with the oysters inside in order to simulate a mechanical
oyster tumbler. One cage of oysters was removed from the water table and rolled for 5 minutes before
being returned. Oysters were rolled twice daily in the first trial, and once daily in the second. For each
trial, a cage of control oysters was left undisturbed in the bath /[Figure 2]. The rolling process was later
repeated with an accelerometer and oyster shells inside the cage to collect data analogous to what the

oysters experienced during rolling (logging once per second over 15 minutes).

2.2b. gene expression analysis of laboratory samples using gPCR

At each measurement interval during the first laboratory time course, gill tissue samples were
taken from live oysters from both treatment groups. Tissue was flash frozen in liquid nitrogen and
stored at  -80°C until all samples were collected. Total RNA was extracted from preserved tissue
samples using the Quick-RNA miniprep kit (Zymo Research Corporation, USA). RNA was quantified
using a Qubit broad-range RNA fluorometry kit (Thermo-Fisher Scientific, Inc, USA). Samples of each
RNA were diluted to a concentration of 604 ng/ul before being reverse transcribed into cDNA. The
cDNAs were then used in qPCR assays (Eurofins Genomics US, LLC) to examine the expression of

genes involved in oyster stress pathways. | selected the genes coding for interferon-induced protein 44



(IF144), interleukin 17 (IL17) and superoxide dismutase (SOD). GAPDH was used as a housekeeping
gene [Table 1]. Each sample was run in triplicate on 96-well plates, and outlying values were removed.
Mean cycle threshold values were analyzed to find the fold change between control and experimental

oysters’ gene expression over time using the 2*-AACT method (Livak & Schmittgen 2001).

2.3 Statistical Analysis

Statistical analysis was conducted using packages within the base installation of the R language
(R Core Team 2024). For each set of potential effects, an ANOVA analysis was run on the relevant
dependent and independent variables [Table 2], followed by the Tukey’s honest significant difference

post-hoc test to look for individual effects.

3. RESULTS

3.1. Chronic agitation trial: site comparison data

We monitored the mechanical agitation exposure at three farm sites over the summer of 2025
using portable accelerometers fixed within oyster shells. The CMAST site experienced the highest
amplitude spikes of the sites, with Ward Creek experiencing an intermediate amplitude and Duke
Aquafarm experiencing the least /Figure 3]. The mean G-force consistently stabilized at ~1G for all
sites throughout the experiment [7able 2], and the standard deviation and range capture the intensity of
the motion with higher numbers corresponding to a wider range of recorded G-force values. CMAST’s
standard deviation and range were higher than Ward Creek and Duke Aquafarm in June and July. In
August and September, the standard deviation dropped to levels lower than the other two sites, and
range roughly fell in line with them [7able 2]. Other sites did not experience such a biphasic
distribution.

We tracked mortality counts in oysters at each farm site. While mortality and survivorship were
similar in the beginning of the summer, we saw high mortality at CMAST starting in August /Figure
4]. Mean bag mortality increased to over 30 oysters per measurement window in August at CMAST,
while other sites never had individual bag mortality higher than ten oysters. Looking at the entire
summer, Duke Aquafarm and Ward Creek had similar oyster mortality trends, while CMAST had
significantly higher mortality than either of the other sites (a < 0.01). At the end of the summer,

10



CMAST had experienced an overall loss of nearly 80%, with Ward Creek losing 16% and Duke
Aquafarm losing 30%.

We measured the shell dimensions of living oysters at the beginning, middle, and end of the
growing season. I report shell length here as it was the best proxy for oyster size [Figure 5]. Growth
was similar at Duke Aquafarm and Ward Creek, with both seeing less than 15mm of growth over the
summer. CMAST was the only site in which average shell length decreased over the course of the
summer. Shells from CMAST oysters were also observed to be smoother than shells from other sites,
with thin edges chipped off. No site showed exceptional growth during the experiment, even at low

levels of agitation.

3.1b Chronic stress trial: gear comparison trial

We measured combined G-force in floating bags and bags fixed to a rigid rack at two farm sites
[Figure 6]. At CMAST, standard deviation and range are both lower in August and September [Table
4]. Duke Aquafarm did not show a clear trend between fixed and floating gear.

