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ABSTRACT

In the northernmost part of the Eastern oyster (Crassostrea virginica) range, oyster
farmers face challenges maintaining stock through freezing winters. To avoid leaving oysters
exposed to variable field conditions, many farmers overwinter oysters outside of the water in
cold-dry storage (CDS). Here, we sought to add to the limited but growing empirical research
examining the effectiveness of CDS and factors contributing to oyster survival (i.e., size and
storage orientation). Oysters were sourced from a local farm in the Great Bay Estuary (New
Hampshire, United States) and overwintered in a temperature and humidity-controlled chamber
held at 4.6 °C and 81.8% humidity for four months (Nov — Mar). To gain insight into oyster
physiology during CDS and the transitions in and out of storage, we monitored oyster cardiac
activity over the course of the experiment. While oyster mortality was monitored throughout the
storage period, it was not observed until oysters were re-immersed in seawater at the end of the
experiment. We found high survival in CDS (86.5%), with no significant impact of size or
storage orientation. Oyster heart rate decreased with time spent in CDS, with a periodic heartbeat
becoming undetectable five weeks into CDS in live oysters. Together these findings advance our
empirical understanding of oyster survival in CDS, offering farmers practical guidance for
overwintering strategies while raising informed questions about the physiological processes that

govern survival and determine optimal CDS in the Northeast.
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1. INTRODUCTION

Eastern oysters (Crassostrea virginica) occupy an extensive geographic range along the
eastern coast of North America. The species can be found from the Gulf of St. Lawrence, Canada
(48°N), down to the Gulf of Mexico (27°N), and parts of Central and South America [1]. Across
this range, the aquaculture of Eastern oysters is a rapidly growing industry, contributing to local
economies and providing numerous ecosystem services [2,3]. As a result of covering such a
broad latitudinal range, oysters experience diverse environmental conditions that can impact
physiological performance [4], and in turn, stock production. For example, near their southern
range limit, elevated temperatures and storm-induced low salinity during summer months have
led to mass mortality events [5,6]. In contrast, near their northern limit, one of the greatest
challenges that farmers face is maintaining oysters during the winter months, when ice forms at

the water surface and water temperatures drop to near freezing [7,8].

Limited but growing empirical evidence has improved our understanding of oyster
physiology during the winter season in the Northeast. When water temperatures are below 5 °C,
oysters have been documented to cease filtering; this has been recognized as the lower thermal
threshold for feeding [7,9]. During this period of inactivity, or quiescence, oysters minimize
valve gaping by completely closing themselves off to the surrounding environment or remaining
slightly open [7,9]. However, oysters require energy to maintain this quiescent state, as they must
contract their adductor muscle for three to five consecutive months, depending on the location.
During this time, oysters rely on stored nutrients to fuel aerobic and anaerobic pathways for basic
cellular function [10,11]. As energy reserves are exhausted through the winter season,
vulnerability to potential disturbance increases [9,12]. This is especially true for oysters in the
field. For example, as temperatures rise in the spring and awaken oysters from their quiescent
state, sedimentation in the natural environment can bury and harm oyster stock [9,12].
Infestations of the mud-blister worm (Polydora websteri) peak in severity during winter months,
adding additional stress by forcing awakening oysters to allocate more energy to shell
construction in the spring [13]. Due to the uncontrolled variability of field conditions, farmers
and researchers have maintained oysters outside of the water during winter [ 14]. Research
focused on optimizing oyster survival and decreasing pest abundance can help farmers make

decisions about best practices that fit their needs.
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Several different overwintering practices are employed in the Northeast, each with its
own costs and benefits [15]. The most common and simplest approach is dropping oyster bags or
cages into deeper waters to avoid ice formation while maintaining them above the benthos to
prevent sedimentation [9,16]. Alternatively, quiescent oysters can be maintained outside of the
water in a practice termed cold-dry storage (CDS), which has proven to be effective for
maintaining survival rates [14,17,18] and decreasing pest abundance [19]. A CDS approach
termed “pitting” involves storing oysters in underground pits (e.g., vegetable cellars), layered in
burlap [18]. Since pitting is the longest standing CDS technique, the term is sometimes
colloquially used to refer to all CDS. Oysters can also be kept in temperature and humidity-

controlled chambers, such as a refrigerator between 0 and 6 °C over the winter [14,17].

While CDS is a commonly used practice, its effectiveness and impact on oyster
physiology remains understudied. Only a small number of early studies have investigated this
topic in Eastern oysters [14,17]. Wang and Amiro saw a ~50% mortality rate following three to
five months in CDS at 2-5 °C, where mortality rates were dependent on specific storage
treatment [17]. In contrast, Hidu and colleagues found higher rates of survival, ~80%. Here,
oyster size and storage duration, but not temperature (0-6 °C), seemed to impact survival in CDS.
Across two consecutive years, they found larger oysters had higher survival. Further, three to
five months seemed to be the optimal storage time [14]. Another factor to consider is the oysters’
storage orientation [18]. A common practice in short-term storage is to maintain oysters cupped
side down to preserve the oyster’s liquor (i.e., a combination of saltwater and internal fluid);

however, the effects of oyster orientation in long-term CDS are yet to be explored.

