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Abstract: Aragonite and calcite are important nutrients for bivalves who biomineralize calcium
carbonate in the water to form their outer shells. Ocean acidification can lead to a decrease in
carbonate ions making forming these shells difficult. When the saturation state falls below a certain
threshold (2 <1), it can cause oyster shells to dissolve. Therefore, measuring the Aragonite Saturation
State yields crucial insight into the suitability of habitats to support oyster growth and productivity.
Physiochemical water quality parameters were monitored from May to October 2020-2023. Using
Seacarb, the aragonite-calcite saturation state was calculated using the following water quality
parameters: temperature, salinity, alkalinity, and pH as inputs. Calcium hardness and dissolved
oxygen was also measured to determine whether values were at a recommended threshold for
shellfish hatcheries. There were fluctuations in the saturation states at each site, and oftentimes the
values were undersaturated, especially during the cooling months. Spearman heatmaps demonstrate
significant positive correlations between temperature and salinity (p = 0.46); pH and aragonite (p =
0.72); and alkalinity and aragonite (p = 0.51). This project aimed to determine the feasibility of
different sites in supporting the establishment of oyster farms and oyster restoration efforts based on
water quality conditions.

Keywords: aragonite saturation state; oysters; ocean acidification; calcification; Delaware

1. Introduction

Climate change is a significant challenge facing the modern world. Human activities have driven
the increase in atmospheric carbon dioxide (CO,), contributing to global climate shifts. One
concerning consequence of these changes is ocean acidification, which poses serious threats to marine
ecosystems, particularly shellfish populations. Estuarine ecosystems are especially susceptible to
acidification [1]. In the Delaware Inland Bays, eutrophication has become a serious concern, largely
driven by urbanization, agricultural activities such as poultry farming and low water flushing rates
[2]. Excessive nutrient inputs have previously earned the Bays a “poor” rating, as they far exceeded
healthy ecological limits [2]. Moreover, the intensification of agricultural practices in this region,
combined with other anthropogenic factors, exacerbates CO, emissions, fueling climate change and
amplifying concerns about its cascading effects on estuarine ecosystems, including those in the
Delaware Inland Bays.

Eastern oysters (Crassostrea virginica) are a keystone species and are vital to the estuarine
ecosystem. C. virginica provides many ecological services that benefit both humans and wildlife
including filtration, nutrient removal, shoreline protection, and providing food and habitation to
aquatic species [3-5]. In addition to the ecological benefits of C. virginica, they are an important
commercial species that have significant economic value for coastal regions [6]. Consumption and
sale of oysters dates back to pre-colonial times. The first commercial oyster fishery originated in the
early 1800s and was a growing industry in the 1950s, with more than 4,000 acres of subaqueous land
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leased in Rehoboth Bay and Indian River Bay. However, the leased acreage and survivability of the
oysters began to decline through the 1960s due to MSX and Dermo, which contributed to a 95%
mortality. By 1978, there was no oyster production in the Inland Bays [7,8]. Shellfish aquaculture was
once again allowed leasing and harvesting in the Delaware Inland Bays in 2017 when there was a re-
emergence of the oyster population. In present day, the shellfish aquaculture industry accounts for
over $100,000 annually in generated state revenue [7]. Shellfish aquaculture farms also provide
ecological benefits as well. The complex structures that are associated with aquaculture farms (i.e.
gear, oyster cages, and bags) can provide habitat and shelter from predators and can become an
established feeding ground [9] for pelagic and benthic species.

Water quality is an important indicator of a healthy environment for bivalves. Temperature and
salinity are both factors that can affect oyster growth and development. Although oysters are tolerant
to fluctuating water temperatures and salinity levels [10,11], the ideal temperature for adult oyster’s
ranges from 20 to 30°C [12,13] and the optimal salinity range is around 14 to 28 ppt [3]. Dissolved
oxygen (DO mg/L) is also necessary for oyster survival and 4 mg/L is considered the minimum level
to maintain a healthy ecosystem [14] for oysters and other aquatic species. The pH measures the
concentration of hydrogen in the water and is another important indicator of oyster health. As the
concentration of hydrogen ions (H™) increases, the pH decreases, and the water becomes more acidic.
Eastern oysters can survive in pH levels between 6.75 to 8.75 [13] but the optimal value is 8.2 [15].
When pH levels drastically decrease due to ocean acidification, this can impact the oyster's ability to
form their shells and can lead to poor survival. Alkalinity measures the capacity of water to buffer
pH and neutralize acids. This can help prevent stress in oysters that result from rapid changes in pH.
The recommended alkalinity level for shellfish hatcheries is between 150 to 180 mg/L [15]. Calcium
hardness measures the amount of calcium ions in the water. Calcium binds with carbonate to form
calcium carbonate (CaCOs), which is used by oysters to form their shells. The recommended calcium
hardness level for shellfish hatcheries is around 200 mg/L CaCOs [15]. Although Eastern oysters have
a high tolerance and adaptability potential, optimal conditions are preferred to maximize growth and
productivity.

