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Abstract

Hypoxia is increasing in coastal oceans. This is because eutrophication has increased oxygen consumption, while less oxygen
is replenished to the bottom under stronger stratification. Quantifying these biogeochemical and physical drivers is important
for management and predicting future trends. By using observations from the Pearl River Estuary (PRE) region (10-70 m
deep) and similar coastal systems, this paper introduces a simple analysis to quantify both the biogeochemical and physical
drivers of hypoxia. We show that in the PRE region, sediment respires >60% of organic matter produced in the water column,
leading to high sediment oxygen uptake (average 41.1£16.3 mmol m-2 d-1) and shallow oxygen penetrations (2-7 mm). The
sediment’s effect on the bottom oxygen loss becomes stronger with the reducing thickness of the bottom boundary layer. We
then construct a generic mass-balance model to quantify oxygen loss, determine timescales of hypoxia formation, and explain

within- and cross-system variabilities.
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Key Points:

e Sediment respires >60% of the organic matter produced in the water column of
the Pearl River Estuary (PRE) region, leading to high sediment oxygen uptake.

e The sediment’s effect on the bottom oxygen loss is controlled by the thickness of
the bottom boundary layer.

e We develop a simple and generic mass-balance model to understand hypoxia
conditions and timescales in the PRE and similar coastal systems.
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Abstract

Hypoxia is increasing in coastal oceans. This is because eutrophication has increased
oxygen consumption, while less oxygen is replenished to the bottom under stronger
stratification. Quantifying these biogeochemical and physical drivers is important for
management and predicting future trends. By using observations from the Pearl River
Estuary (PRE) region (10-70 m deep) and similar coastal systems, this paper introduces
a simple analysis to quantify both the biogeochemical and physical drivers of hypoxia.
We show that in the PRE region, sediment respires >60% of organic matter produced in
the water column, leading to high sediment oxygen uptake (average 41.1+16.3 mmol m™
d™) and shallow oxygen penetrations (2-7 mm). The sediment’s effect on the bottom
oxygen loss becomes stronger with the reducing thickness of the bottom boundary layer.
We then construct a generic mass-balance model to quantify oxygen loss, determine
timescales of hypoxia formation, and explain within- and cross-system variabilities.

Plain language summary

Coastal oceans, especially those off rivers and estuaries, frequently experience low-
oxygen conditions such as hypoxia (dissolved Oz < 2 mg L™"). This is because the
nutrient-rich coastal ocean produces high amount of organic matter, which settles to the
bottom waters to consume oxygen. Hypoxia becomes more severe if the resupply of
oxygen from the atmosphere and the surface water to the bottom water is blocked by
strong density stratification. To quantify these effects, we study a typical coastal system,
the Pearl River Estuary and the adjacent shelf, combining field and lab observations and
mass-balance modeling. We find that sediment consumes a substantial amount of
oxygen, and its contribution to hypoxia can be predicted if we know how thick the
stratified bottom layer is. We derive some simple equations to understand oxygen loss,
which can tell us what level of oxygen consumption can render the system hypoxia, and
for how long the stratification needs to be maintained for hypoxia to develop. We also
show that the model is generic and can be applied to other similar coastal systems, such
as the northern Gulf of Mexico and the Changjiang Estuary region, to explain the
variability in hypoxia conditions and timescales.
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1 Introduction

Low oxygen conditions are becoming more frequent in coastal oceans, affecting
biogeochemical cycles and marine life (Katsev et al., 2007; Levin et al., 2009;
Middelburg & Levin, 2009). These conditions are a result of high oxygen consumption
and weak ventilation, especially in bottom waters where oxygen depletion can be
severe, leading to hypoxia (O2 <2 mg L™"). In estuaries and coastal shelves, oxygen is
rapidly consumed due to the high organic matter production driven by terrestrial and/or
upwelling nutrients; freshwater inputs also enhance vertical density stratification and
reduce the oxygen resupply to the bottom. The increasing anthropogenic fertilization of
the coastal ocean, together with the stronger stratification caused by global warming,
therefore, can intensify hypoxia in both magnitude and duration (Diaz & Rosenberg,
2008).

Quantifying these physical and biogeochemical drivers of hypoxia is important for
management and predicting future trends. In addition to monitoring oxygen (Grégoire et
al., 2021), mechanistic modeling becomes very useful (Laurent & Fennel, 2017; Pefia et
al., 2010). These models simulate the oxygen budget considering its source/sink
components, including physical transports, air-sea exchanges, photosynthesis, and
biogeochemical consumption in the water column and sediments (Pefa et al., 2010;
Testa et al., 2017). Among models of various complexity, coupled-physical-
biogeochemical models are the most comprehensive, for they simulate the interactions
between nutrient-driven organic matter productivity and physical transport, the two major
drivers of oxygen variability (Fennel et al., 2016; Yu et al., 2015a, 2021). These models,
however, rely on parametrizations of many processes, for example, the relationships
between lights, temperature, nutrients, organic matter production, respiration, food-web
dynamics, and the reactions in the sediments and benthic-pelagic exchanges (Pefia et
al., 2010; Yu et al., 2015a, b, 2021). Moreover, parametrizations can be system-specific
and need to be well constrained by a large matrix of observations (e.g., dynamics in
biomass indicators, nutrients, and physical properties). Thus, the models usually have
low transferability among systems (Pefa et al., 2010). For cross-system comparison,
simple scale analyses are useful (Fennel & Testa, 2019). For example, the vulnerability
of the system can be understood by comparing the timescale of hypoxia formation to the
water residence time of the region (Fennel & Testa, 2019). However, while such an
approach provides regional order-of-magnitude understanding, it is inadequate for
describing local heterogeneity, which is important for estuarine coastal systems.

This paper introduces a simple analysis that can describe regional heterogeneity
and also enables cross-system comparison. By using water column and sediment
oxygen data across a typical estuary and coastal shelf, we derive a simple mass-
balance model to understand oxygen loss without a detailed formulation of the physical
and biogeochemical complexity. The model can be used to understand the sensitivity of
the system to both the biogeochemical and physical drivers of hypoxia. We then discuss
how the model can be generalized to understand within-and cross-system variability,
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using examples from similar coastal systems including the Northern Gulf of Mexico, the
Changjiang Estuary region, and the Chesapeake Bay.

2. Field Methods

We study the Pearl River Estuary and adjacent shelf waters (PRE region) in the
summer of 2021 (Fig.1a and Table.S1; Li et al. 2024). We used a SeaBird-SBE17-plus
conductivity—temperature—depth (CTD) to measure the water column temperature,
density, salinity, O concentrations and calculated the buoyancy frequency (N?; s):

2 _ g9 dp@)
N =@ as Eq.1

g is gravity acceleration; z is water depth; p is potential density. High N> means high
stability of the water column.

