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Abstract

One of the major water-quality issues impacting our coast and estuaries is coastal-
ocean and estuarine acidification. Due to a relative dearth of data in the southeastern
United States it is increasingly difficult to determine the full extent and intensity of this
problem. This study provides the first characterization of coastal-ocean and estuarine
acidification in Long Bay, SC by attempting to leverage long-term water quality data sets
at two coastal-ocean pier sites using in-situ YSI EXO sondes deployed at both the surface
and bottom waters along with two estuarine sites sampled by volunteer monitors using
Orion star multi-meters. Discrete samples (120) for Dissolved Inorganic Carbon (DIC)
and Total Alkalinity (TA) were collected from July 2022 to February 2023
contemporaneously to current routine observations at our four sites using the methods of
Reimer et al. (2017). DIC and TA were measured according to Wang and Cai (2004).
CO2SYS was used to calculate pCO», free [H*], pHT, Qca and Qar. Property-property
plots (pHngs vs. pHT, TA vs. Salinity and pHr vs. Salinity, Temperature and Dissolved
Oxygen) were compared using geometric mean regression. Sensor pHnes measurements
were compared to calculated pHt measurements. Data show that DIC and TA peaks
coincide with Chl a increases and DO decreases which indicates respiration taking place
and adding CO: into the system (Schulz and Riebesell 2013). Oyster Landing and Rum

Gully Creek both had values that fell within the pHT, pCO2, Qca and Qar thresholds for



Eastern Oysters (Gobler and Talmage 2014) and Summer Flounder (Chambers et al.
2014) indicating periodic events where they could be experiencing acidification events
detrimental to their development. The estuarine sites showed strong linearity at Oyster
Landing and Rum Gully Creek. No strong linear relationships were found between TA
and salinity due to a highly dynamic coastal system. Current methodologies used by the
volunteer monitoring program, at the estuarine sites, shows pHngs can potentially act as a
proxy for pHrt. However, due to the lack of a conservative relationship between TA and
salinity more information is needed to identify potential acidification trends. Future
studies should be done to obtain more observations and sampling to better identify
potential acidification trends (Pimenta and Grear 2018). Due to the highly dynamic
nature of these systems future sampling should also include measuring pHt from discrete
samples in the laboratory to compare CO2SYS calculated pH~ to the discretely measured
pHr to help identify areas of error (Dickson et al. 2007, Fassbender et al. 2017). There
should be a future focus on the need for better and more holistic data collection (i.e.
nutrients, carbonate parameters, water quality parameters, etc.) in order to better
understand and describe potential acidification in these estuarine and coastal-ocean

systems.
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Introduction

Ocean Acidification (OA)

Ocean acidification (OA) is the decrease in surface ocean pH due to oceanic
uptake of atmospheric carbon dioxide (CO2) (Duarte et al. 2013, Patsavas et al. 2015,
Gledhill et al. 2015). The main stoichiometric reactions that control CO. speciation in
water is shown by the reactions in Equation 1a-d and Figure 1 (Dickson et al. 2007,

Pimenta and Grear 2018, Feely et al. 2023):

CO2(g) « CO2(aq) 1a)

CO3 (aq) + H20(1) & H,CO3(aq) < H*(aq) + HCO3 (aq) 1b)
HCOs3 (aq) « H*(aq) + CO%™ (aq) 1c)

CaCOs + CO, + Hy0 & Ca?* + 2HCO; 1d)
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Figure 1. Graphic of the stoichiometric reactions that control CO; speciation in seawater

leading to acidification. NOAA OAP (Jewett et al. 2020).

The air-sea exchange of CO> (1a) leads to an initial increase in dissolved CO>
from gas exchange (Patsavas et al. 2015, Wanninkhof et al. 2015, Feely et al. 2018)
(Figure 1). The ocean acts as a large reservoir for CO and has currently absorbed about
31% of anthropogenic carbon emissions resulting in a significant decrease in oceanic pH
(Hall et al. 2020, Reimer et al. 2017). With increasing CO2 emissions, the open ocean’s
capacity to absorb anthropogenic CO> will decrease (Gattuso et al. 2015). The dissolved
COz reacts with water (H20) to form carbonic acid (H2CO3) which then dissociates into a
hydrogen ion (H*) and a bicarbonate ion (HCO3) (Zb) (Figure 1). Surface ocean acidity
has increased by around 26% since 1860 causing a drop in pH from 8.2 to 8.1 (Tanhua et
al. 2015, Feely et al. 2023). HCO3 can dissociate into a H* and a carbonate ion (CO3™)
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(1c) (Figure 1). This is concerning for marine organisms, specifically calcifiers, since a
reduction in available carbonate ions makes it more difficult to form biogenic calcium
carbonate (CaCOz3) and requires more energy to be expended by these organisms
(Guinotte and Fabry 2008). Additionally, dissolved calcium (Ca%*) can combine with
HCO3 to produce a CaCOs mineral (1d) such as aragonite or calcite. The addition of
atmospheric CO; leads to overall increases in H* and HCO3 and decreases in CO3~ which
decreases pH (Patsavas et al. 2015, Wanninkhof et al. 2015, Feely et al. 2018, Feely et al.

2023).
Carbonate Chemistry Parameters

The saturation states (€2) of CaCOz minerals in seawater (i.e. aragonite (45) and

calcite (Q2¢4)) are described by equation (2a-b).

Q. = [Ca**]7[CO5 ]y 2a)
AR KspAR

o, _lca®*1rlco ]y 2b)
¢ KspCA

The total concentrations of each species are represented by the brackets ([ ]1).
[Ca?*]r and [COs?Tr are the concentrations of dissolved calcium and carbonate ions in
seawater. Kspar is the solubility product for aragonite and Kspca is the solubility product
for calcite. Marine organisms secrete calcium carbonate in the commonly found forms of
aragonite and calcite (Rockstrom et al. 2009, Duarte et al. 2013). With rising ocean

acidity, aragonite shells are expected to dissolve before those made of calcite due to
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aragonite being about 50% more soluble in seawater than calcite (Réckstrom et al. 2009).
Qar in the Sargasso Sea at the Bermuda Atlantic Time-series site changed by -0.009 +
0.001 per year since 1983 (Bates and Johnson 2023). The aragonite saturation horizon
which is defined as the depth at which Qar = 1 is around 2200 — 2500m in the Atlantic
Ocean (Jiang et al. 2015). Undersaturation is at Q < 1, however, detrimental effects on
marine organisms have been documented well above the geochemical threshold of Q = 1.
Therefore, Rockstrom et al. 2009 proposed a boundary for surface ocean aragonite
saturation at Qar = 2.75. The global area averaged calcite saturation from 2015 cruises
shows a level of Qca = 4.54 and this has decreased by -0.12 per decade since 1975 (Feely

et al. 2023).

Dissolved inorganic carbon (DIC) is the sum of inorganic carbon species and
mostly exists as carbonate and bicarbonate ions (Dickson et al. 2007, Pimenta and Grear
2018). It can be measured directly through acidifying the sample, removing the CO2 gas
formed and measuring it with instruments including infrared, spectrophotometric and
coulometric detection (Dickson et al. 2007, Pimenta and Grear 2018). DIC is defined by

equation (3):

DIC = [CO3] + [HCO3 ] + [CO3 7]+ 3)

where CO;" is the sum of aqueous CO; and carbonic acid [H.COs] (Patsavas et al.

2015).



Total alkalinity (TA) in the simplest definition is the excess of proton acceptors
(bases formed from weak acids) over proton donors relative to a reference point (Dickson
et al. 2007, Pimenta and Grear 2018). It is the ability of constituents in seawater to react
with the addition of a strong acid and then transform it to an uncharged species (Pimenta
and Grear 2018). In general, higher salinity waters will have higher alkalinity and a better
capability to buffer acids. Organic alkalinity from dissolved organic matter contributes to
TA in estuarine and coastal waters and can have a large effect on TA in the system
(Fassbender et al. 2017, Pimenta and Grear 2018). Acidimetric titration using
colorimetric or potentiometric methods can be used to measure TA (Gran 1952, Dickson

et al. 2007, Pimenta and Grear 2018). TA is defined by equation (4):

TA = [HCO3]; + 2[CO57 ] + [B(OH){ ]y + [OH |1 + [HPOZ |7 + 4)

2[PO; ™17 + [SiO(OH)3 ]y — [H*]y — [H3PO2] + [organic bases]

The hydrogen ion concentration in seawater is normally represented by pH
(Dickson et al 2007). Changes in pH reflect relative changes in [H] rather than absolute

changes. Total hydrogen ion concentration is defined by equation (5)

S
[T = (Y1 + D) °)

[H*]r is the total hydrogen ion concentration, [H*]r is the free hydrogen ion
concentration, St is the total sulfate concentration ([SO4?] + [HSO4]) and Ks is the acid

dissociation constant for HSO4 (Dickson et al. 2007).
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There are four pH scales commonly used in seawater pH measurements. The four
scales are the National Bureau of Standards (NBS) also known as International Union of
Pure and Applied Chemistry (IUPAC) scale (pHnass), seawater scale (pHsws), free
hydrogen scale (pHr) and total hydrogen scale (pHr). In coastal, oceanic and estuarine
systems the total hydrogen scale is the most appropriate to use because it includes the
free hydrogen proton that dissociates from hydrogen bisulfate (HSO4") which accounts

for the high sulfate concentration in seawater (Pimenta and Grear 2018).

