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Monitoring coastal acidification along the U.S. East coast: concerns for
shellfish production
Matthew POACH＊1, Daphne MUNROE＊2, James VASSLIDES＊3, Ian ABRAHAMSEN＊4,
and Nicole COFFEY＊5

Abstract: In coastal systems endangered by acidified water, it becomes paramount to understand
the link between acidification and its environmental drivers. Embayments along the US Mid-Atlantic
coast are particularly vulnerable to local amplification of ocean acidification due to eutrophic
conditions, low alkalinity freshwater input, and episodic upwelling of acidified water. To better
understand these drivers, two research studies were conducted along the coast of New Jersey, U. S.
A. The first study was conducted during the summer of 2014 at the Aquaculture Innovation Center
(AIC) of Rutgers University located in Cape May, NJ. The AIC is an important research hatchery
that currently supports the local oyster aquaculture industry through the production of disease
resistant and triploid seed oysters. The second study, which began in the summer of 2017, focused
on elucidating the range of pH and aragonite saturation (ΩAr) conditions experienced in Little Egg
Harbor Bay, NJ, an important shellfish farming and fishing location. At the AIC, temperature,
salinity, dissolved oxygen (DO), turbidity and pH were continuously monitored at the intake pipe
located in the Cape May Canal. The pH at the intake showed diurnal variations that tended to
mirror the DO signal. The largest drop in pH was measured in July of 2014. This pH drop was
decoupled from the DO signal. The occurrence of consistent Southwesterly winds and cooler surface
water temperatures along the coast before the pH decrease indicated that upwelling was occurring.
A strong shift in the winds likely pushed upwelled water inshore to the intake. The lowest pH
reading coincided with a decrease in salinity due to higher river discharge and strong winds. These
results show that hatcheries along the NJ coast need to be aware that upwelling and freshwater
input may bring reduced pH conditions that can negatively impact shellfish production, and
highlights the need for continued monitoring. Starting in May of 2017, temperature, salinity, DO,
turbidity, pH and carbon dioxide partial pressure (pCO2) were continuously monitored at a station
in Little Egg Harbor off Beach Haven. Sensor temperature, salinity, pH and pCO2 data were used to
calculate ΩAr. Results indicated that DO and pH conditions are likely not detrimental to local shellfish
production. There was no indication that upwelling occurred during the monitoring period so no
conclusions could be reached about the potential for summertime upwelling to impact shellfish
production in Little Egg Harbor.
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Introduction

populations. For example, coastal acidification has
caused hatchery larval production problems costing

Human carbon dioxide (CO2) emissions have raised

the oyster farming industry in the U.S. Pacific

atmospheric CO2 levels from 180 ppmv in the 19th

Northwest over $100 million and threatening 1000’s

century to over 400 ppmv today (IPCC, 2014; Tans

of jobs (Washington State, 2012).

and Keeling, 2018). Of that CO2 increase, ~ 1/3 has

Global aquaculture production is expanding and

been absorbed by the oceans (Sabine et al., 2004)

now accounts for half of world food fish and shellfish

and has impacted the ocean’s carbonate chemistry

production (Naylor et al., 2009). Shellfish aquaculture

in a process known as ocean acidification (OA). The

is particular a widely practiced way of producing

increase in surface water pCO2 leads to a decrease

food in coastal areas that helps meet the needs of

in pH and carbonate ion concentrations (Caldeira

a rapidly growing global human population (Foley

and Berner, 1999; Caldeira and Wickett, 2003). A

et al., 2011; FAO, 2016). Most commercially and

reduction in the carbonate ion concentration also

recreationally important fish and shellfish species

reduces carbonate ion saturation state (Ω), which can

depend on estuarine ecosystem services at some

result in an undersaturated condition for carbonate

point in their life cycle. An assessment of the

minerals. These changes in carbonate chemistry are

vulnerability and adaptation of U.S. shellfisheries to

particularly detrimental to the early developmental

ocean acidification (OA) found that the most socially

stages of shellfish as the larvae tend to precipitate

vulnerable communities are spread along the U.S.

the more-soluble aragonite-form of calcium carbonate

East Coast and Gulf of Mexico (Ekstrom et al., 2015).

(Barton et al., 2012; Waldbusser et al., 2015). Aragonite

Their analysis also found that a number of socially

undersaturation has been shown in laboratory

vulnerable communities lie adjacent to water bodies

experiments to reduce survival and growth of

that are exposed to a high rate of OA or at least one

shellfish larvae (Barton et al., 2012; Gazeau et al.,

local amplifier, indicating that these places could be

2013; Gobler et al., 2014; Talmage and Gobler, 2010;

at high overall vulnerability to OA.

