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Abstract
In estuaries, local processes such as changing material loads from the watershed and complex circulation cre-

ate dynamic environments with respect to ecosystem metabolism and carbonate chemistry that can strongly
modulate impacts of global atmospheric CO2 increases on estuarine pH. Long-term (> 20 yr) surface water pH
records from the USA’s two largest estuaries, Chesapeake Bay (CB) and Neuse River Estuary-Pamlico Sound
(NRE-PS) were examined to understand the relative importance of atmospheric forcing vs. local processes in
controlling pH. At the estuaries’ heads, pH increases in CB and decreases in NRE-PS were driven primarily by
changing ratios of river alkalinity to dissolved inorganic carbon concentrations. In upper reaches of CB and
middle reaches of the NRE-PS, pH increases were associated with increases in phytoplankton biomass. There was
no significant pH change in the lower NRE-PS and only the polyhaline CB showed a pH decline consistent with
ocean acidification. In both estuaries, interannual pH variability showed robust, positive correlations with
chlorophyll a (Chl a) during the spring in mid to lower estuarine regions indicative of strong control by net
phytoplankton production. During summer and fall, Chl a and pH negatively correlated in lower regions of
both estuaries, given a shift toward heterotrophy driven by changes in phytoplankton community structure
and increases in the load ratio of dissolved inorganic nitrogen to organic carbon. Tropical cyclones episodically
depressed pH due to vertical mixing of CO2 rich bottom waters and post-storm terrestrial organic matter load-
ing. Local processes we highlight represent a significant challenge for predicting future estuarine pH.

Acidification of pelagic ocean waters, or “ocean acidification,”
attributable to anthropogenic accumulation of atmospheric CO2,
is a well-established phenomenon (Gattuso and Hansson 2011).
Although there is regionally specific variability, an estimated,
annual trend of pH of approximately �0.0018 was well-
constrained across most of the open ocean for the period 1981
to 2011 (Lauvset et al. 2015). Initial efforts to understand long-
term trends of estuarine pH have revealed that the pH decline
can be much larger than that predicted from ocean acidification
(Carstensen and Duarte 2019; Cai et al. 2021), suggesting that
coastal processes can exacerbate acidification. In contrast, other
studies have shown that changes in watershed alkalinity inputs
and nutrient-induced increases in primary production can

dampen impacts from atmospheric CO2 invasion, and even
cause long-term increases in pH (Nixon et al. 2015; Carstensen
and Duarte 2019; Shen et al. 2020). Thus, understanding the
conflicting patterns of estuarine carbonate chemistry in response
to internal changes (e.g., estuarine metabolic processes) and
external forcing (e.g., atmospheric invasion of CO2 and changes
in watershed inputs) remains a challenge in estuarine systems.

Changes in pH and associated changes in calcium carbonate
saturation state can have strong effects on carbon biogeochem-
istry, primary production, nutrient cycling, and food webs, with
potential detrimental impacts on calcifying biota in both oce-
anic and coastal and estuarine systems (Doney et al. 2020;
Glibert et al. 2022). Coastal and estuarine ecosystems provide
twice the ecosystem services of open ocean ecosystems with
only about a tenth of the total area (Costanza et al. 1997). The
unfortunate paradox of having a poorer understanding of pH
change where it likely will have the greatest immediate societal
consequences has been widely recognized in the past decade
(Duarte et al. 2013; Hall et al. 2020). We are now working
toward a more comprehensive understanding of how increasing
atmospheric CO2 interacts with biological and watershed drivers
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and other system-specific characteristics (sensu Cloern 2001) to
drive pH change in these highly valuable and vulnerable coastal
and estuarine ecosystems (Van Dam and Wang 2019; Shen
et al. 2020; Da et al. 2021).

Estuaries are also being impacted by an increasingly
extreme climate system with more frequent storm-induced
floods (atmospheric rivers, subtropical nor’easters, and tropical
cyclones), droughts (Lehman et al., 2015; St Laurent
et al. 2022), and wind events (Seneviratne et al. 2012). These
drivers are known to significantly modulate biogeochemical
cycling, primary and secondary production dynamics, and
physical circulation patterns (Kimmel et al. 2008; Wetz
and Yoskowitz 2013; Paerl et al. 2018); and in turn influence
pH (Bianchi 2012; Bauman and Smith 2017). With regard to
autochthonous (in system) processes, a common feature of
estuarine and coastal systems is nutrient-driven eutrophica-
tion (Nixon 1995; Cloern 2001), which can promote basifica-
tion through enhanced CO2 uptake in near-surface euphotic
waters, while stimulating deeper-water acidification through
enhanced decomposition of newly produced organic matter
(Cai et al. 2021). Estuarine susceptibility to acidification is also
strongly impacted by watershed and tidal marsh export of
alkalinity and organic matter which can vary substantially
between estuaries due to differences in watershed geology and
land use (Kaushal et al. 2013; Osburn et al. 2016; Shen
et al. 2020). For some estuaries, an increasing frequency of
extreme precipitation induced floods (Paerl et al. 2019), are
leading to correspondingly extreme pulses of organic matter
loading, which may create “hot spots” and “hot moments”
(McClain et al. 2003) of organic matter decomposition and
associated acidification (Letourneau and Medeiros 2019;
Asmala et al. 2021).

Evaluating these interactive effects and their impacts on acid-
ification dynamics requires long-term data sets with sufficient
temporal and spatial resolution to discern the overlapping

effects of short-term physical and biological drivers of pH
superimposed on the effects of long-term decadal scale trends of
increasing atmospheric CO2, warming, changes in river chemis-
try, and eutrophication/oligotrophication patterns related to
changes in nutrient loading (Baumann and Smith 2017). Here,
we report on two 25 yr monthly data sets on trends in surface-
water pH and linked physical–chemical parameters from the
two largest estuarine complexes in the lower USA, the
Chesapeake Bay (CB) and Neuse River Estuary-Pamlico Sound
continuum (NRE-PS), NC. Our goals were (1) to compare the
long-term acidification trends along the freshwater to marine
continuum within the two estuaries and (2) to use temporal and
spatial patterns of linked physical–chemical parameters to infer
the relative importance of internal (autochthonous) and exter-
nal (allochthonous) drivers that are modulating these trends.

Methods
The CB and NRE-PS estuarine complexes

CB and the NRE-PS system are the largest and second larg-
est estuaries in the continental United States, respectively.
These estuaries share some characteristics and have important
differences in their watersheds, morphology, and circulation
that shape sensitivity to drivers of pH change. CB is a
� 300 km long drowned river valley estuary with a mean
depth of 6.5 m (Table 1) that results from a narrow and deep
(> 20 m) central channel flanked by broad shallow (< 10 m)
shoals to the east and west. The NRE is a drowned river valley
tributary estuary to PS but on average is only half as deep as
CB (Table 1). PS is a bar-built lagoon with an average depth of
5 m. Two-layered estuarine circulation occurs for most of
the year in both CB and the NRE (Buzzelli et al. 2002;
Li et al. 2005), but PS is generally well mixed. Tides (0.5–1 m
amplitude) are an important source of mixing in CB, but tides
are much weaker in the NRE (< 0.1 m) and PS (0.1–0.2 m) due

Table 1. Comparison of physical and chemical properties of the CB and the NRE/PS estuary.