Sediment cores with undisturbed overlying waters were collected using a Uwitec
corer. Oxygen micro-profiles were obtained using a Unisense O- electrode. The
sediment-water interface has the sharpest oxygen gradient. Oxygen penetration depth
was defined as the depth where oxygen is under the detection limit of ~0.3 umol L™.
Total sediment oxygen uptake (SOU; mmol m? d™), defined as the downward flux of
oxygen into the sediment, was determined using onboard whole-core incubations:
sediment cores were stabilized, sealed, and monitored for the oxygen concentrations in
the overlying waters, which were gently stirred to generate the water movement and
create a diffusive boundary layer (Bowman & Delfino, 1980; Glud, 2008). SOU was
calculated from the linear decrease of oxygen. The incubation typically lasts 2-3 hours.
Detailed methods are described in SI.1.

3. Results

3.1 Stratification and hypoxia in the water column — The water column develops
hypoxia within the nearshore waters (10-20 m) off the estuary during the summer
(Fig.1a), whereas offshore sites (>30 m) are well oxygenated. Such local seasonal
hypoxia has been observed for several recent years (Li et al., 2020; Yu et al., 2021). At
most sites, the water column is stratified by vertical gradients of temperature and salinity
(Figs.1b and S1): the surface water from the upstream is warmer and fresher, while the
bottom seawater is colder and saltier. In the stratified waters, the surface mixed layers
are thin, with the density drastically increasing below 5-10 m forming a pycnocline
(Fig.S1). This parallels the changes of buoyancy frequency (N?) (Fig.1c), which peaks
within the pycnocline and decreases downward, until the density has little variation,
forming a stable bottom boundary layer (BBL; Figs.1c and S1) (Trowbridge & Lentz,
2018). We defined the upper boundary of BBL as the depth where N? increases
drastically above (i.e., N> > 0.01 s). The BBL has homogenously lower oxygen and
reaches hypoxia at some sites (Figs.1a and 1c).
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Figure 1 Water column physiochemistry in the Pearl River Estuary region. a) Sampling
locations and bottom oxygen concentrations; b) Temperature and salinity profiles across the
estuary to open ocean gradient ¢) Buoyancy frequency (N?) and Oz profiles across the
salinity gradient and at the hypoxic sites. Horizontal dashed lines represent the bottom.

3.2 Sediment oxygen uptake and bottom water oxygen — Oxygen concentration in
the BBL is controlled by the flux from the upper layer, which can be restricted by
stratification, and the consumption in the water and sediments. In the sediments, oxygen
drops sharply from 75-150 umol L™ near the interface to nondetectable (<0.3 ymol L")
within a few millimeters downcore (1-7 mm; Figs.2a and S3). Oxygen penetration
decreases with decreasing water depths, consistent with global observations but more
dramatically compared to the open ocean (Figs. S4b and S4c). The drastic depletion of
oxygen in sediments is a result of high SOU (16.5-70.5 mmol m? d”', average 41.1+16.3
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mmol m? d™; Fig.2b and Table.S1), consistent with typical coastal sediments (Fig.S4d).
Nearshore sediments have relatively higher SOU compared to offshore (Fig.2b). If we
assume oxygen is predominantly consumed via organic matter respiration, this
consumption averages to ~62+25% of the organic matter produced in the water column
of the region (66 mmol m? d™") (Cai et al., 2004).
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Figure 2 Sediment oxygen distribution and uptake. a) O: profiles at selected sites; b)
sediment oxygen uptake (SOU).

High SOU would contribute significantly to the oxygen loss in the bottom water.
However, the correlation between SOU and bottom oxygen is weak (Fig.S5 and Yu et al.
(2015a)). This is because the thickness of the BBL would affect the sediment’s impact: a
thin layer would respond faster to SOU, while a thicker bottom reacts less with the effect
of SOU being diluted. Indeed, the hypoxia sites have thin BBL (1.3 to <10 m), whereas
the well-oxygenated sites have thicker BBL or entirely mixed water column (Figs.1c, S2,
and Table.S1). By normalizing SOU to the thickness of the BBL (h), we obtain the
oxygen depletion rate in the BBL by the sediments (SOU/h; mmol m™ d™"), which exhibits
a strong relationship with the bottom O- level (Fig.3a). A stronger correlation appears
when considering the integrated O, over the BBL (mmol m™): oxygen decreases
exponentially with increasing SOU/h (Fig.3b). The relationships exist in similar systems
such as the northern Gulf of Mexico and the Changjiang Estuary region (Figs.3a and
3b); both are estuary dominated shelves experiencing hypoxia (McCarthy et al., 2013;
Zhu et al. 2016).). Similar relationships are also seen for the entire water column
(Fig.S6).
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Figure 3 Bottom oxygen vs SOU normalized to BBL thickness (SOU/h). a and b) Bottom
oxygen vs SOU/h in the PRE region, North Gulf of Mexico (McCarthy et al., 2013), and
Changjiang Estuary region (Zhang et al., 2017), ¢ and d) Modeled bottom oxygen vs SOU/h,
using water stability periods of T= 15 and 30 days.

The water column oxygen uptake (WOU) is not explicitly considered, but it does not
mean WOU is not important and omitted. Instead, the robust relationships suggest an
intrinsic connection between SOU and WOU, which are both driven by the degradation
of organic matter. Their proportions are determined by the water thickness, which
determines the time settling particles spend in the water and thus their leftovers to drive
SOU. This explains the curvature in Fig.3b: at the sites with low SOU/h, the BBL is thick
and thus WOU becomes important, making the oxygen level sensitive to the apparent
per-SOU change (steeper slopes at low SOU/h in Figs.3b).

The strong correlations between oxygen level and SOU/h also suggest the
possibility of parameterizing SOU. SOU is important in controlling the water column
oxygen budget and sediment geochemistry and fluxes and rates (e.g., denitrification,
sulfate reduction) (Li et al., 2018a, b; Li & Katsev, 2014), but published SOC data is
scarce due to measurement challenges. The potential parameterization of SOU using
more obtainable water column CTD data is useful.

