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Abstract

Hypoxia and acidification are commonly coupled in eutrophic aquatic environments
because aerobic respiration is usually dominant in bottom waters and can lower dissolved
oxygen (DO) and pH simultaneously. However, the degree of coupling, which can be
weakened by non-aerobic respiration and CaCOj cycling, has not been adequately assessed.
In this study, we applied a mass-balance box model to 20 years of water quality monitoring
data to explore the relationship between hypoxia and acidification along the mainstem of
Chesapeake Bay. In the early summer, dissolved inorganic carbon (DIC) production in
mid-bay bottom waters was dominated by aerobic respiration, contributing to DO and pH
declines. In contrast, late-summer DIC production was higher than that expected from aerobic
respiration, suggesting potential buffering processes, such as calcium carbonate dissolution,
which would elevate pH in hypoxic/anoxic waters. These findings are consistent with
contrasting seasonal relationships between riverine nitrogen (N) loads and hypoxic and
acidified volumes. The N loads were associated with increased hypoxic and acidified volumes
in June, but only increased hypoxic volumes in August, when acidified volume declines
instead. Our study reveals that the magnitude of this decoupling varies interannually with
watershed nutrient inputs, which has implications for the management of co-stressors in

estuarine systems.

Keywords: Hypoxia, acidification, box model, Chesapeake Bay, estuary, carbonate

chemistry.

Synopsis Statement: Excess nutrient loading leads to high pH-buffering processes in late

summer that decouple hypoxia and acidification in the mainstem of Chesapeake Bay.
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Introduction

Ocean acidification occurs at a global scale driven by the oceanic uptake of
approximately one third of the anthropogenic carbon dioxide (CO,) emissions and is rapidly
changing the carbonate chemistry of the world oceans with increases in dissolved inorganic
carbon (DIC) and decreases in pH and aragonite saturation state (€,,).!-* Estuaries and coastal
regions around the world are critical natural habitats for many ecologically and economically
important species.* A large number of these regions are particularly vulnerable to
acidification given inputs of poorly buffered freshwater>” and/or stratification that can allow
bottom-water DIC accumulation. Recent studies demonstrated that coastal acidification could
be exacerbated by eutrophication through enhanced bottom respiration of allochthonous and
autochthonous organic matter.®” In fact, long-term field observational studies suggest that pH
and Q,, decline faster in estuarine waters compared with the open ocean, where the decline is
attributable mostly to the rising atmospheric CO,.!°

Hypoxia has been widely reported and studied across multiple estuaries and coastal
regions around the world including the Baltic Sea,!"-'? the northern Gulf of Mexico,'>!* the
Pearl River,!>!% and Chesapeake Bay.!” Links between hypoxia and eutrophication have been
well recognized through studies across diverse aquatic systems.'3-?° The two primary factors
contributing to hypoxia are net biogeochemical dissolved oxygen (DO) consumption due to
aerobic respiration and restricted supply of oxygen from the surface layer due to a lack of
physical mixing.?! Hypoxia and acidification are commonly coupled, i.e., display similar
spatial and seasonal dynamics in eutrophic and stratified ecosystems, where aerobic
respiration is the dominant process to lower both pH and DO of subsurface waters.%22-23
However, the duration, coverage and intensity of estuarine acidification, compared with
hypoxia, is more challenging to predict because pH in estuarine waters responds to a series of
physical and biogeochemical processes affecting carbonate chemistry variables, such as DIC
and total alkalinity (TA), including anaerobic respiration (e.g., sulfate reduction), mixing with
poorly buffered freshwater, and carbonate mineral precipitation and dissolution.??242

Chesapeake Bay, the largest estuary in the contiguous United States, experiences both
hypoxic and acidified conditions and has a wealth of long-term observations that provide the