Area
(km2)

Volume
(km3)

Tidal
range (m)

Residence
time (d)

Freshwater
input (m3 s�1)

River total
alkalinity
(μeq L�1)

Gross primary
production

(g C m2 yr�1)

NRE 394a 1.3a <0.1b 34c 171 367 400a

PS 4350d 21d 0.1–0.2d 365d 897d 383j 69e

CB 11,601 68 0.25–0.5f 180g 2234 1000i 385h

aBoyer et al. (1993).
bLuettich et al. (2002).
cPeierls et al. (2012).
dGiese et al. (1979).
ePeierls et al. (2003).
fLi and Zhong (2009).
gDu and Shen (2016).
hHarding et al. (2002).
iShen et al. (2020) for the Susquehanna River.
jCalculated from flow and alkalinity data in Harned and Davenport (1990), see Supporting Information for calculation.

Hall et al. Drivers of pH in large estuaries

2

 19395590, 0, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12418 by U

niversity of N
orth C

arolina at C
hapel H

ill, W
iley O

nline L
ibrary on [26/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



to the restriction of tidal flows through three narrow inlets
along the North Carolina Outer Banks (Table 1). Wind is an
important major driver of circulation in both CB and NRE-PS
(Luettich et al. 2002; Li and Li 2011).

CB’s 166,000 km2 watershed includes highly agricultural
areas and a growing population that is currently about
18 million people. The NRE’s 14,600 km2 watershed also
includes rapidly urbanizing areas around the Raleigh-Durham
area, and intensive agriculture (row crop and swine/poultry
operations) and silviculture land use in its lower watershed
(Rothenberger et al. 2009). Since the 1950s, agriculture, indus-
try, human waste, and land use change have led to increas-
ingly high nutrient loads for CB and NRE-PS (Harding and
Perry 1997;) though with some small decreases due to nutrient
management in recent decades (Paerl et al. 2014; Shen
et al. 2020). Long residence times of � 6 month for CB,
�1 month for NRE, and 1 yr for PS (Table 1) ensures ample
time for uptake of riverine nutrient loads. Consequently, the
trophic status of CB and NRE-PS has increased in concert with
increased nutrient inputs, particularly nitrogen, which limits
phytoplankton production during the most productive sum-
mer season (Rudek et al. 1991; Harding and Perry 1997;
Piehler et al. 2004). Currently, CB and NRE are eutrophic with
primary production > 300 g C m�2 yr�1 (Table 1). Nutrient
inputs to PS are largely assimilated in its tributary estuaries
including the NRE resulting in PS being mesotrophic. In both
CB and NRE, high surface layer productivity fuels oxygen
demand in the bottom waters and sediment which combined
with stratification leads to recurrent summertime hypoxia
(O2 < 2 mg L�1) with high CO2 partial pressures and low pH
conditions (Crosswell et al. 2014; Cai et al. 2017). In contrast,
surface waters of CB and NRE often have high oxygen, low
CO2 partial pressures and high pH by virtue of high surface
water productivity rates (Crosswell et al. 2014; Cai et al. 2017).
Weaker stratification and lower productivity (Table 1) gener-
ally prevents hypoxia in PS. For CB and NRE-PS, variability in
river flow drives changes in residence time, salinity, and nutri-
ent conditions that greatly affect phytoplankton productivity
and community composition (Adolf et al. 2006; Peierls
et al. 2012; Paerl et al. 2013).

Data sources
For CB, we analyzed monthly scale discrete measurements

of observed pH, salinity, chlorophyll a (Chl a), and dissolved
inorganic nutrients (nitrate + nitrite, ammonium, soluble
reactive phosphate) collected since 1996 along the main stem
of CB, and high-frequency pH measurements (15-min) at a
select number of shallow water locations (Fig. 1). All main
channel CB data were collected by the Maryland Department
of Natural Resources (MDDNR), the Virginia Department of
Environmental Quality, and Chesapeake Bay Program (CBP).
Monthly discrete pH and Chl a data can be accessed through
the CBP data portal (http://data.chesapeakebay.net), while
high-frequency data are located at the MDDNR data portal

(https://eyesonthebay.dnr.maryland.gov/ or available through
the NOAA National Centers for Environmental Information;
https://www.ncei.noaa.gov/). For the high frequency data in
CB, we used an array of three research buoys (Fig. 1) that mea-
sured pH at 15 min intervals from spring (Mar–April) through
early fall (Sep–Nov) of 2015–2017 for Camp Tockwogh, 2004–
2007 for Sandy Point, and 2018–2020 for Point Lookout.

Loads and flow-normalized concentrations of total alkalin-
ity, dissolved inorganic nitrogen (DIN) and total organic car-
bon (TOC) from the Susquehanna River were downloaded
from the United States Geological Survey (USGS) River Input
Monitoring Program based on monthly concentrations and
daily river flow below Conowingo Dam (USGS Sta. 01578310)

Fig. 1. Maps of long-term biweekly or monthly (black circles) and high-
frequency (gray squares) monitoring stations in the CB and NRE/PS estu-
aries on the mid-Atlantic coast of the United States. CT, Camp Tockwogh;
SP, Sandy Point; PL, Point Lookout.
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and calculated using Weighted Regressions on Time Discharge
and Season (Hirsch et al. 2010).

The discrete pH measures were made via vertical casts of
pre-calibrated glass potentiometric electrodes at 1-m depth
intervals at 3–4 week frequency between 1996 and 2020. The
high frequency measures were made using the same instru-
ments, but deployed at a fixed location (1-m from the surface)
in portions of the years 2016 to 2022. Manufacturer’s reported
error of the pH probes throughout the study period did not
exceed 0.2 and all pH measurements are reported on the NBS
scale (Chesapeake Bay Program 2017). Although discrete pH
measurements were made in CB since 1985, we limited our
analysis window to align with the NRE-PS dataset and avoid
potential measurement changes associated with different labo-
ratories. We focused on surface pH measurements (typically
0.5 m depth) from the long-term vertical casts. We do not
explicitly examine and quantify the role of air-sea CO2

exchange on pH changes in our study, although we infer that
long-term pH declines can result from oceanic or estuarine
uptake of CO2 from the atmosphere.

Accuracy of pH measurements in estuarine waters can be
affected by drift and error caused by differences in the ionic
strength of calibration and measurement solutions
(as reasoned in Waldbusser et al. 2011). Shen et al. (2020)
compared in situ pH measurements made by the CBP at three
mid-bay stations (CB4.C, CB4.2C, and CB4.3C) to pH values
measured from water collected at those stations and measured
on board a research vessel up to 3 h later using an Orion Ross
glass electrode. The two measures were highly correlated with
a slope close to 1, with an absolute mean error of 0.12. The
close agreement of the in situ pH sensor values with
the laboratory-grade instrument provides confidence in the
accuracy of the in situ measurements over the period we
investigated.