Total pH, pHr, is the globally accepted pH observation for ocean acidification
research (Patsavas et al. 2015) which measures the concentration of the free hydrogen ion
along with the one that dissociates from hydrogen bisulfate (HSO4") (Pimenta and Grear

2018). pHr is defined by equation (6)

pHr = —log[H]; 6)

Most pH variations in the open ocean appear small since they are based on a
logarithmic scale, but for a given pH change, the associated [H*] change varies

depending on the initial [H*] concentration (Fassbender et al. 2021).

pCO: is the gas phase pressure of CO2 which is in equilibrium with the dissolved
carbon dioxide from the atmosphere. It can be calculated from any pairing combination
of the carbonate parameters (TA, DIC and pH) along with the water temperature and
salinity. The direct method for measuring pCO> uses gas chromatography or infra-red

spectroscopy (Dickson et al. 2007, Pimenta and Grear 2018).



The COz system in seawater is described by four measurable parameters including
TA, DIC, pH and pCO». The measurement of any two of these parameters along with
salinity, pressure, temperature and quantities of other components of seawater along with
the appropriate equilibrium constants allows the calculation of the other two parameters
not measured using CO2SYS, a program that performs carbonate system calculations

(Lewis et al. 1998).

Coastal-Ocean and Estuarine Acidification (COA)

Coastal and estuarine waters represent crucial economic assets due to their
richness in animal species and diverse natural habitats. Consequently, there is a growing
focus on exploring the susceptibility of these waters to acidification due to the potential
immediate effects on the health of the nearshore and estuarine ecosystems which in turn
affects the local economies (Ekstrom et al. 2015, Gledhill et al. 2015 and Hu and Cai

2013).

Due to coastal regions being highly populated and urbanized, freshwater draining
into coastal waterways transports large amounts of organic and inorganic nutrients,
including nitrogen and phosphorus, to coastal waters (Flynn 2008). An increase in
impervious surfaces prevents water from absorbing into the ground after rain events
forcing the excess water to flow into rivers, estuaries and streams causing alterations in
DO, salinity, temperature, and pH (Jartun et al. 2008). An increase in freshwater flow
could lead to reduced carbonate ion concentrations and reduced buffering capacity in
coastal waters (Salisbury et a. 2008, Cai et al. 2010, Hu and Cai 2013, Hall et al. 2020).
In the U.S. Southeast, the carbonate chemistry of waters is greatly influenced by TA of
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river water that discharges at the coast (Bauer et al. 2006, Cai et al. 2021) delivering
poorly buffered waters that are high in pCO2 (Cai et al. 2021). Transport of CO2 rich
water from estuaries is a crucial process that is contributing to coastal-ocean acidification

(COA) (Reimer et al 2017, Hall et al. 2020).

Localized decreases in pH (Cai et al. 2011, Wallace et al. 2014, Pimenta and
Grear 2018, Cai et al. 2021, Hall et al. 2024) are commonly due to increases in
eutrophication, hypoxia and respiration that releases CO> (Bauer et al. 2006, Wang et al.
2016, Bates et al. 2014). Large nutrient inputs can cause eutrophication and when
associated with vertical stratification in estuaries, this input can create large horizontal
and vertical gradients in the carbonate system parameters, pH, and dissolved oxygen

(DO) (Cai et al. 2021).

Hypoxia

Hypoxia, defined as depleted DO levels in the water column (< 2 mg/L or
approximately 28% saturation) (Sanger et al. 2010), often accompanies elevated pCOz in
coastal waters primarily resulting from oxygen consumption by respiration at night when
photosynthesis declines and CO- fixation decreases (Cochran and Burnett 1996, Burnett
1997, lanson et al. 2016). In stratified waters, respiration and remineralization can lead to
hypoxia and have negative impacts on marine organisms (Wanninkhof et al. 2015).
Aerobic respiration of organic matter consumes oxygen and produces CO: in
approximate stoichiometric equivalence as shown in Equation 7 (Redfield et al. 1963,

Feely et al. 2018):



(CH20)106(NH3)16H3PO4 + 1380, 2 106CO2 + 16HNO3 + H3PO4 + 122H,0 7)

Coastal hypoxia has been increasing in frequency, duration and intensity globally
over the last three decades and these low oxygen events can significantly alter biological
communities in the water column (Sanger et al. 2010, Sanger et al. 2012). Since pCO»-
driven acidification can co-occur with hypoxia, as a consequence of coastal
eutrophication and respiration, the combined effects of these two stressors could

potentially be an enhanced threat to estuarine organisms (Cai et al. 2021).

OA vs. COA

OA is a global process that is mainly caused by atmospheric carbon dioxide entering
the ocean causing a decrease in the pH of the ocean. COA is a more localized decrease in pH
that is primarily caused by the release of carbon dioxide into the water from high levels of

respiration, increased eutrophication and hypoxia (Pimenta and Grear 2018).

In the open ocean, pH is less variable with seasonal and diurnal deviations (Hofmann
et al. 2011, Pimenta and Grear 2018) making open ocean trends easier to identify. Due to the
open ocean’s important role in the global carbon cycle more precise measurements have been
taken of the carbon system for a much longer period of time which has allowed for a better
understanding of OA. In the coastal-ocean however, there is much higher variability of pH
which requires more samples and longer time-series to identify trends (Keller et al. 2014,

Pimenta and Grear 2018). This poses a challenge for studying COA because the current



methodologies used to analyze samples for the carbonate system are expensive. This makes
the extensive sampling needed to obtain high frequency and spatially robust data to identify

spatial and time trends unreasonable due to financial limitations (Pimenta and Grear 2018).

Study Objectives

Long Bay is an open embayment located off the coasts of North and South
Carolina (Sanger et al. 2012, Troup et al. 2017) that allows mixing of coastal and
offshore waters. Consequently, extensive hypoxic events in this area would be
unexpected, however, the coastlines of the Carolinas are highly urbanized and
commercialized making their coastal waters extremely susceptible to hypoxia from
increased nutrient inputs and eutrophication (Sanger et al. 2012, Troup et al. 2017). There
is currently a lack of COA research on the coast of South Carolina (SC) and therefore this
project aims to provide the first characterization of COA using decade-long data sets
from Long Bay, SC where low pH and low oxygen (Sanger et al. 2012) have already
been documented (Figure 2, Figure 3). This study aims to compare and validate historical
long-term data for possible acidification events in the proposed region through discrete
sampling of carbonate parameters (dissolved inorganic carbon [DIC] and total alkalinity
[TA]) and the comparison to real-time water quality datasets. Measured versus calculated
pH scales will be compared through internal consistency, the extent to which a measure
yields the same value (Revicki 2014), to show that water quality parameters, as

monitored by sensor technologies, can be used for COA assessment.
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Figure 3. pHngs and DO (mg/L) from Oyster Landing and Rum Gully Creek showing a
positive correlation between the two parameters (Data source: WWA 2021; S. Libes,

pers. comm.).
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Hypotheses

This study aims to address the following hypotheses:

1. The relatively low-accuracy but high temporal-frequency pHngs
measurements that have been collected over the past decade at four sites in
Long Bay, SC, can be used as a proxy for total-scale pH (pHr), the globally

accepted pH property for acidification monitoring.
a. pHnss has a 1:1 relationship with pHr.

2. Two coastal-ocean and two estuarine sites in Long Bay, SC have been
experiencing decreasing pH and degree of saturation of calcite and aragonite

over the past decade.

a. Total Alkalinity has a direct relationship with salinity (in addition to

1a).
3. Estuarine sites are more prone to acidification than coastal-ocean sites.