Aragonite and calcite are one of the main calcium carbonate structures utilized by calcifying
species to build their shells [16]. Aragonite is mainly utilized by oyster larvae, while juvenile and
adult oyster shells are composed primarily of calcite. The Aragonite and Calcite Saturation State (£2)
is a measure of the carbonate ion concentration in the water. Although, the Aragonite Saturation State
is considered a better indicator of ocean acidification due to its solubility [17,18]. In one study, a
decline in long-term pH and £ar contributed in part to ocean acidification was observed [19]. In
contrast, researchers observed an increase in long-term pH and 2ar with increased alkalization [19].
Over the years, there has been a steady increase in the amount of carbon dioxide released through
anthropogenic activities (i.e. fossil fuels, deforestation, and additional agricultural and industrial
practices) [20], with at least 50% of the increase occurring in the past three decades [21]. The CO,
reacts with seawater by increasing the concentration of H*, and this in turn reduces the pH of the
water and makes it more acidic. Ocean CO, uptake also lowers carbonate ion (COs*) concentrations
and calcium carbonate (CaCOs) saturation state globally [22]. In a study, two oyster species were
exposed to varying levels of CO, to simulate different atmospheric conditions and found that C.
virginica grew slower and biomineralized less calcium carbonate at elevated CO, levels [18]. In a
similar study, bivalve and larvae were exposed to past, present, and future CO, conditions and larvae
demonstrated greater growth and survival under pre-industrial conditions compared to modern CO,
levels [23]. Bivalve also demonstrated enhanced calcification under pre-industrial conditions, but
experienced shell deformities when exposed to predicted future CO; levels [23]. Thus, understanding
the aragonite saturation state can help to monitor the effects of climate change. The following formula
is used to calculate the saturation state of seawater:

[c0%37] x [Ca?*]
K&

n =
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where [Ca®*] is the calcium concentration and Kj), is the solubility product of aragonite [18,24].
Aragonite and calcite values greater than one are considered supersaturated (2 > 1) and more
favorable, while values under one are undersaturated (2 <1) and favor dissolution [18,22]. When the
saturation state falls below one, this can cause calcifying organisms to become stressed due to the
elevated metabolic cost of calcification under less favorable conditions and can also decrease the shell
area and calcium content of the oysters’ shells. Undersaturated levels also have the potential to slow
down the species' rate of calcification, so they have to remain in the water column for longer periods.
With the integrity of their shells at odds, coupled with the slower rate of calcification, this makes
them more susceptible to disease and predation [18]. These effects ultimately affect the ecosystem
services that oysters provide and may hinder biodiversity.

The Aragonite Saturation State will help us to better understand the impacts of ocean
acidification on the calcification process of C. virginica. Saturation states may lead to shifts in habitat
function, composition, and the provision of ecosystem services provided by oysters since they are
“ecosystem engineers” [24,25]. By presenting trends and site-specific variations, it will provide
valuable insights into spatial and temporal dynamics, aiding in the assessment of environmental
changes and potential impacts on marine ecosystems. The objectives of this study were to 1) monitor
the physiochemical water quality conditions at different habitat types, 2) calculate the omega
aragonite and calcite saturations states at each site, and 3) compare the saturation states with the
collected in field water quality data to determine the suitability of different sites for oyster
aquaculture and restoration efforts and address potential impacts of ocean acidification on calcifying
organisms.