For the NRE-PS, the Neuse River Estuary Modeling and
Monitoring Program (ModMon) has produced a long-term
(> 20 yr) database of water quality, carbonate chemistry,
nutrient chemistry, phytoplankton productivity, and phyto-
plankton community composition observations. ModMon
conducted twice monthly (1994–2020) visits to 11 mid-river sta-
tions along the NRE and approximately monthly (2000–2020)
visits to nine stations in southwestern PS (Fig. 1). For this study,
we only analyzed data from 1996 to 2020 due to a series of unre-
alistically low (� 6) surface layer pH readings measured during
1994 and 1995. These unrealistically low pH values were also
identified and eliminated from the analysis of pH conducted by
Van Dam and Wang (2019).

At each station, near-surface (0.2 m) and near-bottom
(0.5 m above bottom) discrete water samples were collected
for laboratory analyses using a nondestructive diaphragm
pump, dispensed into 4-liter polyethylene bottles, and ret-
urned to the laboratory at the University of North Carolina at
Chapel Hill Institute of Marine Sciences, Morehead City,
North Carolina for processing within 4 h of collection.

Hydrographic profiles of basic water quality parameters (tem-
perature, dissolved oxygen, pH, and salinity/conductivity)
were made at 0.5 m depth intervals from the surface (0.2 m
depth) to 0.5 m from the bottom. All pH measurements were
reported on the NBS scale. Prior to September 2000, hydro-
graphic profiles were conducted using a multiparameter
Hydrolab 3 data sonde while afterward profiles were made
using a YSI 6600 sonde (Yellow Springs, Ohio, USA). Sondes
were calibrated prior to each sampling trip according to the
manufacturer’s user’s manual and had a manufacturer’s
declared accuracy of 0.2 (Paerl et al. 2018).

For the NRE-PS, high frequency (15 min) surface water (1 m
depth) pH measurements were measured by the USGS year
round from 1996 to 2009 at three stations in the NRE
(02092162, 0209262905, and 0209265810) that were respec-
tively co-located with stations NRE 30, 70, and 120. For both
instruments used by ModMon and the high frequency USGS
measurements, pH was measured using glass potentiometric
electrodes and we assume the measurements contain a similar
amount of error (+/�0.1) as observed by Shen et al. (2020) in
CB when using similar glass potentiometric electrodes.

Dissolved inorganic carbon (DIC), dissolved organic carbon
(DOC), particulate organic carbon (POC), nitrate/nitrite,
ammonium, phosphate, and phytoplankton biomass as Chl
a were measured from near-surface and near-bottom discrete
samples. Details of analytical methods can be found in Paerl
et al. (2018). Total alkalinity of the Neuse River at Sta. NRE0
was modeled with CO2SYS (Lewis and Wallace 1998) with K1

and K2 dissociation constants following (Cai and Wang 1998)
and the KHSO4 dissociation constant following Dickson et al.
(1990) based on surface water measurements of DIC, pH,
salinity, and temperature, and ammonium, dissolved silica,
and phosphate. Loads and flow-normalized concentrations of
DIN, TOC, and alkalinity were computed using weighted
regressions on time discharge and season (Hirsch et al. 2010)
based on concentration measurements made at the head of
the NRE (Sta. NRE0) and flow measured by the USGS � 20 km
upstream at Fort Barnwell, NC (USGS gage Sta. 02091814).

Quantifying diel pH variability
Diel cycles of pH driven by shifts in the balance of photo-

synthesis and respiration are strong indicators of the capacity
for biological metabolism to drive estuarine pH. Daily pH
cycles can also cause biases in long-term records if, for exam-
ple, the time of day that samples are collected changes over
the course of a monitoring program (Bauman and Smith 2017;
Van Dam and Wang 2019). Such schedule changes are com-
mon within long-term monitoring programs and have
occurred in both monitoring records used in this study. To
quantify and remove the effect of daily pH cycles for the CB
and NRE pH records, we examined existing long-term records
of high frequency (15 min or higher), surface water pH data
collected by autonomous data collection platforms.
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For each high frequency pH record, the amplitude and
phase of the diel cycle was quantified using least squares har-
monic analysis, fitting high resolution pH to the function

pHest ¼pHbarþa sin 2π t�wð Þð Þ ð1Þ

where pHest is the modeled pH, pHbar is the mean pH of the
record, a is the amplitude of the diel cycle, t is time expressed
as decimal days, and w is phase shift of the sine wave. To
investigate how the diel cycle changed with seasonal changes
of water temperature and solar radiation, estimates of the diel
pH amplitude and phase were calculated for each month of
the year.

Empirical model estimates of the seasonally varying diel pH
cycle were used to correct pH within the long-term records to
eliminate the influence of changes in the time of day that a
station was sampled.

pHcorr ¼pHmeas�asin 2π t�wð Þð Þþasin 2π tref �wð Þð Þ ð2Þ

where pHmeas is the measured pH and tref is the reference time
of day within the diel cycle to which the pH measurements
are corrected. The tref was chosen as 12:00 when pH was
found to approximate the daily mean value. Greater detail of
the methods and the results of the least square analysis of the
diel pH cycle are presented in the Supporting Information.

Analysis of long-term trends
To detect long-term trends in pH, we applied a combina-

tion of traditional seasonal Kendall tests with calculation of
Sen slopes to describe the direction and magnitude of secular
trends (Hirsch et al. 1982), and Generalized Additive Models
(GAM) (Wood, 2006) to provide a more flexible characteriza-
tion of nonmonotonic patterns within the time series.
Changes in Chl a were interpreted as changes in net phyto-
plankton production within the estuaries and were similarly
analyzed to explore the role of changes in net phytoplankton
production on pH trends.

Time series of pH obtained from the monitoring stations
were analyzed using GAM as below:

yt � yt�1þ s dnumð Þþ s doyð Þþ s salð Þþ ti dnum,doyð Þ
þ ti dnum,salð Þþ ti dnum,doy,salð Þ ð3Þ

where yt represents the response variables such as pH, yt-1 rep-
resents the same variables at the preceding time step to
account for the autocorrelation, dnum is the number of
months relative to the reference time (e.g., 1 for Jan 1996), doy
is the number of months in a year (e.g., 1 for Jan), and sal is
the monthly averaged salinity representing the influence of
river flow. Among the functions used in GAM, s() is a smooth-
ing function with thin plate regression splines, ti() represents
the tensor product of two smooth functions to account for the
interaction between these two variates. In Eq. 3, s(dnum)

represents the long-term residual, s(doy) represents the sea-
sonal cycle, and s(sal) is meant to capture the effects of salin-
ity on the interannual variations. The high-order term ti
(dnum, doy) allows the seasonal cycle to change over time.

Characterizing interannual and event-scale pH drivers
Spearman rank correlations of mean monthly pH and Chl

a were conducted to investigate how interannual variability of
net primary production influenced pH during different times
of the year. For example, monthly mean pH and Chl a values
for the month of April across 25 yr were used as inputs to the
rank correlation. This process was repeated for all months and
for all stations along the downstream transect of each estuary.
Contour plots of Spearman’s R were used to visualize the
strength and sign of the relationship across season and dis-
tance downstream.