The goal of this study was to investigate CDS and its efficacy as an overwintering
strategy for Northeastern C. virginica. Oysters were sourced from a local farm in the Great Bay
Estuary (New Hampshire, United States (US)), where ice forms at the surface from December to
March [20]. We measured oyster survival over four months in a temperature and humidity-
controlled chamber. Specifically, we were interested in determining if oyster size and storage
orientation impacted survival during CDS. Based on past studies and common storage practices,
we hypothesized that larger oysters and those stored cupped side down would have higher
survival rates. Lastly, to gain insight into oyster physiology during CDS and the transitions in

and out of storage, we fitted a subset of oysters with cardiac activity monitors throughout the
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experiment. As cardiac monitors become increasingly prevalent for long-term monitoring [21],
their use in this study offers novel insights into physiology under CDS conditions, as well as

approaches and limitations for processing the complex data generated.
2. METHODS

2.1 Organism Collection and CDS Monitoring

All oysters, C. virginica, were sourced from a local farm located in the Little Bay region
of the larger Great Bay Estuary (New Hampshire, US). Oyster seed was originally purchased
from Rhody Oyster Seed Co. (Matunuck, Rhode Island, US). On November 26", 2024, 3,000
oysters (two years of age, average length ~ 35-65 mm) were transported to the University of
New Hampshire and placed in a Darwin Walk-In Stability Chamber (Model: LAB-G2HD-
12X12) held at 4.6 °C and 81.8% humidity (Figure 1). While in CDS, oysters were held in 12

3/8” mesh bags at an approximate concentration of 1,000 oysters per bag.

On December 16™, 2024, monitoring for survival commenced. Eight oysters from each
bag were taken as representative samples to monitor survival over the CDS period. All oysters
(N=96) were weighed to examine the influence of size on survival. To determine if storage
orientation influenced survival, four oysters from each bag were stored cupped shell up, and the
other four were stored cupped shell down. Oysters were stored on top of the bag they were
collected from. The survival of experimental oysters was checked approximately every two
weeks from December 16%, 2024, to March 17", 2025. Oysters were held in CDS for
approximately 16 weeks, this timeframe was informed by the farmer’s experience with
dewinterizing (reversing winter protective measures) their farm and in line with previous studies
[14,17]. Oysters were scored as alive if they were tightly shut, and dead if gaping or open when
tapped. To confirm the survival status at the end of the storage period, oysters were removed
from CDS and placed in a 20-gallon tank of seawater at 4 °C. Survival was then determined after
24 hours. Because physiological stress associated with quiescence can result in delayed
mortality, oyster survival was further examined 11 days after being transferred to a seawater tank
at 13 °C. These data are reported descriptively and were not included in formal statistical

analyses but are intended to inform future targeted studies.

2.2 Survival Data Analysis
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All analyses were conducted in R (2025.05.1+513). Oyster mortality was not observed
during mid-CDS mortality checks; therefore, the effects of size (i.e., weight) and storage
orientation on survival 24 hours post-transfer to 4 °C seawater were assessed. We used
generalized linear models (GLMs) (/mer package [22]) to determine the influence of these
factors on survival. Here, survival data (alive/dead) were fit using a binomial error distribution
with a logit link function. The primary model included size (continuous) and storage orientation
(two factors) as fixed effects. A model containing the interaction between fixed effects was also

considered. Model residuals were examined using the DHARMa package [23].

2.3 Monitoring Cardiac Activity

To further investigate oyster physiology during CDS, cardiac activity was monitored in a
separate subset of individuals. On December 18", 2024, 10 oysters (mean wet mass + standard
deviation = 35.7 + 4.8) were removed from CDS, cleaned, and weighed. Then, using a rotary tool
(Dremel), a small opening in the cupped shell was made above the mantle membrane. An
infrared (IR) heart frequency logger (PULSE V2, ElectricBlue, Porto, Portugal) was used to
record oyster cardiac activity. This logger uses an IR detector to measure changes in the amount
of light reflected from the animal’s internal circulatory structures during heart contraction [24].
Infrared sensors (Vishay CNY70) were attached to oyster shells with super glue so that the IR
detectors were aimed into the drilled hole. Two-part aquarium epoxy was used to further secure
loggers to each oyster. Cardiac activity was recorded at 20 Hz (50 ms intervals). All oysters with

adhered sensors were oriented cupped shell up.

Once all sensors were attached, the oysters were placed into 13 °C recirculating seawater
to allow for a short-term acclimation and ensure post-drilling survival. Following 26 hours in
seawater, all oysters were placed back in CDS at 4 °C on December 19, 2024. After
approximately 16 weeks in CDS, on March 18", 2025, the oysters with heart monitors
were transported to Jackson Estuarine Laboratory (JEL) to commence the spring awakening
trial. Oysters were placed in a mesh bag inside an 11.7 L tank with a flow rate of approximately
87.6 L/hour. The tank was in a flow-through system pulling water from the Great Bay Estuary.

Opyster survival, cardiac activity, and water conditions were monitored for 14 days. The
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temperature and salinity during this time were 6.7 + 0.8 °C and 16.3 £+ 1.5 (mean + standard

deviation), respectively.

2.4 Cardiac Signal Processing

We investigated changes in cardiac activity during four distinct periods of the
experiment: 1) in seawater prior to entering CDS, 2) the transition from seawater to CDS (i.e.,
first 48 hours after being placed in CDS), 3) long-term CDS, and 4) spring awakening. We
confirmed spring awakening from quiescence via sensor observation of increased valve gaping
behavior in other CDS oysters (different from those with heart rate sensors attached; [25]).
Awakening behavior is synchronous among oysters exposed to the same conditions, so we
assumed those with heart rate sensors attached also emerged from quiescence [7,12]. Heart rate
signals recorded over long periods (i.e., more than a few hours) tend to be highly variable among
oysters and across time. This is expected, as signal detection of IR sensors can be impacted by a
variety of factors, including external light sources, sensor positioning, and changes in animal
behavior [26]. Thus, the variable and long-term nature of our data required initial processing

prior to estimating physiological metrics such as heart rate.