2. Materials and Methods
2.1. Study Sites

The Delaware Inland Bays is a natural estuary that covers 32 square miles of surface waters,
located within a 320 square mile watershed [7,8]. The three systems that make up the Delaware Inland
Bays include Rehoboth Bay, Indian River, and Little Assawoman. The Inland Bays account for over
$4.5 billion in annual state income and supports over 35,000 jobs [7]. Rehoboth Bay is located in the
northernmost part of the Inland Bays and is an important ecological and recreational region. There
was a total of seven sites located in Rehoboth Bay, Delaware, USA that was monitored in this study.
These sites are located on both the east and west side of Rehoboth Bay and are characterized as pilot
artificial oyster reefs, private aquaculture farms, and control sites with no oysters or habitat structures
(Figure 1). The artificial reefs are located at Camp Arrowhead (CAH, 38.65430°N, 75.12589°W) and
Big Bacon Reef (BBR, 38.38007°N, 075.04866°W) and were created using recycled oyster shells and
seeded with farm-grown oyster seeds through a program run by the Delaware Center for Inland
Bays. The private aquaculture farms are located at Sally’s Cove (SC, 38.64877°N, 75.12870°W) and
Rehoboth Bay Oyster Company (RBOC, 38.39549°N, 075.04797°W) and the majority of the cultured
oysters are suspended within the water column using off-bottom cages. The control sites are Sally’s
Cove Control (SCC, 38.64446°N, 75.12656°W), Redefer Control (RC, 3839.177°N, 07504.938°W), and
Bay City (BC, 3837.857°N, 7507.382°W). SCC is a small beach area with little marsh grass coverage
and is located adjacent to Sally’s Cove on the west side of Rehoboth Bay. RC is a former aquaculture
site that is no longer operational and has little to no structure remaining. Lastly, BC is a residential
inlet that is more heavily influenced by boating and recreational activities.
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Figure 1. Locations of each of the monitoring sites in Rehoboth Bay, Delaware, USA. Note: The red shapes
represent artificial reefs; green shapes represent on-going oyster aquaculture sites; and blue shapes represent

control sites.

2.2. Water Quality Monitoring

Water quality was monitored from May to October 2020-2023. During the first three years, a YSI
556 Multiprobe was used to collect physical water quality parameters including temperature (°C),
salinity (ppt), dissolved oxygen (mg/L), and pH. In 2023, the prior instrument was replaced by the
newer modeled YSI ProDSS Multiprobe sensor. Triplicate water samples were also collected
simultaneously to conduct nutrient analysis tests. Alkalinity and calcium hardness were tested in the
lab following the protocol from Xylem/YSI Inc. To test for alkalinity (mg/L CaCO3), water samples
were first transferred to a 10 mL test tube. Then, one Total Alkalinity (Alkaphot) Reagent (YSI Xylem
Ca. No. YAP188) tablet was added and mixed until completely dissolved. The solution rested for one
minute before it was placed into the 9500 photometer for analysis. To test for calcium hardness (mg/L
CaCO3), water samples were first transferred to a 10 mL test tube. Then, one Calcicol No.1 (YSI Xylem
Ca. No. YAP252) tablet was added to the sample and mixed until dissolved. After, one Calciol No.2
tablet was added to the solution and mixed until completely dissolved. The solution rested for two
minutes before it was placed into the analyzing instrument.

2.3. Calculation of Aragonite Saturation State

The aragonite saturation state was calculated using the Seacarb program package in R (version
4.1.0). Seacarb is a package that is widely used for carbonate chemistry calculations. This package
provides robust formulas and built-in algorithms for analyzing marine carbonate systems, making it
an essential tool for oceanographic and water quality studies. To calculate the 2Ar, a set of water
quality parameters — temperature, salinity, pH, total alkalinity, and calcium hardness — were inputted
into the Seacarb program. The calculations leveraged Seacarbs’ built-in functions to determine the
omega aragonite and calcite saturation state based on these inputs. To visualize the data, statistical
graphs were developed in Rstudio (version 4.3.1) and Python, incorporating tools for advanced data
visualization. These graphs demonstrated the average aragonite and calcite saturation states across
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multiple study sites over a temporal range from 2020 to 2023. Spearman correlation heatmaps were
also developed in Rstudio to identify relationships between physiochemical water quality parameters
and the saturation states.