4. pH at our study sites co-varies with temperature, dissolved oxygen and

salinity.
a. pH has an inverse relationship with temperature.

b. pH has a direct relationship with dissolved oxygen.
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C.

pH co-varies with salinity.
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Methods

Study Sites

Four sites were chosen for this project due to the presence of current water quality
monitoring programs in Long Bay, SC (Table 1). The two coastal-ocean sites are located
at Apache Pier, in Myrtle Beach, and Cherry Grove Pier, in North Myrtle Beach (Figure
4), where there are multiparameter YSI EXO sondes (YSI Incorporated, Yellow Springs,
Ohio) that are collecting data in both the surface and bottom waters every 15 minutes
since 2012 for pHngs, temperature, DO, salinity, turbidity, depth and chlorophyll (Data
source: LBHMC 2021). The two sites in Murrells Inlet are located at Oyster Landing
Beach (OYL) and Rum Gully Creek (RGC) (Figure 4) which are estuarine stations for a
volunteer monitoring program (Libes et al. 2015) that has been sampling biweekly since
2008 for pHngs, temperature, DO, specific conductivity and salinity as well as other
water quality parameters using Orion Star multimeters set in surface water grab samples

(Thermo Fisher Scientific, Waltham, Massachusetts) (Data source: WWA 2021).
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Table 1. Study site stations and corresponding instrumentation.

Station |Acronym|Coordinates| Type Platform Sampling Instrgment-
Frequency ation
Apache Pier 33.76 :
Bottom ABW C;?;;?]I dén If)mé q 15 minutes |YSI EXO sonde
Water -18.78 ploy
Apache Pier 33.76 :
Surface ASW Cg(?es;il d:}n |Zm; q 15 minutes |YSI EXO sonde
Water -78.78 ploy
Cherry 2383
Grove Pier | gy ' Coastal- | In-situ 1, oo veslv's1 EXO sonde
Bottom -78.63 ocean deployed
Water
Cherry 2383
Grove Pier CSW ' Coastal- | In-situ 15 minutes [YSI EXO sonde
Surface -78.63 ocean | deployed
Water
33.52 In-situ .
L(;?\/Ztiir oYL Estuary | measure- | biweekly rr?urlltc;nmSttSrrs
g -79.06 ment
33.57 In-situ ]
Rum Gully RGC Estuary | measure- | biweekly Orlc_m Star
Creek -79.02 multimeters
: ment
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Figure 4. Study site and stations: (1) Segment of Long Bay, SC showing the study region;
(a) Apache Pier (ABW and ASW), a coastal-ocean site, in Myrtle Beach, SC; (b) Cherry
Grove Pier (CBW and CSW), a coastal-ocean site, in North Myrtle Beach, SC; (c) Oyster
Landing (OYL), an estuarine site, in Murrells Inlet, SC; (d) Rum Gully Creek (RGC), an

estuarine site, in Murrells Inlet, SC
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Instrument pH Sensor (pHnas) Calibration and Post-Calibration Checks

Instrumentation for all sites measured pH on the NBS scale. The NBS scale
measures hydrogen ion activity and is typically used by handheld meters and sondes
(Pimenta and Grear 2018). The pH sensors of both the YSI EXO sondes and the Orion
Star multimeters are calibrated and tested in-lab using NBS standards (Table 2).
Deployed YSI EXO sondes are validated using the field check acceptance range (Table
2) during biweekly maintenance sessions using a recently in-lab calibrated instrument.

Details are provided in Table 2.

16



Table 2. Instrument pH sensor calibration and post-calibration check details.

Stations Piers (coastal-ocean) Volunteer Monitoring
(estuary)
Instrument YSI EXO sondes Orion Star multimeters

Manufacturer precision

+0.1 pH units within
+10°C of calibration
temperature

+0.2 pH units for entire
temperature range

0.01 pH units for entire
temperature range.

0.03 pH units for buffers
using automatic
temperature
compensation

Calibration standards (in-
lab)

pHnss: 7.00,10.00

pHngs: 7.00,4.00

range

Post-calibration check pHnss: 8.00 pPHnas: 6.00
standard (in-lab)

Post-calibration check (in- +0.10 +0.10

lab) acceptance range

Field check acceptance +0.20 +0.10
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Field Sampling

Discrete water samples for DIC and TA were collected contemporaneously (time
matched) to ongoing routine observations at our four sites using the methods of Reimer et
al. (2017). A total of 120 discrete samples were collected from July 2022 to February
2023, including field replicates on every sampling event. We were only able to collect
samples from Cherry Grove Pier (CBW and CSW) from July 2022 to September 2022
due to Hurricane lan structurally damaging the pier and preventing further deployment
and sampling. The rest of Cherry Grove’s proposed samples were evenly distributed
between the other sites. A Niskin bottle with tubing attached to prevent aeration of the
samples, was used to collect water that was subsampled to fill 300-mL glass BOD bottles.
Bottles were sealed with apiezon grease. Water was sampled at the corresponding depths
associated with the site’s instrumentation (Table 3). Samples were preserved with
saturated mercuric chloride to prevent any biological activity that would impact the
chemistry of the samples (e.g. photosynthesis and respiration). They were then stored on
ice during transport from the field to the laboratory, where they were stored in a
refrigerator until they were shipped to Mote Marine Laboratory in Sarasota, Florida for

analysis.
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Table 3. Niskin sampling depths (m) with ranges for the pier sites due variability in tidal

changes. The estuarine sites (OYL and RGC) are sampled at a depth of 0.3m so they have

no range.
Station Niskin sampling depth (m)
ABW 5.2-70
ASW 11-14
CBW 4.2-6.0
CSW 1.1-13
oYL 0.3
RGC 0.3
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Sample Analysis

DIC and TA samples were analyzed by the Ocean Acidification Program at Mote
Marine Laboratory (MML). DIC was analyzed according to Wang and Cai (2004) using a
nondispersive infrared laser LICOR analyzer after 1 ml of 10% H3PO4 was introduced
into the sample and the CO2 gas was “stripped” out. TA was measured via Gran titration
with 0.05 N HCI to an end point of pH 3.2, also after Wang and Cai (2004). Accuracy
was assessed with certified reference materials (CRMs) from the Dickson Laboratory at
Scripps Institute of Oceanography. Precision for TA was 1.7 pmol/kg and for DIC was

1.6 pmol/kg. Accuracy was 2.5 umol/kg for TA and 1.9 umol/kg for DIC.

Carbonate Chemistry Characterization

The Microsoft Excel macro CO2SYS v.3.0 (Lewis et al. 1998, Pierrot et al. 2021)
was used to calculate pCOz, free [H'], pHt, Qca and Qar using the DIC and TA results
from the water sample analysis and the corresponding time-matched temperature, salinity
and depth measurements from the YSI EXO sondes and the Orion Star multimeters.
Settings used in the CO2SY'S calculation are shown in Table 4 (Reimer et al. 2017).
Equilibrium constants of Lueker et al. 2000 and boron constants from Lee et al. 2010

were used to give the closest match to the study sites.
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Table 4. Settings selected for CO2SYS version 3.0 (Microsoft Excel macro) used in

calculations.

Setting Selected option

Set of Constants K1, K2 from Lueker et al., 2000
KHSO4 Dickson, 1990

KHF Perez and Fraga, 1987

pH Scale Total scale (mol/kg-SW)

[B]r Value Lee et al., 2010
Temperature/Salinity EOS-80
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Data Analysis

Station Comparisons

Boxplots were used to show distributions at all six stations for each carbonate

system parameter using MATLAB R2023a (MATLAB, 2023).

Statistical Methodology

A Kruskal-Wallis test was used to assess differences between means among the
carbonate system parameters for all six sites due to the data being non-parametric using

MATLAB R2023a (MATLAB, 2023).

nDIC vs. nTA

TA and DIC were normalized to salinity for nTA and nDIC:

nTA = TA * (M> 8)
Smeasured
S
nDIC = DIC * (—="—) 2
measured

where S,,.qn 1S the mean salinity from the samples and S,,,cqsureq IS the salinity value
from the corresponding measurement used to calculate TA and DIC. nTA-nDIC graphs
were plotted using the approaches of Suzuki and Kawahata (2003), Muehllehner et al.
(2016) and Hall et al. (2024). Theoretical lines representing the effects of photosynthesis

(P), respiration (R), calcification (C) and dissolution (D) on nTA and nDIC were
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calculated using the methods of Suzuki and Kawahata (2003) and Hall et al. (2024). The
PR line is based on the Redfield ratio (Equation 7) for C:N:P of primary production for
phytoplankton and the CD line is based on decreases in TA and DIC in a ratio of 2:1
(mole-to-mole) during calcification (Suzuki and Kawahata 2003, Hall et al. 2024). The
upper right quadrant of each graph denotes net community respiration and net community
carbonate dissolution as well as TA and DIC values greater than the mean values from
the sampling period (Figure 26) (Hall et al. 2024). The lower left quadrant shows the net
community production (NCP) and net community calcification (NCC) (Figure 26) (Hall

et al. 2024).
Property vs. Property Relationships

Least squares regression (Sr) was used to examine the relationship between nTA and
nDIC. S, determines regression coefficients by minimizing the sum of squares of the

residuals:

n ) 10)
Sy = Z(Ai — A)?
im1

where 4;is the calculated nTA data (umol/kg), 4; is the modeled nTA and n is the

number of measurements.