Signal processing followed the methods described in Hellicar et al. 2015 with some
modifications. Here, we used an algorithm to classify raw sequences into three categories: a
saturated sequence, an aperiodic sequence, or a periodic sequence [26]. Saturated sequences are
those where a significant proportion of the recorded values reach a maximum threshold, often the
sensor maximum, usually caused by external factors such as light interference (Figure 2A).
Aperiodic sequences are defined as having a lack of periodicity, which may be due to the
absence of a strong signal reflected off the heart surface or the absence of a heartbeat (Figure
2B). Lastly, periodic sequences result because a heartbeat modifies the intensity signal at regular
intervals. Heart rate can be estimated from periodic sequences by converting period estimates to

beats per minute (bpm) (Figure 2C) [26].

We subsampled the data to examine the first five minutes of each hour. Raw sequences
were determined to be saturated if 5% of the recorded values reached the sensor’s maximum

threshold (Figure 2A). Unsaturated sequences were filtered using a bandpass filter (0.02-1 Hz) to
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remove high-frequency noise and low-frequency drift. The autocorrelation function (ACF) was
computed using a fast Fourier transform-based approach to differentiate periodic from aperiodic
sequences. The dominant periodic component was identified by searching for the maximum
autocorrelation value within a biologically constrained lag range corresponding to predefined
period bounds. For this study, periods between 2 and 35 seconds were considered
physiologically possible. This period range equates to 1.7 — 30 beats per minute, which is
observed in bivalves held at similar temperatures or air exposure conditions [27,28]. Sequences
were classified as periodic when the maximum autocorrelation peak exceeded a detection
threshold of 0.12 and were then visually confirmed. If sequences were confirmed to be periodic,
period estimates were used to estimate heart rate (Figure 2C). To characterize cardiac activity
during each distinct experimental period, we described the proportion of time when a steady
heartbeat was detected (i.e., visually confirmed periodic sequences) and the estimated heart rate

during these times.

3. RESULTS

3.1 Oyster Survival

Mortality was not observed during the CDS period but was documented post 24-hour transfer
to seawater, with overall survival of 86.5% (N=96). Oysters stored cupped side down had a
survival rate of 87.5%, while oysters stored cupped side up had a survival rate of 85.4%. A
logistic regression was used to examine the effect of size and orientation on survival probability.
Model selection based on the Akaike information criterion supported the exclusion of a size and
orientation interaction term. While there were minor differences in survival based on size and
storage orientation, their influence was not a significant predictor of survival probability (size: z
=1.09, p = 0.276; orientation: z = -0.44, p = 0.662) (Figure 3). The predicted survival probability
ranged from ~77% (95% CI: 45-93%) for the smallest oysters (2.38 g) and ~97% (95% CI: 59-
99%) for the largest oysters (32.48 g). The large confidence interval at these size extremes likely
reflects the small sample sizes at those values. Survival probability estimates were similar across
orientation levels (down 79-97%; up: 74-96%). While not included in formal statistical analysis,
following 11 days in 13 °C seawater, survival decreased to 77.1% of the original stock of

experimental oysters.
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3.2 Cardiac Analysis

We examined cardiac activity during four distinct periods in our experiment: 1) in
seawater prior to entering CDS, 2) the transition from seawater to CDS (i.e., first 48 hours after
being placed in CDS), 3) long-term CDS, and 4) spring awakening. Four of the 10 oysters
(Oyster ID: 2, 4, 9, 10) outfitted with HR monitors were identified as dead following transfer to

seawater conditions at JEL.

Seawater: The percentage of sequences classified as saturated, aperiodic, and periodic
was 1%, 69%, and 30%, respectively. Of the periodic sequences, 50% were visually confirmed
and used to estimate heart rate, and a periodic heartbeat was detected in seven oysters. Heart rate
was variable across individuals and time (Supplemental Fig 1A). However, averaged over the

entire acclimation period, heart rates were relatively similar, ranging from 8.2 - 10.4 bpm (Table
1).

First 48 hours in CDS: The percentage of sequences classified as saturated, aperiodic,
and periodic was <1%, 72%, and 28%, respectively. Of the periodic sequences, 47% were
visually confirmed and used to estimate heart rate, and a periodic heartbeat was detected in five
oysters. Heart rate was generally slower during the first 48 hours in CDS than in seawater, and
less variable across time (Supplemental Fig 1B). Excluding oyster 1, which only had one
measurement before the signal was lost, heart rate averaged over this period ranged from 2.1 to

4.6 bpm (Table 1).

Long-term CDS: There were no sequences classified as saturated. The percentage of
sequences classified as aperiodic and periodic were 94% and 6%, respectively. Of the periodic
sequences, 41% were visually confirmed and used to estimate heart rate, and a periodic sequence
was detected in seven oysters. Estimated heart rates were relatively similar to those recorded
during the first 48 hours. Heart rate averaged during this period ranged from 2.1 to 6.3 bpm
(Table 1). While variability appeared to be greater, this may be an artifact of the longer dataset.
All validated periodic sequences were recorded during the first five weeks of CDS, after which a

periodic heartbeat became undetectable (Supplemental Fig 1C).
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Spring Awakening: While a significant number of sequences were classified as periodic,
when visually assessed, periodicity was not evident or exceeded upper thresholds. Therefore, we

could not confidently estimate oysters’ heart rate during spring awakening.

