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Abstract 

Low salinity negatively affects growth and survival in the eastern oyster, which decreases 

productivity of aquaculture operations along the mid-Atlantic and Gulf Coasts of the United 

States. With heavy rainfall events predicted to become more frequent, coastal aquaculture 

operations face increased risk of prolonged exposure to extreme low salinity conditions. While 

recent experimental work has determined that survival in extreme low salinity (< 3) is a 

moderately heritable trait in the eastern oyster, further experimental challenges were conducted 

to investigate the importance of challenge duration and temperature on the survival phenotype 

and estimation of its genetic parameters to hone the experimental challenge for potential 

incorporation into a breeding program. Growth (shell height) and algal removal were also 

assessed to investigate physiological phenotypes associated with differential survival in extreme 

low salinity. A subset of individuals from 51 half-sibling families were exposed to one of two 

experimental challenges: a short-term low salinity (2.5) challenge at constant temperature (27°C) 

for 2 months, or a long-term low salinity (2.5) challenge where temperature was adjusted daily to 

match local ambient conditions for 6-months. Differential mortality was observed across families 

for both the short-term and long-term low salinity challenges, and narrow-sense heritability 

estimates were similar for both challenges (short-term h2 = 0.35, long-term h2 = 0.4). Strong 

phenotypic (rS = 0.89) and genetic (rG = 0.81) correlations for family mortality were found 

between challenges. Algal clearance metrics over a 24-hour clearance experiment differed 

among families (p < 0.001), but were only weakly associated with family survival in the long-

term low salinity exposure (range p = 0.08 – 0.23, R2 = 5-10%). Growth was negligible during 

the long-term challenge. However, after being returned to ambient salinities (13), there was no 

difference in growth rate, wet weight gain, or mortality between oysters from families with low 
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or high survival in the long-term exposure (p > 0.05), indicating that low salinity tolerant oysters 

can recover following low salinity events. This work shows that a short-term (2 month) low 

salinity (2.5) challenge at a constant temperature captures the same patterns of family mortality 

as a 6-month, temperature fluctuating challenge. Additionally, measuring individual oyster 

clearance rate and the parameters derived from the algal removal curves provide additional 

insight into the physiological status of oysters under extreme low salinity stress. 

Keywords: Oyster aquaculture, heritability, quantitative genetics, physiology, clearance rate, 

growth 
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1. Introduction 

Environmental extremes associated with climate change pose risks to the United States 

aquaculture industry. In coastal areas, large freshwater pulses are common following heavy 

rainfall and storm events (Andrews et al., 1959; Cheng et al., 2015; Du et al., 2021; Engle, 1946; 

Schubel and Pritchard, 1986; Southworth et al., 2017), or resulting from anthropogenic activities, 

such as freshwater diversions (Brammer et al., 2007; Butler, 1952, 1949; Gledhill et al., 2020; 

Gunter, 1953). These pulses of freshwater can expose local eastern oyster (Crassostrea 

virginica) aquaculture operations to extreme low salinity (< 5) conditions for extended periods of 

time. Eastern oysters perform best at intermediate salinities ranging from 14-28 (Shumway, 

1996), and a lower optimal range (~ 9 – 16) has been proposed for populations where freshwater 

input dominates the hydrodynamics of the system (La Peyre et al., 2016; Lowe et al., 2017; 

Rybovich et al., 2016). However, severe drops in salinity (< 5) can result in rapid, mass mortality 

events (Andrews et al., 1959; Beaven, 1946; Du et al., 2021; Gledhill et al., 2020; Munroe et al., 

2013; Southworth et al., 2017; Tarnowski, 2020). 

Oyster aquaculture operations are negatively impacted by major reductions in growth 

experienced in low salinity environments (La Peyre et al., 2013; Leonhardt et al., 2017; 

Loosanoff, 1952; Lowe et al., 2017; Rybovich et al., 2016). Reductions in growth can delay the 

harvest and selling of a farmer’s crop, thereby lowering a farm’s profits while also limiting 

overall farm space due to crop surplus (Hudson, 2019; van Senten et al., 2019). However, 

environments with salinity < 12 can provide a refuge from some marine predators, such as oyster 

drills (Manzi, 1970; Melancon, 1990), boring sponges (Hopkins, 1962), mud crabs (MacKenzie, 

1970), and black drum (Brown et al., 2008). Additionally, low salinity provides a refuge from the 

parasites Haplosporidium nelsoni and Perkinsus marinus, which are the agents of MSX and 
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Dermo disease, respectively, in oysters, and these diseases can cause significant mortality for 

oyster aquaculture operations (Andrews, 1964; Burreson and Ragone Calvo, 1996; Craig et al., 

1989; Shumway, 1996; Tarnowski, 2020). 

We previously established the feasibility of breeding for survival in extreme low salinity 

by developing an efficient, lab-based progeny test that resulted in estimated heritability values of 

~ 0.4 – 0.5 (mean shell height > 80 mm and mean age ~2-3 years old for oysters challenged in 

McCarty et al., 2022, 2020). The progeny test was conducted over ~ 1 month at a static salinity 

(2 – 3) and temperature (27°C) that produced mortality over a relatively short and predictable 

time frame (substantial mortality began in 6-10 days and reached 23-53% by day 30; McCarty et 

al., 2020), which is suitable for the typical workflow and demands of a research breeding 

program. Maintaining a static temperature for low salinity challenges is convenient in a 

laboratory setting, but the natural environment, where oyster performance is critical for farm 

productivity, has much more variability in temperature and this variability may alter the outcome 

of such a challenge. Temperature is the primary factor impacting mortality during low salinity 

exposure events, with higher temperatures (> 26°C) causing more significant and rapid mortality 

in lab and field contexts (La Peyre et al., 2013; Loosanoff, 1952; Southworth et al., 2017). 

Investigating survival during a longer-term and more realistic low salinity exposure with 

fluctuating temperatures can shed light on the validity of our short-term (30-day) experimental 

challenge at capturing survival trends that are more representative of field conditions. 

The first objective of this study was to compare how a longer low salinity challenge with 

naturally fluctuating (ambient) temperature affects oyster survival and estimates of quantitative 

genetic parameters for extreme low salinity survival. To do this, we performed two lab-based 

low salinity challenges (salinity < 3) for 6 and 2 months. During a 6-month challenge at a salinity 
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of 2.5, temperature was adjusted daily to match that of ambient conditions that year in the field, 

while temperature remained constant (27 °C) for the 2-month challenge. During the 6-month 

challenge, clearance metrics and growth were recorded for a subset of individuals to address our 

second objective: to understand how a key physiological phenotype of oysters (i.e. removal of 

algae from the water column) may be associated with performance under low salinity stress. 