Waldbusser et al., 2013; Waldbusser and Salisbury,
2014).

Shellfish production was once vitally important to
the economy of the state of New Jersey (Ford, 1997).

While OA monitoring has historically been

From 1870 to 1930, the Barnegat Bay-Cape May area

focused on offshore regions, commercially important

produced about 20 % of all market oysters harvested

bivalve aquaculture and fisheries are located in the

in the state. This production had declined significantly

coastal zone where the CO2-system is impacted by

by the 1950’s due to overfishing, salinity changes, and

the additive effects of natural and anthropogenic

disease. The quahog fishery also saw a decline after

processes at both global and local scales (Feely et

the 1950’s mainly due to pollution which caused bed

al., 2010; Cai, 2011; Bauer et al., 2013; Duarte et al.,

closures. The decline of shellfish populations along

2013; Breitburg et al., 2015). In productive estuarine

the New Jersey coast over the last century has

environments, the system is further driven toward

prompted significant efforts at their restoration. As a

increasing acidity from local generation of CO2 due to

result of coastal acidification processes, the shellfish

microbial decomposition of labile organic carbon and

industry in New Jersey is likely already experiencing

by injection of waters undersaturated with respect

acidification conditions stronger than the open ocean.

to carbonate via upwelling or storm events. With

Since modern shellfish aquaculture production relies

high rates of photosynthesis and respiration in these

entirely on reliable and consistent larval production in

systems, they can be expected to experience greater

hatcheries, understanding coastal ocean acidification

fluctuations in pH and Ω compared to the open ocean.

(coastal OA) in the Northeast U.S. is a matter critical

Importantly, increased respiratory CO2-production

to the stability and sustainability of this industry. In

and upwelling events that lower Ω and adversely

coastal systems endangered by acidified water, it

impact estuarine chemistry may co-occur with the

becomes paramount to understand the link between

timing of the economically driven production of

acidification and its environmental drivers.

larval shellfish at hatcheries or spawning in wild

In order to understand the carbonate chemistry
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experienced by coastal estuaries and their shellfish

stored by a Campbell® Instruments CR-6 datalogger.

resources, two different monitoring studies were

Data sets were retrieved hourly through cellular

conducted, one at Rutgers University’s Aquaculture

telemetry to a desktop computer. Downloaded data

Innovation Center (AIC) located in Cape May and the

were subjected to quality control analysis, which

other at a marina in the southernmost segment of the

consisted of the identification and removal of missing

Barnegat Bay - Little Egg Harbor Estuary complex,

or erroneous data due to sensor malfunction as

NJ, U.S.A. (Fig.1). The AIC is an important research

well as identification and removal of outliers. The

hatchery that currently supports the New Jersey

sampling line for the pCO2 and SeaFET™ sensors

oyster aquaculture industry through the production

fouled often compromising the data and leading to

of disease resistant and triploid seed oysters. The

their removal in mid-August. Data recorded during

Barnegat Bay - Little Egg Harbor estuary is currently

an 11 day period in June and a 12 day period in July

undergoing eutrophication (Fertig et al., 2014), which

displayed a reasonable range of values for pCO2.

may impact shellfish restoration in this estuary.

During those periods the pCO2 explained 89 % of
variation in pH indicating that the data was likely

Materials and Methods

valid as the YSI pH and the pCO 2 sensors were
independent of each other. In July the SeaFET™

AIC: At the AIC, the carbonate chemistry of

pH was similar to YSI pH. As the SeaFET™ sensor

intake water was monitored during the summer of

shared the same sample intake as the pCO2 sensor

2014. From June 15 through July 20, temperature,

the similarity between the two independent pH

salinity, dissolved oxygen (DO), and pH were

readings provide additional support for the quality of

measured every 15 minutes at the AIC’s intake

the YSI pH data and pCO2 data (Fig.2). The valid YSI

pipe located in the Cape May Canal. Parameters

pH and pCO2 data along with their corresponding

were monitored using a YSI EXO™2 water quality

depth, salinity, and temperature data were used to

sonde that was installed 1 meter off the bottom next

calculate the aragonite saturation state (ΩAr) by the

to the intake. Probes were calibrated according to

CO2SYS_xls program (Pierrot et al. 2006).