Overall

Period QOyster Mean SD Max Min N  Period Mean
Seawater Oyster 1 8.2 32 11.9 2.4 10

Oyster 2 9.1 4.8 17.9 3.1 6

Oyster 3 9.3 5.7 13.3 5.2 2

Oyster 5 10.4 1.8 14.3 7.5 11

Oyster 8 8.6 3.1 12.2 3.9 9

Oyster 9 8.2 1.3 9.7 7.0 5

Oyster 10 9.0 0.5 9.6 8.5 4 8.97
CDS-48 hours Opyster 1 8.2 8.2 8.2 1

Oyster 3 2.1 0.5 31 1.7 8

Oyster 5 4.6 0.5 5.2 3.6 34 4.06

Oyster 9 2.2 0.2 2.5 1.9 8

Oyster 10 32 0.1 33 3.0 13
CDS-Long term  Oyster 1 2.1 0.5 32 1.7 21

Oyster 2 5.1 6.4 28.6 1.7 17

Oyster 3 2.4 1.0 8.3 1.7 68

Oyster 5 4.7 0.4 53 2.1 311 3.91

Oyster 8 4.1 0.5 4.5 1.7 50

Oyster 9 6.3 7.5 25.0 1.7 91

Oyster 10 2.7 0.8 33 1.7 8

Table 1. Summary statistics of oyster heart rates (bpm) at three distinct periods in the experiment: 1) in
seawater prior to entering CDS, 2) the transition from seawater to CDS (i.e., first 48 hours after being
placed in CDS), and 3) long-term CDS. N represents the number of visually confirmed sequences
classified as periodic that were used to calculate period estimates.

4. DISCUSSION

The overarching goal of our study was to investigate the effectiveness of CDS as an
overwintering strategy for oyster farmers in the Northeast while simultaneously gaining insight
into oyster physiology during this quiescent period. We found high survival in CDS, with no
significant impact of size and storage orientation. All mortality was documented once oysters
were placed back in seawater. Cardiac activity was monitored in a subset of oysters to

characterize oyster physiology during CDS. Here, we found that heart rate decreased with time
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spent in CDS, with a periodic heartbeat becoming undetectable five weeks into CDS even in

alive oysters.
4.1 Oyster Survival in CDS

Opyster survival was high (87.5%) following the four-month winter storage. While
mortality was tracked during the period of CDS, mortality was not observed until the oysters
were returned to seawater at the end of dry storage. Additional mortality occurred when oysters
were subsequently held in seawater at 13 °C for an extended period, reducing overall survival to
77.1%. The delayed mortality observed in seawater but not CDS may reflect sampling
difficulties during CDS or oysters exceeding physiological limits following re-immersion.
During quiescence, oysters remain tightly shut, which can make it difficult to assess viability
without compromising the animals. In a similar study, Hidu and colleagues addressed this issue
by periodically transferring a subset of oysters to seawater throughout the CDS period, which
may provide a more reliable assessment of oyster viability [14]. However, their methods yielded
similar results to those presented here overall. In the second case, when exposed to air, many
bivalves close their shells to reduce water loss and prevent desiccation. As the animal respires,
oxygen is quickly depleted from the internal shell environment. To cope with the decreased
oxygen levels, organisms transition from aerobic to anaerobic metabolism, which is more
energetically taxing [29]. When re-immersed, bivalves often employ higher aerobic metabolism
to recover from this “oxygen debt”. Thus, the combined energy expenditure of anaerobic and
aerobic metabolism during emersion and re-immersion may have overwhelmed energy stores
following long-term CDS, subsequently leading to mortality in seawater [30]. While we cannot
confirm either case in the current study, it is likely that this delayed mortality will occur in
aquaculture settings as well. Thus, measurements of post-immersion survival on farms rather
than immediately following CDS are necessary to accurately determine the efficacy of CDS.
Future studies may also investigate time in dry storage as a predictor of post-CDS survival. If
oxygen debts are cumulative during CDS, then oysters exiting a longer period of CDS would be
more likely to overwhelm their energy stores during re-immersion than oysters exiting a shorter
period of CDS. Food availability during re-immersion in the spring will also likely impact
survival. High food availability may allow oysters to meet energy demands, while limited

availability may increase mortality risk [31].

11
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The present study examined factors influencing oyster survival in adults two years of age.
Here, oyster size (i.e., weight) and storage orientation were not significant predictors of oyster
survival (Figure 3). These results differ from previous studies that found that larger oysters had
higher survival in CDS [14]. However, overwintering physiology can differ with life stage along
with size. In an examination of overwintering physiology in water, Bridier and colleagues found
that adult and seed Eastern oysters varied in their utilization of energy stores to cope with near-
freezing conditions. While adults maintain lipid membrane fluidity by increasing the proportion
of highly unsaturated fatty acids in their lipid membranes, seed ceases this process as it can be an
energy-intensive mechanism that challenges limited energy reserves [11]. How oysters utilize
energy reserves long-term through CDS, and how this may impact survival differences is
unknown. Thus, depending on the needs of farmers, future studies may consider examining the

survival of different age classes in CDS rather than focusing only on size.

While not directly addressed in this study, the overall effectiveness of CDS will depend
on how oyster survival directly compares to oysters held in the field. Anecdotally, survival of
oysters that overwintered at the site of collection was approximately 50% (personal comm),
suggesting that CDS may be a more effective option. Collaborative research efforts between
farmers and state agencies in different regions have shown that CDS may be an effective option
for maintaining oysters as environmental conditions become more variable, and winter ice
conditions become less predictable [32]. Choosing between CDS and field overwintering may
ultimately come down to feasibility for farmers. While purchasing and operating a CDS
container in the winter months has considerable upfront costs, the lower mortality rates could
make this overwintering strategy profitable in the long run. However, consideration of required
time and labor, both of which scale with farm size, are critical factors for determining the
financial efficacy of CDS. Further study and analysis could weigh the costs and benefits of this

system, how it scales, and how it compares to other overwintering strategies.
4.2 Oyster Physiology During CDS

Heart rate is a primary tool for assessing cardiac activity and understanding organismal
physiology. For ectothermic species, such as marine mollusks, it can serve as an effective
indicator of metabolic rate and proxy for whole-organism stress [33]. Here, we monitored and

estimated heart rate in a subset of oysters held in CDS. Prior to entering CDS, oyster heart rate
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ranged from 8.2 to 10.4 bpm, which is consistent with the heart rate measured for bivalves held
at similar temperatures [28]. Once in CDS, we found that the heart rate decreased over time. The
time at which a heartbeat became undetectable was specific to each individual (Supplementary
Fig 1). However, across all oysters, the latest time at which a periodic heartbeat was detected was
five weeks into CDS. Unfortunately, we were unable to confidently estimate heart rate for
oysters during the spring awakening portion of the experiment, as periodic sequences could not
be visually confirmed. This may have been due to the displacement of sensors over their hearts

once they were transferred back into seawater.