Along the southeast and mid-Atlantic U.S. coast, tropical
cyclones are important short-term events that produce
extreme precipitation, storm surge, and wind impacts that can
greatly impact pH. Although episodic, with rising frequencies
and intensities, tropical cyclones are projected to be increas-
ingly important drivers of biogeochemical processes in estuar-
ies with major effects on organic C loading, spatial and
temporal patterns of organic matter degradation, subsequent
CO2 formation and outgassing, all of which affect pH
(Crosswell et al. 2014). Tropical cyclones also cause extreme
nutrient load pulses, changes in residence time, and rapid
changes in vertical stratification that affect net phytoplankton
production (Paerl et al. 2018). We examined the impacts of
these tropical cyclone-associated drivers and their estuarine
biotic responses on pH in both estuaries. For CB, we examined
Hurricane Isabel, which was a fast-moving storm that skirted
the entire western shore of CB on 18 September 2003
(Li et al., 2007). While rainfall totals in the CB watershed were
not extreme (< 5 cm), wind velocities out of the south
exceeded 20 m s�1 for nearly 24 h and caused rapid
destratification followed by restratification along the length of
the Bay (Li et al. 2007). In the NRE-PS, Hurricane Matthew
(2016) provides an example of tropical cyclone impacts from a
slower moving, high precipitation storm that resulted in 100
+ year flood events throughout the NRE watershed. During
the flood, enhanced mobilization of terrestrial organic matter,
particularly driven by connection of the river channel with
floodplain wetlands, resulted in dissolved organic matter load-
ing equivalent to 25% of the annual average in only 2 weeks
following the storm (Osburn et al. 2019).

Linkages between changes in pH and net phytoplankton
production following the two cyclones were examined using
two approaches; one based on stoichiometry between DIC
uptake and Chl a production and a second based on simple
mixing models of water masses. First, we explored the mecha-
nisms for a counterintuitive pH decline (� 8.4 to 8.1) that was
accompanied by a phytoplankton bloom in the mid CB region
following Hurricane Isabel in 2003. Average pH decline from
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� 8.4 to 8.1 in the region was based on the mean before and
after surface water H+ concentrations at Sta. CB5.1, CB5.2, and
CB5.3 where both the pH decline (Supporting Information
Fig. S4) and bloom (Miller et al. 2006) were observed. The only
carbonate system parameter measured prior to or after Isabel
was pH, but vertical profiles of alkalinity were estimated based
on salinity profiles at Sta. CB 5.1, CB 5.2, and CB 5.3
(Supporting Information Fig. S4) and using the mixing model of
Cai et al. (2017); Total alkalinity = 34.676 � Salinity + 1082.7.
Following Cai et al. (2017), we assumed the addition of
167 μeq kg�1 to subpycnocline waters (> 10 m) prior to Isabel to
account for enhanced bottom-water alkalinity due to calcium
carbonate dissolution, aerobic respiration, and sulfate reduction.
DIC profiles were then calculated with CO2SYS. Assuming com-
plete vertical mixing of the water column during Isabel
(Li et al. 2007), poststorm alkalinity and DIC profiles were calcu-
lated via trapezoidal integration as the depth averaged alkalinity
and DIC concentrations prior to the storm. Although horizontal
advection and mixing were likely enhanced by the storm, hori-
zontal gradients along the estuary are much weaker than in the
vertical dimension (Li et al. 2007). Therefore, we assumed hori-
zontal processes were negligible and vertical mixing was solely
responsible for initial changes in surface water chemistry during
the storm. To assess the impact on pH of DIC removal by net
phytoplankton production following the storm, an assumed C :
Chl a mass ratio of 50 (Harding et al. 2002) was multiplied by
the observed increase in Chl a to calculate DIC consumption,
which was then used to estimate the associated pH increase
assuming all other parameters remained constant. As another
method of determining the impact of the bloom on pH, we sim-
ulated a situation where the phytoplankton bloom failed to
develop. Again assuming a 50 : 1 C : Chl a mass ratio, the DIC
uptake necessary to form the bloom was added back to the
modeled DIC during the pH minimum. CO2SYS was then used
to recalculate pH under the simulated higher DIC concentration
that resulted from the simulated absence of the bloom.

Second, we explored the drivers of a marked pH decline
(� 8.0 to 7.4) at Sta. NR180 following Hurricane Matthew in
2016. A mixing model of DIC (measured) and alkalinity
(CO2SYS estimates based on measured DIC and pH) between
Sta. NRE0 water before and during the flood with PS 3 water
before the flood was used to estimate DIC and alkalinity along
the salinity gradient, and CO2SYS was then used on the esti-
mated values to calculate the pH changes that were due to con-
servative mixing between the two end members before and
during the flood event. Although biogeochemical processes can
cause alkalinity to behave nonconservatively, previous work has
shown approximately conservative behavior of alkalinity follow-
ing floods in the NRE (Van Dam et al. 2018). Differences
between the observed pH and the pH that would have resulted
from conservative mixing of DIC and alkalinity were then
related to estimates of net phytoplankton production. To esti-
mate the maximum effect of the phytoplankton production in
driving the nonconservative behavior of DIC at Sta. NR180, we

assumed that the phytoplankton biomass (as Chl a) present on
17 October grew in situ from an initial concentration of zero
within the measured water mass and that the phytoplankton
DIC uptake per phytoplankton Chl a occurred at a 50 : 1 mass
ratio (Harding et al. 2002). As another method of determining
the impact of net phytoplankton production on pH, phyto-
plankton DIC consumption estimated from the observed post
storm Chl a and the 50 : 1 (C : Chl a) stoichiometry was simply
added back to the DIC observed during the pH minimum and
CO2SYS was used to recalculate pH under the higher DIC
concentration.

For both the CB and lower NRE storm-induced blooms, the
two methods used to estimate the effect of the phytoplankton
blooms on pH differ in the water chemistry simulated in the
absence of a bloom due to other processes that might add or
remove DIC. In particular, the effects of air sea exchange of
CO2 on pH are not accounted for in the mixing model analy-
sis but are inherently incorporated into the analyses that sim-
ply add back DIC uptake due to the phytoplankton bloom.
Thus, the differences in the simulated pH in the absence of
the blooms from the two methods provides an indication
of the degree to which degassing can impact pH during
extreme weather events.

Results and discussion
Our analysis revealed that the CB and NRE-PS had impor-

tant similarities and differences with respect to pH variability
and its controls. Along the downstream axes, both estuaries
have shown regionally-specific trends in pH since 1996, with
long-term increases (e.g., basification) in some regions. For
both estuaries, oligohaline regions were highly influenced by
changing river chemistry while changes in indices of produc-
tivity were more important in driving pH change in the meso-
haline and polyhaline regions. Changes in net primary
production as indicated by Chl a covaried strongly with pH
during specific seasons in both estuaries, and played a strong
role in driving long-term trends across all seasons and particu-
larly within the spring bloom. The two estuaries contrasted in
their response to extreme weather events, however, where the
NRE pH, salinity, and Chl a values were much more variable
than CB.