Following the 6-month challenge, a recovery experiment was conducted on another subset of 

individuals from families with high survival to address our third objective: to determine how 

families that performed best during the 6-month low salinity challenge recovered and performed 

at ambient salinities more typical of the area (10.42 ± 0.037 SE average daily ambient salinity in 

Choptank River, Maryland from 2008 – 2021). The recovery experiment is an important 

examination of potential tradeoffs between low salinity tolerance and performance at more 

typical, ambient salinities. 

2. Methods 

2.1 Production of low salinity lines and breeding design 

Full-sibling diploid families were created from the low salinity breeding families at the 

Aquaculture Genetics and Breeding Technology Center (ABC) at the Virginia Institute of Marine 

Science (Allen et al., 2021). These families have been selected for survival at low salinities ~6-

15, but no selection has occurred for any traits at an extreme low salinity (< 3). In brief, animals 

from the ABC low salinity family lines were strip-spawned in mid-April 2018 and mated in a 2 x 

2 partial factorial design, where every female was crossed with 2 different males and every male 

was crossed with 2 different females (Allen et al., 2021). Therefore, some families may share 

either parent with another family, making them half-siblings. Larvae were reared and fed 
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following standard ABC protocols (Allen et al., 2021), and individuals from a total of 51 families 

were transferred from the Coan River, an upstream tributary of the Potomac River in Maryland, 

USA, to Horn Point Laboratory (HPL), Maryland USA in March 2019. Families were brought 

immediately into the laboratory and kept in tanks with flow-through, ambient water from the 

Choptank River, Maryland, USA (salinity 9.8 ± 0.11 standard error (SE), temperature 6.6 ± 0.28 

°C SE) until experimentation began in April 2019. 

2.2 Laboratory-based low salinity challenges 

Two low salinity challenges were conducted following the same procedures described by 

McCarty et al. (2020), but with a few modifications. Before the challenge began, oysters were 

approximately 1-year old and averaged 38.10 ± 0.18 mm SE in shell height (family mean shell 

height, Supplemental Table 1). The first challenge (referred to as the ‘long-term’ challenge) 

began on April 1st, 2019 after oysters from the 51 families were acclimated in 3x2 ft Taylor 

floats (1 inch wire cage ballasted by 4 inch diameter PVC) for a week under laboratory 

conditions. For each family, oysters were separated into two identically-sized replicates, with 

total individuals per family ranging from 110–210 total oysters. We included all oysters from 

ABC to maximize our overall sample size, therefore family and replicate sizes varied. For each 

family, replicates were randomly assigned to plastic baskets within one of twelve floats, and 

floats were randomly assigned to one of four tanks to begin the challenge. Salinity was manually 

decreased gradually over a two-day period to a desired level of 2.5 ± 0.030 SE. Salinity was 

monitored daily by point sampling using a YSI-85 handheld multimeter (YSI Incorporated, 

Yellow Springs, OH, USA) and adjusted by mixing ambient, Choptank River water (salinity 6.8 

± 0.11 SE) and well water (salinity 0) to maintain levels within 0.5 of the target salinity under 
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flow-through conditions. Temperature was checked and adjusted daily by heating or cooling the 

well water to track that of local ambient conditions in the Choptank River. During the long-term 

challenge, temperature gradually rose and fluctuated from 7.9°C to 30.3°C, with temperature 

peaking on July 21st. Oysters remained at the desired salinity (2.5) and corresponding ambient 

temperature for 168 days (~ 6 months). Across all tanks, water flow averaged 0.476 L s-1 ± 

0.00928 SE and dissolved oxygen averaged 6.58 mg L-1 ± 0.0537 SE throughout the challenge. 

Oysters were inspected weekly to check for mortality and shell height was recorded for all dead 

individuals. Shell height was measured using Vernier dial calipers as the length in mm from 

oyster hinge to bill. During the challenge, flow-through Choptank River water supplied some 

natural phytoplankton, but at least half of the water entering the experimental tanks was well 

water (i.e. no phytoplankton). Therefore, diet was supplemented every 3 days with Shellfish Diet 

1800® (Reed Mariculture, Campbell, CA, USA) at a ration of 1.5% of oyster dry weight 

according to Reed Mariculture’s suggested feeding rates (shell height was converted to dry 

biomass using the power equation; Southworth et al., 2010), as was done in previous studies and 

challenges (McCarty 2020, 2022). Flowing river and well water were shut off for a period of two 

hours during supplemental feeding. Tanks were drained and scrubbed weekly to reduce 

accumulation of sediment and floats were rotated among tanks once a week after mortality was 

assessed. Once a month for a total of 6 sampling time points, a subset of 25 individuals from 

each replicate (total of 50 per family) were measured for shell height to track growth throughout 

the duration of the experiment. 

A separate control tank containing 500 oysters, 70 individuals each from six of the half-

sibling families and 80 wild oysters from the Choptank River (Shoal’s Creek, MD), was set up 

with continuous, flow-through river water at ambient salinity and temperature ranging from 5 – 
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11.5 and 7.9°C – 30.3°C, respectively, for the duration of the long-term exposure. Dissolved 

oxygen averaged 7.18 mg L-1 ± 0.129 SE in the control tank during the 6-month exposure period. 

Daily mortality was not measured for these individuals considering the very minimal mortality 

observed in two previous experimental challenges (McCarty et al., 2020), but monthly 

assessment of individual growth revealed very minimal, if any, mortality. Growth was assessed 

monthly by random selection of 25 oysters from each of the half-sibling families for a total of 

150 individuals. 

On April 29, 2019, 30 oysters from each replicate, totaling 60 per family, were removed 

from the long-term low salinity challenge and transferred for a separate, ‘short-term’ low salinity 

challenge. Individuals were removed from the long-term challenge at a salinity of 2.7 ± 0.10 SE 

and temperature of 17.9°C ± 0.0250 SE on transfer day (day 26 of long-term exposure). Values 

represent the average salinity and temperature across the four experimental tanks oysters were 

removed from. Average mortality (across all families) before being transferred to the short-term 

challenge was minimal, at 1.82%, likely due to low ambient temperature (<20°C; e.g. McFarland 

et al., 2022; Southworth et al., 2017). For the short-term challenge, nine plastic baskets in three 

Taylor floats were divided into two halves using 1-inch vinyl coated wire mesh cage material. 