manufacturer recommendations prior to deployment.
Probe calibration was also performed at the end of
the deployment. After sensor retrieval, data were
downloaded and subjected to quality control analysis.
Quality control consisted of the identification and
removal of missing or erroneous data due to sensor
malfunction as well as identification and removal
of outliers. Correlations between pH and other
measured parameters were examined through
regression analysis.
Little Egg Harbor (LEH): During the Spring of
2017, the Little Egg Harbor estuary monitoring station
was installed at a bay side pier located at Morrison’s
Marina in Beach Haven, NJ. The installation consisted
of a YSI EXO™2 water quality sonde to measure
temperature, salinity, DO, and pH and a Pro-Oceanus
CO 2Pro-CV™ sensor to measure pCO2. In July, a
SeaFET™ pH sensor was attached to the pCO 2
sensor. Sensors were installed ~ 1 meter off the bay
bottom. YSI sensor readings were collected every 15
minutes while the pCO2 and SeaFET™ pH sensors
took a reading every 30 minutes. Sensor data was

Fig. 1. Map showing the coast of New Jersey with
the two monitoring sites indicated.
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and DO exhibited similar patterns, DO accounted for
only 35 % of the variation in pH. The relationship
between pH and DO noticeably diverged during
July 3rd through the 5th (Fig.3). During this period
the decreases in pH were not associated with similar
decreases in DO. The lowest pH values of the study
were measured during this period with the lowest
value of 7.45 measured on the morning of July 5th.
Low correlation between pH and DO can result
from factors in the coastal environment that can
affect pH without a change in DO such as the input

Fig. 2. Regression relationship between pCO2 and
YSI pH measured in the LEH estuary during June
and July.

of low pH water from either coastal upwelling or
freshwater inflow. Upwelled water tends to have a
pH lower than the average surface ocean pH due to
higher net respiration rates in bottom water. Once
this water reaches the surface it will equilibrate
rather quickly with atmospheric O 2, while pCO 2
remains relatively unchanged due the slow rate of
CO2 degassing. Likewise, most rivers in New Jersey
have low alkalinity which would lead to a different
relationship between pH and O2 in river water than
in ocean water.
An examination of other environmental data
indicated that the drop in pH observed from July 3rd
through the 5th likely resulted from a combination of
both coastal upwelling and freshwater input. From
July 1st through the 3rd there were strong south /
southwest winds (Fig.4), which are necessary to drive

Fig. 3. The pH as measured on the NBS scale and
dissolved oxygen in mg/L recorded during the study
period by a YSI water quality sonde installed one
meter off the bottom and next to the intake pipe for
the Aquaculture Innovation Center.

upwelling along the New Jersey coast. The premise
that upwelling was occurring during this period was
supported by colder sea surface temperatures along
the coast on July 2nd (Fig.5a). Cold water along the
coast on July 5th (Fig.5b), indicated that upwelling
was still occurring even though the winds were
blowing strongly out of the northeast on July 4 th
then out of the northwest on July 5th. This change

Results and Discussion

in wind direction along with its strength is likely the
reason why low pH water made it to the AIC’s intake.

AIC: From June 15 to July 20 of 2014, pH ranged

Similar pH drops were not recorded at other dates

from 7.45 to 7.99 while DO ranged from 4.95 to 8.60

when there were strong upwelling favorable winds.

mg/L (Fig.3). The coarse scale trend for pH tended

Strong southerly winds occurred between July 13th

to mimic that for DO. Both tended to show a general

and 15th; yet during or immediately after this period,

diurnal trend of increasing values during the day

pH did not drop below 7.6. The difference between

and decreasing values at night. These trends were

this period of southerly winds and the previous was

expected because during the day net photosynthesis

the lack of strong northerly winds immediately after

will increase both DO and pH, while net respiration

July 15th. The distinction between these two events

during the night will decrease both. Even though pH

strongly suggests that an abrupt shift to strong

th

st
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a)

Fig. 4. Wind stick vector plot for winds during the
study period as measured by the weather station
located at the Cape May - Lewes ferry terminal
which is adjacent to the Aquaculture Innovation
Center. Arrows point in the compass direction
toward which the wind is blowing (i.e. a northward
pointing arrow indicates a south wind). Arrow heads
mark the magnitude of the winds.

b)

northerly winds following sustained southerly winds
helps to push upwelled water inshore along the New
Jersey coast.
While upwelling and strong northerly winds would
explain the decrease in pH on July 4th; the lowest pH
of 7.45 on July 5th coincided with the lowest salinity
reading during the study period. Salinity dropped to
a low of 21.3 ppt after an early morning high of 29.3
ppt (data not shown). This salinity decrease coincided
with a high river discharge and outgoing tide. This