opportunity to explore oxygen and carbonate chemistry dynamics and drivers. Retrospective
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analyses of 25-year (1984-2008) historical pH data in Chesapeake Bay suggested a potential
long-term pH decline in polyhaline waters that was higher than expected from
anthropogenic-CO,-induced acidification alone.!® Recent observational and modeling studies
in the Bay have suggested potential explanations for non-anthropogenic CO, effects, resulting
from strong spatiotemporal variability in carbonate chemistry driven by both external forcing
(e.g., riverine DIC, TA, and nutrient changes) and internal cycling (e.g., CaCOj; dissolution
and H,S oxidation), thus challenging our understanding of estuarine acidification and how it
co-varies with hypoxia.?®2° For example, Su et al.’°, using a single year of data in Chesapeake
Bay bottom waters, suggested that supply-controlled CaCO; dissolution elevated pH while
oxygen remained low. It remains unclear, however, how year-to-year changes in external
forcing influence this decoupling at a bay-wide scale. Recent model simulations also
indicated an important buffering mechanism of calcium carbonate dissolution for pH changes
in late summer,?® although the calcium precipitation/dissolution and the mineral sources in
estuarine environments have not been clearly revealed. It remains challenging to accurately
estimate the internal biogeochemical production rates, and to determine the underlying
mechanisms of variable biogeochemical processes in regulating the seasonal and interannual
variability of DO and pH. Thus, despite substantial progress towards understanding estuarine
carbonate system dynamics, previous studies have relied on limited data to estimate rates of
biogeochemical transformations causing changes in inorganic carbon cycling and oxygen
cycling, and few have considered long-term variability in these rates and their implications
for variability in acidification.

To address the above knowledge gap, the objective of this study is to assess seasonal and
interannual variability in net biogeochemical transformations of DO and DIC in the mainstem
Chesapeake Bay and explore the long-term relationship between hypoxia and acidification.
We analyzed a 20-year (1999-2018) record of DO (directly measured) and DIC (computed
from directly measured pH and modeled TA) along the mainstem of Chesapeake Bay using a
box model, which has been successfully applied to investigate physical and biogeochemical
dynamics in Chesapeake Bay.?'> Box model calculations are data driven and permit the
computation of net biogeochemical rates that control the spatial and temporal dynamics of

chemical species of interest (DO and DIC in the present study). We focused the model
5
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application on processes regulating hypoxia and acidification, particularly in mid-bay bottom
waters, where extremely low DO and pH were observed during summer. The mainstem
acidified volumes were estimated for the first time by interpreting historical bay-wide water
quality data, and the seasonal and interannual variability of the acidified and hypoxic volumes
were examined to assess the relationships between the two metrics. We show that hypoxia
and acidification in the mainstem of Chesapeake Bay are decoupled in late summer, when
non-aerobic-respiration processes (all other biogeochemical processes but aerobic respiration,
i.e., CaCQOj; dissolution, sulfate reduction) frequently occur and appear to buffer acidified

bottom waters.

Materials and Methods
Study site

Chesapeake Bay, located in the United States mid-Atlantic coastal region, has a total
length of 320 km from the mouth of the Susquehanna River to its outlet in the Atlantic Ocean
(Fig. 1). The average depth is 6.5 m and a 20-35 m deep central channel runs the length of the
middle region of the Bay. Water circulation in the mainstem is a typical two-layer pattern
driven primarily by the surface movement of freshwater from the north and bottom intrusion
of seawater from the south.3* The Bay once supported abundant native oyster populations in
the 19 century, but these have declined to just a few percent of the previous values due to
overfishing, disease, habitat destruction, and water quality deterioration.’* The Bay and its
tributaries have been persistently eutrophic over the past 30 years, but some regions of the
estuary have experienced modest improvements in overall water quality due to restrictions of
nutrient inputs and ecosystem restoration efforts.?>3

Hypoxia has been documented throughout the past century in Chesapeake Bay and its
tributaries.’” The water below the pycnocline in the central mid Bay is particularly vulnerable
to hypoxia during May—September when stratification is fully established and surface primary
production is relatively high, leading to rapid bottom DO consumption by aerobic respiration
in bottom waters®'37 and sediments*®3? without sufficient replenishment. The mid-bay

hypoxic region is also typically acidified,*® because of a combination of high DIC production
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resulting from high rates of aerobic respiration in sediments and overlying waters,?® and

limited mixing with low-DIC surface waters caused by stratification.

Long-term water quality observations
Measurements of water column pH, temperature, salinity and DO were obtained from the

water quality database of the Chesapeake Bay Program (CBP) (http://data.chesapeakebay.net).

CBP data collection in the mainstem is organized into cruises or periods of time with
coordinated sampling by the states of Maryland and Virginia. The field observations have
generally been conducted once per month from November to February and twice per month
from March to October since 1985, covering more than 50 mainstem stations with vertical
profiles reported at a resolution of 1-2 m. We selected 21 regularly monitored stations along
the central axis of the mainstem, seeking good spatial coverage while avoiding
overrepresentation of stations clustered together, for use in a box model and in calculations of
hypoxic volume and acidified volume (Fig. 1). Comparably high differences in long-term pH
trends between stations measured by the state of Virginia and those measured by the state of
Maryland have been found, and a detailed examination of data from adjacent monitoring
stations (CB5.3 and CB5.4, Fig. 1) measured by the two states revealed a distinct separation
before 1998 and convergence thereafter. Although the ultimate reason for these differences is

uncertain, we limited our analysis to 1999—2018 to assure data accuracy and consistency.