Families (no replicates) were randomly assigned to a plastic basket section and all three floats 

were placed in the same 6-ft diameter tank already at the target salinity (~ 2.5) and temperature 

(~ 27°C). Salinity and temperature were maintained at 2.41 ± 0.396 SE and 27.8°C ± 0.188 SE, 

respectively, throughout the short-term challenge. Salinity and temperature levels were assessed 

daily and adjusted to maintain within 1 ppt and 1°C of target levels. Dissolved oxygen was 

monitored daily and averaged 6.41 mg L-1 ± 0.0631 SE throughout the challenge. Floats were 

pulled and mortality was checked every 4 days for 60 days. Feeding was identical to the long-
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term challenge, except supplementation with Shellfish Diet 1800® occurred every other day to 

replicate the feeding schedule during the two previous challenges in McCarty et al. (2020). 

Water flowed through the tank at an average of 0.527 L s-1 ± 0.0108 SE throughout the short-

term challenge. 

2.3 Statistical analyses for low salinity challenges 

An ANCOVA was conducted to analyze the effect of family (51 families) and sampling 

month (7 time points) on growth, measured as individual height (mm; 50 individuals per family) 

during the long-term low salinity challenge in the ‘stats’ package (version 4.0.2) in the R 

statistical software (version 3.6.1; Core Development Team, 2020). A separate ANCOVA was 

conducted for individuals (N = 25 per family) from the six families in the control tank to assess 

differences in growth among families held at ambient conditions. Correlations between family 

mean shell height (mm) before the exposure began (March) and family cumulative survival in 

the long-term challenge were assessed using a Spearman’s rank correlation test in the ‘Hmisc’ 

package (version 4.3; Harrell, 2021). All computations were performed using the R statistical 

software (R version 3.6.1; Core Development Team, 2020). 

2.4 Estimation of quantitative genetic parameters 

Underlying narrow-sense heritability (h2) was estimated for the liability (survival) in each 

challenge independently using ASReml-R (Butler et al., 2017; McCarty et al., 2020; Wilson et 

al., 2010): 

li = μ + ai + ei 
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where, for oyster i, li is the survival phenotype (0 or 1), μ is the average population survival, ai is 

the additive genetic effect of the alleles on the phenotype, and ei is the residual effect accounting 

for the remaining variation. Equations to estimate genetic parameters and how to convert from 

the observed to liability scale are described in detail in our previous study (McCarty et al., 2020). 

Replicate and float were incorporated into each model accordingly as fixed effects to account for 

any additional variation introduced from the experimental blocking structure. Phenotypic 

correlations (rs) between the two challenges were investigated using a Spearman’s rank 

correlation test using the ‘Hmisc’ package (version 4.3; Harrell, 2021), and a bivariate model 

was run to investigate genetic correlations (rg) between the two challenges using ASReml-R 

(Wilson et al., 2010). All statistical analyses were conducted using the R Statistical Software (R 

version 3.6.1; Core Development Team, 2020). 

2.5 Clearance experiment 

Removal of algae from the water column was measured for individual oysters at four 

time points during the long-term exposure. Oysters were exposed to the long-term challenge for 

five weeks prior to these measurements. Three to five individuals per family for 31 of the 51 

families were examined for clearance capabilities across four days: May 13, 20, 22, and June 20. 

Individuals were sampled over multiple days to maximize the number of families and individuals 

sampled. Families were chosen based on survival in the long-term challenge, ensuring families 

with both high and low survival rates were selected. Seven of the 31 families sampled had high 

survival at the end of the long-term exposure, meaning their family cumulative survival was in 

the top 10 of all families (88 – 97% cumulative survival). Eight of the families sampled had low 

survival (bottom 10 of families) in the long-term challenge (35 – 63% cumulative survival) and 
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the remaining 16 families had cumulative survival values between the top 10 and bottom 10 

performing families. Artificial seawater for the experimental beakers was produced by salting 

deionized water to a salinity of 2.5 with Crystal Sea® Marinemix (Marine Enterprises, 

Baltimore, MD), and a bubbler was added to each beaker to supply air (oxygen) and keep 

phytoplankton mixed. Water temperatures ranged from 20.7°C to 24.7°C across the four 

experimental days. A subset of individuals (N=5) was tested on multiple sampling days to 

investigate how day and temperature affected individual clearance performance. 

On each experimental day, live algae (Chaetoceros muelleri) from the Horn Point Oyster 

Hatchery (Cambridge, MD) were added to beakers. Algae were added to each beaker containing 

800 mL of artificial seawater in 1 mL increments until the FluoroSense™ Handheld Fluorometer 

(model # 2860-000-C, Turner Designs, San Jose, CA) chlorophyll a concentration reading 

reached just below the maximum detection limit (199 μg L-1). Subsamples of water were 

collected from the beaker after each incremental algae addition and algal cells were counted 

(cells mL-1) in triplicate on a Levy Improved Neubauer hemocytometer (Hausser Scientific, PA) 

using an Olympus BX41 Phase Contrast & Darkfield Microscope (Olympus©) at 20X 

magnification. To determine the statistical relationship between chlorophyll a concentration (μg 

L-1) measured by the fluorometer and the mean cell concentration (cells mL-1) measured from 

triplicate hemocytometer counts, standard curves were calculated using ordinary least squares 

regressions through the origin in the ‘stats’ package (version 4.0.2) in the R statistical software 

(version 3.6.1; Core Development Team, 2020). Separate serial dilutions and standard curves 

were calculated for each feeding day, except for the last day (June 20th, Figure 1). The 

relationship between chlorophyll (μg L-1) and algal concentration (cells mL-1) was strong (R2 > 
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274 0.94) and did not differ among days  (ANCOVA  p > 0.15), thus data were combined for the  

standard curve used on the 4th  (June 20th) experimental feeding day (Figure 1).  275 

276 

277 Figure 1. Relationship between algal (average of triplicate hand counts;  cells mL-1) and 

chlorophyll  a (µg L-1) concentrations  for the serial dilutions from the  clearance experiments. The  

equations determined from the ordinary least squares regression lines  (in plot) were forced  

through the  origin and the shaded region represents the 95% confidence interval of the  regression 

equation. The plot and regression equation for June 20th  include all data from the three  previous  

experiments (i.e. all data combined). Error bars represent SE  for the  triplicate hand counts.  

 

After the correct volume of algae was added to each  beaker  (~ 9  – 11 mL  of algae; 

~75,000 cells mL-1), each individual  oyster was  removed from the long-term  low salinity  

challenge and gently scrubbed to remove living organisms and detritus. Oysters were then placed 

into individual beakers  and beakers  were randomly positioned on the benchtop. Fluorometer 

readings were taken in duplicate for  each beaker  by lowering the FluoroSense™ to the  

designated line on the device (~ 2  inches below the surface)  at time 0 when oysters were first  
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placed in the beaker, and at 3, 6, 9, 12, 15, and 24 hours after experimentation began. Before 

returning individuals to the long-term challenge after sampling, Floy® Custom UV Protected 

Vinyl Laminated oval shellfish tags (Seattle, WA) were adhered near the hinge of each organism 

using Loctite® Super Glue Liquid (Westlake, OH) to track individual survival after being 

returned to experimental tanks. Triplicate beakers with no oysters were used as a control for each 

sampling timepoint on each experimentation day to account for any cell sinking or sticking to the 

sides of the beaker (ΔA in clearance rate equation below). 