We monitored oyster mortality in the fixed and floating oyster bags biweekly from late July
through September [Figure 7]. Survivorship is not reported here as this experiment did not last as long
as the floating bag comparison. CMAST experienced a mass mortality event while Duke Aquafarm did
not. Both gear types ar CMAST showed high mean mortality counts, with floating gear having slightly
higher mortality than fixed gear. Floating bags also experienced slightly higher mortality at Duke
Aquafarm, though mortality was relatively low in both treatments. Mortality was lower in fixed gear

than in gloating gear across both sites, although the difference was not significant (a = 0.07).

3.2 Acute stress laboratory trial

We measured oyster mortality in two trials of a lab tumbling experiment, which experienced a
level of acute mechanical disturbance similar to the highest peaks at the high-energy CMAST field site
[Figure 8, Table 5]. In both trials, rolled oysters experienced increasing mortality over the course of the
trial while stationary oysters experienced little to no mortality [Figure 9] (a < 0.01). Rolled oysters
started to experience visibly higher mortality near day 4, with mortality increasing past this point up to
day 8. Shells from rolled oysters exhibited a smoothness similar to CMAST shells from the field

experiment.
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3.2b RT-qPCR assay results from acute stress trial

We used RT-qPCR to measure the differences in relative gene expression in oysters subjected to
acute mechanical agitation. Tissue was collected from both trials, however due to time constraints trial
1 was chosen for RT-qPCR analysis [Figure 10]. Oysters that were tumbled twice daily experienced
large increases in IF144 and IL17 expression. IF144 expression showed a strong peak at T = 2d,
decreasing to basal levels by day 4, while IL.17 expression increased over time and peaked at day 4, and
returned to baseline by day 8. SOD gene expression experienced a similar trend as IF144, however at a

roughly 7x smaller magnitude with less of a clear difference between signal and noise.

4. Discussion

4.1 Chronic agitation trial: site comparison data

We wanted to determine if the level of agitation oysters experience at a site correlates with the
severity of mortality in those oysters, and we hypothesized that oysters in floating bags would
experience higher mortality at sites with higher wave energy. Significantly higher oyster mortality was
seen at the high-energy CMAST site than at either of the lower-energy sites [Figure 4]. This supports
the idea that being constantly jostled by waves is detrimental to oyster health. While mortality between
the Duke Aquafarm and Ward Creek was not significantly different, it is worth noting that Ward Creek
experienced less mortality than Duke Aquafarm while having slightly higher recorded G-force
readings. If high wave agitation does contribute to oyster mortality, then there could be a threshold for
agitation above which oysters die off in larger numbers. In this case, CMAST would be above this
threshold while Duke Aquafarm and Ward Creek would be below it. It is also possible that too little
motion is detrimental for other reasons, and a ‘middle ground’ of oyster movement is ideal for summer
survival. Further research is needed to confirm whether specific levels of G-force exposure are causal
to summer oyster mortality.

While CMAST had significantly different growth values than the other sites, this is because it is
the only site where average oyster size decreased throughout the summer [Figure 5]. Notably, oyster
size increased at CMAST between May and July, when wave energy was the highest, and only dropped
between July and September when levels were lower and closer to other sites, though still with higher
peaks. If wave exposure is disturbing oysters through agitation, it may be that larger oysters are more

impacted than smaller oysters. In this scenario, the larger oysters would accumulate stress and die at a
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faster rate on account of the increased forces they are subjected to. Future research can examine the
hydrodynamic properties of differently sized individual oysters in floating-bag settings.

Chronic agitation could contribute to this pathology in multiple ways. Considering that
histology studies of dead oysters from mortality events in North Carolina found digestive diverticula
pathology consistent with nutrient deprivation (Ben-Horin et al. 2024), it is possible that oysters are
unable to feed while being jostled. Oysters could be closing in response to being disturbed, which
would prevent feeding. Alternatively, hydrodynamic conditions conducive to jostling may inhibit
feeding even in open oysters. One or both of these explanations could contribute to oyster nutrient
deprivation in high energy environments, and future research can examine if agitation correlates to

nutrient deprivation.