4. The Mass-Balance Model — Inspired by the observations above, we construct a
mass-balance model to explore their physical meanings and quantitative insights. Details

7
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of the model are narrated in S1.2, which we briefly introduce here to facilitate discussion.
The change of O, concentration in the BBL is caused by fluxes from above (assumed to
be small and neglected here due to the large N> above the BBL) and the sediment (Fs.oz,
which equals —SOU), and the reaction within the BBL (FgsL-02, which equals —WWOUpgg.):

dCggL— Fg_ FBBL—
BBL-02 __ fs-02 + BBL—-02 Eq2

dt h h

Here, CasLo2 is the average O, concentration in the BBL. Assuming oxygen is mostly
consumed to respire organic matter (Zhang & Li, 2010), FgeL-02 depends on the amount
of organic carbon settling into the BBL (CH-!; H is the total depth and h is the thickness
of the BBL, hence the upper boundary of BBL is at H-h; the subscript ‘w-C’ stands for
water-column carbon), the reaction rate (kw), and the time the particles spend in the BBL
(t=h/uw; uw is the particle settling velocity). Considering a 1C:10- ratio and first-order
reaction for simplicity, the reaction in the BBL is

_klh

kw

H H — —— —-H+h _

FgpL-02 =f _n "kwCw-cdzy =f - _kava—ge uw(Zw )dZw =uwcg e ww —
H-h H-h

1) = _WOUBBL Eq3

where Cu.-c is the concentration of organic matter in the water column; z, is the vertical
displacement. Similarly, for pseudo-steady-state consideration, the O; flux into the
sediment equals the organic carbon flux (u,,CE_.; CH_. is the concentration at the
sediment-water interface at depth H) corrected by a recycling efficiency (&) for not all
organic matter reaching sediments being reactive (Li et al., 2012):

Fs_o2 = —cu,C = -S0ou Eq.4

Because sedimentation (u,,C&) is from the leftover of remineralization in the water
column:

UwCH_¢ = uwCHZ + Fgpy 0 Eq.5

Combining Egs.3, 4, and 5,
H H-h H-h —(kl)h
Fs—02 = —euyCy_c = —s(uWCW_C + FBBL—OZ) = —euyly_ce ‘*w Eq.6

Therefore, from Egs. 3 and 6,

FBBL—OZ = é(e(uw)h — 1) FS—OZ = é(efh — 1)FS_02 Eq71

or WOUgg, = = (e/* — 1)S0U Eq.7.2

&
For simplicity, we introduce a parameter, spatial reactivity (f = ku/uw, m™), which
describes the reaction proceeded per-unit distance the particles move downwards.
Eq.7.2 shows how WOUgg. and SOU are related (see observations above). We then
rewrite the oxygen budget by combining Eq.7 and Eq.2 and integrating it over a period
(T), during which the present oxygen level develops:
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AOUgg h =T (1 + (e~ 1)) SOU Eq.8

AOUgg. is the apparent oxygen utilization in the BBL. In summary, oxygen utilization in
the BBL is determined by the SOU, the spatial reactivity of organic matter (f), the
thickness of BBL (h), the recycling efficiency in sediments (&), and the duration (T) of
stratification to develop the AOU. Similarly, for the whole water column,

AOUxH=T<1+§(efH—1)>SOU Eq.9

and WOU = = (e/# — 1)SOU Eq.10

One may fit the data (SOU, h, H, and AOU) to estimate the parameters (f, €, and 7).
However, as the data is limited and scattered, fitting them to a model with multiple
parameters will lead to overfitting producing wrong results. As we are interested in the
physical insights rather than definite values (also not realistic as they are naturally
variable), we choose to fix the sediment recycling efficiency as £=0.5, for that the deep
sediments bury about half of the organic matter reaching the seafloor (Zhou, 2022),
consistent with observations in shallow-oxygenated sediments (Li et al., 2018b). We use
T=15 days for the lack of information, but also constrained by observations that
stratification and hypoxia take two weeks to redevelop after the water column is mixed
up (Zhao et al., 2021). Under these constraints, we obtain an organic matter spatial
reactivity of f=0.026 m™" for the PRE region, and the model reproduces the water column
AOU well (Fig.S7). The estimate is consistent with the rate of organic matter
remineralization estimated for water depth (H) of 10-20 m and that 62% of the organic
matter reaches the seafloor: = (1-0.62)/H= 0.014-0.028 m™ (details in SI.3).

5. Discussion

5.1 Conditions and time scales for hypoxia— The model explains the relationships
between the bottom O level and SOU/h in the PRE region and other similar systems
(Figs.3c and 3d). The duration of stratification determines the sensitivity of O, levels to
SOU/h: the northern Gulf of Mexico has long periods of stratification (Bianchi et al.,
2010; Dzwonkowski et al., 2018) and thus appears more sensitive to SOU: the bottom
oxygen drops more with the same level of increase in SOU/h (Figs.3a and 3b). This is
consistent with model results when the stratification period is set to be longer (e.g., T=
30 versus 15 d; Figs.3c and 3d). Alternatively, the high sensitivity of oxygen can be
achieved in systems with higher spatial reactivity of settling organic matter (f) (Fig.S8).
The model provides several quantitative insights. As expected, AOUgg. increases
with increasing SOU and the effect is more dramatic when BBL is thin (Fig.4a). In the
PRE region, a BBL of <10 m is susceptible to hypoxia even at low SOU (Fig.4a). For
thicker BBL to reach hypoxia, higher SOU is required, but the effect is not linear: in the
PRE region, when SOU is above ~75 mmol m? d', the bottom can easily develop
hypoxia regardless of the BBL thickness (Fig.4a). This is because, in environments with
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organic matter deposition supporting such high SOU, the WOU would be proportionally
high (Eq.7.2).

We can estimate the time required for developing hypoxia (Figs.4b): waters with
high SOU and thin BBL become hypoxic within a shorter time. In the PRE region, it
requires <~15 days for thin BBLs (<~10 m) to develop hypoxia; the thicker BBLs require
longer, but in general not longer than 60 days (Fig.4b). Assuming similar organic matter
spatial reactivity (f) in other coastal waters (but see discussion later for variability), we
can estimate their hypoxia time scales (Tnyp; Fig.4c), which can be compared to the
stratification time scales to see if hypoxia can develop. For example, in the seasonally
hypoxic northern Gulf of Mexico, most hypoxia sites have Ty, of <30-40 days, which is
generally shorter than the duration of stratification (30 days to several months) (Bianchi
et al., 2010). In the Chesapeake Bay mid-stem central channel, the pycnocline remains
stable for several summer months (Boynton et al., 2022), thus hypoxia persistently
develops even under low SOU (Fig.4c). More extreme cases are Gulf of St. Lawrence,
the Black Sea, and the Baltic Sea, where persistent and even permanent stratification
sustains thick hypoxia layers under low SOU (Fig.4c).
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Figure 4 Modeled apparent oxygen utilization (AOU) and time scales for developing
hypoxia (Thyp). a) AOUssL as a function of SOU and BBL thickness in the PRE region (f=
0.026 m™" and T= 15 d). Higher AOU indicates higher oxygen loss and hypoxia occurs when
AOUssL > 125 mmol m™ (observed bottom O: levels are shown with filled colors for
comparison); b) the time required for the BBL to become hypoxia (Thyp) (f= 0.026 m™). If
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Stratification sustains longer than Thyp, the bottom water becomes hypoxic. The sites with
thick BBL and low SOU need a longer time to develop hypoxia thus the oxygen
concentrations remain high. ¢) same as b but hypoxia sites from other estuarine and coastal
systems (Table S3) (Boynton et al., 2019, 2022; Fennel & Testa, 2019; McCarthy et al., 2013;
Zhang et al., 2017).