Fig. 5. Satellite AVHRR‐derived images of sea
surface temperature from NOAA-18 satellite for a)
July 2nd at 10:07 Z and b) July 5th at 09:33 Z. (Images
from Rutgers Coastal Ocean Observation Laboratory
at https://marine.rutgers.edu/cool/sat_data/)

indicates that river water likely contributed to the
lowest pH reading. Along with freshwater input,
upwelling and strong northerly winds were also likely

weren’t exhibited until after more than three days

contributors as there was a higher river discharge on

of constant exposure. The reduced pH event at the

June 15 , yet on that date salinity and pH did not

AIC lasted two days and was not constantly held

drop lower than 25.9 and 7.69, respectively.

low as intermittent increases occurred due to tidal

th

These results indicate that both upwelling and

changes. Fluctuating pH has been shown to lessen

freshwater input can reduce the pH of source water

the negative effects of constantly low pH on survival

for the AIC. To assess the potential for those drivers

of C. virginica larvae (Clark and Gobler, 2016; Keppel

to affect shellfish production it is necessary to

et al., 2016). When only considering the pH data, the

consider the magnitude, duration, and timing of pH

previous research suggests that the short duration

decreases. During this study the pH decreased to

of the reduced pH event along with the fluctuation

levels that have been shown to decrease survival and

in pH levels would not be stressful enough to impact

to delay metamorphism of C. virginica larvae (Gobler

oyster product in the facility (Shaw et al., 2013). But

and Talmage, 2014; Talmage and Gobler, 2009). It

the decrease in pH wasn’t the only change that

should be noted, however, that these negative effects

would have been stressful for oyster production. The
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decrease in pH on July 5th was also accompanied by

a)

an additional stress of a sudden decrease in salinity.
While no studies have looked at the effects of shortterm salinity decreases on larvae of C. virginica;
in studies of gastropod larvae, short term salinity
decreases resulted in increased mortality (Diederich
et al., 2011; Montory et al., 2014; Montory et al., 2016).
Decreased salinity has also been shown to exacerbate
the negative effects of lower pH on C. virginica
juveniles (Dickinson et al., 2012; Waldbusser et al.,
2011). Even if the reduction in salinity was temporary;
this additional stress may shorten the exposure time
necessary for reduced pH to affect oyster larvae.

b)

As for event timing, the AIC conducts the majority
of its oyster spawning during the late winter-spring
period. High river discharges accompanied by strong
northerly winds are more likely to occur during
that time period (Hughes, 2011; Joesoef, 2015); while
upwelling is limited to the summer season. This
means that freshwater input has a higher potential
to impact AIC operations than upwelling. While
upwelling will likely not affect spring hatchery
operations, it occurs during the most sensitive time
of year for natural coastal populations of shellfish. In
coastal New Jersey, oysters and clams spawn during
the summer. Summer is also when eutrophic systems
can develop hypoxic conditions with associated
acidification. These conditions can be exacerbated by

Fig. 6. Trends in pH (blue) and dissolved oxygen
(red) measured at the intake to the AIC hatchery by
a YSI EXO™2 water quality sonde during a) June
and b) July of 2017.

upwelling as it not only transports acidified water but
also nutrients that further drive eutrophication.
LEH: For June and July of 2017, YSI pH ranged
from 7.71 to 8.15 while DO ranged from 4.4 to 9.57

during both days that helped to build up water levels
in the estuary.

mg/L (Fig.6). As with the AIC data, the coarse scale

These results are evidence of the dynamic

trend for pH mimicked that for DO, with increasing

environment to which estuarine organism must

values during the day and decreasing values at

adapt. It is this dynamic nature that makes it difficult

night. Conversely, pH trends in June and July

to predict the effects of acidification on bivalves

mirror the trends in pCO2, which ranged from to

common in Northeastern U.S. estuaries. While

438 to 1122 µatm (Fig.7). The fluctuations in pH and

constant exposure to pCO2 and pH levels similar to

pCO2 produced levels that ranged from present-day

the lowest recorded here have been shown to affect

averages for the open ocean to averages predicted

the survival, metamorphosis, growth, and physiology

for the open ocean at the end of the 21 century due

of Mercenaria mercenaria, Argopecten irradians, and

to ocean acidification (Bopp et al., 2013). The paired

Crassostrea virginica larvae (Gobler and Talmage,

values for YSI pH and pCO2 produced values for

2014; Miller et al., 2009; Talmage and Gobler, 2009);