Geometric Mean Regression (GMR) was used to test for the statistical
significance of relationships between (1) pHnss and pHr, (2) TA (umol/kg) and Salinity

(ppt), (3) pHT and Salinity (ppt), and (4) Temperature (°C) and DO (mg/L). GMR is a
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linear Model-2 regression that is the sum of the products of the residuals minimized for

two dependent variables:

11)

n
> (= B)(T:;~T) = GMR
i=1

where P; is the measured pHnas, P, is the modeled pHngs, T; is measured pHr, T, is the

modeled pHt and n is the number of measurements.

The slope (B¢) and the intercept (oc):

_ S
Bz = lsign()I G 12)
= T— BP 13)

where St is the sum of squares of the residuals of the measured pHt about the mean of
the measured pHT , Snn is the sum of the squares of the residuals of the measured pHngs
about the mean of the measured pHngs, [sign(r)] is the sign of the linear correlation

coefficient, T is mean pHr and P is mean pHnes.

The mathematical model of the GMR estimate of the line equation (T;) is defined

as:
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Results

In-situ Observations

In-situ discretely sampled observations from July 2022 to February 2023 at ABW,
ASW, CBW, CSW, OYL and RGC shows water temperature (°C) decreasing over time
and DO (mg/L) increasing over the full sampling period. pHngs changes alongside DO
and drops after Hurricane lan came through the area on September 30, 2022 (Figure 5, 6
and 7). Over the full COA sampling period water temperature ranged from 10 — 30 at
ABW, ASW, OYL and RGC and from 25 — 30 at CBW and CSW (Figure 8). DO ranged
from 4.5 — 9.3 at the coastal-ocean sites and from 3.9 — 8.4 estuarine sites (Figure 9).
Salinity (ppt) ranged from 33.75 — 36.25 at coastal-ocean and from 27.29 — 35.99 at the
estuarine sites (Figure 5, 6, 7 and 10). Salinity at the estuarine sites is slightly lower than
the coastal-ocean pier sites (Figure 10). pHnss ranged from 7.93 — 8.21 at the coastal-

ocean sites and from 7.62 — 8.16 at the estuarine sites (Figure 11).

In-situ measurements from the sensor readings from January 2022 to December
2023 show variable ranges. Temperature at all six stations ranged from 6 — 31 (Figure 8).

DO at ABW and CBW ranged from 0.90 — 9.71, at ASW and CSW from 2.33 — 11.94
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and at OYL and RGC from 3.23 — 9.42 (Figure 9). At the coastal-ocean pier sites, salinity
ranged from 31.25 — 36.37 and at the estuarine sites, salinity ranged from 28.45 — 36.23
(Figure 10). pHngs ranged from 7.58 — 8.16 at the estuarine sites and at the coastal-ocean

sites, pHnas ranged from 7.70 — 8.39 (Figure 11).
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Figure 5. In-situ measurements from discrete sampling at Apache Pier from July 2022 to
February 2023 (ABW:Bottom Water = red; ASW:Surface Water = yellow). Black vertical
bars represent when Hurricane lan made landfall on 9/30/2022. Diurnal sampling took

place from September 22, 2022 at 20:30 to September 23, 2022 at 12:45.
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Figure 6. In-situ measurements at Cherry Grove Pier from July 2022 to September 2022
due to Hurricane lan damage at the pier (CBW:Bottom Water = blue; CSW:Surface
Water = cyan). Diurnal sampling took place from September 22, 2022 at 22:30 to

September 23, 2022 at 10:30.
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(OYL:Oyster Landing = green; RGC:Rum Gully Creek = purple). Black vertical bars

represent when Hurricane lan made landfall on 9/30/2022.
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All Sensor Readings (1/2022 - 12/2023) COA Sampling (7/2022 - 2/2023)
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Figure 8. Boxplots of temperature ranges from sensor readings from January 2022 to
December 2023 (left) (ABW: n = 69,247; ASW: n = 69,247; CBW: n = 66,265; CSW: n
= 66,265; OYL: n=46; RGC: n = 46) and sensor readings from COA sampling period
from July 2022 to February 2023 (right) (ABW: n = 31; ASW: n = 32; CBW: n = 12;
CSW: n=11; OYL: n=17; RGC: n = 17). Different colors represent site locations (ABW
= red, ASW = yellow, CBW = blue, CSW = cyan, OYL = green, RGC = purple). Dots
represent outliers which are data points more than 1.5 times the interquartile range away

from the bottom or top of the box.
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All Sensor Readings (1/2022 - 12/2023) 13 COA Sampling (7/2022 - 2/2023)
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Figure 9. Boxplots of DO ranges from sensor readings from January 2022 to December
2023 (left) (ABW: n = 69,247; ASW: n = 69,247; CBW: n = 66,265; CSW: n = 66,265;
OYL: n=46; RGC: n = 46) and sensor readings from COA sampling period from July
2022 to February 2023 (right) (ABW: n = 31; ASW: n = 32; CBW: n = 12; CSW: n = 11,
OYL: n=17; RGC: n = 17). Different colors represent site locations (ABW = red, ASW =
yellow, CBW = blue, CSW = cyan, OYL = green, RGC = purple). Dots represent outliers
which are data points more than 1.5 times the interquartile range away from the bottom

or top of the box.
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All Sensor Readings (1/2022 - 12/2023) o COA Sampling (7/2022 - 2/2023)
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Figure 10. Boxplots of salinity ranges from sensor readings from January 2022 to
December 2023 (left) (ABW: n = 69,247; ASW: n = 69,247; CBW: n = 66,265; CSW: n
= 66,265; OYL: n=46; RGC: n = 46) and sensor readings from COA sampling period
from July 2022 to February 2023 (right) (ABW: n = 31; ASW: n = 32; CBW: n = 12;
CSW: n=11; OYL: n=17; RGC: n = 17). Different colors represent site locations (ABW
= red, ASW = yellow, CBW = blue, CSW = cyan, OYL = green, RGC = purple). Dots
represent outliers which are data points more than 1.5 times the interquartile range away

from the bottom or top of the box.

33



All Sensor Readings (1/2022 - 12/2023) - COA Sampling (7/2022 - 2/2023)
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Figure 11. Boxplots of pHngs ranges from sensor readings from January 2022 to
December 2023 (left) (ABW: n = 69,247; ASW: n = 69,247; CBW: n = 66,265; CSW: n
= 66,265; OYL: n=46; RGC: n = 46) and sensor readings from COA sampling period
from July 2022 to February 2023 (right) (ABW: n = 31; ASW: n = 32; CBW: n = 12;
CSW: n =11; OYL: n=17; RGC: n = 17). Different colors represent site locations (ABW
= red, ASW = yellow, CBW = blue, CSW = cyan, OYL = green, RGC = purple). Dots
represent outliers which are data points more than 1.5 times the interquartile range away

from the bottom or top of the box.
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Sample Analysis Results

TA (umol/kg) and DIC (umol/kg) at ABW, ASW, CBW, CSW, OYL and RGC
shows similar trends between bottom water and surface water at the coastal-ocean sites
and between the estuarine sites over the full sampling period (Figure 12, Figure 16,
Figure 22). The estuarine sites have much larger ranges than the coastal-ocean sites for
both TA and DIC (Figure 25). Extreme highs for TA at ABW occurred on November 1%
and November 28", 2022 while at ASW highs occurred just on November 28™, 2022
(Figure 12 and Figure 25). At OYL and RGC there are increases for both TA and DIC on
November 1%, 2022. Extreme lows for DIC and TA at OYL and RGC occurred on July
12" and August 9", 2022 (Figure 22). TA has multiple outliers for all the stations

indicating these extrema points (Figure 25).