5.2 Sediments vs water column oxygen uptake— The model can estimate the
contribution of SOU to total oxygen loss (%SOU) and explain the global observations in
estuaries and coasts (Boynton et al., 2018) (Fig.5): %SOU declines exponentially with
the water layer thickness (for whole water column or BBL). Intuitively, the organic matter
spends more time in thicker waters consuming oxygen before reaching the sediments,
thus reducing the %SOU. The model (Egs.7.2 and 10) formulates this understanding
and explains the possible variabilities: %SOU is regulated by the organic matter spatial
reactivity (f) and sediment recycling efficiency (¢). In systems with slowly settling
particles (low uw), the large f (kw/uw) would lead to low %SOU (Fig.5). In contrast, SOU
contributes more when sedimentation is rapid (large uw and thus small f; Fig.5). Particle
settling velocity is controlled by particle concentrations (Archer & Devol, 1992), but more
importantly by turbulence intensity, which can either accelerates settling by promoting
particle collisions and flocculation (Ruiz et al., 2004) or decrease it by breaking up floc
when shear stress is too large (Manning, 2004). In rivers and estuaries, strong
turbulence also leads to particle resuspension (Boynton et al., 2018), increasing the time
the particles spend in the water column to consume oxygen (Moriaty et al. 2021). This
might explain why rivers and estuaries have low %SOU compared to shelves (Fig.5),
where the reactivity of organic matter (kw) is likely similar if not higher because the
organic matter is more planktonic-origin. Likewise, low spatial reactivity in shelf waters
may be due to higher particle settling velocity for reasons we can only speculate: salinity
increase (Abolfazli & Strom, 2023) and blooming of typically dominated elongated or
chains-forming phytoplankton species can promote flocculation and fast settling
(Arguedas-Leiva et al., 2022). Sediment recycling efficiency regulates %SOC but to a
lesser extent (the shaded area in Fig.5), and the effect becomes smaller when the
organic matter spatial reactivity is high (see variability in the width of the shaded area in
Fig. 5), as there is less organic matter reaching the sediment for recycling efficiency to
make a difference.
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Figure 5 The contributions of SOU to total oxygen uptake (SOU +WOU) as a function of
water layer thickness (for the entire water column or BBL). The solid line represents model
results for the PRE region (= 0.5; f= 0.026). Results obtained using different spatial
reactivities (f) are shown in dotted and dashed lines; shaded areas show variability with
different sediment recycling efficiency (s= 0.3-0.75). Literature data are from (Boynton et al.,
2018; Chi et al., 2021; Kemp et al., 1992; Murrell & Lehrter, 2011). Solid markers indicate
average values and the open markers of the corresponding colors are individual
measurements.

6. Summary, caveats, and outlooks

Using data in the PRE region, we construct and test a simple mass balance model
to understand bottom hypoxia in coastal waters. The model describes oxygen utilization
in the BBL due to the sediment and water oxygen uptake (Egs.8 and 9). While SOU
needs to be measured, we show that bottom oxygen levels and water-column
stratification can be used to parameterize SOU and increase the data size (Fig.3). WOU
is linked to SOU in the model via their intrinsic mass-balance connection (Egs.7.2 and
10). Therefore, by having data on the water column physical and oxygen conditions
across a region (easily obtained from CTD) and some estimates of SOU, the model can
estimate other determinants of oxygen loss and quantitatively describe the conditions
and time scales for hypoxia formation, as well as the contributions from water column
versus sediments.

There are several caveats to using the model. It should be used within areas with
similar particle settling velocity and organic matter reactivity. These parameters can vary
significantly across regions. Ideally, parameters can be chosen or fitted more locally
(e.g., differentiating the inner estuary and the offshore shelf). Moreover, SOU is assumed
to be stable during the development of the observed oxygen level, but SOU can
decrease when oxygen becomes very limited (<1.5-3.2 mg L") (Chi et al., 2021; Murrell
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& Lehrter, 2011; Rowe et al., 2002). Therefore, for the model to work, SOU might need to
be measured under sufficient overlying-water oxygen (reaction not limited by oxygen) at
sites with very low oxygen levels. Other complications of the physical conditions need to
be considered, for example, when stratification is disrupted by a typhoon. Despite these
limitations, the model provides intuitive and quantitative estimates of hypoxia and can be
used to understand the variability among systems and changes under future scenarios
(e.g., longer stratification under climate change). The model can also help estimate key
constraints, such as the reactivity and settling velocity of particles, to support other
mechanistic models.
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Key Points:

e Sediment respires >60% of the organic matter produced in the water column of
the Pearl River Estuary (PRE) region, leading to high sediment oxygen uptake.

e The sediment’s effect on the bottom oxygen loss is controlled by the thickness of
the bottom boundary layer.

e We develop a simple and generic mass-balance model to understand hypoxia
conditions and timescales in the PRE and similar coastal systems.
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Abstract

Hypoxia is increasing in coastal oceans. This is because eutrophication has increased
oxygen consumption, while less oxygen is replenished to the bottom under stronger
stratification. Quantifying these biogeochemical and physical drivers is important for
management and predicting future trends. By using observations from the Pearl River
Estuary (PRE) region (10-70 m deep) and similar coastal systems, this paper introduces
a simple analysis to quantify both the biogeochemical and physical drivers of hypoxia.
We show that in the PRE region, sediment respires >60% of organic matter produced in
the water column, leading to high sediment oxygen uptake (average 41.1+16.3 mmol m™
d™) and shallow oxygen penetrations (2-7 mm). The sediment’s effect on the bottom
oxygen loss becomes stronger with the reducing thickness of the bottom boundary layer.
We then construct a generic mass-balance model to quantify oxygen loss, determine
timescales of hypoxia formation, and explain within- and cross-system variabilities.

Plain language summary

Coastal oceans, especially those off rivers and estuaries, frequently experience low-
oxygen conditions such as hypoxia (dissolved Oz < 2 mg L™"). This is because the
nutrient-rich coastal ocean produces high amount of organic matter, which settles to the
bottom waters to consume oxygen. Hypoxia becomes more severe if the resupply of
oxygen from the atmosphere and the surface water to the bottom water is blocked by
strong density stratification. To quantify these effects, we study a typical coastal system,
the Pearl River Estuary and the adjacent shelf, combining field and lab observations and
mass-balance modeling. We find that sediment consumes a substantial amount of
oxygen, and its contribution to hypoxia can be predicted if we know how thick the
stratified bottom layer is. We derive some simple equations to understand oxygen loss,
which can tell us what level of oxygen consumption can render the system hypoxia, and
for how long the stratification needs to be maintained for hypoxia to develop. We also
show that the model is generic and can be applied to other similar coastal systems, such
as the northern Gulf of Mexico and the Changjiang Estuary region, to explain the
variability in hypoxia conditions and timescales.
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1 Introduction

Low oxygen conditions are becoming more frequent in coastal oceans, affecting
biogeochemical cycles and marine life (Katsev et al., 2007; Levin et al., 2009;
Middelburg & Levin, 2009). These conditions are a result of high oxygen consumption
and weak ventilation, especially in bottom waters where oxygen depletion can be
severe, leading to hypoxia (O2 <2 mg L™"). In estuaries and coastal shelves, oxygen is
rapidly consumed due to the high organic matter production driven by terrestrial and/or
upwelling nutrients; freshwater inputs also enhance vertical density stratification and
reduce the oxygen resupply to the bottom. The increasing anthropogenic fertilization of
the coastal ocean, together with the stronger stratification caused by global warming,
therefore, can intensify hypoxia in both magnitude and duration (Diaz & Rosenberg,
2008).