3. Results
3.1. Physiochemical Water Quality Monitoring

The average water quality data is presented for temperature, salinity, pH, alkalinity, calcium
hardness, and dissolved oxygen at all sites from May to October 2020-2023. There were no significant
differences in temperature between the four years. The average temperature across sites for 2020 was
21.8°C + 5.2°C, and 21.6°C * 5.6°C for 2021. The mean temperature in 2022 was 23.0°C + 4.8°C and
23.1°C £ 3.6°C in 2023. The site with the highest average temperature was BC in all years and the site
with the lowest was BBR. Salinity was consistent throughout 2020-2021, with average salinity values
of 29.0 + 3.0 ppt and 28.5 + 1.2 ppt, respectively. The salinity levels increased in 2022 with an average
of 33.56 + 2.0 ppt. However, there was a decrease in salinity levels in 2023 (26.50 + 8.7 ppt), with the
most notable shift during May and June. The site with the highest overall average salinity was BBR,
while the site with the lowest was BC. There was no significant change in pH levels throughout the
four years, with the averages being 7.96 + 0.2 and 8.04 + 0.1 for 2020-2021 and 7.83 + 0.35 and 7.77 +
0.46 for 2022-2023. The sites with the highest average pH was RBOC and RC, while the site with the
lowest was BC. The average DO across sites was 8.61 + 1.6 ppt in 2020; 5.84 + 1.4 ppt in 2021; 7.52 +
1.7 ppt in 2022; and 6.87 + 1.5 ppt in 2023. The site with the overall highest average DO mg/L was
RBOC, while the site with the lowest average was BC. Alkalinity had the greatest variation in
readings. The average alkalinity (mg/L CaCO3) was 82.0 + 27.4 and 92.3 + 27.7 in 2020 and 2021,
respectively. In 2022-2023, the average was 87.9 + 25.7 and 86.0 + 20.5, but there was a noticeable
decrease in alkalinity levels in September of 2023 at SCC (44.7 mg/L). The site with the highest average
alkalinity varied each year; but the site with the overall lowest was SCC. The calcium hardness (mg/L
CaCO3) for 2020 and 2021 were similar, with averages of 254.41 +79.8 and 261.51 + 59.4, respectively.
The average calcium hardness for 2022 was 223.64 + 60.7 and 221.31 + 58.0 for 2023. The site with the
highest overall average calcium hardness was CAH, while the site with the lowest varied each year.