Diurnal sampling was performed at both coastal-ocean pier sites from September
22, 2022 at 20:30 to September 23, 2022 at 12:45 (Figure 15 and Figure 19). At Apache
Pier for both TA and DIC, ABW and ASW have opposite patterns visually. ASW
increases and ABW decreases between sampling points on September 22 in the evening
(Figure 15). TA and DIC at Apache Pier on September 23 in the morning switch trends
with ASW now decreasing and ABW increasing between sampling points (Figure 15). At
Cherry Grove Pier for TA and DIC both CBW and CSW follow similar visual patterns
with CBW and CSW increasing overnight (Figure 19). DIC for CBW and CSW decreases
after high tide (Figure 19). TA for CBW decreases after high tide and increases for CSW
(Figure 19). At both Apache and Cherry Grove Pier for the diurnal sampling, ABW and

CBW were higher than ASW and ABW (Figure 15, Figure 19). Chlorophyll a (pug/L)
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(Chl a) for ABW, ASW, CBW and CSW increase overnight (Figure 20) with
corresponding decreases in DO (Figure 21). After sunrise DO increases (Figure 21) at all

sites and chl a decreases with the incoming high tide (Figure 20).
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Figure 12. TA (umol/kg) and DIC (umol/kg) at Apache Pier from July 2022 to February
2023. Black vertical bars represent when Hurricane lan made landfall on 9/30/2022.
Error bars are smaller than the marker. Apache bottom water (ABW) = red and Apache

surface water (ASW) = yellow. Black dashed boxes represent diurnal sampling zoomed in

for Figure 15.
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Figure 13. TA, Chl a and DO at Apache Pier (ABW and ASW) from the full sampling

period (July 2022 to February 2023). TA = circles, Chl a = stars, DO = open diamonds.
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Figure 14. DIC, Chl a and DO at Apache Pier (ABW and ASW) from the full sampling

period (July 2022 to February 2023). TA = circles, Chl a = stars, DO = open diamonds.

Diurnal sampling took place from September 22, 2022 at 20:30 to September 23, 2022 at

12:45.
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Figure 15. Diurnal pre-Hurricane lan sampling for TA (zmol/kg) and DIC (umol/kg) at

Apache Pier. Sampling took place from September 22, 2022 at 20:30 to September 23,

2022 at 12:45. Lines represent low tide (dark red dashed line) at 03:59, high tide (green

dashed line) at 09:05 and sunrise (orange solid line) at 07:04.
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Figure 16. TA (umol/kg) and DIC (umol/kg) at Cherry Grove Pier from July 2022 to
September 2022 due to Hurricane lan damage at the pier. Error bars are smaller than
the marker. Cherry Grove bottom water (CBW) = blue and Cherry Grove surface water

(CSW) = cyan. Black dashed boxes represent diurnal sampling zoomed in for Figure 19.
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Figure 17. TA, Chl a and DO at Cherry Grove Pier (CBW and CSW) from the sampling
period (July 2022 to September 2022). TA = circles, Chl a = stars, DO = open diamonds.

Diurnal sampling took place from September 22, 2022 at 22:30 to September 23, 2022 at

10:30.
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Figure 18. DIC, Chl a and DO at Cherry Grove Pier (CBW and CSW) from the sampling
period (July 2022 to September 2022). DIC = circles, Chl a = stars, DO = open

diamonds.
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Figure 19. Diurnal pre-Hurricane lan sampling for TA (zmol/kg) and DIC (umol/kg) at
Cherry Grove Pier. Sampling took place from September 22, 2022 at 22:30 to September
23, 2022 at 10:30. Lines represent low tide (dark red dashed line) at 03:59, high tide

(green dashed line) at 09:05 and sunrise (orange solid line) at 07:04.
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Figure 20. Chl a (pg/L) sensor values from Apache and Cherry Grove Pier
corresponding with diurnal sampling that took place in Figure 15 and Figure 19.

Sampling took place from September 22, 2022 at 22:30 to September 23, 2022 at 10:30.
Lines represent low tide (dark red dashed line) at 03:59, high tide (green dashed line) at

09:05 and sunrise (orange solid line) at 07:04. Black outlined points correspond with

discrete DIC and TA samples from Figure 15, Figure 19.
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Figure 21. DO (mg/L) sensor values from Apache and Cherry Grove Pier corresponding
with diurnal sampling that took place in Figure 15 and Figure 19. Sampling took place
from September 22, 2022 at 22:30 to September 23, 2022 at 10:30. Lines represent low

tide (dark red dashed line) at 03:59, high tide (green dashed line) at 09:05 and sunrise

(orange solid line) at 07:04. Black outlined points correspond with discrete DIC and TA

samples from Figure 15, Figure 19.
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Figure 22. TA (umol/kg) and DIC (umol/kg) for the estuary sites from July 2022 to
February 2023. Black vertical bars represent when Hurricane lan made landfall on
9/30/2022. Error bars are smaller than the marker. Oyster Landing (OYL) = green and

Rum Gully Creek (RGC) = purple.
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Figure 23. TA and DO at the estuarine sites (OYL and RGC) from the full COA sampling

period (July 2022 to February 2023). TA = triangles, DO = open diamonds.
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Figure 24. DIC and DO at the estuarine sites (OYL and RGC) from the full COA

sampling period (July 2022 to February 2023). DIC = triangles, DO = open diamonds.
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Figure 25. Box plots of TA and DIC from July 2022 to February 2023. Different colors
represent site locations (ABW = red, ASW = yellow, CBW = blue, CSW = cyan, OYL =
green, RGC = purple). Dots represent outliers which are data points more than 1.5 times

the interquartile range away from the bottom or top of the box.
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nTAvs. nDIC

Graphs of nTA versus nDIC at each site for the full sampling period are shown
in Figure 26. The upper right quadrant of each graph denotes net community respiration
and net community carbonate dissolution as well as TA and DIC values greater than the
mean values from the sampling period (Figure 26) (Hall et al. 2024). The lower left
quadrant shows the net community production (NCP) and net community calcification
(NCC) (Figure 26) (Hall et al. 2024). The estuarine sites both have very strong linear
relationships signifying that NCP and NCC have a strong influence on the carbonate
system at these sites (Figure 26) (Hall et al. 2024). All six stations had more occurrences
of photosynthesis and calcification (PC), data points in the lower left quadrant, than
respiration and dissolution (RD), photosynthesis and dissolution (PD) and respiration and
calcification (RC) for the full sampling period (Table 5). At ABW, ASW, CBW and

CSW the number of outliers was greater than the number of PC occurrences (Table 5).
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Figure 26. nTA vs. nDIC from July 2022 to February 2023. Points in the upper right

quadrant indicate carbonate dissolution (D) and respiration (R) were dominant. Points in
the lower left quadrant indicate photosynthesis (P) and calcification (C) were dominant
(Hall et al. 2024). Dashed lined represent the mean nDIC and nTA at each station.

Colored lines indicate linear regressions for all stations.
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Table 5. Number of occurrences during dominance of photosynthesis and calcification

(PC, lower left quadrat), respiration and dissolution (RD, upper right quadrat),

photosynthesis and dissolution (PD, upper left quadrat), and respiration and calcification

(RC, lower right quadrat) and the total sample sizes (n) throughout the full sampling

period at each station. £NCP is positive or negative net community production and

+NCC is positive or negative net community calcification.

PC RD PD RC Total
) dominance dominance dominance dominance
Station Samples
(+NCP, (-NCP, - (+NCP, - (-NCP, (n)
+NCC) NCC) NCC) +NCC)
ABW 12 7 5 7 31
ASW 11 8 7 6 32
CBW 4 3 2 3 12
CsSw 4 2 2 3 11
oYL 10 6 0 1 17
RGC 10 5 0 2 17




Carbonate System Calculations

A Kruskal-Wallis test showed that there is very strong evidence (P < 0.01) that
there is a difference between all six sites for each carbonate system parameter (Table 6).
Calculated carbonate system concentrations at ABW, ASW, CBW, CSW, OYL and RGC
show directly related patterns between TA, DIC, pHt and Qar (Figure 27, Figure 28,
Figure 29). In the warmer summer months when water temperature is higher (Figure 5,
Figure 6, Figure 7), pCO2 (patm) increased (Figure 27, Figure 28, Figure 29). When
pCO2 and H* (nmol/kg) increase, pHt and Qar decrease (Figure 27, Figure 28, Figure 29,
Figure 30, Figure 31). There are increased pHt and Qar values at ABW and ASW on
November 28", 2022 with corresponding decreased pCO, and H* values. On November
1%, 2022 at ASW there are increased pCO; and H* values with corresponding decreased

pHT and Qar values. Estuarine sites have the largest range for pCOz and pHr (Figure 30).