Quantifying these physical and biogeochemical drivers of hypoxia is important for
management and predicting future trends. In addition to monitoring oxygen (Grégoire et
al., 2021), mechanistic modeling becomes very useful (Laurent & Fennel, 2017; Pefia et
al., 2010). These models simulate the oxygen budget considering its source/sink
components, including physical transports, air-sea exchanges, photosynthesis, and
biogeochemical consumption in the water column and sediments (Pefa et al., 2010;
Testa et al., 2017). Among models of various complexity, coupled-physical-
biogeochemical models are the most comprehensive, for they simulate the interactions
between nutrient-driven organic matter productivity and physical transport, the two major
drivers of oxygen variability (Fennel et al., 2016; Yu et al., 2015a, 2021). These models,
however, rely on parametrizations of many processes, for example, the relationships
between lights, temperature, nutrients, organic matter production, respiration, food-web
dynamics, and the reactions in the sediments and benthic-pelagic exchanges (Pefia et
al., 2010; Yu et al., 2015a, b, 2021). Moreover, parametrizations can be system-specific
and need to be well constrained by a large matrix of observations (e.g., dynamics in
biomass indicators, nutrients, and physical properties). Thus, the models usually have
low transferability among systems (Pefa et al., 2010). For cross-system comparison,
simple scale analyses are useful (Fennel & Testa, 2019). For example, the vulnerability
of the system can be understood by comparing the timescale of hypoxia formation to the
water residence time of the region (Fennel & Testa, 2019). However, while such an
approach provides regional order-of-magnitude understanding, it is inadequate for
describing local heterogeneity, which is important for estuarine coastal systems.

This paper introduces a simple analysis that can describe regional heterogeneity
and also enables cross-system comparison. By using water column and sediment
oxygen data across a typical estuary and coastal shelf, we derive a simple mass-
balance model to understand oxygen loss without a detailed formulation of the physical
and biogeochemical complexity. The model can be used to understand the sensitivity of
the system to both the biogeochemical and physical drivers of hypoxia. We then discuss
how the model can be generalized to understand within-and cross-system variability,
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using examples from similar coastal systems including the Northern Gulf of Mexico, the
Changjiang Estuary region, and the Chesapeake Bay.

2. Field Methods

We study the Pearl River Estuary and adjacent shelf waters (PRE region) in the
summer of 2021 (Fig.1a and Table.S1; Li et al. 2024). We used a SeaBird-SBE17-plus
conductivity—temperature—depth (CTD) to measure the water column temperature,
density, salinity, O concentrations and calculated the buoyancy frequency (N?; s):

2 _ g9 dp@)
N =@ as Eq.1

g is gravity acceleration; z is water depth; p is potential density. High N> means high
stability of the water column.

Sediment cores with undisturbed overlying waters were collected using a Uwitec
corer. Oxygen micro-profiles were obtained using a Unisense O- electrode. The
sediment-water interface has the sharpest oxygen gradient. Oxygen penetration depth
was defined as the depth where oxygen is under the detection limit of ~0.3 umol L™.
Total sediment oxygen uptake (SOU; mmol m? d™), defined as the downward flux of
oxygen into the sediment, was determined using onboard whole-core incubations:
sediment cores were stabilized, sealed, and monitored for the oxygen concentrations in
the overlying waters, which were gently stirred to generate the water movement and
create a diffusive boundary layer (Bowman & Delfino, 1980; Glud, 2008). SOU was
calculated from the linear decrease of oxygen. The incubation typically lasts 2-3 hours.
Detailed methods are described in SI.1.

3. Results

3.1 Stratification and hypoxia in the water column — The water column develops
hypoxia within the nearshore waters (10-20 m) off the estuary during the summer
(Fig.1a), whereas offshore sites (>30 m) are well oxygenated. Such local seasonal
hypoxia has been observed for several recent years (Li et al., 2020; Yu et al., 2021). At
most sites, the water column is stratified by vertical gradients of temperature and salinity
(Figs.1b and S1): the surface water from the upstream is warmer and fresher, while the
bottom seawater is colder and saltier. In the stratified waters, the surface mixed layers
are thin, with the density drastically increasing below 5-10 m forming a pycnocline
(Fig.S1). This parallels the changes of buoyancy frequency (N?) (Fig.1c), which peaks
within the pycnocline and decreases downward, until the density has little variation,
forming a stable bottom boundary layer (BBL; Figs.1c and S1) (Trowbridge & Lentz,
2018). We defined the upper boundary of BBL as the depth where N? increases
drastically above (i.e., N> > 0.01 s). The BBL has homogenously lower oxygen and
reaches hypoxia at some sites (Figs.1a and 1c).
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Figure 1 Water column physiochemistry in the Pearl River Estuary region. a) Sampling
locations and bottom oxygen concentrations; b) Temperature and salinity profiles across the
estuary to open ocean gradient ¢) Buoyancy frequency (N?) and Oz profiles across the
salinity gradient and at the hypoxic sites. Horizontal dashed lines represent the bottom.

3.2 Sediment oxygen uptake and bottom water oxygen — Oxygen concentration in
the BBL is controlled by the flux from the upper layer, which can be restricted by
stratification, and the consumption in the water and sediments. In the sediments, oxygen
drops sharply from 75-150 umol L™ near the interface to nondetectable (<0.3 ymol L")
within a few millimeters downcore (1-7 mm; Figs.2a and S3). Oxygen penetration
decreases with decreasing water depths, consistent with global observations but more
dramatically compared to the open ocean (Figs. S4b and S4c). The drastic depletion of
oxygen in sediments is a result of high SOU (16.5-70.5 mmol m? d”', average 41.1+16.3
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mmol m? d™; Fig.2b and Table.S1), consistent with typical coastal sediments (Fig.S4d).
Nearshore sediments have relatively higher SOU compared to offshore (Fig.2b). If we
assume oxygen is predominantly consumed via organic matter respiration, this
consumption averages to ~62+25% of the organic matter produced in the water column
of the region (66 mmol m? d™") (Cai et al., 2004).
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Figure 2 Sediment oxygen distribution and uptake. a) O: profiles at selected sites; b)
sediment oxygen uptake (SOU).