2.6 Statistical analysis of clearance experiment 

Fluorometer readings (chlorophyll a; μg L-1) were converted to cellular abundance 

estimates (cells mL-1) using the standard curves described above. For each individual oyster, 

three clearance metrics were calculated for subsequent analysis: average clearance rate (CRavg), 

maximum algal removal rate (Rmax), and time to 50% algal depletion (D50). These metrics were 

decided upon in hopes of capturing the observed sigmoidal trends in algal removal over the 

experimental period (Results, Figure 5). One-way ANOVAs were conducted to assess 

differences in the three feeding metrics among families. We then took an average of these three 

metrics for all individuals within a family to investigate statistical associations between family 

clearance metrics and family survival in the long-term low salinity challenge.  

To determine the average clearance rate for each individual, clearance rates (CR, L hr-1) 

were calculated at each time interval (i.e. 0–3 hours, 3–6 hours, etc.) (Coughlan, 1969; 

McFarland et al., 2013; Riisgård, 1988): 

CR =( 𝑉𝑉 * (ln(𝐶𝐶0) - ΔA) ) 
𝑡𝑡 𝐶𝐶𝑡𝑡 
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where V= volume of water in liters, t is elapsed time in hours, C0 is the initial concentration 

(cells mL-1), Ct the algal concentration at the given sampling time, and ΔA is the average algal 

cell loss across the three control jars for the specified time interval (i.e. ln(𝐴𝐴0)). An average 
𝐴𝐴𝑡𝑡 

clearance rate was calculated for each oyster from the series of clearance rates (i.e. 0–3 hours, 3– 

6 hours, etc.). Clearance rates for time intervals where algae was already depleted, and therefore 

fluorescence was not measured, were excluded from the overall average. Each individual average 

was normalized for size using the average experimental oyster shell height (Bayne, 2017; 

Cranford et al., 2016, 2011): 

CRavg height = (Hstd/Hind)1.78 * CR 

where Hstd is 38 mm (average shell height of the experimental oysters), Hind is the shell height 

(mm) of each individual oyster, and CR is the average clearance rate (L hr-1) from the prior 

equation. Normalization was conducted using shell height because there were not enough oysters 

for destructive, dry weight sampling, and shell height is known to correlate well with dry weight 

(ex. Cornwell et al., 2016; Mann and Evans, 1998; Paynter and Dimichele, 1990). 

Locally estimated scatterplot smoothing (LOESS) splines were used to determine two 

additional clearance metrics for each individual: the time to deplete half (50%) of the algae in 

each beaker (D50) and the maximum algal removal rate (Rmax). For each individual, LOESS 

splines were estimated for the concentration of algae (cells mL-1) present over the 24-hour period 

using the ‘stats’ package (version 4.0.2) in the R statistical software (version 3.6.1; Core 

Development Team, 2020). All LOESS curves were estimated with a span of 1 for maximum 

smoothing of each curve. The splines were used to determine the time at which 50% of the 

starting algae concentration was depleted for each individual oyster. Maximum algal removal 

rate for each individual oyster was estimated as the derivative at the steepest part of the LOESS 
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curve. The absolute value of Rmax was used to make this value positive (i.e. the slope or rate of 

algal depletion is a negative value) and individual D50 and Rmax were divided by individual shell 

height for size normalization. 

A family average was taken for each of the three clearance metrics. Ordinary least square 

regressions using ‘glm’ (‘stats’ package version 4.0.2, R version 3.6.1; Core Development Team, 

2020) were performed to determine if family CRavg (normalized for height, referred to as CRavg 

from here on), family D50, and family Rmax were associated with family cumulative survival in 

the long-term (6-month) low salinity challenge. Family cumulative survival (proportion between 

0 and 1) was logit transformed before regression analyses to make the variable normally 

distributed. Correlations were conducted between the three clearance metrics for each family 

(‘stats’ package version 4.0.2, R version 3.6.1; Core Development Team, 2020) to assess the 

relationship between the clearance metrics. Paired t-tests were run on the three clearance metrics 

(CRavg, D50, and Rmax) for individuals (N = 5) that were repeated on multiple days to assess the 

effect of experimental day on the measured metric (i.e. effect of varying temperature and other 

experimental design factors). Lastly, Welch’s two sample t-tests were conducted to assess 

differences in the three clearance metrics for individuals that survived (N=143) compared to 

those that died (N=35) after the long-term challenge (‘stats’ package version 4.0.2, R version 

3.6.1; Core Development Team, 2020). 

2.7 Individual oyster recovery after long-term low salinity exposure 

At the culmination of the long-term low salinity challenge, 35-128 oysters from 11 

families and from one of the control families (N = 1,070 oysters total) were retained to assess 

how oysters performed when re-introduced to more favorable, ambient salinity conditions. 
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Oysters from some families were retained for use in other projects, hence the uneven stocking 

density. The 11 families chosen for this experiment demonstrated just-below average to high 

survival in the short or long-term challenge: long-term mortality among the 11 families ranged 

from 20% (Fam 23; 29th (of 51) most mortality) to 2.7% (Fam. 39; least mortality of 51 families; 

Figure 3 aqua dots). These families were selected because we were explicitly interested in how 

families that had very high survival at extreme low salinity (i.e. the families we would select for 

breeding) would perform at ambient salinities after a low salinity exposure (i.e. is there a tradeoff 

in growth/survival of high performance families after a low salinity exposure). All families were 

divided into two replicates except for families 6, 23, and 39 where replication was not possible 

due to low sample sizes, and replicate groups were returned to the aforementioned plastic baskets 

secured to three modified Taylor floats. Floats were returned to a 6 ft diameter (~1800 liter) tank 

in the laboratory with ambient flow-through Choptank River water for a period of one month. 

Salinity and water temperature during the recovery assessment period were 11.2 ± 0.0425 SE and 

20.5°C ± 0.427 SE, respectively. Supplemental feeding ceased during this period of study and 

naturally occurring algae and organic matter provided the sole source of food for the oysters. 

Twice weekly, the tank was fully drained and cleaned to remove biodeposits and other organic 

matter. 