A reduction in heart rate, known as bradycardia, is often considered a stress response
triggered by environmental conditions such as extreme temperature, hypoxia, and pollutant
exposure [34-37]. However, decreased metabolic rate and accompanying bradycardia are also
fundamental traits of animals entering dormancy [38]. To our knowledge, this is the first study
examining oyster heart rate under long-term cold and dry conditions. While our goal was to gain
insight into cardiac physiology in conditions relevant to aquaculture storage, our findings are
most comparable to studies examining heart rate under naturally occurring immersion and

emersion cycles, such as those associated with the intertidal environment.

For bivalves, and specifically Eastern oysters, bradycardia is a common response to air
exposure [39—41]. As the internal shell environment becomes depleted of oxygen, it is predicted
that the onset of hypoxia induces a reduction in metabolic rate with a transition from aerobic to
anaerobic metabolism [42]. Here, the decreased heart rate of oysters in CDS may provide
evidence for this transition, but future studies can confirm this by measuring end byproducts of
anaerobic metabolism throughout storage, providing insight into metabolic processes underlying
quiescence in CDS [11]. Bivalves have also adapted to consistent air exposure through
behavioral changes [29,43,44]. Some bivalve species rely on atmospheric oxygen uptake during
long-term emersion, where shell gaping vents the internal cavity airspace, allowing surface
tissues to maintain low levels of aerobic metabolism [29,45]. Even when bivalves engage in
anaerobic respiration, as oysters likely did during CDS, air gaping can release waste products
and prevent acidosis similar to when bivalves open their valves in water [10,46,47]. However,
this behavior can also increase bivalve susceptibility to desiccation. Air gaping in bivalves is

primarily influenced by temperature and humidity, two key controllable factors in CDS, where
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increased relative humidity and reduced ambient temperature reduces water loss and thus
susceptibility to desiccation. Therefore, if oysters engage in air breathing during long-term
storage, behavioral analysis can provide meaningful insight into specific conditions needed to

support their survival in CDS.
4.3 Challenges in Long-term Cardiac Monitoring

In this study, heart rates were estimated from data sequences that were classified as
periodic using the previously described algorithm [26]. Period estimates, which were used to
calculate heart rate, were determined using biologically relevant thresholds described in the
literature for mollusks held in similar temperature and air conditions [27,28,48]. Here, our
minimum threshold for heart rate was 1.7 bpm. During long-term CDS, several oysters had a
documented minimum heart rate of 1.7 bpm (Table 1). It is likely that oyster heart rate may have
been lower than this, but was not identified due to the algorithm’s thresholds. Further, heart rate
values were only calculated from periodic sequences, but it is likely that oysters in CDS
experienced high variability in the time between consecutive heartbeats (aperiodicity). This
aperiodic heartbeat is seen in other mollusks during emersion and under cold temperatures
[27,48]. In the present study, an oyster with high heartbeat variability would have had a data
sequence that would be classified as aperiodic and thus missed by our algorithm. Depending on

the questions being asked, further refinements to the algorithm may be necessary.

While we could not identify the exact time of death, survival of oysters outfitted with
heart rate monitors was 60%. This value was slightly lower than the subset of oysters used to
examine survival, which may be attributed to the small holes that were drilled in the shells to
attach heart rate monitors. While numerous studies have been successful in measuring cardiac
response to abiotic and biotic stressors utilizing similar methods [28,35], there is evidence to
suggest that drilled holes can compromise survival in the long term [37]. Biosensors such as the
cardiac monitors used in our study are becoming increasingly adopted due to their accessibility,
ease of use, and ability to generate high-resolution datasets [21,49]. However, for long-term
deployments, careful attention to attachment methods and signal processing techniques will be

essential to ensure data reliability and the capacity to answer targeted research questions.

5. Conclusion
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In this study, our goal was to add to the limited but growing research examining oyster
overwintering practices employed by farmers in the Northeast. Overwintering oysters in CDS
offers farmers the opportunity to maintain their stock in a highly controlled setting, unlike the
field, where oysters have the potential to be impacted by freezing temperatures, ice scour,
sedimentation, and predators. We found that holding oysters in CDS yielded generally high
survival rates. However, direct comparisons to survival in field conditions are needed to make
accurate comparisons between both methods. Further, our survival measurements were
conducted immediately following CDS, revealing only short-term impacts of this method.
Additional survival monitoring, and subsequent growth, following field deployment and later in
the growing season will provide information on potential long-term effects of CDS. We provided
insight into oyster physiology during CDS by measuring cardiac activity. As seen in the
literature, we found that oyster heart rate decreased with time spent in CDS, showing a transition
to a quiescent state. Further studies examining underlying behavioral and physiological processes
during this state will provide information on how oysters use energy to maintain this state and
conditions that will yield the highest survival, such as amount of time in CDS. Overall, this study
generates informed questions about the underlying physiological processes that govern survival
and ultimately dictate what CDS conditions will yield the best survival rates for farmers in the

Northeast.