High SOU would contribute significantly to the oxygen loss in the bottom water.
However, the correlation between SOU and bottom oxygen is weak (Fig.S5 and Yu et al.
(2015a)). This is because the thickness of the BBL would affect the sediment’s impact: a
thin layer would respond faster to SOU, while a thicker bottom reacts less with the effect
of SOU being diluted. Indeed, the hypoxia sites have thin BBL (1.3 to <10 m), whereas
the well-oxygenated sites have thicker BBL or entirely mixed water column (Figs.1c, S2,
and Table.S1). By normalizing SOU to the thickness of the BBL (h), we obtain the
oxygen depletion rate in the BBL by the sediments (SOU/h; mmol m™ d™"), which exhibits
a strong relationship with the bottom O- level (Fig.3a). A stronger correlation appears
when considering the integrated O, over the BBL (mmol m™): oxygen decreases
exponentially with increasing SOU/h (Fig.3b). The relationships exist in similar systems
such as the northern Gulf of Mexico and the Changjiang Estuary region (Figs.3a and
3b); both are estuary dominated shelves experiencing hypoxia (McCarthy et al., 2013;
Zhu et al. 2016).). Similar relationships are also seen for the entire water column
(Fig.S6).
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Figure 3 Bottom oxygen vs SOU normalized to BBL thickness (SOU/h). a and b) Bottom
oxygen vs SOU/h in the PRE region, North Gulf of Mexico (McCarthy et al., 2013), and
Changjiang Estuary region (Zhang et al., 2017), ¢ and d) Modeled bottom oxygen vs SOU/h,
using water stability periods of T= 15 and 30 days.

The water column oxygen uptake (WOU) is not explicitly considered, but it does not
mean WOU is not important and omitted. Instead, the robust relationships suggest an
intrinsic connection between SOU and WOU, which are both driven by the degradation
of organic matter. Their proportions are determined by the water thickness, which
determines the time settling particles spend in the water and thus their leftovers to drive
SOU. This explains the curvature in Fig.3b: at the sites with low SOU/h, the BBL is thick
and thus WOU becomes important, making the oxygen level sensitive to the apparent
per-SOU change (steeper slopes at low SOU/h in Figs.3b).

The strong correlations between oxygen level and SOU/h also suggest the
possibility of parameterizing SOU. SOU is important in controlling the water column
oxygen budget and sediment geochemistry and fluxes and rates (e.g., denitrification,
sulfate reduction) (Li et al., 2018a, b; Li & Katsev, 2014), but published SOC data is
scarce due to measurement challenges. The potential parameterization of SOU using
more obtainable water column CTD data is useful.

4. The Mass-Balance Model — Inspired by the observations above, we construct a
mass-balance model to explore their physical meanings and quantitative insights. Details

7
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of the model are narrated in S1.2, which we briefly introduce here to facilitate discussion.
The change of O, concentration in the BBL is caused by fluxes from above (assumed to
be small and neglected here due to the large N> above the BBL) and the sediment (Fs.oz,
which equals —SOU), and the reaction within the BBL (FgsL-02, which equals —WWOUpgg.):

dCggL— Fg_ FBBL—
BBL-02 __ fs-02 + BBL—-02 Eq2

dt h h

Here, CasLo2 is the average O, concentration in the BBL. Assuming oxygen is mostly
consumed to respire organic matter (Zhang & Li, 2010), FgeL-02 depends on the amount
of organic carbon settling into the BBL (CH-!; H is the total depth and h is the thickness
of the BBL, hence the upper boundary of BBL is at H-h; the subscript ‘w-C’ stands for
water-column carbon), the reaction rate (kw), and the time the particles spend in the BBL
(t=h/uw; uw is the particle settling velocity). Considering a 1C:10- ratio and first-order
reaction for simplicity, the reaction in the BBL is

_klh

kw

H H — —— —-H+h _

FgpL-02 =f _n "kwCw-cdzy =f - _kava—ge uw(Zw )dZw =uwcg e ww —
H-h H-h

1) = _WOUBBL Eq3

where Cu.-c is the concentration of organic matter in the water column; z, is the vertical
displacement. Similarly, for pseudo-steady-state consideration, the O; flux into the
sediment equals the organic carbon flux (u,,CE_.; CH_. is the concentration at the
sediment-water interface at depth H) corrected by a recycling efficiency (&) for not all
organic matter reaching sediments being reactive (Li et al., 2012):

Fs_o2 = —cu,C = -S0ou Eq.4

Because sedimentation (u,,C&) is from the leftover of remineralization in the water
column:

UwCH_¢ = uwCHZ + Fgpy 0 Eq.5

Combining Egs.3, 4, and 5,
H H-h H-h —(kl)h
Fs—02 = —euyCy_c = —s(uWCW_C + FBBL—OZ) = —euyly_ce ‘*w Eq.6

Therefore, from Egs. 3 and 6,

FBBL—OZ = é(e(uw)h — 1) FS—OZ = é(efh — 1)FS_02 Eq71

or WOUgg, = = (e/* — 1)S0U Eq.7.2

&
For simplicity, we introduce a parameter, spatial reactivity (f = ku/uw, m™), which
describes the reaction proceeded per-unit distance the particles move downwards.
Eq.7.2 shows how WOUgg. and SOU are related (see observations above). We then
rewrite the oxygen budget by combining Eq.7 and Eq.2 and integrating it over a period
(T), during which the present oxygen level develops:
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AOUgg h =T (1 + (e~ 1)) SOU Eq.8

AOUgg. is the apparent oxygen utilization in the BBL. In summary, oxygen utilization in
the BBL is determined by the SOU, the spatial reactivity of organic matter (f), the
thickness of BBL (h), the recycling efficiency in sediments (&), and the duration (T) of
stratification to develop the AOU. Similarly, for the whole water column,

AOUxH=T<1+§(efH—1)>SOU Eq.9

and WOU = = (e/# — 1)SOU Eq.10

One may fit the data (SOU, h, H, and AOU) to estimate the parameters (f, €, and 7).
However, as the data is limited and scattered, fitting them to a model with multiple
parameters will lead to overfitting producing wrong results. As we are interested in the
physical insights rather than definite values (also not realistic as they are naturally
variable), we choose to fix the sediment recycling efficiency as £=0.5, for that the deep
sediments bury about half of the organic matter reaching the seafloor (Zhou, 2022),
consistent with observations in shallow-oxygenated sediments (Li et al., 2018b). We use
T=15 days for the lack of information, but also constrained by observations that
stratification and hypoxia take two weeks to redevelop after the water column is mixed
up (Zhao et al., 2021). Under these constraints, we obtain an organic matter spatial
reactivity of f=0.026 m™" for the PRE region, and the model reproduces the water column
AOU well (Fig.S7). The estimate is consistent with the rate of organic matter
remineralization estimated for water depth (H) of 10-20 m and that 62% of the organic
matter reaches the seafloor: = (1-0.62)/H= 0.014-0.028 m™ (details in SI.3).