Modeling of total alkalinity and dissolved inorganic carbon

DIC and TA are two key state variables for carbonate chemistry and are particularly
useful for process modeling because they are conservative with respect to changes in
temperature, salinity, and pressure (unlike pH and Q,;). However, while pH has been
consistently measured at a bay-wide scale since 1985, DIC has been rarely measured in
Chesapeake Bay until very recently and TA has been measured only at a limited number of
stations and times. Therefore, we used a modeling approach to estimate TA and DIC from
available long-term water quality observations.

Prior field measurements in the Bay and its tributaries have revealed a variety of patterns

of TA along the salinity gradient,?*” and several studies have demonstrated a relatively linear
7
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relationship between TA and salinity. >#%4! In this study, we adapted an empirical model of
TA in the mainstem Bay from Herrmann et al.*? Specifically, TA is modeled as a function of
measured estuarine salinity and temporally varying riverine TA, assuming conservative
mixing of two main sources of water for the mainstem Bay: Atlantic Ocean shelf
(high-salinity source) and the Susquehanna River (USGS gage number 01578310,
zero-salinity source). Because the model configuration reported in Herrmann et al.*? was fit to
surface salinity observations only, for this study we refit the model to include salinity
observations from all available depths. The uncertainty in the mixing model was assessed
using high-quality measurements of TA during 2016-2018 cruises.?’** The model captures
the substantial effects of the seasonality and long-term increase in Susquehanna River TA on
TA in the mainstem Bay. The refit empirical model was used to generate vertical profiles of
TA at the 21 stations used in the present study.

A 200-member Monte Carlo ensemble of DIC was computed from observed CBP pH,
temperature, salinity, and modeled TA corrected for organic alkalinity, by propagating the
measurement uncertainty in pH (0.2 standard pH units, NBS), the uncertainty in modeled TA,
and the uncertainty in the assumed organic alkalinity contribution (20 = 30 4M) as described
in Herrmann et al.*> Q,, was also computed to contextualize some of the results. Computations
were done at each station at the native time and depth resolution using CO2SYS.** We used
the carbonic acid equilibrium constants of Cai and Wang,* the equilibrium constant for
bisulfate ion of Dickson,* and the ratio of total boron to salinity of Uppstrom.*® The
phosphate and silicate concentrations were assumed to be zero; we also assumed that the
zero-salinity end member has a zero calcium ion concentration, an assumption that leads to a

minimal bias in calculated Q,, along the salinity gradient of the mainstem.

Box model description

The mainstem of Chesapeake Bay was divided into 9 regions, with the most landward
region containing one box and the remaining eight segments each containing surface and
bottom-layer boxes to represent the mean 2-layer circulation in the estuary (Figs. 1 and S1).
The horizontal and vertical boundaries separating adjacent boxes were determined based on

data availability, density stratification, and an effort to retain similar salinity gradients and
8
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water volumes among boxes. Each box was assumed to be well mixed. Salinity, DO, and DIC
at the 21 stations were first interpolated to a two-dimensional depth—length grid (~1 m x 2 km,
Fig. S2) along the mainstem assuming the concentrations were uniform laterally. The
interpolation method used is ordinary kriging,*” in which the parameters of smoothness, sill
and distance range were configured as 1.0, 9.0 and 120 km, respectively. Mean solute
concentrations for each box and each month were computed as the volume-weighted means.
Circulation

Advective and non-advective water exchanges between neighboring boxes were
calculated using the solution to non-steady state equations balancing salt and water mass
given their independence from biogeochemical changes. The largest tributaries to the
mainstem Bay (Figs. 1 and S1) were included implicitly as surface layer inputs of freshwater
to Region 1 (Susquehanna), Region 2 (Patapsco), Region 5 (Patuxent), Region 6 (Potomac),
Region 7 (Rappahannock), Region 8 (York), and Region 9 (James). Monthly average
streamflow and salinity of tributaries were obtained from the nearby USGS gages and stations
of CBP (Fig. 1 and Table S1).