CRediT authorship contribution statement

Jannine D. Chamorro: Writing — original draft, Formal analysis, Visualization; Josephine
DeMerit: Conceptualization, Investigation, Methodology, Data curation, Writing — review and
editing, Andrew R. Villeneuve: Investigation, Methodology, Data curation, Writing — review
and editing, Selina L. Cheng: Investigation, Writing — review and editing, Kaila J. Frazer:
Writing — review and editing, Joseph A. Rankin: Conceptualization, Resources, Writing —
review and editing; Brittany M. Jellison: Conceptualization, Writing — review and editing;
Easton R. White: Conceptualization, Funding acquisition, Resources, Supervision, Writing —

review and editing

Data statement

15



399
400

401

402
403
404
405

406

407

408

409
410

Opyster survival data can be found at github.com/QuantMarineEcoLab/oyster-cds-2024-25. Data

related to cardiac activity is available upon request.
Funding sources

Partial funding was provided by the New Hampshire Agricultural Experiment Station. This work
(scientific contribution number 3,089) was supported by the Hatch program (NH 00718-C and
NH 00714-R), project award numbers (7004018 and 7005066), from the US Department of

Agriculture's National Institute of Food and Agriculture and the state of New Hampshire.
Declaration of competing interests

Co-author, Joseph A. Rankin, owns the oyster farm from which oysters were sourced.
Acknowledgements

We would like to thank Ruscena Weiderholt and members of the Quantitative Marine Ecology

Lab for their feedback on earlier versions of this manuscript.

16



411

412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454

REFERENCES

[1] V.S. Kennedy, R.ILE. Newell, A.F. Eble, M. (Production E. Leffler, S.R. (Designer) Harpe,
The Eastern Oyster: Crassostrea virginica, Maryland Sea Grant College, University of
Maryland System, College Park, 1996. https://repository.library.noaa.gov/view/noaa/45763.

[2] L.D. Coen, R.D. Brumbaugh, D. Bushek, R. Grizzle, Luckenbach, M.H. Posey, S.P. Powers,
S.G. Tolley, Ecosystem services related to oyster restoration, Mar Ecol Prog Ser 341 (2007)
303-307. https://doi.org/10.3354/meps341303.

[3] USDA, 2023 Census of Aquaculture (2022 Census of Agriculture), United States Department
of Agriculture, 2023.

[4] J. Lord, R. Whitlatch, Latitudinal patterns of shell thickness and metabolism in the Eastern
oyster Crassostrea virginica along the east coast of North America, Mar Biol 161 (2014)
1487-1497. https://doi.org/10.1007/s00227-014-2434-6.

[5] M. Rybovich, M.K. La Peyre, S.G. Hall, J.F. La Peyre, Increased temperatures combined
with lowered salinities differentially impact oyster size class growth and mortality, J
Shellfish Res 35 (2016) 101-113. https://doi.org/10.2983/035.035.0112.

[6] J. Du, K. Park, C. Jensen, T.M. Dellapenna, W.G. Zhang, Y. Shi, Massive oyster kill in
Galveston Bay caused by prolonged low-salinity exposure after Hurricane Harvey, Sci Total
Environ 774 (2021) 145132. https://doi.org/10.1016/].scitotenv.2021.145132.

[7] L.A. Comeau, E. Mayrand, A. Mallet, Winter quiescence and spring awakening of the
Eastern oyster Crassostrea virginica at its northernmost distribution limit, Mar Biol 159
(2012) 2269-2279. https://doi.org/10.1007/s00227-012-2012-8.

[8] F. Masanja, Y. Xu, K. Yang, R. Mkuye, Y. Deng, L. Zhao, Surviving the cold: a review of the
effects of cold spells on bivalves and mitigation measures, Front Mar Sci Volume 10-2023
(2023). https://doi.org/10.3389/fmars.2023.1158649.

[9] L.A. Comeau, A. Mallet, C. Carver, J.-B. Nadalini, R. Tremblay, Behavioural and lethal
effects of sediment burial on quiescent Eastern oysters Crassostrea virginica, Aquac 469
(2017) 9-15. https://doi.org/10.1016/j.aquaculture.2016.11.038.

[10] E. Mayrand, L.A. Comeau, A. Mallet, Physiological changes during overwintering of the
Eastern oyster Crassostrea virginica (Gmelin, 1791), J Molluscan Stud 83 (2017) 333-339.
https://doi.org/10.1093/mollus/eyx017.

[11] G. Bridier, J. Clements, L. Comeau, A. Mallet, C. Carver, M. Mallet, K. Osterheld, R.
Tremblay, Overwintering physiology of juvenile Crassostrea virginica at its northern
distribution limit, Mar Ecol Prog Ser 778 (2026) 1-19. https://www.int-
res.com/journals/meps/articles/meps15037.

[12] L.A. Comeau, Spring awakening temperature and survival of sediment-covered Eastern
oysters Crassostrea virginica, Aquac 430 (2014) 188—194.
https://doi.org/10.1016/j.aquaculture.2014.04.009.

[13] A. Davinack, A. Sheddy, Winter warriors: Seasonal persistence of Polydora infestation in
Eastern oysters from a tidally restricted New England estuary, (2025).
https://doi.org/10.2139/ssrn.5211956.

[14] H. Hidu, S.R. Chapman, W. Mook, Overwintering American oyster seed by cold humid air
storage, J Shellfish Res 7 (1988) 47-50.

[15] S. Stewart-Clark, Overwintering oysters, (2013). https://ecsga.org/wp-
content/uploads/2020/07/Overwintering-oysters.pdf (accessed May 26, 2026).

17



455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499

[16] R. Grizzle, K. Ward, D. Burdick, A. Payne, D. Berlinsky, Eastern oyster Crassostrea
virginica growth and mortality in New Hampshire (USA) using off-bottom farm gear, N
Am J of Aquac 82 (2020) 132—142. https://doi.org/10.1002/naaq.10135.

[17] J.C.C. Wang, E.R. Amiro, Cold storage of the American oyster Crassostrea virginica in the
shell, 1977. https://waves-vagues.dfo-mpo.gc.ca/library-bibliotheque/38942.pdf.