Influence of diel cycles on long-term pH trends
The difference in trends between the raw pH records and

records corrected for diel pH cycles were generally small (abso-
lute difference < 0.02 decade�1) and never changed the sign of
a trend (Fig. 2a,c). This indicates that changes in sampling
time of day were generally minor over the study period. How-
ever, there were a few stations in both estuaries where signifi-
cant changes in sampling time of day did occur and the
correction for diel pH changes significantly changed the trend
magnitude. At Sta. CB5.2, there was a significant negative
Seasonal Kendall test but the Sen slope for the uncorrected
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data was zero (Fig. 2a). Analysis of the sampling time of day
indicated a shift of sample timing from about 11:00 to 12:00
over the data record (Supporting Information Fig. S2). The
corrected data record had the most extreme negative pH
trend of � 0.06 decade�1 observed in CB. At Sta. PS8, the
uncorrected pH record had a statistically significant trend of
�0.08 decade�1 (Fig. 2c). The corrected pH record had a neg-
ative trend but it was statistically indistinguishable from
zero. All of the other PS stations showed weak pH increases
(Fig. 2c) and it appears obvious that the large negative trend
in the uncorrected data is largely due to sampling bias asso-
ciated with a � 5 h change in sampling time of day over the
data record (Supporting Information Fig. S2). This change in

sampling time at Sta. PS8 resulted from PS8 being the first
station sampled on each monitoring trip early (pre-2014) in
the record and last later in the record. The sampling order,
and therefore sampling time of day, for other stations
remained consistent throughout the monitoring period. A
similar magnitude of correction was applied to pH data from
the CB5.2 and PS8 records despite the five-fold greater
change of sampling time of day within the PS8 (Fig. 2a,c).
This likely resulted from the higher magnitude of the esti-
mated diel pH amplitude in CB (Supporting Information
Fig. S1), and because the change in sampling time for CB5.2
occurred near noon when mid-day peaks in photosynthesis
drive rapid changes in pH (Supporting Information Fig. S1).
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There is considerable uncertainty in our estimates of the
diel pH cycle used to correct the data records. The high fre-
quency records used to estimate the diel cycles in CB were
short (< 1 yr long) and only covered the warmer months from
April to November. For both estuaries, diel amplitudes
appeared to vary along the downstream axis and the average
diel amplitude from the high frequency stations may not
accurately represent the diel cycle that occurred at any given
station. In particular, the diel cycle is likely overestimated for
the lower CB and PS where lower phytoplankton biomass and
higher alkalinity would be expected to reduce diel pH excur-
sions compared to the estuary-wide average. Nevertheless, for
the stations that had large changes in the sampling time of
day (e.g., PS8), any bias introduced by the correction is almost
certainly smaller than the bias that occurs in the uncorrected
records. Our findings support previous assertions of the impor-
tance of maintaining consistent sampling schedules or cor-
recting for changes in sampling time of day when assessing
long term changes in pH (Van Dam and Wang 2019). For the
latter, maintaining high frequency monitoring buoys capable
of resolving diel cycles is critical.

Spatial patterns of long-term pH change
Long-term declines in pH, such as would be expected due

to ocean acidification, were not consistently observed along
the freshwater to marine gradients in the surface waters
within either CB or the NRE-PS estuaries (Fig. 2). For the upper
CB (Sta. CB2.1 to CB 3.2), strong increasing trends of 0.08 to
0.15/ decade were observed (Fig. 2a). Results from the GAM
models show that a major increase in riverine pH occurred
from the late 2000’s to early 2010’s coincident with a rapid
increase in the ratio of riverine alkalinity to DIC (Fig. 3a,b).

The nearly identical temporal pattern of pH change in the
upper estuary at Sta. CB 2.1 (Fig. 4a) indicates that riverine
TA : DIC is a major influence on pH in the upper CB. Our
results are consistent with previous trend analysis of historical
pH data and modeling analyses that also found increasing pH
in the upper estuary and primarily ascribed the pH increase to
increases in Susquehanna River alkalinity relative to DIC
(Shen et al. 2020; Da et al. 2021). Our analysis revealed that
local increases in phytoplankton biomass (0.5–1 μg Chl a L�1

decade�1) also likely played a role in driving increases in pH
within the upper CB (Fig. 2b). This idea is further supported
by strong correlations between summer pH increases and
increases in Chl a described below.

In contrast to the observed pH increases in the oligohaline
zone of CB, the upper stations of the NRE-PS (NRE 0 and
NRE 20) showed pH declines of � 0.18 and � 0.075 decade�1

across the study period (1996–2020) that were much greater
than can be explained by ocean acidification (Fig. 2c). These
declines in pH were not accompanied by declines in Chl
a (Fig. 2d), but are related to a long-term decline in the ratio
of alkalinity to DIC of the freshwater carried by the Neuse
River (Fig. 3d, and Van Dam and Wang 2019). GAM analyses
showed that pH increased as TA : DIC increased from 1996
to the early 2000’s followed by relatively stable pH and TA :
DIC through � 2010. After 2010, an approximate 10%
decline in TA : DIC drove a nearly 0.5 decrease in pH
(Fig. 3c,d). Temporal patterns of pH driven by changing TA :
DIC were rapidly attenuated downstream in the estuary but
could still be observed at Sta. NRE 30 as less pronounced but
similarly timed pH increases in the early part (1996 to early
2000’s) and decreases in the later (> 2010) part of the data
record (Fig. 4c).
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Fig. 3. Long term GAM smooths (red lines) and partial residuals (black dots) of Susquehanna (Sta. CB1.0) and Neuse River (NRE 0) pH (top panels) and
TA : DIC (bottom panels).

Hall et al. Drivers of pH in large estuaries

8

 19395590, 0, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12418 by U

niversity of N
orth C

arolina at C
hapel H

ill, W
iley O

nline L
ibrary on [26/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Thus, in both CB and NRE-PS, trends in pH at the heads of
the estuaries are more responsive to changes in watershed loads
of alkalinity and DIC than atmospheric CO2 invasion or ecosys-
tem metabolism. This may be a common theme among funnel-
shaped, drowned-river estuaries where the low estuarine vol-
ume of the oligohaline zone relative to freshwater inputs creates
high flushing rates (Qin and Shen 2021) that minimize the
impact of planktonic metabolism in driving pH. These low-
salinity zones are also rich in CO2, leading to a predominance
of outgassing (Borges and Abril 2010; Cai et al. 2017) and a
minimal role of atmospheric CO2 increases on estuarine
pH. Although pH in the oligohaline zones of the two estuaries
shares a strong sensitivity to riverine alkalinity : DIC ratios, the
drivers of alkalinity : DIC trends are very different between the
two watersheds. For the Susquehanna River, regional anthropo-
genic factors, particularly reduced acid mine drainage, have
been implicated as the major driver of long-term increases in
alkalinity : DIC and associated increases in pH (Kaushal
et al. 2013). For the Neuse River, hydrology, marked by a long-
term increase in river flow, is related to the decrease in
alkalinity : DIC ratios (Van Dam and Wang 2019). Both alkalin-
ity and DIC decrease with increasing flow in the Neuse River
but alkalinity decreases more severely resulting in lower TA :
DIC ratios under high flows (Supporting Information Fig. S3).