The salt and water balances for each surface-layer box are, respectively:

dSyi ds;
Vti(ﬁ) + Vi(ﬁ) =Qi—1Si—1 + QuiSi — QiSi + Evi(Si — Si) 0]

0 =Qi—1+ Qui— Qi+ Qi @)
where i represents the region number; V; and V,; are the volumes of the surface box and the
adjacent tributary, respectively; S;, S; and Sy; are the salinity in the surface box, bottom box
and tributary, respectively; Q; is the seaward horizontal advective transport; Q,,; is the
vertical transport; Qf; is the freshwater input; and E,; is the vertical diffusion term. Similarly,
the balance equations for bottom-layer boxes can be expressed as:

Vi(5) = Qi 1Stat — QuiSi — QISi— Eu(Si — 1) ()
0 =Qit1— Qu—Q; ©)
where V; is the bottom box volume and Q; is the bottom landward transport. For this
conservative model, salinity data were obtained from the CBP database as mentioned in the

above section. Precipitation and evaporation are not included in the water balance assuming

that direct precipitation to the water surface was approximately balanced by evaporation. All

9
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time derivatives were computed using explicit centered difference method. The conservative
tracer equations (Eqgs. 1-4) are mathematically closed, and the advective and non-advective
fluxes terms can be calculated.
Net biogeochemical production

We computed monthly rates of physical transport and net biogeochemical production of
DO (Ppp) and DIC (Pp,c) for each box of the mainstem from 1999 to 2018. Physical transport
rates for these non-conservative state variables were directly computed by multiplying the
mean solute concentrations for each box and month by the advective and non-advective
transports. The net biogeochemical production rates for surface and bottom boxes were

derived based on mass balance equations:

dCl- , , )
p;= Vi(ﬁ) —Qi-1Ci—1 — QuiCi + QiC; — Eyi(Ci — C;) — Airsea (7

Pi=Vi(5) = QeaaCiva + Quli + Qi€+ En(Ci — C1) ®)
where P; and P; are the surface and bottom net production rates, C is the solute
concentration, and Airsea is the water-air exchange of O, or CO,, which was calculated
using:

Foz =Koz X (02,5at — O2water) )
Fcoz = Kcoz X K X (pCO2air — PCO2water) (10)
where 03 g is the saturation concentration of O,,* K is the solubility of CO, from Weiss,*
pCO; qir 1s the atmospheric CO, partial pressure measured at the Mauna Loa Observatory

(https://gml.noaa.gov/ccgg/trends/mlo.html), and K, is the gas transfer velocity for gas x (O,

or CO,) from Wanninkhof,>

660
K. =0.251 X ufy |5 (11)

In Equation 11, K, has units of cm hr!, uyq is the 10-m height wind speed in m s~!, which is
measured at the Patuxent River Naval Air Station (KNHK, 38.5N, 76.7W), and Sc, is the
temperature-dependent Schmidt number for a salinity of 35. We did not estimate the role of
sediment—water exchange in the box-model calculations, as these rates are subsumed in the
estimates of bottom-layer net production rates. Exchanges of DIC and DO between surface
mainstem boxes and tributaries were ignored as field measurements of carbonate chemistry

state variables in tributaries are particularly limited, and our analysis is primarily focused on
10
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2

z 255  the bottom-water rates. The box model codes were generated, tested and run in the Matlab

Z 256  platform.

; 257 In this study, DIC production from aerobic respiration (Pp;c seronic) Was calculated by
?O 258  multiplying the net biogeochemical consumption of DO (Pp) with a stoichiometric O,:C

1; 259  ratio of 106:138 (Ppic aerovic = —0.768%Ppp) assuming NOj as the main nitrogen source for
12 260  phytoplankton.’! DIC production from processes other than aerobic respiration was obtained
12 261 by the difference (Ppic. non-aerobic = Ppic — Ppic, aerobic)- We restricted our biogeochemical

1; 262  production analysis to the summer period (May—September), when hypoxia occurs in

;g 263  Chesapeake Bay. We further divided the summer period into the early summer (May—June)
;; 264  and late summer (July—September), to explore temporal variations in the coupling and

;i 265  decoupling of hypoxia and acidification. Although we recognize that biogeochemical

;2 266  processes evolve continuously over time, sometimes including lags between linked productive
;é 267  and consumptive processes, dividing our data into discrete periods of time was a convenient
29 268  way to track seasonal change.