3.2. Calculated Aragonite-Calcite Saturation States

The omega aragonite and calcite saturation state were calculated for each site during the four
years. There were significant fluctuations in the omega aragonite and calcite throughout the different
sites. There were certain months where the values were below 1 into the undersaturated zone. The
average (1,4 in 2020 for Big Bacon Reef was 0.72 + 0.2; Bay City was 1.31 + 0.4; Camp Arrowhead
was 1.19 + 0.5; Rehoboth Bay Oyster Company was 0.99 = 0.5; Redefer Control was 0.49 + 0.2; Sally’s
Cove was 1.34 + 0.4; and Sally’s Cove Control was 0.48 + 0.3. In 2021, the average (2,4, for Big Bacon
Reef was 1.10 + 0.5; Bay City was 1.05 £ 0.6; Camp Arrowhead was 1.16 + 0.5; Rehoboth Bay Oyster
Company was 1.20 + 0.6; Redefer Control was 1.38 + 0.6; Sally’s Cove was 1.10 + 0.4; and Sally’s Cove
Control was 0.88 + 0.6. In 2022, Big Bacon Reef was 0.77 + 0.1; Bay City was 0.58 + 0.4; Camp
Arrowhead was 0.86 + 0.3; Rehoboth Bay Oyster Company was 1.02 + 0.2; Redefer Control was 0.92
+0.4; Sally’s Cove was 0.80 + 0.2; and Sally’s Cove Control was 0.90 + 0.3. In 2023, there was a notable
decrease in the aragonite-calcite saturation state throughout the sampling sites. This was also when
there was a decrease in salinity levels. The average (., in 2023 for Big Bacon Reef was 0.90 + 0.5;
Bay City was 0.49 + 0.3; Camp Arrowhead was 0.75 + 0.4; Rehoboth Bay Oyster Company was 0.97 +
0.4; Redefer Control was 0.87 + 0.5; Sally’s Cove was 0.67 + 0.3; and Sally’s Cove Control was 0.77 +
0.5. The calcite saturation state demonstrated similar trends as the aragonite saturation state, with
slightly higher values. The average (2.4, in 2020 for Big Bacon Reef was 1.10 + 0.3; Bay City was 1.80
+0.7; Camp Arrowhead was 1.80 + 0.8; Rehoboth Bay Oyster Company was 1.50 +0.7; Redefer Control
was 0.80 + 0.3; Sally’s Cove was 2.10 + 0.7; and Sally’s Cove Control was 0.80 + 0.4. In 2021, Big Bacon
Reef was 1.70 = 0.7; Bay City was 1.60 + 1.0; Camp Arrowhead was 1.80 + 0.8; Rehoboth Bay Oyster
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Company was 1.80 + 0.9; Redefer Control was 2.10 + 0.9; Sally’s Cove was 1.70 + 0.6; and Sally’s Cove
Control was 1.40 = 0.9. In 2022, Big Bacon Reef was 1.19 + 0.2; Bay City was 0.88 + 0.6; Camp
Arrowhead was 1.31 + 0.4; Rehoboth Bay Oyster Company was 1.56 + 0.3; Redefer Control was 1.41
+0.6; Sally’s Cove was 1.22 + 0.4; and Sally’s Cove Control was 1.38 + 0.5. In 2023, the average 2.4,
for Big Bacon Reef was 1.40 + 0.8; Bay City was 0.77 + 0.5; Camp Arrowhead was 1.20 + 0.7; Rehoboth
Bay Oyster Company was 1.51 + 0.6; Redefer Control was 1.37 + 0.8; Sally’s Cove was 1.05 + 0.5; and
Sally’s Cove Control was 1.21 = 0.8. Based on the four years data, Bay City had the lowest average
aragonite-calcite saturation state in 2020, while Redefer Control had the highest; Sally’s Cove Control
had the lowest average in 2021, while Camp Arrowhead had the highest; Bay City had the lowest
average in 2022, while Redefer Control had the highest; and Bay City had the lowest average
aragonite-calcite saturation state in 2023, while Sally’s Cove Control had the highest (Figure 2 and
Figure S1).

Omega Aragonite Saturation States in Rehoboth Bay in 2020-2023

e BBReef

» BCCtrl
CAHReef
RBOCAq
RCul
SCAq
SCCurl

2.0

Omega Aragonite Saturation

0.5

Jul2020 Aug20208ep2020 Oct2020 Nov2020 Jun2021 Jul2021 Aug2021 Sep2021 Oct2021 Nov202 IMay2022 Jun2022 Jul2022 Aug2022Sep2022 Oct2022May2023 Jun2023 Jul2023 Aug2023Sep2023 Oct2023

Month

Figure 2. The average omega Aragonite Saturation States at each site over the span of four years. Note. This data

is the mean of three replicates per site.

3.3. Correlations Between Water Quality and Saturation States

Spearman Correlation Heatmaps were used to understand the relationships between the different
water quality parameters and the calculated Aragonite Saturation State at each site (Figure 3). The red
boxes indicate significant positive correlations, while the blue boxes indicate significant negative
correlations (the darker the color, the stronger the relationship). At Big Bacon Reef, there was a
significant negative relationship between salinity and pH (p = -0.43), while there were significant
positive relationships between alkalinity and aragonite (p = 0.37); pH and aragonite (p = 0.53). At
Rehoboth Bay Oyster Company, there was also a negative relationship between pH and salinity (p = -
0.38), and there were positive relationships between temperature and salinity (p = 0.46); pH and
aragonite (p = 0.63). At Redefer control, there were negative relationships between salinity and pH (p =
-0.42); salinity and calcium hardness (p = -0.38), and significant positive relationships again between
temperature and salinity (p =0.38); pH and aragonite (p =0.60). At Sally’s Cove, there were no significant
negative relationships, but there was a significant positive relationship between pH and aragonite (p =
0.63). At Camp Arrowhead, there were no significant negative relationships, but there was a significant
positive relationship between temperature and salinity (p = 0.37); calcium hardness and aragonite (p =
0.39); pH and aragonite (p = 0.72). At Sally’s Cove Control, there were again no significant negative


https://doi.org/10.20944/preprints202504.2177.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 April 2025 d0i:10.20944/preprints202504.2177.v1