Eastern Oysters (Crassostrea virginica) at their early life-stages that were
exposed to pCO2 values greater than 750, pHT values less than 7.93, Qca less than 2.82 +
0.06 and Qar less than 1.83 + 0.04, were found to be smaller, slower to metamorphose
and less calcified as well as having thinner shells resulting in being more vulnerable to
predation (Gobler and Talmage 2014). Chambers et al. 2014 found that Summer Flounder
(Paralichthys dentatus) embryo survival decreased by 48% when exposed to pCO. above
775 and pHr below 7.8 (Figure 30) (Chambers et al. 2014). The estuarine sites fall above
and below the thresholds that were found to be detrimental to the Eastern Oysters and the

Summer Flounder (Figure 30, Figure 31).
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The global area-averaged Qca from 2015 is 4.54. This value has decreased by
0.12 per decade since 1975 (Feely et al. 2023). All six stations fall below that threshold
from our full sampling period (Figure 31). Réckstrom et al. 2009 proposed a boundary
for Qar for global surface water at 2.75. ABW, ASW, OYL and RGC all fall below that

boundary (Figure 31).
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Figure 27. Carbonate System parameters for Apache Pier from July 2022 to February

2023. Black vertical bars represent when Hurricane lan made landfall on 9/30/2022.

56



Cherry Grove Pier
y _ 600 '

8.00,
7.98 T 2
% 550 - 2
2 7.96 k!
[-3 o~
o
7.94 S so0}
Q
7.92
7.90 ‘ i 450 ; {
13 40
El 3.5 ]
312 [ .\/0—\ et /l
° » o e e
E 530 &
<11 J
e \/ 25!
10
® 2.0
LT LY P e L T LY LA LY NP L P O Y g g
)\)\ 5\)\ )\)\ P»Q P\)Q "=°Q c_,eQ geQ )\)\ 5\\\ )\)\ o P‘\Q 6°Q eeQ' 53@

Figure 28. Carbonate System parameters for Cherry Grove Pier from July 2022 to
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Figure 30. Box plots of pHr calculated from CO2SYS and pCO- from July 2022 to
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CBW = blue, CSW = cyan, OYL = green, RGC = purple). Dots represent outliers in the
data. Thresholds for local organisms are represented by the solid horizontal lines:
Summer Flounder (Chambers et al. 2014) = brown, Eastern Oysters (Gobler and

Talmage 2014) = black.
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Table 6. Results of Kruskal-Wallis test for computed carbonate system parameter
concentrations between all six sites. Results indicate very strong evidence (P < 0.01) of a

difference between all six sites for each carbonate system parameter.

Parameter P-value df

pHT P =1.39E-07 5
pCO: P =7.43E-08
H* P = 1.39E-07
QAR P=5.91E-12
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PHNBs VS. pHT

Sensor pHnes measurements were directly compared to calculated pHr
measurements (Figure 32, Figure 34). The estuarine sites have the best fits at OYL and
RGC with the highest r? values and highly significant P values (Figure 32, Table 7). The
residuals for the estuarine sites are symmetric in distribution indicating a small difference
between the measured pHr and the modeled pHt (Figure 33). The coastal-ocean pier sites
have the lowest r? values at ABW, ASW, CBW and CSW (Figure 32, Table 7) and the
residuals are left or right skewed for all (Figure 33). The majority of the calculated pH+
values fall within the sensor’s post calibration check acceptance ranges for pHngs all sites

(Figure 34).

Diurnal sampling at the coastal-ocean stations show that at Apache Pier, pHt
increases between samples at both ABW and ASW on September 22 in the evening and
at ABW in the morning on September 23. ASW on September 23 in the morning doesn’t
change between samples (Figure 35). At Cherry Grove Pier CSW is higher than CBW on
September 22 in the evening. CBW and CSW decrease overnight to then increase after

high tide on September 23 in the morning (Figure 35).
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Total Alkalinity (zmol/kg) vs. Salinity (ppt)

The coastal-ocean pier surface water sites have the highest r? values at ASW and
CSW (Figure 36, Table 7). P values are highly significant at ABW, ASW, CSW and
RGC (Figure 36, Table 7). The coastal-ocean pier bottom water and estuarine sites show
much weaker r? values including ABW, CBW, OYL and RGC (Figure 36, Table 7). The
residuals for the coastal-ocean pier sites (ABW, ASW, CBW, CSW) are symmetric in
distribution indicating a small difference between the measured TA and the modeled TA

(Figure 37).
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Table 7. Results of the Regression analysis for linear relationships between parameters
using Geometric Mean Regression (GMR) including the coefficient of determination (r?),

p-value (P) and sample size (n). The slope (m) and y-intercept (b) describe the line of

best fit.
Station pHT vs. pHnas TA vs. Salinity
ABW P =0.02* P=0.01*
r’=0.17 r?=0.20
n=31 n=31
m = -1.887 m = 81.69
b =23.26 b =-520.1
ASW P=0.56 P =9.04E-08*
r’=0.01 r’=0.62
n=232 n=32
m =-1.077 m = 68.24
b=16.78 b=-51.22
cBwW P=0.77 P=0.28
r’=0.01 r?=0.12
n=12 n=12
m = 0.6805 m = 47.20
b =2.452 b=706.1
Ccsw P=0.35 P =0.02E-02*
r’=0.10 r’=0.78
n=11 n=11
m = 0.6092 m = 33.19
b =3.031 b=1189
oYL P = 3.60E-05* P=1.00
r>=0.68 r> =0.00
n=17 n=17
m=1.122 m = 105.2
b =-1.000 b =-1252
RGC P =7.28E-13* P =0.04*
r’=0.97 r?=0.25
n=17 n=17
m = 1.152 m = 47.53
b=-1.268 b=2813.6

*p-value less than 0.05




Covariance of pHrwith Other Water Quality Parameters

Statistically significant covariance of pHr with salinity (ppt), temperature (°C)
and DO (mg/L) was observed at most stations (Figure 38, Figure 39 and Figure 40, Table
8). Salinity has a statistically significant relationship with pHt at RGC. This relationship
is weaker at all other stations (Figure 38, Table 8). Temperature has a statistically
significant negative correlation with pHt at ABW, ASW, OYL and RGC. This
relationship is weaker at CBW and CSW (Figure 39, Table 8). pHt and DO have a
statistically significant positive correlation at ABW, ASW, CBW, OYL and RGC. DO

has a weaker relationship with pHt at CSW (Figure 40, Table 8).
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Figure 38. Salinity (ppt) vs. pHt sampled from July 2022 to February 2023.
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73



ABW cBW

10.0 7.0
r=0.84
P=171e-09 1 9.0
8.0
_— @
:| . Y 7.0
[}
£ ® 6.0
[ = )
@ ) 5.0 45
o 800 810 820 830 790 800 810  8.20 794 7.96 7.98 8.00
3
- RGC
8.0 A
@ 70 8.0
% : r=094
7.0 = & T
% 65 7.0 P =1.62e-08
=) 6.0
6.0 6.0
5.0
55 5.0
4.0
5.0 | 4.0 A
: 3.0
7.90 7.95 8.00 760  7.80  8.00  8.20 740 7.60 7.80 8.00 8.20
PH,

Figure 40. Dissolved Oxygen (mg/L) vs. pHt sampled from July 2022 to February 2023.
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Table 8. Results of Regression analysis for linear relationships between pHr and salinity

(ppt), temperature (°C) and dissolved oxygen (mg/L) using Geometric Mean Regression

(GMR) including the correlation coefficient (r), p-value (P) and sample size (n). The

slope (m) and y-intercept (b) denote the line of best fit. *p-value < 0.05.

Station Salinity (ppt) vs. Temperature (°C) vs. DO (mg/L) vs. pHT
pHT pHT
ABW P=0.10 P =557E-11* P =1.71E-09*
r=0.30 r=-0.88 r=0.84
n=31 n=31 n=31
m =4.729 m =-78.41 m = 14.88
b =-2.508 b =651.5 b=-113.0
ASW P=0.20 P =1.35E-10* P =7.86E-09*
r=0.23 r=-0.86 r=0.82
n=232 n=232 n=32
m = 6.348 m =-84.20 m = 13.62
b =-15.56 b=697.1 b =-102.2
cBwW P=0.77 P=0.52 P =0.04*
r=-0.09 r=0.20 r=0.60
n=12 n=12 n=12
m =-10.81 m = 44.08 m = 18.66
b=121.3 b =-323.3 b=-142.9
Ccsw P=0.37 P=0.56 P =0.07
r=-0.30 r=-0.20 r=0.56
n=11 n=11 n=11
m =-19.34 m =-49.00 m =23.42
b =188.8 b=417.3 b =-180.0
oYL P=0.11 P =1.57E-05* P =1.40E-03*
r=0.40 r=-0.84 r=0.72
n=17 n=17 n=16
m = 4.816 m = -48.36 m = 7.803
b=-3.168 b =404.5 b =-56.07
RGC P=0.01* P =7.14E-07* P = 1.62E-08*
r=0.61 r=-0.90 r=0.94
r’=0.38 r> =0.80 r’=0.88
n=17 n=17 n=17
m =11.64 m = -38.97 m = 8.863
b =-56.96 b =325.8 b =-63.31
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Discussion

In-situ observations

In-situ observations from the full sampling period show seasonal trends for some
of the parameters. From the summer to the winter months, water temperature decreases
and DO increases (Figure 5, 6 and 7) (Buzzelli et al. 2009, Sanger et al. 2012). Salinity is
driven by more than just evaporation and precipitation in these systems with periodic
spikes and drops throughout the sampling period (Figure 5, Figure 6, Figure 7). These
parameters can to be influenced by potential groundwater inputs (Viso et al. 2010),
terrestrial runoff (Dafner et al. 2007), wind driven ocean surface currents (Troup et al.
2017), offshore water masses (Sanger et al. 2012), and riverine inputs (Xia et al. 2007)

moving through the system.