S 26

;g 270  Hypoxic and acidified volume

;g 271 Several prior studies have examined the seasonal and annual hypoxic volumes in

;? 272  Chesapeake Bay and their relationship to freshwater flows and associated nutrient loads that
gg 273  regulate the intensity of stratification and bay-wide primary production and organic matter
2(1) 274  mineralization.'”?” The seasonal and interannual variations of acidified volume in Chesapeake
jé 275  Bay, however, have yet to be discussed. We estimated the long-term hypoxic (DO < 62.5 uM)
jg 276  and acidified (pH < 7.5 NBS) volumes of the mainstem across the summer with spatially

j? 277  interpolated pH and DO data as mentioned in the above section. These volumes were related
jg 278  to freshwater flow and dissolved inorganic nitrogen loading from the Susquehanna River

g? 279  averaged over the months of January to May (winter and spring), considering that several

gg 280  previous analyses have related summer hypoxic volumes to be significantly dependent on
gg 281  winter—spring average discharge,'?” and the accumulation of phytoplankton biomass during
g ? 282  spring was noted as the principal source of organic carbon that is decomposed in bottom

gg 283  waters during summer.*?

60 284
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Results and Discussion

Variations of observed monthly average concentrations of DO and DIC in the middle of
Chesapeake Bay (Region 5) allow inferences about key drivers of seasonal variability of
organic matter cycling (Fig. 2). Surface DO concentrations were maintained at relatively high
levels, likely due to rapid exchange with the overlying atmosphere, and seasonal DO minima
in summer follow reductions in oxygen saturation associated with high water temperature.
Extremely low DO concentrations in bottom waters during summer were observed, reaching
as low as 15.0 uM in July on average and the mid Bay consistently experienced hypoxia (DO
< 62.5 uM) and anoxia (DO < 6.25 uM) during summer. Mean bottom-water DIC in the mid
Bay peaked in the summer, presumably as a result of net biogeochemical production and
weak vertical mixing between the surface and bottom layers. In this region, high rates of both
sediment and water-column metabolism have been previously reported during summer,3'-3 a
time when various estimates of stratification strength reach peak values."”

We focus the discussion of the box model results on the mean annual cycle, to place
more emphasis on seasonal variability, and in mid-bay bottom waters, where hypoxia and
acidification are most pronounced. Box-model net production rates indicated peaks in
mid-bay bottom respiration (i.e., net DO consumption and DIC production) during April and
May (Regions 4-6, Fig. 3a—c). The high respiration rate in spring is associated with high
concentrations of DO (e.g., non-limiting) and particulate organic carbon (POC), the latter
accumulating from the productive surface layer (with an average POC of 258 uM in May vs.
155 uM in July, Fig. S3). In contrast, net bottom-water DO consumption rates were very low
in summer, particularly during August, when oxygen concentrations were near-zero and
strong stable stratification greatly impeded the replenishment of bottom-water oxygen
consumed in early summer. DO consumption rates increased with the breakdown of
stratification in fall and the replenishment of DO associated with high rates of vertical mixing.
The monthly biogeochemical production rates of DIC (Pp;c) generally followed the patterns
of DO (Ppop) given that respiration is the dominant biogeochemical process in controlling the
dynamics of DIC,?® although other processes such as dissolution and sulfate reduction could

also contribute to bottom DIC production under anoxic or low aragonite saturation conditions.

12
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1

2

z 314  The uncertainty of Pp,c illustrated from the Monte Carlo ensemble was small, and the 20-year
Z 315  long-term monthly-average further diminished the variability (shaded area, Fig. 3a—c).

; 316 Our model results showed that the mean annual cycle of bottom Ppc, uon-aeronic Was nearly
?O 317  uniformly positive in bottom waters of the mid Bay (Fig. 3a—). Ppic non-aerobic Was relatively
1; 318  high in July for Region 4 and 6, and in September for Region 5, months that are both within
12 319  the typical hypoxic period between May to September. In comparing the long-term mean

12 320  seasonal net production rates (Ppyc, non-aerobic A0 Ppyc, aerovic)s Ppic, aerovic accounted for

1; 321 approximately 65% of Pp;c in mid-bay bottom waters (slope of linear fit of Ppsc VS. Ppic aerobics
;g 322 Fig. 3d), which is consistent with the ratio (~60%) estimated with a two end-member mixing
;; 323 model of Chesapeake Bay.** We further derived the ratios for early and late summer

;i 324  individually. The best fit lines suggested a higher ratio (71%) in early summer compared with
;2 325  that (60%) in late summer (Fig. 3d), implying a more dominant contribution of aerobic

;é 326  respiration to Pp;c in early summer when other DIC generation processes (e.g., sulfate

29 327  reduction and mineral dissolution) are relatively weak. It has to be mentioned that the

2(1) 328  empirically-modeled TA we used in this analysis was relatively conservative to salinity, but
gg 329  recent observational studies have shown non-conservative behavior of TA associated with

;g 330  processes beyond aerobic respiration.?®3° We used limited 1-year observed, non-conservative
g? 331  TA in the box model and found ~15% higher rates of Pp;c. on-aerovic» SUgZesting that our

;g 332  approach may be biased. Future work with a new set of TA observations could help

2(1) 333 constrain this source of uncertainty.

jé 334 Carbonate mineral precipitation and dissolution can influence water column pH.