4.1b Chronic stress trial: gear comparison trial

We were interested in determining if different types of aquaculture gear can mitigate the
disturbance to oysters caused by wave energy. At the high energy CMAST site, mean recorded G-
forces were similar (within 0.02G) between fixed and floating oyster culture bags [Table 4]. At
CMAST, fixed gear had a higher mean and larger standard deviation than floating gear in July, the
opposite of the trends seen in August and September. Since recording started on July 24, it is possible
that having fewer days of data contributed to this difference. In August and September, the floating
treatment had both a lower minimum and higher maximum G force compared to the racked treatment.
This indicates that the rack had a mediating effect on spikes in G-force, and this mediating effect can be
seen visually /Figure 6B]. This same pattern is not seen at the lower energy Aquafarm site, where mean
recorded G-forces were ~0.2G higher in the racked treatment compared to the floating treatment
[Figure 64]. This could be due to a sensor calibration issue, or specific hydrodynamic interactions at
this specific site.

Mortality numbers were higher in floating gear compared to fixed gear across both sites [Figure
7], but this difference did not meet the significance threshold (a = 0.07). The shorter length (8 weeks)
and smaller sample size (n = 3 bags per treatment) are a limiting factor on the interpretability of this
section of the experiment, and also did not allow for producing useful data on oyster growth or shape
between treatments. However, these results are consistent with the hypothesis that fixed-gear setups can
reduce the severity of oyster mortality events, particularly at higher energy sites. Longer-term studies

on larger oyster populations are needed to conduct similar experiments more robustly. Overall, fixed
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gear is demonstrated to be an effective mitigator of mechanical stress at sites with high wave energy,

with possible positive effects on oyster survival at these sites.

4.2 Acute stress laboratory trial

We wanted to simulate the effects of acute agitation on oyster stress as caused by culture
practices such as tumbling. As such, laboratory trials were designed to mimic the stresses involved with
radial oyster tumblers that are common in commercial shellfish culture. The G-force trace created by
rolling an oyster cage has a similar spread of values to the high energy CMAST farm site, though the
time scale differs between the two [Figure 8, Table 5]. While this experiment demonstrates that daily
tumbling can induce oyster mortality within seven days [Figure 9], oysters in real farms are tumbled
closer to once a month. This is supported by the observation of shell wear in tumbled oysters after one
week that is comparable to what CMAST oysters looked like after several months. Future trials could
tumble oysters less frequently over longer time spans until a maximum tolerable tumbling frequency is

found that does not cause death in the tumbled oysters.

4.2b RT-gPCR assay results from acute stress trial

The molecular portion of the study was aimed at seeing how expression of 3 genes (IF144, IL17
and SOD) changed in response to acute agitation in oysters. We saw upregulation in IF144 and IL17,
and potentially in SOD as well at a lower level. These genes were chosen because they are highly
conserved across many animal taxa. They are involved in immune function, inflammation and
oxidative stress respectively (Alscher et al. 2002, Huang et al. 2015, Qiao et al. 2022). GAPDH, known
for having relatively stable expression over time, was used as a housekeeping gene in this experiment
(Seidler 2013, Barber et al. 2005). My findings suggest that exposure to daily tumbling causes
upregulation of IFI44 and IL17 genes in oysters, but the evidence is less clear for SOD. Expression
tended to peak between T=2D and T=4D, dropping off by the end of the week [Figure 10]. Tissue
samples were taken days apart, so the exact time expression of each gene dropped off is unknown.
However, the drop-off in expression after 4 days corresponds temporally with the period of increasing
experimental oyster mortality towards the end of the experiment. Future studies can both probe
additional highly conserved stress genes and take samples on a finer time scale to pinpoint the temporal

aspect of this response.
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Overall, this study suggests that sites with abnormally high wave energy can be detrimental to
oyster performance and survival, and this effect is more pronounced in floating aquaculture gear.
Culture practices like tumbling that expose oysters to high levels of agitation can additionally trigger
stress pathways and lead to reduced growth and performance. Molecular analysis shows that multiple
oyster stress pathways are being activated in response to agitation. Replacing floating aquaculture gear
with fixed gear at high-energy farm sites may improve oyster resilience in these locations by limiting

exposure to mechanical stress.
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6. Tables:
Gene Primer sequence (F) Primer sequence (R)
GAPDH GACCTGAACGGCAAACTCAC AGATGCGGACTTGATGGCT
IF144 CATCCCAACGGGTCACCATAA  |GCCCGCCGATCCATTTTGAA
IL17 ACACTAGGGTGTTGCGAGTG AGCATTCAGTCCAAAGCGGA
SOD CCCAGTGTGAGATGGAACCT CATGTCTCCGTACTCGTGGA

Table 1: Genes analyzed in the RT-gPCR experiment, with forward and reverse primers.