5. Discussion

5.1 Conditions and time scales for hypoxia— The model explains the relationships
between the bottom O level and SOU/h in the PRE region and other similar systems
(Figs.3c and 3d). The duration of stratification determines the sensitivity of O, levels to
SOU/h: the northern Gulf of Mexico has long periods of stratification (Bianchi et al.,
2010; Dzwonkowski et al., 2018) and thus appears more sensitive to SOU: the bottom
oxygen drops more with the same level of increase in SOU/h (Figs.3a and 3b). This is
consistent with model results when the stratification period is set to be longer (e.g., T=
30 versus 15 d; Figs.3c and 3d). Alternatively, the high sensitivity of oxygen can be
achieved in systems with higher spatial reactivity of settling organic matter (f) (Fig.S8).
The model provides several quantitative insights. As expected, AOUgg. increases
with increasing SOU and the effect is more dramatic when BBL is thin (Fig.4a). In the
PRE region, a BBL of <10 m is susceptible to hypoxia even at low SOU (Fig.4a). For
thicker BBL to reach hypoxia, higher SOU is required, but the effect is not linear: in the
PRE region, when SOU is above ~75 mmol m? d', the bottom can easily develop
hypoxia regardless of the BBL thickness (Fig.4a). This is because, in environments with
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organic matter deposition supporting such high SOU, the WOU would be proportionally
high (Eq.7.2).

We can estimate the time required for developing hypoxia (Figs.4b): waters with
high SOU and thin BBL become hypoxic within a shorter time. In the PRE region, it
requires <~15 days for thin BBLs (<~10 m) to develop hypoxia; the thicker BBLs require
longer, but in general not longer than 60 days (Fig.4b). Assuming similar organic matter
spatial reactivity (f) in other coastal waters (but see discussion later for variability), we
can estimate their hypoxia time scales (Tnyp; Fig.4c), which can be compared to the
stratification time scales to see if hypoxia can develop. For example, in the seasonally
hypoxic northern Gulf of Mexico, most hypoxia sites have Ty, of <30-40 days, which is
generally shorter than the duration of stratification (30 days to several months) (Bianchi
et al., 2010). In the Chesapeake Bay mid-stem central channel, the pycnocline remains
stable for several summer months (Boynton et al., 2022), thus hypoxia persistently
develops even under low SOU (Fig.4c). More extreme cases are Gulf of St. Lawrence,
the Black Sea, and the Baltic Sea, where persistent and even permanent stratification
sustains thick hypoxia layers under low SOU (Fig.4c).
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Figure 4 Modeled apparent oxygen utilization (AOU) and time scales for developing
hypoxia (Thyp). a) AOUssL as a function of SOU and BBL thickness in the PRE region (f=
0.026 m™" and T= 15 d). Higher AOU indicates higher oxygen loss and hypoxia occurs when
AOUssL > 125 mmol m™ (observed bottom O: levels are shown with filled colors for
comparison); b) the time required for the BBL to become hypoxia (Thyp) (f= 0.026 m™). If
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Stratification sustains longer than Thyp, the bottom water becomes hypoxic. The sites with
thick BBL and low SOU need a longer time to develop hypoxia thus the oxygen
concentrations remain high. ¢) same as b but hypoxia sites from other estuarine and coastal
systems (Table S3) (Boynton et al., 2019, 2022; Fennel & Testa, 2019; McCarthy et al., 2013;
Zhang et al., 2017).

5.2 Sediments vs water column oxygen uptake— The model can estimate the
contribution of SOU to total oxygen loss (%SOU) and explain the global observations in
estuaries and coasts (Boynton et al., 2018) (Fig.5): %SOU declines exponentially with
the water layer thickness (for whole water column or BBL). Intuitively, the organic matter
spends more time in thicker waters consuming oxygen before reaching the sediments,
thus reducing the %SOU. The model (Egs.7.2 and 10) formulates this understanding
and explains the possible variabilities: %SOU is regulated by the organic matter spatial
reactivity (f) and sediment recycling efficiency (¢). In systems with slowly settling
particles (low uw), the large f (kw/uw) would lead to low %SOU (Fig.5). In contrast, SOU
contributes more when sedimentation is rapid (large uw and thus small f; Fig.5). Particle
settling velocity is controlled by particle concentrations (Archer & Devol, 1992), but more
importantly by turbulence intensity, which can either accelerates settling by promoting
particle collisions and flocculation (Ruiz et al., 2004) or decrease it by breaking up floc
when shear stress is too large (Manning, 2004). In rivers and estuaries, strong
turbulence also leads to particle resuspension (Boynton et al., 2018), increasing the time
the particles spend in the water column to consume oxygen (Moriaty et al. 2021). This
might explain why rivers and estuaries have low %SOU compared to shelves (Fig.5),
where the reactivity of organic matter (kw) is likely similar if not higher because the
organic matter is more planktonic-origin. Likewise, low spatial reactivity in shelf waters
may be due to higher particle settling velocity for reasons we can only speculate: salinity
increase (Abolfazli & Strom, 2023) and blooming of typically dominated elongated or
chains-forming phytoplankton species can promote flocculation and fast settling
(Arguedas-Leiva et al., 2022). Sediment recycling efficiency regulates %SOC but to a
lesser extent (the shaded area in Fig.5), and the effect becomes smaller when the
organic matter spatial reactivity is high (see variability in the width of the shaded area in
Fig. 5), as there is less organic matter reaching the sediment for recycling efficiency to
make a difference.
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Figure 5 The contributions of SOU to total oxygen uptake (SOU +WOU) as a function of
water layer thickness (for the entire water column or BBL). The solid line represents model
results for the PRE region (= 0.5; f= 0.026). Results obtained using different spatial
reactivities (f) are shown in dotted and dashed lines; shaded areas show variability with
different sediment recycling efficiency (s= 0.3-0.75). Literature data are from (Boynton et al.,
2018; Chi et al., 2021; Kemp et al., 1992; Murrell & Lehrter, 2011). Solid markers indicate
average values and the open markers of the corresponding colors are individual
measurements.

6. Summary, caveats, and outlooks

Using data in the PRE region, we construct and test a simple mass balance model
to understand bottom hypoxia in coastal waters. The model describes oxygen utilization
in the BBL due to the sediment and water oxygen uptake (Egs.8 and 9). While SOU
needs to be measured, we show that bottom oxygen levels and water-column
stratification can be used to parameterize SOU and increase the data size (Fig.3). WOU
is linked to SOU in the model via their intrinsic mass-balance connection (Egs.7.2 and
10). Therefore, by having data on the water column physical and oxygen conditions
across a region (easily obtained from CTD) and some estimates of SOU, the model can
estimate other determinants of oxygen loss and quantitatively describe the conditions
and time scales for hypoxia formation, as well as the contributions from water column
versus sediments.