2451 335  Mechanisms of dissolution and precipitation have not been well explored and quantified in
j? 336  estuarine environments, despite recent implications of substantial effects in Chesapeake

22 337  Bay.>» We examined the relationship between aragonite saturation and Pp;c. non-gerovic in the
g? 338  mid Bay (Fig. 4). The surface water displayed an overall net DIC consumption from

gg 339  non-aerobic processes associated with high aragonite saturation state, while net DIC

gg 340  production co-occurred with low saturation state in bottom waters. The vertical spatial

g ? 341 patterns of Ppic non-aerobic ar€ consistent with the carbonate mineral processes, where

gg 342 precipitation is thermodynamically favored under higher saturation state and dissolution is

60 343 favored under lower saturation state,> and Q,, = 1 is commonly referenced as an abiotic

13
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threshold for precipitation and dissolution (i.e., precipitation is thermodynamically favored
when Q. > 1, while dissolution is favored when Q,, < 1). Exponential functions were used to
fit the non-aerobic-respiration DIC production with aragonite saturation state, and our results
indicated an average threshold of 0.64 (0.59-0.70 for the Monte Carlo ensemble, Fig. 4) rather
than 1.0 for the middle mainstem. A consideration of this alternative threshold value could
help to identify habitat environments for shell-forming species in Chesapeake Bay, and to
inform empirical and process-based models of mineral dissolution and precipitation in
estuarine environments. Specifically, existing carbonate biogeochemistry models in
Chesapeake Bay either do not fully consider calcium carbonate processes*-¢ or apply
conventional saturation state thresholds initially derived and widely used in coastal and open
ocean areas®® because of a lack of field data to quantify the occurrence and magnitude of
calcium precipitation/dissolution in estuarine environments. The threshold estimated from 20
years of bay-wide water quality data in this study could be incorporated into the
process-based physical-biogeochemical models, reducing the biases and uncertainties in

carbonate chemistry simulations (e.g., CO, sink/source, climate change on estuarine pH).

Coupling and decoupling of hypoxia and acidification in Chesapeake Bay

The coupling of hypoxia and acidification has been observed in diverse aquatic systems,
particularly for eutrophic environments,?%37-% due to the linkage via aerobic respiration. The
rates of net biogeochemical DO and DIC production we calculated allow for the investigation
of coupled hypoxia and acidification as a function of metabolic processes. A 33-year (1986—
2018) record of field observations in Chesapeake Bay demonstrated both hypoxia (DO < 62.5
uM) and acidification (pH < 7.5 NBS) routinely develop in mid-bay bottom waters, and the
seasonal patterns for bottom pH and DO clearly reveal the coupling and decoupling of
hypoxia and acidification in this vulnerable region (Fig. 5). DO observations display an
overall long duration of hypoxia across the whole summer. In contrast, long-term historical
pH data display a minimum in June and a quick recovery from the lowest point with notable
alleviations on acidification in late summer (July and August). Our box model illustrated a
dominant contribution of aerobic respiration to DO and DIC (71%) in the early summer (Fig.

3d), leading to the synchronous declines of DO and pH in May and June, in other words, the
14
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coupling of hypoxia and acidification. The relatively higher non-aerobic-respiration
contributions of DIC in late summer (Fig. 3d) suggest the potential for both pH buffering and
non-buffering processes in the water column and sediments to alter bottom water pH,
including carbonate mineral dissolution under low saturation environments with a ATA:
ADIC ratio of 2.0.

CaCO;3 +CO, + H,0-Ca?* +2HCO3 (12)
and sulfate reduction with a ATA: ADIC ratio of 1.14.