For all experimental individuals, oyster shell height (mm, hinge to bill) was measured 

before (October 1st), after two weeks (October 18th), and after one month (October 31st) of re-

introduction to the ambient conditions using Vernier dial calipers. Oyster mortality was also 

assessed bi-weekly, and dead oysters were removed from the baskets. Ten oysters per replicate 

(N = 20 for all families except for families 6, 23, and 39 where N = 10) were patted dry and 

labeled with a SHARPIE® Industrial Pro permanent marker. Oyster whole wet weight was 
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assessed for these labeled oysters before introduction to ambient conditions and again after the 

end of the recovery period by weighing, to the nearest milligram, on an Ohaus Discovery 

analytical electronic balance (Model DV114C, Ohaus Corporation, Parsippany, NJ, USA) after 

oysters were patted dry and allowed to sit in ambient laboratory conditions for 24 hours. Two 

separate ANCOVAs were conducted to compare the slopes (growth rate and wet weight gain) 

among families (11 from the long-term challenge and 1 from the ambient control) and sampling 

day during the recovery experiment. To compare the mortality (proportion of dead) among 

families during the recovery experiment, the Marascuilo procedure was conducted (Marascuilo 

and McSweeney, 1967). To determine if growth rate, wet weight gain, and mortality during the 

recovery experiment were associated with long-term low salinity challenge survival, family 

growth rate, rate of wet weight gain (estimates from the ANCOVAs), and mean family survival 

during the recovery experiment were regressed on family survival in the long-term low salinity 

challenge using ‘glm’ in the R statistical software (‘stats’ package version 4.0.2, R version 3.6.1; 

Development Core Team, 2020). 

3. Results 

3.1 Experimental results and trends in mortality for the two low salinity challenges 

Differential mortality was observed among the 51 half-sibling families during both the 

short-term challenge at a salinity of ~2.5 and temperature of 27°C and during the long-term 

challenge at a salinity of ~2.5 and fluctuating temperature. During the 6-month challenge, a total 

of 1,712 oysters died representing 25.8% of the total experimental population. Two spikes 

(peaks) in mortality were observed during the long-term exposure, one on day 61 (June 3, 134 

dead oysters, 8% of mortality) at a temperature of 24.1 °C, and the other spike occurred on day 
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404 112 (July 24, 235 dead oysters, 14% of m ortality) at a temperature of 28 °C (Figure 2B). 

Temperature was greater  than 27°C for 27 days, beginning on day 86, before the second 

mortality spike was observed on day 112. D uring the short-term challenge, no mortality was  

experienced during the first 10 days of exposure. Mortality  peaked on day 43 of exposure with 

250 oysters  recorded dead across  all families (39% of total mortality, Figure 2A). A total of 635 

oysters were recorded dead at the end of the 2-month challenge, representing 21% of  the total 

experimental population.  

405 

406 

407 

408 

409 

410 

411 

412 Figure 2. Number of dead individuals  during  the  two low salinity  experimental challenges.  

Number dead (solid black line) and  temperature (℃, dot ted black line) during the  A)  short-term,  

60-day challenge  and B)  long-term, 168-day challenge. Mortality was assessed every 4 days for  

the short-term challenge  and daily for the long-term challenge.  Temperature was adjusted to  

track ambient levels during the  long-term  challenge.   
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There was no statistically significant interaction between the effect of family and 

sampling month on individual height (ANCOVA, F300,17328 = 1.062, p = 0.221), and results 

suggest that oysters lost shell height during the low salinity exposure. Main effect analysis 

showed a statistically significant effect of both family (ANCOVA, F50, 17328 = 98.12, p < 0.001) 

and sampling month (ANCOVA, F6, 17328 = 56.80, p < 0.001) on individual height, mainly due to 

the significant differences in family height before the long-term challenge began (ANOVA, 

F50,2493 = 18.12, p < 0.001). There was a statistically significant interaction between family and 

sampling month on individual height (ANCOVA, F30,1008 = 2.4465, p < 0.001) in the control tank 

at ambient salinity and families in the control tank grew an average of 26.1 ± 1.34 SE mm over 

the 6 months. There was no correlation between mean family height pre-exposure (March, mm) 

and family cumulative survival in the long-term challenge (rs = -0.168, p = 0.236). 

3.2 Narrow-sense heritability (h2) and correlations across challenges 

In the long-term challenge, family mortality ranged from 2.72% to 65.3% with a mean 

family cumulative mortality of 25.2% (aqua dots, Figure 3). In the short-term challenge, 

mortality among families ranged from 0% to 63.3% with a mean family cumulative mortality of 

20.75% (black dots, Figure 3). Family survival was similar between the two challenges (Figure 

3). Nine of the ten families with the highest mortality (lowest surviving ten families) in the long-

term challenge were also in the top ten for highest mortality in the short-term challenge. 

Similarly, six of the ten families with the lowest mortality (highest surviving ten families) in the 

long-term challenge were also in the top ten for lowest mortality in the short-term challenge. 
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Figure 3. Lollipop plot depicting similar family mortality across the two low salinity challenges. 

Cumulative family mortality (%) from the long-term (aqua dots) and short-term challenge (black 

dots). 

Underlying narrow-sense heritability estimates were moderate for both challenges and 

were both significantly different than zero. Narrow-sense heritability was 0.3505 ± 0.026 SE for 

the short-term challenge, and 0.4093 ± 0.036 SE for the long-term challenge (Table 1). There 

was a large and statistically significant phenotypic correlation for family mortality (% mortality) 

between the two challenges (rS = 0.81; p < 0.0001; Figure 4, Table 1). Similarly, the genetic 

correlation between family mortality for the two experiments was also very large and statistically 

significant (0.89 ± 0.07 SE, Table 1). 
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 450 

451 Figure 4. Scatter plot displaying correlation in cumulative mean family mortality  (%) between  

the long-term and short-term challenges. Spearman rank correlation coefficient (rs) and  

significance value is displayed in  the  bottom right, and shading represents  the 95% confidence  

interval for the ordinary least square  regression equation.  
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Table 1.  Narrow-sense  heritability  (h2  ±  SE)  and  correlations  between  
mortality  in  the  two  challenges.  Phenotypic  correlations  (rS),  and  
genotypic  correlations  (rG  ±  SE)  using the  animal  model  in  ASReml-R.   

  h2   rG  rS 

 Long-term   0.4093 ± 0.036   -0.89 ± 0.07  0.814 
 Short-term   0.3505 ± 0.026    

    

3.3 Clearance experiment  analysis  

Most oysters among the 31 families  examined removed algae at a salinity of 2.5, reducing 

the concentration of algae in the  experimental beaker over  the  24-hour sampling period.  