Samples were collected from July 2022 to February 2023 at ABW, ASW, OYL
and RGC. CBW and CSW samples were only collected from July to September 2022.
There is a bias of record due not having a fully seasonal cycle for ABW, ASW, OYL and
RGC and the limited seasonal representation is even narrower for CBW and CSW.
Comparing ranges of parameters from the COA sampling period to sensor readings from

2022-2023 (Figure 8, Figure 9, Figure 10, Figure 11) shows that at CBW and CSW we
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did not capture a vast majority of the ranges that are normally observed with a longer

sampling period (Figure 8, Figure 9, Figure 10, Figure 11).

Temperature has a much larger range from the sensor readings from 2022 — 2023
then compared to the COA sampling period at CBW and CSW (Figure 8) signifying that
a large portion of the range was not captured during the COA sampling period. At ABW,
ASW, OYL and RGC the temperature ranges from the 2022 — 2023 sensor readings
compared to the COA sampling period are similar (Figure 8) indicating at these sites,

temperature ranges were adequately captured.

The estuarine sites have similar ranges for DO and pHngs between the 2022-2023
all sensor readings and the COA sampling period when compared (Figure 9, Figure 11).
However, DO and pHngs at the coastal-ocean pier sites have much wider ranges from the
2022-2023 all sensor readings then the COA sampling period (Figure 9, Figure 11).
These wider ranges indicate that numerous low pH events were not captured during the
COA sampling period. Low pH co-occurs with low DO (Figure 5, Figure 6, Figure 7,
Figure 40) due to high respiration rates of nutrient enriched organic matter coupled with
water column stratification (Wallace et al. 2014, Gobler and Baumann 2016, Hall et al.
2024). Previous work has shown that low DO events frequently co-occur with increasing
stable vertical thermal stratification in Long Bay, SC. Decreasing wind speed and stable
salinity stratification also co-occur with low DO events (Sanger et al. 2012, Troup et al.
2017). Not capturing the full range of pHnes and DO at ABW, ASW, CBW and CSW

may have resulted in missing low pH and low DO events that often co-occur.
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Sample analysis results

Diurnal Sampling

Diurnal sampling for DIC and TA shows that ABW is higher than ASW for both
DIC and TA. DIC for ABW, ASW, CBW and CSW increases overnight from September
22 to September 23 (Figure 15, Figure 19). These increases are likely due to respiration
taking place at night in both the surface and bottom waters (Melzner et al. 2013,
Baumann et al. 2015) (Figure 20, Figure 21). DIC at ABW increases after sunrise due to
an increase in chl a and the bottom water being light limited therefore respiration taking
place (Figure 15, Figure 20, Figure 21) (Redfield et al. 1963, Feely et al. 2018). DIC
decreases alongside an increase in chl a at ASW after sunrise due to photosynthesis
(Figure 15, Figure 20, Figure 21). At night, ASW is respiration dominant due to being
light limited and therefore an increase in DIC (Figure 15, Figure 21). DIC and chl a at
CBW and CSW decrease in the morning after sunrise and after high tide. Incoming tides
raise pH and DO levels in a system due to the lower biological productivity on the open
ocean (Baumann et al. 2015) (Figure 19, Figure 21, Figure 35). Values are similar for
DIC, temperature, DO and salinity at CBW and CSW denoting potential physical mixing
taking place with high tide during this sampling (Figure 6, Figure 19, Figure 21) (Sanger

etal. 2012, Troup et al. 2017).
TA and DIC
TA ranges from 2157 — 2587 and DIC ranges from 2097 - 2454 at OYL and RGC

(Figure 22, Figure 25). TA at ABW, ASW, CBW and CSW ranges from 2279 — 2540 and
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DIC ranges from 1978 — 2168 (Figure 12, Figure 16, Figure 25). The estuarine sites have
larger ranges and values for DIC and TA than the coastal-ocean sites (Figure 25).
Generally, higher salinity waters have higher alkalinity (Pimenta and Grear 2018) but the
estuarine sites have slightly lower salinities with higher TA than the coastal-ocean pier
sites (Figure 25) most likely from dissolved organic matter (DOM) (Cai et al. 1998, Yang
et al. 2015) which acts as a proton acceptor, influencing the acid-base system of seawater
(Kulinski et al. 2014, Kortazar et al. 2019). In areas with high DOM concentrations,
organic alkalinity (TA-org) may be an important component of TA, in which case TA-org
can greatly affect the calculations of the carbonate system using CO2SYS (Kulinski et al.
2014, Ko et al. 2016). Areas with high DOM have significant primary production and/or
substantial inputs of DOM from terrestrial sources (Kulinski et al. 2014). Contributions
of phytoplankton produced organic acids to TA of seawater can be substantial in
productive coastal areas (Ko et al. 2016). Extreme highs and lows seen in TA and DIC
(Figure 12, 13, 14, 16, 17, 18, 22, 23 and 24) are indications of system inputs and
removal of TA and DIC from potential biogeochemical processes (i.e. respiration and
photosynthesis) (Figure 13, 14, 17, 18, 23, 24). (Redfield et al. 1963, Suzuki and
Kawahata 2003, Ko et al. 2016). Chl a increases and DO decreases associated with DIC
increases indicates respiration taking place and adding CO; into the system (Figure 14,
Figure 18, Figure 24) (Schulz and Riebesell 2013). TA peaks that coincide with chl a
peaks and DO decreases are indicative of respiration as well (Figure 13, Figure 17, Figure

23).
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nTA:nDIC

At the estuarine sites, strong linearity between nTA and nDIC indicates a strong
influence of NCC and NCP on the carbonate system (Figure 26) (Hall et al. 2024). The
estuarine sites had more PC dominant occurrences than RD dominant ones with very
little outliers denoting that these sites are strongly influenced by NCC and NCP (Figure
26, Table 5). On the contrary, the coastal-ocean pier sites showed weak linearity between
nTA and nDIC and broader distribution, with more PC than RD, PD and RC dominant
occurrences (Figure 26, Table 5). Previous work on coral reefs has found it uncommon to
observe data points in the upper left (PD) and lower right (RC) quadrants suggesting that
these combinations of biogeochemical processes, photosynthesis-dissolution and
respiration-calcification, may be rare on coral reefs (Muehllehner et al. 2016). The fairly
even distribution of PC, RD, PD and RC dominant occurrences throughout the sampling
period at coastal-ocean pier sites indicates that all these combinations of biogeochemical
processes are taking place at some point (Figure 26, Table 5) and that these occurrences

may be more common in these coastal-ocean environments.

Carbonate system calculations

pHTt, pCO2, H*, Qca and Qar were all calculated from DIC and TA values using
CO2SYS. Murrells Inlet, commonly known as the seafood capital of South Carolina, is
home to many local species including Eastern Oysters (Crassostrea virginica). Gobler
and Talmage 2014 found that eastern oysters exposed to carbonate system parameter
thresholds shown in Figure 30 and Figure 31, at their early life stages, were found to be
smaller, slower to metamorphose and less calcified as well as having thinner shells
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resulting in being more vulnerable to predation. OYL and RGC both had values that fell
within the pHt, pCO2, Qca and Qar thresholds (Gobler and Talmage 2014) indicating
periodic events where eastern oysters could be experiencing acidification events
detrimental to their development. As an estuarine species, Eastern Oysters face additional
stressors in addition to acidification, such as increasing temperatures, hypoxia and lack of
food which have been shown to decrease survival rates of larvae (Talmage and Gobler
2011, 2012, Gobler and Talmage 2014, Gobler et al. 2014). Acidification in estuaries
may be partially contributing to the ‘functional extinction’ that has been observed in
numerous oyster populations globally throughout the past century (Beck et al. 2011,

Gobler and Talmage 2014).