[18] D. Morse, Overwintering of eastern oysters: Guidance for small-scale growers, (2006).
https://digitalcommons.library.umaine.edu/seagrant_pub/7 (accessed May 26, 2026).

[19] S.M. Hood, W.C. Walton, L.V. Plough, Efficacy and effects of three desiccation intervals on
biofouling and Eastern oysters (Crassostrea virginica) at three commercial oyster farms in
the Chesapeake Bay, MD, Aquac 587 (2024) 740847.
https://doi.org/10.1016/j.aquaculture.2024.740847.

[20] E.T. Short, The ecology of the Great Bay Estuary, New Hampshire and Maine: An estuarine
profile and bibliography, 1992.

[21] L.P. Miller, Monitoring bivalve behavior and physiology in the laboratory and field using
open-source tools, ICB 62 (2022) 1096-1110. https://doi.org/10.1093/icb/icac046.

[22] D. Bates, M. Michler, B. Bolker, S. Walker, Fitting linear mixed-effects models using Ime4,
J Stat Soft 67 (2015) 1-48. https://doi.org/10.18637/jss.v067.101.

[23] F. Hartig, DHARMa: Residual Diagnostics for Hierarchical (Multi-Level/Mixed)
Regression Models, (2024). https://github.com/florianhartig/dharma.

[24] F.P. Lima, L. Pereira, B. Loureiro, M. Humet, R. Seabra, A fully automated heart frequency
logger for shelled invertebrates and associated data processing R package, MEE 16 (2025)
2797-2806. https://doi.org/10.1111/2041-210X.70171.

[25] K. Nagai, T. Honjo, J. Go, H. Yamashita, Seok Jin Oh, Detecting the shellfish killer
Heterocapsa circularisquama (Dinophyceae) by measuring bivalve valve activity with a
Hall element sensor, Aquac 255 (2006) 395-401.
https://doi.org/10.1016/j.aquaculture.2005.12.018.

[26] A.D. Hellicar, A. Rahman, D.V. Smith, G. Smith, J. McCulloch, S. Andrewartha, A.
Morash, An algorithm for the automatic analysis of signals from an oyster heart rate sensor,
IEEE Sens. J 15 (2015) 4480—4487. https://doi.org/10.1109/JSEN.2015.2422375.

[27] LN. Bakhmet, Cardiac activity and oxygen consumption of blue mussels (Mytilus edulis)
from the White Sea in relation to body mass, ambient temperature and food availability,
Polar Biol 40 (2017) 1959-1964. https://doi.org/10.1007/s00300-017-2111-6.

[28] L.S.C. de Carvalho, S.M. Cantanhéde, M. Hamoy, J.R. da Cruz Freitas Junior, L.L. Amado,
Cardiac responses in Crassostrea gasar: An experimental approach of how the tidal cycle
influences the heart function of the mangrove oyster, Comp Biochem Physiol A Mol Integr
Physiol 271 (2022) 111264. https://doi.org/10.1016/j.cbpa.2022.111264.

[29] R.F. McMahon, Respiratory response to periodic emergence in intertidal molluscs, Am Zool
28 (1988) 97—144. https://www.]stor.org/stable/3883222.

[30] X.Yin, P. Chen, Hai Chen, W. Jin, X. Yan, Physiological performance of the intertidal
Manila clam (Ruditapes philippinarum) to long-term daily rhythms of air exposure, Sci Rep
7 (2017). https://doi.org/10.1038/srep41648.

[31] C. Caillon, E. Fleury, C. Di Poi, F. Gazeau, F. Pernet, Food availability, but not tidal
emersion, influences the combined effects of ocean acidification and warming on oyster
physiological performance, Aquac 604 (2025) 742459.
https://doi.org/10.1016/j.aquaculture.2025.742459.

18



500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543

[32] B. Haskin, Cold storage of Eastern oysters, Crassostrea virginica, to reduce winter
mortality in an increasingly variable environment, Sustainable Agriculture Research and
Education, 2021. https://projects.sare.org/sare_project/fne19-931/ (accessed May 26, 2026).

[33] C.E. Braby, G.N. Somero, Following the heart: temperature and salinity effects on heart rate
in native and invasive species of blue mussels (genus Mytilus), J Exp Biol 209 (2006)
2554-2566. https://doi.org/10.1242/jeb.02259.

[34] A.V. Boroda, Y.O. Kipryushina, N.A. Odintsova, The effects of cold stress on Mytilus
species in the natural environment, Cell Stress Chaperones 25 (2020) 821-832.
https://doi.org/10.1007/s12192-020-01109-w.

[35] A.M. Davis, L.V. Plough, K.T. Paynter, Intraspecific patterns of mortality and cardiac
response to hypoxia in the Eastern oyster, Crassostrea virginica, J Exp Mar Bio Ecol 566
(2023) 151921. https://doi.org/10.1016/j.jembe.2023.151921.

[36] X. Liu, W.-X. Wang, Physiological and cellular responses of oysters (Crassostrea
hongkongensis) in a multimetal-contaminated estuary, Environ Toxicol Chem 35 (2016)
2577-2586. https://doi.org/10.1002/etc.3426.

[37] K.T. Paynter, S.A. Lombardi, N. Harlan, S. Stypeck, D. Needham, A.M. Davis, J.
Schlenoff, Physiological, behavioral, and mechanical factors associated with anoxic
tolerance in the Eastern oyster, Crassostrea virginica, J Shellfish Res 43 (2024) 371-377.
https://doi.org/10.2983/035.043.0308.

[38] K. Wilsterman, M.A. Ballinger, C.M. Williams, A unifying, eco-physiological framework
for animal dormancy, Funct Ecol 35 (2021) 11-31. https://doi.org/10.1111/1365-
2435.13718.