Clearance metrics  for oysters measured (repeatedly) across multiple experimental days (N = 5) 

did not vary significantly  (paired t-tests, p > 0.05;  maximum algal removal rate: Rmax, t(4) =  

0.523; average clearance rate:  CRavg, t(4) =  -2.57;  time to half: D50, t(4) =  2.14). The rate of  
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461 decline in phytoplankton concentration (cells  mL-1) over time generally demonstrated a  

sigmoidal relationship, in which algal concentration was high and unchanged initially (oysters  

slow to clear phytoplankton during the first few time points) before dropping over time as  

oysters cleared  algae from the water  column (Figure 5). However, there were interesting patterns  

in algal removal that varied between oyster, family group, and family survival in the chronic  

challenge (Figure 5). Some oysters removed algae at faster rates than others  and some  oysters 

failed to reach 50% algae depletion (black  curves, F igure 5).  
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469 Figure 5. Algae concentration (cells  mL-1) over 24 hours for 6 families at a salinity of 2.5. 

Individual replicates  are depicted by different line types and grouped together by family. Lines  

are color-coded based on the relative ranking of  survival across all families,  black  indicating 

lowest survival (bottom  ten surviving families:  families 40, 45, 67) and blue  indicating highest  

ranking survival  (top ten surviving families:  families 6, 44, 61).  
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One-way ANOVAs  revealed statistically  significant differences  in individual  clearance 

metrics between families (CRavg: F(30,151)  = 3.027, p < 0.001; Rmax: F(30,151)  = 2.686, p < 0.001;  

D50: F(29,119)  = 2.547, p < 0.001). There was no significant  association between family  average 

clearance rate  normalized for height  (CR g; L hr-1av )  and family mean survival (logit transformed) 

in the  long-term  (6-month) low salinity challenge  (p = 0.23; Figure 6A).  Family  CRavg  ranged 

from -39.57 – 517.6 L     hr-1, with an average family CR -1avg  of 178.7 L   hr . Family maximum algae  

removal rate normalized for individual height  (Rmax,  cells  hr-1  mm-1) was close to, but not  

significantly associated  with survival in the  long-term  challenge  at the alpha 0.05 level  (p = 0.08)  

and only explained a small proportion of the variation (10%, Figure 6B).  Family Rmax  ranged 

from 76.3 –   290 cells  hr-1  mm-1  with an average family  R   cells  hr-1  mm-max of 173 1. Family 

average  time to deplete  50% of the starting algae concentration  normalized for individual height  

(D50; h  mm-1) was close  to, but not significantly associated with survival  (p = 0.09) and  

explained a  small portion of variation (10%; Figure 6C).  Family D50  ranged from 0.063 to 0.495  

hr  mm-1  with an average family D 0.260 hr   mm-1 50 .  

A total of 35 (19.7%)  individuals labeled for  the  clearance experiment  died after being 

returned to the  long-term  challenge.  Of the dead oysters, 57% (20/35) came  from families with  

the  highest mortality (lowest surviving ten families) and 0.06% (2/30) came  from  families with  

the highest survival (top surviving ten families)  in the chronic challenge.  There was a significant  

difference in  all three clearance metrics between  oysters that  died versus those that survived the 

long-term  challenge (CRavg: t(50.21) = -2.403, p = 0.02; D50: t(27.23) = 2.079, p = 0.047; Rmax: 

t(50.97) =  - 4.079, p < 0.001).  Oysters that survived had higher mean CR  235.02 L   hr-1 avg = , 

lower D50  = 0.225 h   mm-1, and higher  R   cells  hr-1  mm-1max = 194 , while oysters  that died had 

lower mean  CRavg  = 116.5 L  hr-1, higher  D = 0.314 h  mm-1 -50  , and lower Rmax  = 128 cells  hr 1  mm-
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498 1 . Thirteen oysters  that died (37%) never reached the 50% depletion mark. Clearance m etrics 

were moderately  to highly correlated  to one another (r =  0.55  – 0.78,  all p-values < 0.01; Figure  

6D - F).   
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502 Figure 6. Scatter plots and ordinary least square  regression lines of family mean survival  (logit  

transformed) against A) family average  clearance rate  (CR L  -1avg, hr ), B) family average 

maximum algal removal rate (R ,  cells  hr-1 ma  -1x mm ), and C) average time for each family to  

deplete 50% of the starting algae  concentration (D -150, hr  mm ). Regressions between the three 

clearance  metrics are displayed in  the bottom row  with the associated correlation coefficients (D-

F). D) Family D50  regressed against family  R  (cells  hr-1  mm-1), and family CR  (L  hr-1max avg ) 

against E) Rmax  (cells  hr-1  mm-1) and F) family D50  (hr  mm-1).  Grey areas indicate the 95%  

confidence interval of the regression equations.  
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3.4 Oyster recovery after extreme low salinity 

Growth was negligible during the long-term challenge for the 11 families included in the 

recovery experiment (Figure 7A, March – Sept), but all 11 families resumed growth within two 

weeks after being returned to ambient conditions on October 1 (Figure 7A shaded, 7B). During 

the 1-month recovery period, growth for the 11 families mirrored that of the oysters from the 

ambient control tank (family 60C, Figure 7A shaded & 7B) and ranged from 0.21 – 0.34 mm 

day-1 with a mean family growth of 0.25 mm day-1 . Oysters from the 11 families had an average 

shell height of 33.70 mm ± 0.226 SE and wet weight of 4.14 ± 0.165 SE grams at the start of the 

recovery period and gained an average of 2.85 ± 0.097 SE grams wet weight over the 1-month 

period. Oysters from the family held in ambient conditions during the long-term challenge 

(control tank, family 60C) were larger at the beginning of the recovery experiment – average 

shell height of 64.0 ± 1.19 SE mm and wet weight of 19.2 ± 1.65 SE grams – and gained more 

wet weight, average of 7.21 ± 0.360 SE grams, over the 1-month period. During the recovery 

experiment, there was no statistically significant interaction between sampling day and family on 

individual height (ANCOVA, F11, 3156 = 0.4769, p = 0.919) nor weight (ANCOVA, F11, 368 = 

1.536, p = 0.116), indicating that there was no significant difference in shell growth rate or wet 

weight gain (slope) among families tested. For both shell height and wet weight, main effect 

analysis showed a statistically significant effect of both family (ANCOVA, F11, 3156 = 232.8, p < 

0.001 and F11, 368 = 73.74, p < 0.001, respectively) and sampling day (ANCOVA, F1, 3156 = 602.2, 

p < 0.001 and F1, 368 = 120.4, p < 0.001, respectively), however, this was due to the significant 

differences in family height and weight at the beginning of the experiment (ANOVA, F11,1059 = 