Myrtle Beach, SC is known for its excellent fishing and has over 14 million
visitors per year (Myrtle Beach Fishing 2024). One of the species most sought after in the
area to fish includes the Summer Flounder (Paralichthys dentatus). Chambers et al. 2014
found that Summer Flounder exposed to carbonate chemistry parameter thresholds shown
in Figure 30, showed embryo survival rates decreasing by ~48%. The estuarine sites fell
within the noted thresholds indicating that Summer Flounder may be experiencing a
decrease in embryo survival rates during periods of high pCO2 and low pH. Summer
Flounder also face additional stressors including temperature change and hypoxia that
combined with elevated pCO: is concerning and further extremes may force populations

to move to different habitats in the future (Schwieterman et al. 2019).

Feely et al. 2023 showed that the global area-averaged Qca from 2015 is 4.54.

This value has decreased by 0.12 per decade since 1975 and all six stations fall below
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that average from the full sampling period (Figure 31). This indicates that all six of the
stations fall below the threshold that has been decreasing globally over the past 50 years.
Rockstrom et al. 2009 proposed a boundary for Qar for global surface water at 2.75
resulting in detrimental effects on many marine organisms documented. This threshold is
well above the geochemical threshold of Qar = 1. ABW, ASW, OYL and RGC all fall
below that boundary (Figure 31) signifying that these stations are already experiencing
events where Qar is below the boundary where detrimental effects on marine organisms
are seen (Rockstrom et al. 2009) supporting hypothesis 3 that estuarine sites are more

prone to acidification than coastal-ocean sites.

PHNBs VS. pHT

Comparing pHnes measured vs. pHr calculated for the estuarine sites shows
strong linearity between the two parameters signifying that using current sampling
methodologies and sensors at these sites allows for pHngs to be used as a proxy for pHT
supporting hypothesis 1 (Figure 32, Figure 34, Table 7). At all the coastal-ocean pier sites
the modeled pH fits only represented 1-17% of the measured pH data (Figure 32, Table
7) showing weak linearity. These weak relationships may be a consequence of not being
able to capture the full range of pHngs values, especially the lower ones, normally
occurring throughout a sampling year (Figure 11). At the estuarine sites, pHngs ranges
were captured similarly during the COA sampling period and looking at the sensor
readings from 2022-2023 (Figure 11). Capturing of the full range of pHngs values may be
one of the reasons that pHnes showed much stronger linearity at the estuarine sites than

compared to the coastal-ocean sites (Figure 11).
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The majority of the calculated pHt values fall within the sensor’s post calibration
field check acceptance range (Figure 34). The in-situ deployed coastal-ocean station
meters are deployed continuously and have a higher variability range for pHngs than the

estuarine sites (Figure 34) exposing them to much more dynamic conditions.

Diurnal sampling at the coastal-ocean stations shows a decrease overnight in pHt
at CBW and CSW indicating respiration taking place over night due to light limitation
(Figure 20, Figure 21, Figure 35) (Melzner et al. 2013, Baumann et al. 2015). pHrat
CBW and CSW increase after sunrise and high tide indicating photosynthesis (Figure 20,
Figure 21, Figure 35). Incoming tides raise pH and DO levels in a system due to the
lower biological productivity on the open ocean (Baumann et al. 2015) (Figure 21, Figure

35).

Total Alkalinity (umol/kg) vs. Salinity (ppt)

TA and salinity exhibit a close linear relationship in the surface ocean because TA
in the open ocean is mainly controlled by freshwater addition or removal, which is shown
by changes in salinity (Millero et al. 1998, Jiang et al. 2014). However, TA can be
altered by biogeochemical processes (i.e respiration and photosynthesis) (Jiang et al.
2014, Ko et al. 2016, Pimenta and Grear 2018) therefore, having higher variability in the

coastal environments.

All six stations showed weak linearity between TA and salinity (Figure 36, Table
7). The coastal-ocean pier surface water sites (ASW and CSW) showed the strongest

linear relationships out of all six stations with r? values of 0.62 and 0.78 (Figure 36, Table
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7). This is due to the surface water mainly being affected by freshwater addition and
removal through evaporation and precipitation (Millero et al. 1998, Jiang et al. 2014) and
in the subtropical and tropical open ocean, variations in salinity account for more than
80% of the surface TA variability (Millero et al. 1998, Jiang et al. 2014). However, ASW
and CSW do not exhibit strong enough relationships to indicate that TA can be calculated
from salinity in the coastal zone. This indicates these sites have more complex and
dynamic carbonate chemistry (Kerr et al. 2021) and that other processes may be affecting
this relationship including biogeochemical processes especially respiration (Pimenta and
Grear 2018), riverine inputs (Xia et al. 2007), terrestrial runoff (Dafner et al. 2007),
upwelling groundwater (Viso et al. 2010), wind driven ocean surface currents (Troup et
al. 2017) and offshore water masses (Sanger et al. 2012). TA-org which are organic
molecules that contribute to TA, may also be having a large influence on TA calculations
and the TA salinity relationship since coastal waters are greatly influenced by nutrient
and carbon inputs that stimulate the production and remineralization of organic matter

(Mallin et al. 2000, Sanger et al. 2012, Kerr et al. 2021).

Due to the lack of a conservative relationship between TA and salinity,
calculating parameters (i.e pHT, DIC, TA, pCO2, Qca and Qar) for the historical data sets
using this linear relationship was unable to be performed to evaluate hypothesis 2 which
states that two coastal-ocean and two estuarine sites in Long Bay, SC have been
experiencing decreasing pH and degree of saturation of calcite and aragonite over the
past decade and that total alkalinity has a direct relationship with salinity (in addition to

1a).
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Covariance of pHt with other water quality parameters

pHT was calculated from samples collected in conjunction with other water
quality parameters at all six stations including temperature, salinity and DO. Statistical
analyses at all sites for all parameters with pHt suggest that multiple parameters are
major contributors to pHr variability (Table 8, Figure 38, 39 and 40). Temperature
showed a strong negative correlation with pHt at ABW, ASW, OYL and RGC (Figure
39, Table 8) signifying that pHt decreases when temperature increase (Solomon et al.
2007) supporting hypothesis 4a stating pH has an inverse relationship with temperature.
DO showed a strong positive correlation with pHrat ABW, ASW, OYL and RGC
(Figure 40, Table 8) denoting that pHt decreases when DO decreases supporting
hypothesis 4b stating pH has a direct relationship with DO. This is due to respiration
taking place consuming O and releasing CO- (Figure 14, Figure 20, Figure 21, Figure
24) (Redfield et al. 1963, Schulz and Riebesell 2013). CBW and CSW did not show
significant correlation between pHr vs. temperature or DO most likely due to the smaller

sample size and narrower range of values captured (Figure 8, Figure 9).
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Recommendations for future studies

Future studies should be done to obtain more observations and sampling to better
identify potential acidification trends (Pimenta and Grear 2018). Identifying key
biogeochemical processes that are altering the carbonate system is imperative. This
should be done through the collection of nutrients (Wanninkhof et al. 2015, Cai et al.
2021, Kerr et al. 2021, Hall et al. 2024) and chl a data (Borges and Gypens 2010, Hall et
al. 2024) at the estuarine sites. TA-org is most likely a major contributor to the non-
conservative behavior of TA vs. salinity due to the highly organic blackwater riverine
systems (Xia et al. 2007) and saltwater marshes that influence and move through these
sites (Fassbender et al. 2017, Kerr et al. 2021). Due to the highly dynamic nature of these
systems future sampling should also include measuring pHt from discrete samples in the
laboratory to compare CO2SY'S calculated pHr to the discretely measured pHr to help

identify areas of error (Dickson et al. 2007, Fassbender et al. 2017).

Obtaining a full seasonal dataset and the full range of parameter variability for pH
and other parameters, would allow for better identification of seasonal variations at all the
sites. Future projects would want to focus on collecting discrete samples throughout
multiple large weather events (i.e. hurricanes) to determine if these events have been

affecting acidification on both short- and long-term scales. To capture biogeochemical
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processes (respiration and photosynthesis) and tidal influences, performing more diurnal
samplings would allow for the identification of potential diurnal acidification variations

(Baumann et al. 2015). There should also be a focus on identifying short term variability
with respect to hypoxia and low pH events due to significant diurnal and seasonal

variations with respect to the carbonate system (Melzner et al. 2013).

This study is also a call to try and find more cost-effective ways to study estuarine
and coastal-ocean acidification trends. The dynamic nature of these systems makes them
extremely difficult and expensive to study. Current methodologies include the collection
of discrete water samples which are expensive to analyze. These systems have higher
temporal and spatial variability of the carbonate system so the collection of higher
frequency and spatially robust data to identify trends is needed (Keller et al. 2014,
Pimenta and Grear 2018). All of these aspects make it difficult to study acidification
trends in the coastal zone. There should be a future focus on the need for better and more
holistic data collection (i.e. nutrients, carbonate parameters, water quality parameters,
etc.) to better understand and describe potential acidification in these estuarine and

coastal-ocean systems.
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