7 of 11

relationships, but there were significant positive relationships between pH and aragonite (p = 0.38);
alkalinity and aragonite (p =0.51). Lastly, at Bay City there were no significant negative relationships as
well, but there were significant positive correlations between temperature and salinity (p = 0.37);
temperature and calcium hardness (p = 0.41); pH and aragonite (p = 0.59). At a majority of sites, there
were strong correlations between pH, alkalinity, and omega aragonite which demonstrates the
relationships between these parameters and how they can impact the aragonite saturation state in the

future.
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Figure 3. (a-g). Spearman Correlation between physicochemical water quality parameters and the Aragonite
Saturation State calculated at a) Big Bacon Reef, b) Rehoboth Bay Oyster Company, c) Redefer Control, d) Bay
City, e) Sally’s Cove, f) Camp Arrowhead, and g) Sally’s Cove Control. Note. These heatmaps combine the
average data from all four sampling years. Red boxes indicate a significant positive relationship, while blue

boxes represent a significant negative relationship.

4. Discussion

The monitored water quality parameters were relatively consistent between each site, especially
temperature and pH. Salinity was also consistent between each site, but there were slight variations
between the different years. Temperature, pH, salinity, and dissolved oxygen were all optimal for
oyster growth. Calcium hardness values varied but overall meet hatchery recommendations (~200
mg/L). However, the average alkalinity values were less than the recommended levels for shellfish
hatcheries (150-180 mg/L) [15]. This could potentially impact the ability of oysters to tolerate
fluctuations in pH, making them more vulnerable to the effects of ocean acidification. There were
fluctuations in both the aragonite and calcite saturation state levels. Oftentimes, the 2 was falling
below one and at these levels, there is a higher risk to the oysters and the overall health of the
estuarine ecosystem. There was a notable decrease in both the aragonite and calcite saturation state
throughout the sampling sites in 2023. During that same year, there was a high mortality event
observed at our aquaculture site, Sally’s Cove, where approximately 85% of the oysters collected were
dead. Overall, the site with the lowest average saturation state was Bay City. It is important to note
that Bay City is close to a residential area where there is greater anthropogenic influence that impacts
water quality. The heatmaps demonstrated significant positive relationships between pH, alkalinity,
and the aragonite saturation state. This makes sense since the decrease in pH levels can lead to ocean
acidification which is related to the aragonite saturation state. The relationship between temperature-
salinity and saturation state is positively correlated because as temperature and salinity increases, the
saturation state increases due to the release of CO, from seawater; and vice versa as the total dissolved
CO; increases with depth due to biological respiration and decreasing temperatures, the saturation
state of carbonate naturally decreases [21,27].

One thing to consider that was not monitored in this study is the potential impact oysters can
have on the aragonite saturation state and the carbonate chemistry of the seawater. Since oysters
biomineralize calcium carbonate to form their shells, they are simultaneously removing calcium from
the water which can decrease the aragonite saturation state. In addition, the processes of respiration
and calcification release €O, into the water which can also impact the saturation states [28]. This is
more relevant to aquaculture sites that have an abundance of oyster’s present. In one study, a
predictive model was formulated to account for the impact of calcification on the estuarine carbonate
system and estimated that oysters can decrease the aragonite saturation state by 3% during the
growing season [28]. However, our results demonstrated in 2020-2021, that control sites with no
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oysters had lower aragonite and calcite values compared to aquaculture farms and reefs. Also, there
were no significant positive correlations between calcium hardness and the aragonite saturation state
based on the Spearman correlations. Nevertheless, the potential impacts oysters can have on the
carbonate chemistry should be considered for future studies as this could impact oyster aquaculture
and restoration practices [28] in Delaware.

5. Conclusions

Understanding the role of water quality and conducting continuous water quality monitoring is
essential to maintaining a healthy environment for wildlife. Aragonite-calcite saturation state also
shows a potential to better understand the effects of ocean acidification and climate change on oysters
and our estuarine environments. In the future, predictive models can be formulated to monitor the
aragonite-calcite saturation state to account for future trends that impact both larvae and juvenile-
adult oysters. These considerations can help promote sustainable aquaculture practices, and
understanding how oysters increase biodiversity and ecosystem function can promote continued reef
restoration efforts in the Delaware Inland Bays.
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