99.66, p < 0.001 and F11,188 = 39.66, p < 0.001, respectively). There was no significant 

association between family survival in the long-term exposure and family growth rate (p = 0.688, 
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R2  = 0.0211) or wet weight gain (p = 0.989, R2  = 0)  during the  recovery experiment. Recovery 

mortality ranged from 0  - 31.4% for  the 12 families (11 families from  long-term  challenge and 1 

family from  the ambient control). Pairwise comparisons between the proportion dead for each 

family  indicated no  significant differences  among families  (Marascuilo procedure, p  > 0.05  for  

all comparisons).  Additionally, there was no significant association between family survival in 

the  long-term  exposure and family mortality during recovery (p = 0.465, R2  = 0.06).   
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541 Figure 7. Average shell height  (mm)  for each family during the  long-term  low salinity challenge  

and the recovery experiment. Panel A shows shell height before (March)  and during the  long-

term  low salinity  challenge (April –  Sept), as well as during the  recovery experiment  (shaded 

region, Oct 1 - Oct 31). Panel B shows the average shell height for families explicitly during the  

recovery experiment  (shaded region on panel A, Oct 1 - Oct  31). Each family is represented by a  

different line type, and family 60C (thick black line) was exposed to ambient conditions in the  

control tank.   
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A short-term (2 month) and long-term (6 month) challenge at extreme low salinity (< 3) 

were conducted to investigate the effect of challenge duration and temperature on oyster extreme 

low salinity survival. Similar to results from previous extreme low salinity challenges (McCarty 

et al., 2022, 2020), mortality varied among families in the two challenges and narrow-sense 

heritability estimates were moderate and significantly different from zero. Family mortality was 

highly correlated between the short-term and long-term challenges, suggesting that an extreme 

low salinity challenge at a single high temperature (27°C) captures similar mortality trends as the 

more realistic, 6-month challenge where temperature was adjusted daily to mimic the natural, 

seasonal variation in temperature experienced from spring to fall. Results from the clearance 

experiment revealed differences in algal clearance, quantified as three metrics (average clearance 

rate: CRavg, maximum algal removal rate: Rmax, and time to half: D50), among individuals and 

families when exposed to an extreme low salinity (< 3). Below, we discuss the biological and 

practical implications of the long-term versus short-term challenge results. We also suggest 

potential next steps from the clearance experiments and highlight the ability of oysters to recover 

from long-term low salinity exposure regardless of their family survival in the long-term 

challenge. 

4.1 Short vs. long-term low salinity challenges and comparisons to previous challenges 

A primary goal of this study was to assess how a longer-term low salinity challenge with 

a more natural (ambient) temperature regime, which is more realistic of typical field conditions, 

would impact overall results and family-specific mortality. Results were similar across the short-

term and long-term challenges. Family mortality was highly correlated across the two challenges 

(> 0.8 for both the phenotypic and genetic correlations) and the rank of family survival was very 
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similar between the challenges (Figure 3 & 4). Additionally, heritability estimates were similar 

and moderate for both experiments (long-term h2 = 0.4, short-term h2 = 0.35). The cumulative 

mortality observed during our two challenges (21 and 25.8%) and the two heritability estimates 

(h2 = 0.35 and 0.4) are very similar to values previously observed during a low salinity 

experimental challenge with half-sibling families (spring 2018 challenge cumulative mortality 

23% and h2 ≅ 0.4, McCarty et al., 2020). Based on these results, a progeny test for low salinity 

survival in young oysters (< 40 mm) can be conducted using a 2-month experimental exposure at 

fixed salinity (2.5) and temperature (27°C), which is operationally easier to implement than a 6-

month challenge varying water temperature to match changing ambient conditions. 

The reduced cumulative mortality observed during the long-term challenge compared to 

two previous low salinity summer challenges conducted in our lab (McCarty et al., 2022, 2020) 

may be a result of the ambient temperature and reproductive state of the oysters when the 

challenge began. In the long-term challenge, the overall cumulative mortality (25.8%) was not 

nearly as large as previously reported during mid-summer challenges (53% cumulative mortality 

across families in July-August 2018, McCarty et al., 2020, and nearly 100% cumulative 

mortality in F2 families in June – July 2018, McCarty et al., 2022). However, our 2018 challenge 

(reported in McCarty et al., 2022) used inbred (F2) oysters, which likely explains the much 

greater mortality observed. In addition, the long-term challenge began on April 1st when ambient 

temperature was low (7.9°C), while previous summer challenges began when the temperature 

was already elevated (~24°C on May 28 and ~26°C on July 17 in 2018, McCarty et al., 2020, 

2022). In previous challenges, oyster gonads were likely mature or maturing and spawning may 

have already been occurring due to the high ambient temperatures when oysters entered the 

challenges, which could cause increased physiological stress and higher mortality rates (Lambert 
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et al., 2008; Li et al., 2007; Samain and McCombie, 2008). In the long-term challenge (this 

experiment), oysters should have been undergoing advanced gametogenesis at 1-year old and ~ 

40 mm by July (Galtsoff, 1964), but exposure to a salinity of 2.5 in April, when temperatures 

were low, may have slowed or arrested gonad maturation and reproduction. Stunted gonad 

development and a lack of spawning have previously been observed at salinities below 5 

(Loosanoff, 1948). Delayed or arrested gametogenesis may increase the ability of an oyster to 

tolerate the stress associated with low salinity exposure because energy can be allocated to 

somatic maintenance and cellular repair rather than gametogenesis. 

Another major difference between this study and previous challenges was the size of 

oysters used, which is known to affect overall mortality (Southworth et al., 2017) and the timing 

of mortality in low salinity laboratory-based challenges (e.g. McCarty et al., 2022, 2020). While 

all challenges have used VIMS ABC low salinity lines, the oysters used in this study (short-term 

and long-term challenge) were smaller and younger (< 40 mm, 1-yr old) compared to the adult 

individuals (>80 mm) used previously (McCarty et al., 2020, 2022). Mortality peaked after 6 

weeks at 27°C in the short-term challenge (experimental conditions more comparable to previous 

low salinity challenges: constant temperature of 27°C and 1-2 month exposure duration), while 

peak mortality (experimental day with the most mortality) occurred 10-12 days after exposure 

using >80 mm adults in previous studies (McCarty et al., 2020, 2022). The delay in mortality 

observed during the short-term challenge in this study suggests that smaller and younger oysters 

(< 40 mm, 1-yr old) are more tolerant to a salinity <3 and temperature 27°C than larger oysters 

(> 80mm, 2 and 3-yrs old; McCarty et al., 2020, 2022). These results support previous literature 

suggesting that mortality at specific temperatures and salinities is size-class dependent, where 

smaller oysters have a higher tolerance to low salinity and high temperature compared to larger 
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oysters (> 75 mm) (La Peyre et al., 2013; Lowe et al., 2017; McCarty et al., 2020; Rybovich et 

al., 2016). Smaller oysters are suggested to be more tolerant of stressful conditions because 

maintenance costs scale with body volume, where a larger individual requires more energy to 

maintain somatic and gonadal function (Kooijman, 2010). 