(CH20)106(NH3) 4 H3PO4 + 53505 ~
—53H,S + 106HCO3 + H3PO4 +16NH3 (13)

Carbonate mineral dissolution has the potential for buffering of low pH in bottom mid Bay
under hypoxic/anoxic environments established during summer. These processes could
potentially alter the coupling of hypoxia and acidification in late summer. Although these
biogeochemical processes have not or rarely been directly measured and quantified in
Chesapeake Bay, recent field studies and process-based model simulations all implied key
roles of dissolution in buffering water from continuous pH decline in August.?>?%34In
particular, Su et al.’? analyzed a year’s worth of DIC, TA, and Ca?" distributions with a
two-endmember mixing approach in Chesapeake Bay and concluded that CaCOs; dissolution
accounted for the major changes of DIC (<40% in our study, Fig. 3d). Because this
dissolution signal did not emerge until August, well after Q,, dropped below 1.0 (new
threshold of 0.64 generated in this study, Fig. 4), Su et al. concluded that dissolution was

supply-controlled and possibly linked to calcification originating in macrophyte communities.

Impacts of nutrient inputs on hypoxia and acidification

Questions remain as to how the decoupling between hypoxia and acidification identified
in this and previous studies varies with interannual changes in external forcing, and how
external forcing relates to possible CaCO; production sources. Average Susquehanna River
nutrient loading during January—May was tightly correlated with hypoxic volumes during the
following June, July, and August (Fig. 6), suggesting that nutrient loading and eutrophication
are the main drivers for the interannual variability of hypoxia in Chesapeake Bay, as found in

previous studies.®!-%3 Recent model sensitivity scenarios implied positive correlations between
15
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the external nutrient loading and acidified volumes in Chesapeake Bay.?® In this study, the
acidified volumes for June between 1999 and 2018 also increase with nutrient loading.
However, no significant correlations were observed between acidified volumes and nutrient
loading in July and acidified volumes in August showed a negative relationship to nutrient
loading. Thus, the hypoxic and acidified volumes based on field observations indicate the
dominance of aerobic respiration during early summer (i.e., June), leading to the coupling of
hypoxia and acidification, followed by the decoupling of hypoxia and acidification in July
and August.

The decoupling of eutrophication-induced deoxygenation and acidification in late
summer in Chesapeake Bay is consistent with recent hypotheses.’® A possible mechanism is
that nutrient inputs stimulate the generation and transport of CaCOj; that later supports
carbonate dissolution and alkalinity generation in hypoxic bottom waters. Recent reports have
suggested that CaCO; dissolution is a dominant contributor of alkalinity in Chesapeake Bay
in late summer, which can elevate pH,*° but there is no evidence that this dissolution occurs at
higher rates in years of elevated nutrient loading. Su et al.?> suggested that submerged
macrophyte beds stimulate CaCOj; production, but these beds are usually less productive (and
thus likely generate less CaCOs) in years of high riverine inflows.** Planktonic CaCO;
production is well known in some phytoplankton communities, and nutrient inputs could
stimulate the growth of these organisms, but no direct measurements of such production have
been reported for this estuary. Furthermore, many species of foraminifera have been reported
in Chesapeake Bay and its tributaries,® but it is unclear if riverine inputs or associated
elevated advection rates would stimulate foraminifera-derived calcification following
transport to (or accumulation in) mainstem deep waters. A mechanism that could slow the pH
decline expected from organic matter decomposition in late summer is that elevated nutrient
loads enhance the extent and severity of anoxia that develops in mid-summer and the
associated sulfide accumulation!®-2%37. The accumulation of sulfide in bottom water could
temporarily delay the pH reduction expected from sulfide oxidation or spatially decouple
sulfide oxidation (which occurs above the pycnocline) from low-pH bottom waters.
Furthermore, a portion of the sulfide generated from sulfate reduction is buried or temporarily

stored in sediments®®, delaying or limiting its oxidation. Clearly there is a need for additional
16
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measurements and model simulations to understand the mechanisms behind the decoupled
hypoxic and acidified volumes, given the uncertainty in the source processes, the relevant

environmental controls, and its importance for our understanding of estuarine acidification.