[39] M.M. Helm, E.R. Trueman, The effect of exposure on the heart rate of the mussel, Mytilus
edulis (L.), Comp Biochem Physiol 21 (1967) 171-177. https://doi.org/10.1016/0010-
406X(67)90126-0.

[40] N. Coleman, E.R. Trueman, The effect of aerial exposure on the activity of the mussels
Mytilus edulis (L.) and Modiolus modiolus (L.), ] Exp Mar Bio Ecol 7 (1971) 295-304.
https://doi.org/10.1016/0022-0981(71)90011-6.

[41] L.L. Willson, L.E. Burnett, Whole animal and gill tissue oxygen uptake in the Eastern
oyster, Crassostrea virginica: Effects of hypoxia, hypercapnia, air exposure, and infection
with the protozoan parasite Perkinsus marinus, J Exp Mar Bio Ecol 246 (2000) 223-240.
https://doi.org/10.1016/S0022-0981(99)00183-5.

[42] E.A. Peterson, M.C. Keur, M. Yeboah, T. van de Grootevheen, L. Moth, P. Kamermans, T.
Murk, M.A. Peck, E. Foekema, Determining physiological responses of mussels (Mytilus
edulis) to hypoxia by combining multiple sensor techniques, Conserv Physiol 13 (2025)
coaf023. https://doi.org/10.1093/conphys/coaf023.

[43] D.W. Hicks, R.F. McMahon, Temperature and relative humidity effects on water loss and
emersion tolerance of Perna perna (L.) (Bivalvia:Mytilidae) from the Gulf of Mexico, Bull
Mar Sci 72 (2003) 135-150.

[44] K.R. Nicastro, G.I. Zardi, C.D. McQuaid, G.A. Pearson, E.A. Serrdo, Love thy neighbour:
Group properties of gaping behaviour in mussel aggregations, PLOS ONE 7 (2012) e47382.
https://doi.org/10.1371/journal.pone.0047382.

[45] L.E. Deaton, Oxygen uptake and heart rate of the clam Polymesoda caroliniana Bose in air
and in seawater, J] Exp Mar Bio Ecol 147 (1991) 1-7.

19



544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560

[46]

[47]

[48]

D.T.J. Littlewood, R.E. Young, The effect of air-gaping behaviour on extrapallial fluid pH
in the tropical oyster Crassostrea rhizophorae, Comp Biochem Physiol A Mol Integr
Physiol 107 (1994) 1-6. https://doi.org/10.1016/0300-9629(94)90264-X.

S.A. Lombardi, N.P. Harlan, K.T. Paynter, Survival, acid—base balance, and gaping
responses of the Asian oyster Crassostrea ariakensis and the Eastern oyster Crassostrea
virginica during clamped emersion and hypoxic immersion, J Shellfish Res 32 (2013) 409—
415. https://doi.org/10.2983/035.032.0221.

S. Liang, W. You, X. Luo, J. Ke, Y. Su, M. Huang, Y. Guo, C. Ke, Cardiac and respiratory
metabolic analysis of low-temperature tolerance in two geographic genotypes of Haliotis
diversicolor and the hybrid, Aquac Rep 21 (2021) 100869.
https://doi.org/10.1016/j.aqrep.2021.100869.

[49] N.P. Burnett, R. Seabra, M. de Pirro, D.S. Wethey, S.A. Woodin, B. Helmuth, M.L. Zippay,

G. Sara, C. Monaco, F.P. Lima, An improved noninvasive method for measuring heartbeat
of intertidal animals, L&O Methods 11 (2013) 91-100.
https://doi.org/10.4319/lom.2013.11.91.

20



561

562

563
564
565
566
567
568
569
570
571

572

FIGURES

a HR oysters transferred to JEL

. 18-Mar
PY Oysters placed in CDS

26-Nov Oysters transferred to 4°C water
) ® (N=96)
Heart rate monitors added
& (N=10) 19-Mar
18—_Dec Oysters transferred 13°C water
® (N=96)
20-Mar
Initial survival
® and weight
check (N=96) . SP7(24hr post-transfer to 4°C water)
16-Dec 20-Mar
SP1 SP2 SP3 SP4 SP5 SP6
® 6-Jan ® 21-Jan ® 3-Feb ® 18-Feb ® 3-Mar L 17-Mar

Figure 1. Experimental Timeline. Oysters were transferred to cold-dry storage on Nov 26'";
survival monitoring commenced on Dec 16", Oyster viability was assessed approximately every
two weeks, depicted by sampling points (SP) on the timeline. On March 19%, oysters used to
monitor survival were transferred to 4 °C seawater for 24 hours, then assessed for mortality (SP
7). Following 24 hours, surviving oysters were transferred to seawater held at 13 °C. Red
triangles depict when a separate subset of oysters were outfitted with cardiac monitors and
transferred to the Jackson Estuarine Laboratory for spring awakening.
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Figure 2. Classification of Cardiac Data. Examples of data sequences classified as A)
saturated, B) aperiodic, and C) periodic. The black line represents the filtered data. The x-axis
displays an interval of five minutes. The output on the y-axis is a unitless value representing the
relative intensity of the reflected IR light. Red points on C) represent the start of each new
period. Here, the estimated period length was 8.1 sec.
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Figure 3: Cold-Dry Storage Survival (CDS). Survival of oysters held in CDS (N=96)
following transfer to 4 °C seawater. Size is represented on the x-axis and probability of survival
on the y-axis, with points representing survival status (alive = 1, dead = 0). Storage orientation is
represented by color (blue: cupped side down; green: cupped side up). The curves represent
survival probabilities from a logistic regression model as a function of size and storage
orientation. Shaded regions indicate 95% confidence intervals.
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