It is important to investigate stage-specific (e.g. spat/seed, juvenile, adult) correlations 

with extreme low salinity survival as they will impact the design of breeding programs focusing 

on this trait. For bivalve species, growth and disease-resistant traits are typically investigated at a 

single life stage (Dou et al., 2016; Gutierrez et al., 2020, 2018; van Sang et al., 2019; Vu et al., 

2021; Wang et al., 2018). However, genetic correlations for growth-related traits measured at 1.5 

and 2.5 years old were high (total weight, width index, height index were all > 0.96, meat yield > 

0.8; Allen et al., 2021), and correlations were high but slightly lower for survival in a salinity of 

6 - 15 (rG = 0.72; Allen et al., 2021) in the eastern oyster. This suggests, at least for these yield 

traits, that measurements can be made at an earlier stage and still be predictive of performance 

later in grow-out. This is useful from an application standpoint, where testing younger 

individuals may be more convenient (i.e. smaller sizes, smaller experimental setup, less 

husbandry burden). For low salinity survival, a progeny test using adult oysters will take a 

shorter period of time to achieve measurable mortality (> 80 mm, 2-4 weeks; McCarty et al., 

2020, 2022), but maintaining animals until, at least, 2 years old before testing can be costly from 

a husbandry standpoint. 

4.2 Clearance experiment results and implications for low salinity tolerance 

Clearance experiments revealed differences among families in the capacity to remove 

algae under low salinity stress, though these differences fell just below the 0.05 threshold for 
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significance. In general, families that depleted the available algae more quickly (i.e. higher Rmax, 

higher CRavg, and lower D50; blue lines Figure 5) were more tolerant of extreme low salinity 

conditions (i.e. higher survival; Figure 6). In contrast, individuals from families with low 

cumulative survival in the challenge removed a smaller portion of the initial concentration of 

algae at lower rates (i.e.  lower Rmax, lower CRavg, and higher D50; black lines Figure 5 ). 

Additionally, a significant difference in the three clearance metrics was observed between 

oysters that survived (N = 143) compared to those that died (N= 35) after being returned to the 

challenge. This provides additional support that removing algae more quickly (i.e. larger CRavg 

and Rmax, smaller D50) may be associated with enhanced low salinity tolerance. While this work 

is preliminary in nature, it is one of the only studies to demonstrate algal removal (clearance) 

over 24 hours under such extreme low salinity conditions and contributes to our understanding of 

how oysters cope physiologically under prolonged exposure. 

The weak associations between the clearance metrics and challenge survival (R2 = 0.05 – 

0.10; Figure 6A-C) could be due to the relatively small number of individuals examined (N = 

178), or the relatively small number of individuals sampled per family on a given sampling day 

(N= 3-5). There was also high individual variation within each family, which could have also 

reduced the significance of the relationships. Clearance rates are influenced by many different 

factors and have proven to be highly variable in shellfish (Cranford et al., 2011, 2005; Grizzle et 

al., 2008; Li et al., 2012), making it inherently difficult to measure and quantify. However, the 

two metrics derived from the LOESS curves (time to deplete 50% of the starting algae and 

maximum removal rate) appear to capture differences in the sigmoidal trends among families 

better than the standard clearance rate metric and may be useful in future studies. Importantly, 

we also note that individuals sampled on multiple days, and at slightly different temperatures 
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(20.7°C - 24.7°C), had consistent performance in clearance metrics (no significant differences in 

clearance metrics across days), indicating that similar measurements may be conducted across 

multiple days throughout an experiment to include more individuals and families, although this 

will need to be repeated with higher replication. Overall, future experiments are needed with 

larger sample sizes and more replicates per family to better examine the relationship between 

clearance metrics at low salinity and survival at low salinity. Nevertheless, this is one of the few 

studies to characterize these feeding metrics and active clearance at such low salinities, and 

results showed clear differences among control oysters (held at ambient) versus low salinity 

exposed oysters. Future work determining the physical and physiological traits responsible for 

differences in survival, such as feeding/clearance, will help to better understand how oysters deal 

with this extreme stress, and may provide additional traits for future selective breeding of 

extreme low salinity tolerance. 

4.3 Implications of the recovery experiment 

After being returned to ambient conditions for ~1 month (salinity 13), all families 

displayed similar growth rate, wet weight gain, and mortality regardless of survival in the long-

term low salinity exposure. Growth rate for all families mirrored that of control individuals (held 

at ambient salinity) during the 1-month recovery experiment (Figure 7B), suggesting that 

families are able to resume normal growth once moved back to ambient conditions (higher 

salinity). From an application standpoint, this finding is quite useful. If field-deployed low 

salinity-tolerant oysters experience a prolonged low-salinity exposure event, a farm may 

experience a delay in getting oysters to market size due to reduced growth, but mortality is 

expected to be low upon return to more typical salinity conditions, and these oysters should 
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resume normal growth when salinity increases. While the recovery of all families after extreme 

low salinity exposure is encouraging, it is important to note that we did not investigate recovery 

for the worst performing families (bottom 10% of families, average long-term challenge 

mortality of 50%). However, low surviving families in the challenge would be unlikely 

candidates for a breeding program. Potential carry-over effects of low salinity exposure, such as 

lower survival during the winter season or lower growth during the next growing season (i.e. 

long-standing effects), are worth investigating. 

5. Conclusion 

This work, alongside previous experimental challenges (McCarty et al., 2022, 2020), 

provides insight into the effect of temperature, exposure duration, and size/age on eastern oyster 

mortality during extreme low salinity (< 3) events. To date, the results of all five challenge 

experiments (McCarty et al., 2022, 2020, and this study) indicate that the deployment of a short-

term (30-60 day) challenge at a constant temperature (27°C) and salinity (< 3) produces a 

reliable test of progeny survival, a phenotype useful for extreme low salinity breeding that would 

be practical to implement in a breeding program. While preliminary, the clearance experiments 

provide novel data that may be correlated to physiological status or survival probability under 

salinity stress. Based on our recovery experiment results, oysters that are highly tolerant of 

extreme low salinity conditions can also be expected to grow as well as control or non-tolerant 

oysters under typical oligohaline conditions, suggesting no real tradeoff, at least in the short 

term, between extreme low salinity survival and normal (ambient) growth and survival. The 

resumption of apparently normal growth for all families tested following long-term exposure to 

low salinity (< 3) is a promising result and suggests that farms deploying low salinity (< 3 ppt) 
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tolerant oysters as a proportion of their crop could sustain production in areas that frequently 

experience periods of extreme low salinity. 
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