The mid-CB region (Sta. CB3.3 to CB5.4) exhibited weak pH
declines with Sen slopes that ranged from 0 to � 0.06 per

decade and averaged �0.03 per decade. For two mid-Bay sta-
tions (CB 5.2 and 5.3) the negative trends were statistically sig-
nificant (Fig. 2a). All eight mid-bay stations exhibited positive
trends for Chl a of 0.5 to 1 μg L�1 Chl a decade�1. Recent
modeling analysis indicated that the observed increase in net
phytoplankton production has partially offset the impacts of
atmospheric invasion and negative trends in the mid-bay
region would have been approximately double what was
observed in the absence of the observed increased phytoplank-
ton production (Shen et al. 2020). There has not been a defini-
tive explanation for the observed increases in Chl a but
bottom-up forcing is unlikely the cause because both Susque-
hanna River nitrogen loading rates and water clarity have been
declining over the study period (Testa et al. 2018, 2019).

In the lower CB (Sta. CB5.5 to CB8.1), six of the ten stations
showed declining, though not statistically significant trends in
pH and only two stations showed weak pH increases. Long-
term pH declines ranged from �0.03 to �0.005 decade�1, the
same order of magnitude expected from the approximate �0.02
decade�1 decline in oceanic pH due to ocean acidification
(Lauvset et al. 2015). However, even at these downstream sta-
tions the observed pH declines cannot be solely attributed to
ocean acidification because declines in phytoplankton (� 0.8
to � 0.25 μg L�1 Chl a decade�1) were also observed at all but
one of the downstream stations and modeling analyses have
indicated nearly equal roles of ocean acidification and declining

PS 9
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CB 6.1
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C F

E

DD
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Fig. 4. GAM analyses of long term trends in surface pH at monitoring stations in CB and the NRE/PS estuaries showing the long-term smooth (red line)
and partial residuals from the long-term smooth (black dots).
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phytoplankton productivity in driving the pH decline (Shen
et al. 2020; Da et al. 2021).

In contrast to CB, pH trends in seaward regions of the NRE
were generally positive. Below Sta. NRE 50, 16 of the 17 stations
showed increasing trends in pH that ranged from 0.005 to 0.07
decade�1. Although the seasonal Kendall test found that none
of these individual trends were statistically significant, the prob-
ability of such a high proportion (16/17) of positive trends
when the true proportion is split evenly is exceedingly low
(χ2 = 8.34, p = 0.004) which provides confidence in a positive
pH trend for the lower region of NRE/ PS. In the mesohaline
zone of the NRE, increases in Chl a ranging from � 1–3 μg L�1

decade�1 suggest that eutrophication was likely responsible for
observed pH increases. Efforts to reduce Neuse River nutrient
loads in the 1980’s-1990’s were highly successful but nitrogen
loads have since increased (Strickling and Obenour 2018) and
likely are responsible for observed Chl a increases. Farther
downstream in PS, consistent increases in pH of � 0.02
decade�1 cannot be explained solely based on changes in net
production because stations were split nearly evenly between
small increases and decreases of Chl a. The positive pH trend
for much of the NRE-PS also contrasts with the consistent nega-
tive trends of surface water pH described by Van Dam and
Wang (2019). The discrepancy is likely due to the longer, 24-yr
record used in this study compared to Van Dam and Wang’s
12-yr (2005–2017) record which as mentioned previously was a
period marked by strong decreases in TA : DIC ratios related to
increasing river discharge (Van Dam and Wang 2019).

Primary productivity as a driver of interannual pH
variability

Spatial and seasonal variability in the interannual correla-
tion between Chl a and pH indicated strong differences in the

extent that primary productivity and community respiration
are coupled in the two estuaries. The strongest positive inter-
annual correlations between Chl a and pH occurred during
the spring bloom in both systems (Fig. 5a,b), February to April
in the NRE-PS (Pinckney et al. 1998) and from late March to
early May in CB (Harding et al. 2002). Positive relationships
between Chl a and pH arise when respiration is temporally or
spatially decoupled from primary productivity to create net
autotrophic conditions. At temperate latitudes, net autotrophy
of surface waters in spring is common (Carstensen and
Duarte 2019) because much of the respiration of the spring
bloom organic matter occurs in bottom waters later in sum-
mer (Carstensen and Duarte 2019). In both estuaries, the
intensity of the spring bloom is strongly regulated by the dual
roles of river flow in delivering nutrients and flushing effects
on phytoplankton biomass (Harding et al. 2002; Katin
et al. 2021). In CB, the spring bloom was most intense when
high flows in late winter led to strong nutrient loading
followed by low flows during spring, which allowed suffi-
ciently long residence time for phytoplankton biomass to
develop (Harding et al. 2002). In years when flow provides suf-
ficient nutrients and allows time for phytoplankton growth,
high phytoplankton productivity should drive increases in pH
and produce the strong observed correlations between pH and
Chl a during the spring bloom period (Fig. 5b). Spatially, the
positive association between interannual pH and Chl
a variability during the spring bloom was strongest in the mes-
ohaline region (�76.6 to �77.0�W), which as noted above has
a sufficiently long residence time to allow phytoplankton
assimilation of riverine nutrient loads.

In summer, the zone of strong positive interannual correla-
tion between Chl a and pH occurred in the oligohaline zone
of the two estuaries where it remained before migrating back
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Fig. 5. Spearman’s rank correlation between monthly surface pH and Chl a in CB (a) and the NRE/PS estuaries (b). Black lines indicate contours of statis-
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downstream to the mesohaline region in fall (Fig. 5a,b). The
oligohaline zones of these estuaries are generally nutrient rich.
However, net phytoplankton production in the oligohaline
zones of both estuaries is highly dynamic and strongly depen-
dent on river flow which governs flushing losses and light
availability due to levels of suspended sediment (Peierls
et al. 2012; Qin and Shen 2021). Under low flow conditions
that often occur in summer, weak flushing and high light
availability promote net phytoplankton production while
higher summer flows stifle net production in the oligohaline
zone. The strong observed positive correlation of pH and Chl
a in this zone during summer is likely due to alternations
between these bloom/non-bloom conditions as downstream
transport and sedimentation of organic matter in these highly
advective and stratified zones spatially decouples production
and respiration. The positive relationship in the oligohaline
zone (Fig. 5a,b) of the NRE is likely also enhanced by the
higher alkalinity to DIC ratio of river water under low river
flow conditions (Supporting Information Fig. S3).

In the mesohaline and polyhaline zones during summer,
interannual correlations between pH and Chl a were weaker
than other regions and seasons in both estuaries, and in the
NRE-PS were generally negative (Fig. 5a,b). The contrasting
lack of correlation between pH and Chl a during summer in
the mesohaline and polyhaline regions and strong correla-
tions in spring are likely related to nutrient availability and
temperature which tend to couple production and respiration
in summer and decouple production and respiration in spring.
Due to rapid nutrient uptake upstream, the mesohaline and
polyhaline regions of these two estuaries are strongly nutrient
limited during summer (Rudek et al. 1991; Piehler et al. 2004;
Zhang et al. 2021). Under nutrient limited conditions, the
phytoplankton community shifts from the spring bloom dom-
inated largely by diatoms to a mix of flagellates that are largely
mixotrophic and picoplankton well adapted to low nutrients
(Adolf et al. 2006; Gaulke et al. 2010; Paerl et al. 2013). Most
of the summer production is cycled within the microbial loop
so that export of photosynthetically produced organic matter
from the surface layer is minimal and production is closely
balanced by respiration with a reduced impact on pH com-
pared to spring when net ecosystem metabolism and organic
matter export is high (e.g., Kemp et al. 1997; Testa and
Kemp 2008).