ΩAr ranging from 0.75 to 1.87 (Fig.8). Most ΩAr values

effects were not seen when exposure periods were

were between 1 and 1.5. The ΩAr dropped below 1

shorter (Boulais et al., 2017; Talmage and Gobler, 2009).

for an extended period on June 6th and then again on

Such shorter exposure periods may occur under

June 7 . This likely resulted from a strong east wind

fluctuating pH conditions leading to the mitigation of

st

th
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a)

a)

b)

b)

Fig. 7. Trends in pH measured by a YSI EXO™2
sonde (blue) and a SeaFET™ (green) and pCO 2
measured by a CO2Pro-CV™ sensor in LEH estuary
during a) June and b) July of 2017.

Fig. 8. Trends in aragonite saturation state, omega
aragonite, measured 1 meter off the bottom in LEH
estuary during a) June and b) July of 2017.

low pH impacts on bivalves (Frieder et al., 2014). Very

estuaries can experience extended periods of

few studies of acidification effects on local bivalve

hypoxic and anoxic conditions in summer that also

species have included a fluctuating pH treatment. In

lead to depressed pH (Gobler and Baumann, 2016).

studies that have included fluctuating treatments, pH

Hypoxic conditions and its associated acidification

was decrease to levels below the lowest pH levels

have negative effects on marine organisms that are

recorded here (Clark and Gobler, 2016; Gobler et

both additive and synergistic (Wallace et al., 2014).

al., 2017; Keppel et al., 2016). The levels of pH and

Even though LEH is considered mildly eutrophic, DO

pCO2 recorded here likely did not lead to negative

levels did not drop below 4 mg/L (Fig.6). The DO

impacts because ΩAr rarely dropped below 1. Still,

values recorded here appear to be representative

even fluctuating pH conditions can produce negative

of summertime values for the Barnegat Bay – LEH

impacts in bivalves when compared to static levels

system (Glibert et al., 2010; NJDEP, 2014). This

that are similar to the average of the fluctuations. In

system is shallow and well mixed which deters the

order to understand the impacts of fluctuations in pH

occurrence of extremely low DO levels (Glibert et

reported for LEH, more studies need to be conducted

al., 2010). The levels of both DO and pH measured

that incorporate similar pH ranges.

during the monitoring period indicate that this

The LEH is considered to be undergoing

area of LEH is likely not experiencing oxygen or

eutrophication (Fertig et al., 2014). Eutrophic

carbonate conditions that are detrimental to shellfish
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production.

S., Robison M. R., Roberts J. P., and Volety A.,

The LEH monitoring site was chosen because it

2017: Oyster reproduction is compromised by

is near the mouth of Great Bay, which is a site of

acidification experienced seasonally in coastal

recurrent summertime upwelling (Glenn et al., 2004).

regions. Sci. Rep., 7, 3276. doi:10.1038/s41598-017-

A decrease in pH indicative of upwelled water did not

13480-3

occur during the June and July monitoring periods

Breitburg D. L., Salisbury J., Bernhard J. M., Cai W.

highlighted here. While it is possible for upwelling

J., Dupont S., Doney S. C., Kroeker K. J., Levin L.

to occur and not be pushed far enough inshore to be

A., Long W. C., Milke L. M., Miller S. H., Phelan

captured at this sensor location; upwelling was not

B., Passow U., Seibel B. A., Todgham A. E., and

indicated in the coastal sea surface temperature data

Tarrant A. M., 2015: And on top of all that…

during June or July. More monitoring is necessary

Coping with ocean acidification in the midst of

to determine if upwelled water has the potential to

many stressors. Oceanography, 28, 48-61.

impact the LEH ecosystem. Determining if upwelling

Cai W. J., 2011: Estuarine and coastal ocean carbon

can enter LEH is important because it not only

paradox: CO2 sinks or sites of terrestrial carbon

brings lower pH water but also additional nutrients

incineration?. Annu. Rev. Mar. Sci., 3, 123-145.

to fuel productivity during the warmer more

Caldeira K. and Berner R., 1999: Seawater pH and

productive time of the year. These excess nutrients

atmospheric carbon dioxide. Science, 286, 2043-

can exacerbate eutrophication.

2043.
Caldeira K. and Wickett M. E., 2003: Anthropogenic
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