Management implications

Hypoxia and its relationship to nutrient loading has been intensively studied in
Chesapeake Bay for several decades. Multiple efforts to improve the Bay’s water quality
eventually resulted in the 2010 Chesapeake Bay Total Maximum Daily Load, which reduced
nutrient inputs from point sources and non-point sources into the Bay.3!-! Strong correlations
between winter—spring nutrient loading and hypoxic volumes across the summer suggest that
continuous watershed restrictions on nutrient loading would be effective to alleviate hypoxia
in the mainstem. Prior work has associated reduced nutrient loads with lower respiration,
having the effect of alleviating bottom water acidification.®?® Thus, nutrient remediation
targeting hypoxia may have the unintended benefit of reducing acidification. However, the
seasonal decoupling between hypoxia and acidification in late summer noted in this study
reveals that the relationship between external loading and bottom-water acidification may be
more complex. Given that eutrophication mitigation is not the only management option
available to address acidification, other forms of buffering estuarine water should be
considered. Besides management efforts to reduce CO, emissions, regional management
strategies aimed at restoring bay-wide submerged aquatic vegetation could also have the
benefit of offsetting acidification by drawing down DIC and promoting carbon sequestration.
Meanwhile, bottom waters are widely corrosive in early summer, particularly for wet years.
The wind-driven lateral upwelling could expose the local native eastern oysters in shallow
shoals to episodic acidic conditions. The late-summer buffering from our study implies that
management activities to return old crashed shells to the hatchery sites in late spring and early
summer could increase the aragonite saturation condition state and oyster survivorship
through calcium dissolution.

Carbonate chemistry varies spatially and temporally in Chesapeake Bay, but the full
extent of that variation has not been thoroughly explored because the carbonate system

variables have not been widely measured. Limited field observations in recent years suggest
17

ACS Paragon Plus Environment



oNOYTULT D WN =

464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492

Environmental Science & Technology Page 18 of 28

strong influences of diurnal and tidal cycling, as well as strong seasonal variations.?6:40
Seasonal and interannual dynamics need to be placed in a long-term context through
observation with the goal of understanding how such patterns may be trending through time.
Given the widespread research and monitoring taking place across Chesapeake Bay and other
estuaries, there are extensive opportunities for adding observations and measurements (e.g.,
pCO,, DIC, and TA) aimed at characterizing the dynamics and mechanistic drivers of
carbonate chemistry and estuarine acidification. Additional observations and research efforts
could leverage Chesapeake Bay’s existing infrastructure and monitoring programs (e.g.,
existing water quality stations, water quality and oceanographic cruises), thereby rapidly
increasing carbonate chemistry measurements and our knowledge about estuarine
acidification at local and regional scales. Monitoring in estuarine environments would ideally
be conducted with higher frequencies to cover short-term variability, with higher horizontal
and vertical resolutions to understand how physical mixing, circulation and biological
processes would impact acidification along the salinity gradient, and with multiple parameters
measured to characterize and understand acidification more thoroughly. Data collected from
these monitoring programs could be used to investigate underlying mechanisms and establish
empirical relationships, which may also inform the study of acidification in other riverine and
estuarine systems. In all, acidification monitoring across the United States and other regions
in the world is very limited but increasing quickly, emphasizing the leveraging of existing
monitoring and structures, particularly those aimed for hypoxia, eutrophication and harmful

algal blooms.

Supporting Information

USGS gage stations used for freshwater inputs and CBP water quality stations used for
computing tributary salinity; diagram of box model for Chesapeake Bay; Two-dimensional
depth-length grid along the mainstem Bay used for interpolation; Long-term monthly average

particulate organic carbon concentration measured in bottom waters at mid-bay region.
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Fig. 1. Map of Chesapeake Bay, including boundaries (red lines) of box-model regions
(numbered), tributary rivers, the Chesapeake Bay Program sampling stations (white circles),
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Fig. 2. Monthly climatological averages of (a) dissolved oxygen and (b) dissolved inorganic
carbon in surface and bottom of the middle estuary (Region 5). The bars represent one
standard deviation of the 20-year mean (1999-2018).
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Fig. 3. Monthly climatological averages (1999-2018) of net biogeochemical production rates
for DO (Ppp) and DIC (Pp,c) inferred from the box-model calculation in bottom of (a) Region
4, (b) Region 5, and (c) Region 6. Also shown is the estimated (see text)
non-aerobic-respiration-induced DIC production (Pp;c pon-aerosic)- (d) Comparisons between
1999-2018 mean net DIC production (Pp;c) and aerobic-respiration-induced DIC production
(Ppic.aerobic) in both early summer (May—June) and late summer (July—September). Shaded
area in panels a—c represents the 95% confidence range on Pp;c and Pp;c non-gerosic from the
200-simulation Monte Carlo ensemble.
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er period. The bars represent one standard deviation of the 1999-2018 mean. The

pink line represents the best-fit exponential function. The shaded area shows the 95%
confidence range of the 200-simulation Monte Carlo ensemble.
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Fig. 6. Correlations between winter—spring (January to May) total inorganic nitrogen loads
and monthly estimates of (top) hypoxic volume and (bottom) acidified volume for June, July,
and August. The dashed lines represent linear regression best fits for those relationships with
a p-value less than 0.05.
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