Seasonal differences in the correlations between pH and
Chl a in both systems are also likely driven by differences in
the composition of inflowing rivers. In the lower parts of both
estuaries, summer and fall net phytoplankton production is
nitrogen limited (Paerl et al. 2014; Zhang et al. 2021).
Significant pulses of DIN that stimulate summertime net phy-
toplankton production in these areas are usually also accom-
panied by high watershed inputs of organic matter that can
fuel bacterial respiration (Peierls and Paerl 2010). At the
ecosystem level, the ratio of DIN : TOC has been shown to be
a strong predictor of net ecosystem metabolism (Kemp

et al. 1997). DIN : TOC from the Susquehanna and Neuse
Rivers exhibits a significant seasonal pattern with higher
DIN : TOC during winter and spring and lower DIN : TOC
during summer and fall (Fig. 6). High summer temperatures
stimulate respiration to a greater degree than phytoplankton
production (Harris et al. 2006). The combination of high sum-
mer temperatures and higher relative levels of resource avail-
ability for heterotrophs vs. phytoplankton likely causes the
effect of enhanced phytoplankton production on pH to be
overwhelmed by bacterial respiration. Hence bloom formation
can occur under net heterotrophic conditions and cause the
observed negative relationships between Chl a and pH during
summer in the lower parts of these estuaries. In both systems,
the lowest DIN : TOC ratios are also associated with high flows
such that the highest nutrients loads but also the lowest
DIN : TOC load ratios occur during summer/fall floods. In
many cases, these summer/fall flood events are associated with
tropical cyclones (Fig. 6b,d).

Effects of extreme weather events
The impacts of Hurricane Isabel on CB pH were primarily

driven by wind-induced mixing of the water-column and its
impact on net phytoplankton production. Mixing of higher
salinity bottom water into the surface layer was evident in CB
following Isabel as increases in surface water salinity following
Isabel’s passage in the oligohaline and mesohaline zones of
CB (CB3.1, CB4.3C, and CB5.3 in Fig. 7a) where stratification
prior to the storm was strong (Li et al. 2007). Prior to the
storm, unusually high summer river flows during the summer
of 2003 fueled higher than average primary production and
the freshening of the surface layer enhanced vertical stratifica-
tion in the mid Bay region (Miller et al. 2006). The combina-
tion of high rates of organic matter oxidation and strong
stratification in the mid Bay led to hypoxic bottom waters
with low pH (7.4–7.5) for the mid Bay region (Supporting
Information Fig. S4). During Isabel, vertical mixing resulted in
rapid declines of 0.2 to 0.3 in surface water pH (Fig. 7b,
Supporting Information Fig. S4). The mixing of ammonium to
the surface stimulated a well-documented, diatom bloom in
the mid Bay region from 37.2�N to 87.4�N (Miller et al. 2006)
(CB5.3 in Fig. 7c). Average phytoplankton biomass increased
by � 50% from 8.7 to 13.4 μg L�1 within the bloom region
(CB5.3 in Fig. 7c; Fig. 1 in Miller et al. 2006) but the produc-
tion by the bloom did not offset the decline in pH. The lower
Bay (CB8.1) did not appear strongly impacted by Isabel.

In contrast to Hurricane Isabel in CB, Hurricane Matthew
in the NRE-PS was primarily associated with extreme freshwa-
ter inflows and associated watershed materials. Salinity
dropped to near zero throughout the NRE and from > 17 to
� 10 in PS (Fig. 7d). Respiratory CO2 inputs fueled by the
huge load of organic rich, freshwater caused rapid declines in
pH that ranged from a drop of almost 1 at the most upstream
stations (NRE70 and 120) to � 0.3 in PS (Fig. 7e). Net phyto-
plankton production was displaced in the upper estuary due

Hall et al. Drivers of pH in large estuaries

11

 19395590, 0, D
ow

nloaded from
 https://aslopubs.onlinelibrary.w

iley.com
/doi/10.1002/lno.12418 by U

niversity of N
orth C

arolina at C
hapel H

ill, W
iley O

nline L
ibrary on [26/08/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



to rapid flushing but was stimulated by high nutrient loads in
the lower estuary at Sta. NRE180 and PS (Fig. 7f).

Thus, in both mid-CB and lower NRE-PS systems, phyto-
plankton blooms that followed storms were accompanied by
decreases rather than increases in pH. Mechanisms behind
these counterintuitive storm impacts were explored using a
combination of mixing model analyses and stoichiometric
considerations. First, we explored the drivers of the pH decline
(� 8.4–8.1) in the mid CB region where an increase of
� 5 μg L�1 Chl a was observed following Hurricane Isabel. A
mixing model that accounted for complete vertical mixing of
the prestorm DIC and alkalinity profiles (see methods for
details) indicated that DIC inputs into the surface layer during
mixing by Isabel should have caused pH to decrease
� 0.5 units from � 8.4 to 7.9 (Fig. 8a). Assuming a 50 : 1 mass

ratio of DIC uptake per unit Chl a increase, a DIC consump-
tion of about 250 μg C L�1 (21 μmol L�1) was used to estimate
an � 0.1 unit pH increase caused by the ammonium stimu-
lated bloom.

As another method of determining the impact of the
bloom on pH, the DIC consumption of the bloom was simply
added back to the modeled DIC during the pH minimum and
CO2SYS was used to recalculate pH under the higher DIC con-
centration. Using this method, bloom production was estimated
to elevate pH by � 0.08 units (Fig. 8a). Both approaches reveal
that the magnitude of the bloom stimulated by ammonium
mixed into the surface layer was insufficient to overcome the
effects of DIC inputs in driving the surface water pH decline.

Second, we explored the drivers of the pH decline (� 8.0–
7.4) at Sta. NR180 where a phytoplankton bloom of 30 μg L�1
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Chl a was observed following Hurricane Matthew (Fig. 7f).
Calculations of pH based on conservative mixing of alkalinity
and DIC from the head of the estuary before and after Hurricane
Matthew with pre-Matthew waters from PS very closely approxi-
mated pH at Sta. NR180 prior to Matthew, but during the flood
event underestimated the observed pH by � 1.2 (Fig. 8b).
Assuming that all 30 μg L�1 of the phytoplankton biomass
grew in situ within the water mass present on 17 October and a
C : Chl a mass ratio of 50 (Harding et al. 2002), DIC consump-
tion was � 1500 μg L�1 (125 μmol L�1) due to the bloom. Sub-
tracting off the DIC consumption by the bloom from the DIC
estimated at NR180 using the mixing model accounted for � 1
pH unit of the � 1.2 unit underestimate of pH based only on
conservative mixing (Fig. 8b). Adding back the DIC uptake by
the bloom to the DIC concentration observed during the pH
minimum and then recalculating pH at the higher DIC concen-
tration showed that the bloom elevated pH by � 0.8 units, simi-
lar in magnitude to the impact on pH estimated from the
mixing model analysis (Fig. 8b).