Comparison Independent variable |Dependent Variables
By-site accelerometer comparison |Sum G-force Month, Site
By-site mortality comparisons Mortality Count Month, Site

Gear mortality comparison

Mortality Count

Gear type, Site

Growth comparisons

Shell Length

Month, Site

Table 2: variables used in ANOVA analysis for each experiment run.
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Month Mean |SD Range IQR* B [Month Mean SD Range IQR*

June 1.04 0.0598 1.24 0.099 May 1.05 0.108 272 0.117

July 1.05 0.0611 1.86 0.056 Fimne 0.994 0.115 3.54 0.086

August 0.999 0.0615 1.69 0.090 July 1.10 0.0946 7132 0.085

September |0.990 0.0508 117 0.042 August 0.995 0.0456 1.79 0.036
September |0.995 0.0410 1.72 0.028

Month Mean SD Range IQR*

June 1.10 0.0913 1.42 0.119

July 1.09 0.0665 1.18 0.083

August 1.05 0.0686 0.87 0.103

September |1.03 0.0672 0.542 0.087

Table 3: Summary statistics for G-forces recorded at Duke Aquafarm (4), CMAST (B), and Ward Creek (C).
*IOR = interquartile range

A

Floating Mean [SD Range IQR* Fixed Mean [SD Range [IQR¥*
July 0.988 0.0553 Li63 0.044 July 0.986 10.0521 |1.31 0.034
August 0.995 0.0456 179 0.036 August 0.998 10.0472 |0.969 0.032
September [0.987  10.0552  |0.926 0.053 September [1.08 [0.0339 |1.37 0.040
B

Floating Mean (SD Range IQR* Fixed Mean |SD Range |IQR*
July 0.953 0.0174 0.287 0.021 July 1.13  (0.0211 |0.371 0.032
August 0.999 0.0615 1.69 0.090 August 1.10  [{0.0436 |1.48 0.0410
September |0.987 0.0552 0.926 0.053 September (1.11  [0.0330 [0.908 0.037

Table 4: Summary statistics for G-forces recorded in both floating and fixed oyster culture
gear at Duke Aquafarm (A) and CMAST (B). *IQR = interquartile range
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Data Mean |SD Range [IQR* |Recording Rate |Duration |Data point count

CMAST 1.003 |0.089 3.619  |0.060 |60 sec 31 days 44,640
(floating bag- July)

Lab tumble 1.055 ]0.780 5.521 0.732 1 sec 15 min 900

Table 5: Comparison of G-force summary statistics between lab tumbling and the highest energy month of floating bag data
(CMAST in July). *IQR = interquartile range

7. Figures:
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Ward
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a CMAST Marine Lab

¥

Duke
Aquafarm

Figure 1: Map of the area in the vicinity of Beaufort, NC, with 3 oyster farm sites and the laboratory
marked. Imagery from OpenStreetMap.
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Figure 2: Flow diagram illustrating the laboratory agitation procedure.
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Figure 3: G-forces recorded in oyster bags at the Duke Aquafarm (red), CMAST (green), and Ward Creek
(blue) farm sites. Combined G-force represents the root of the summed squares of the X, Y, and Z G-force
vectors in 3D space.
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Figure 4: Mean oyster mortality from floating bags at three farm sites (4), and summed survivorship curves in
each group of oysters (B). Boxes in A show 1 standard deviation around the mean.
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Figure 5: Oyster shell length in mm measured from living oysters from the Duke Aquafarm (red), CMAST
(green), and Ward Creek (blue) farm sites at three stages in the experiment.
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Figure 9: Mortality counts in rolled and stationary oysters over the course of the first (4) and second (B)
laboratory agitation trials. No bar represents zero mortality at that measurement interval.

24



= N
o O

Fold Change
SIS

o

=N
o0 O

Fold Change
a5

o

Fold Change
= =
o (@)

o o,

-_—
1 . 4 8
Time (days)
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oysters for the stress related genes IFI144 (4), IL17 (B), and SOD (C).
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