For both CB and NRE, after accounting for DIC uptake by
the blooms and conservative mixing of the water column or
estuarine end members, there was still a 0.1 and 0.25 unit pH

difference, respectively, between observed and estimated
pH. Following these storms, intense degassing of CO2 allevi-
ates part of the potential pH decrease (Crosswell et al. 2014),
and the lack of accounting for degassing in the conservative
mixing models may explain much of the underestimation of
pH in the mixing models compared to the observed pH
(Fig. 8a,b). Our ability to assess the full impacts of such
extreme events on the estuarine carbonate system is limited
because there are potentially important transient storm effects
like degassing that we cannot capture with the available data.

The accuracy of our estimates of DIC uptake by the blooms,
and thus impact on pH, in both systems relies on the accuracy of
the assumed 50 : 1 phytoplankton C : Chl a ratio. The C : Chl
a ratio of phytoplankton can vary between � 20 and 400 with
the extreme low and high values associated with severe light and
nutrient limitation, respectively (Cloern 2001). We tested a range
of possible C : Chl a ratios and found that for the case of
the bloom following Hurricane Isabel in CB, the phytoplankton
C : Chl a ratio of would have to be � 300 for phytoplankton DIC
uptake to maintain a pre-storm pH. For the NRE case following
Hurricane Matthew, the 31 μg L�1 increase in Chl a with a C :
Chl a ratio of 65 would draw down enough DIC to maintain a
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prestorm pH. For either case, there is good evidence that the real
C : Chl a ratio during the blooms was almost certainly lower than
what would be required for the blooms to remove enough DIC
to prevent a decrease in pH. First, for the CB case, a C : Chl
a ratio of � 300 has only been observed under high light and
extreme nutrient starved growth conditions (Cloern et al. 1995).
Availability of growth-limiting ammonium was high following
the mixing event (Miller et al. 2006), and light availability, even
under normal, non-post storm conditions, is not high in the mid
CB region (Harding et al. 2002). For the case of the NRE, the mea-
sured molar ratio of POC to Chl a within the bloom waters was
only 54, and certainly some fraction of the carbon occurred in
pools other than phytoplankton. Thus, realistic changes to the
C : Chl a ratio used in these analyses would not change the

conclusion that the impact of post storm blooms on surface
water pH is overwhelmed by the impact of extremely high CO2

inputs in depressing pH.
The origin of CO2 enriched waters following large storms can

be bottom waters that accumulate CO2 from organic matter deg-
radation as was seen during Hurricane Isabel in CB, or the water-
shed where flushing of soil pore waters directly contributes high
CO2 and indirectly contributes to high CO2 through extreme
loading of organic matter to estuaries (Crosswell et al. 2014; Van
Dam et al. 2018). In the NRE, extreme organic loading is
believed to result from floodwaters connecting to wetlands
within the flood plain (Rudolf et al. 2020). Simultaneously, flood
waters from tropical cyclones dilute DIN levels (Paerl
et al. 2018). Thus, tropical cyclones which occur during warm
weather and produce the highest levels of discharge to the Neuse
River represent the extremes of conditions that cause low DIN :
TOC load ratios. In fact, the lowest observed DIN : TOC load
ratios have occurred during the extreme flooding from Hurri-
canes Floyd, Matthew, and Florence. We hypothesize that inputs
of CO2, organic matter, and nutrients from tropical cyclones
play a large role in driving the strong negative relationship
observed between interannual variability in surface water Chl
a and pH in the polyhaline region of the NRE (Fig. 5b). The
greater expression of this tropical cyclone-related phenomena in
the NRE-PS than in CB may relate to the larger size of CB and its
watershed. Given a typical tropical cyclone diameter of
� 200 km (Guo and Matyas 2016), a small watershed like the
Neuse River could be almost completely covered by a tropical
cyclone while only a small fraction of the much larger CB water-
shed would be impacted. Thus, tropical cyclone effects on water-
shed delivery of CO2, organic matter, and nutrients on the main
stem of a large estuary like the Chesapeake would be signifi-
cantly dampened by large unimpacted areas of the watershed.

Summary and conclusions
Estuarine acidification is a complex phenomenon

influenced by temporal and spatial patterns in hydrology and
productivity that result from inputs of nutrients and inorganic
carbon from their watersheds. Our comparison of the differen-
tial long-term patterns of pH in two large ecosystems reveals
both consistencies and discrepancies in spatial patterns of
trend, but comparable, diverse driving factors. Although long-
term trends were relatively weak in both estuaries, the trends
reflect a response to a combination of altered watershed chem-
istry (CB and NRE-PS), primary productivity (CB and NRE-PS),
and an ocean acidification signal for the lower region of
CB. Both systems are responsive to the carbonate chemistry in
inflowing rivers in their upstream reaches, but the Susque-
hanna River (CB) is becoming more alkaline while the Neuse
(NRE-PS) is becoming more acidic. The ocean acidification sig-
nal of the lower CB contrasts with the basification of the most
marine influenced regions of the lagoonal NRE-PS system,
which have limited exchange with coastal waters and may be
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less vulnerable to acidification. The coastal end members of
both estuaries have experienced similar pH declines due to
ocean acidification (Xu et al. 2020) and the difference in pH
trends of the downstream regions of both estuaries under-
scores the important role that differences in hydrological con-
nectivity can play in shaping estuarine pH responses to
similar regional-scale forcing. Long-term trends were detect-
able despite substantial diel variability in pH resulting from
high estuarine productivity in both systems, which is much
larger than the scale of global pH declines associated with
atmospheric CO2 invasion. While our results are relevant for
productive surface waters, they are not necessarily relevant
for bottom waters in stratified systems like CB, where bottom-
water pH would be reduced by eutrophication (Cai et al. 2017;
Shen et al. 2020) given that these waters essentially receive
excess organic matter from the surface water that is respired to
generate CO2. Tropical storm events are more clearly associ-
ated with pH variability in the NRE-PS Neuse than in CB,
given the larger impact of tropical storms and small watershed
size relative to storm size in the NRE-PS, driving higher vulner-
ability. Thus, future changes in watershed chemistry and pro-
ductivity will complicate the detection of an acidification
effect in estuarine environments.

Data availability statement
The data used in this analysis are publicly available and

reported as part of long-term monitoring programs. Data for
watershed discharge, river chemistry, water-column pH and
chlorophyll a concentrations, and high-frequency records of
pH are available from federal and state agencies: United States
Geological Survey, Chesapeake Bay Program, Maryland
Departments of Natural Resources (DNR) and Environment
(MDE). Data collected by the Neuse River Modeling and Moni-
toring (ModMon) program can be accessed through the South-
east Coastal Ocean Observing Regional Association’s data
portal at https://portal.secoora.org/.
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