There are several caveats to using the model. It should be used within areas with
similar particle settling velocity and organic matter reactivity. These parameters can vary
significantly across regions. Ideally, parameters can be chosen or fitted more locally
(e.g., differentiating the inner estuary and the offshore shelf). Moreover, SOU is assumed
to be stable during the development of the observed oxygen level, but SOU can
decrease when oxygen becomes very limited (<1.5-3.2 mg L") (Chi et al., 2021; Murrell
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& Lehrter, 2011; Rowe et al., 2002). Therefore, for the model to work, SOU might need to
be measured under sufficient overlying-water oxygen (reaction not limited by oxygen) at
sites with very low oxygen levels. Other complications of the physical conditions need to
be considered, for example, when stratification is disrupted by a typhoon. Despite these
limitations, the model provides intuitive and quantitative estimates of hypoxia and can be
used to understand the variability among systems and changes under future scenarios
(e.g., longer stratification under climate change). The model can also help estimate key
constraints, such as the reactivity and settling velocity of particles, to support other
mechanistic models.
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Introduction

The supporting information (Sl) includes a detailed description of the methods (S1), the
mass balance model (S2), and how the data is used to obtain the fitted parameter spatial
reactivity (S3). The Sl also includes a table summarizing the physicochemical properties
of all sites (Table S1), a table listing all the parameters used in the model and their
descriptions (Table S2), a table including data from other coastal systems (Table S3),
and eight figures (Figs. S1-S8) supporting the discussion in the main text.

S1. Methods

Samples were collected during the summer of 2021 from the Pearl River Estuary and its
adjacent continental shelf waters (PRE region) (Li et al. 2024). We used a Sea-Bird
SBE17 plus conductivity—temperature—depth (CTD) probe to measure the temperature,
density, salinity, and dissolved O concentrations. Chlorophyll (Chl-a) fluorescence
obtained from the CTD probe was calibrated by measuring Chl-a fluorometrically (APHA,
1998) in the water samples taken from various depths by using Niksin bottles attached
on the CTD. We calculate the buoyancy frequency (N? (s2)) to indicate the stratification
of the water column:

2 _ _9 dap2)
N =@ Eq. S1

where g is the gravity acceleration (9.80665 m s2), z is the water depth (m) with zero at
the sea surface and positive downwards; p is the potential density (kg m™) calculated
using the Gibbs-SeaWater Oceanographic Toolbox (GSWOT) and data obtained by the
CTD probes, including temperature, salinity, depth, pressure, and geographic
coordinates (McDougall & Barker, 2011). Higher N? implies high stability of the water
column.

Sediment cores were collected with undisturbed overlying waters of around 15-20
cm using a Uwitec corer (core liners of 86 mm ID and 60 cm length). The sediment’s
oxygen micro-profiles (of 0.5-1 mm resolution) were obtained using a micro-profiling
system equipped with a Unisense O; electrode, calibrated using the air-saturated
seawater and zero oxygen solution at in-situ temperature. The sediment-water interface
was defined as the depth where the sharpest oxygen gradient was observed, which was
consistent with our visual observation of the interface. Oxygen penetration depth (OPD)
was defined as the depth where the oxygen concentration under the detection limit of ~
0.3 umol L. The sediment physical properties, including water content and densities,
were quantified and reported in (Zhou, 2022).

The total sediment oxygen uptake (SOU) was determined using whole-core
incubations: sediment cores were stabilized, and the overlying water was gently bubbled
with air to compensate for the oxygen lost between sample collection and incubation.
The sediment cores were then tightly sealed with rubber stoppers to start the incubation,
during which the overlying waters were gently stirred with a stir bar located at ~ 5 cm
above the sediment-water interface to generate the movement of overlying water and
create a diffusive boundary layer (Jgrgensen & Revsbech, 1985). The cores were
covered with aluminum foil to avoid the potential disturbance from light, and the oxygen
concentration in the overlying water was monitored using an oxygen optical probe
(Pyroscience). The incubation typically lasts around 2-3 hours, during which ~ 20%
dissolved oxygen in the overlying water was consumed. The SOU (mmol O, m? d') was
obtained from the linear decrease of oxygen in the overlying waters. Onboard
measurements were conducted within 2-6 hours after sampling.
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S2. The mass balance model for oxygen

The paper focuses on oxygen budget in the bottom waters (or BBL). For clarity, we will
first introduce the mass balance model for the entire water column, followed by the
model in the BBL that can be understood using similar logic.

S$2.1 The oxygen mass balance

The O, budget of the entire water column can be written as changes in oxygen
concentrations contributed by fluxes from the atmosphere, sediments, and net
consumption within the water column:

— H d
dCw-02 _ Fawi-0z _ Fswi-o02 + Jo Rw-024zw Eq. S2

dt H H H

Here, Cw-02 is the oxygen concentration (Cw-02) integrated over the entire water column
divided by the total depth of the water column (H): C,,_o, = (fOH Cw-0242y)/H, which is
also the average O; concentration in the water column. Fawi.o2 and Fswi.o2 are the O;
fluxes at the air-water interface (AWI) and sediment-water interface (SWI), respectively
(positive means downward flux, thus Fawi-o2 describes oxygen entering the water column
and Fswi-oz describes oxygen leaving the water column); Ru-o2 is the rate of oxygen in
the water column (negative means consumption); zy is the downward vertical
displacement in the water column reference to the air-sea interface (positive indicates
going downwards). All parameters are described in Table S2.

The integration of the O, rate over the entire water column can be defined as the O,
reaction flux in the water column (Fu-o02):

fOH Ryw-02dzyw = Fw-o2 Eq. S3

Here, negative F..02 means oxygen consumption in the water column. Similarly,
integrating the O, rate in the sediments (Rs.02) can be defined as the O reaction flux in
the sediment (Fs-o02):

f0+OCRs—02 dzs = Fs_o02 Eq. S4

Here, z; is the vertical displacement in the sediment column (zs =0 at the sediment-water
interface, and positive indicates going downwards) and negative Fs.0, means oxygen
consumption in the sediments. The sediment oxygen consumption (negative Fs.02) is
equivalent to downward fluxes (positive Fswi-o2):

Fs_02 = —Fswi-o2 Eq. S5

This can also be understood by considering the mass balance of O, for the entire
sediment column, as total oxygen consumption (Fs-02) should cancel out the amount of
oxygen coming into the sediment from the water column (Fswi-02): Fs-02 +Fswi-o2 = 0.
Combing Eqgs. S2-5 yields:

dCw—02 _ Fawi-o02 + Fs—02 + Fw-02 Eq. S6
dt H H H ’

S$2.2 Oxygen consumption and flux in the sediment

The fluxes (integrated rates) of oxygen (Fw-02 and Fs.02) can be approximated as the
integrated rates of carbon mineralization for water and sediment columns, respectively,
assuming oxygen in the water and sediments is mostly consumed by remineralization of
organic matter and its reduced products and a close to 1:1 ratio between organic carbon
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remineralization and oxygen consumption. The reaction rates of O; in sediments (Rs.02)
can then be described using a first-order kinetic model:

ot = —kyCoc Eq.S7
Here, Cs.c and ks are the concentration and reactivity of organic carbon in the sediment,
respectively. The solution of Eq.S7 is

CS—C = CSO_Ce_kst Eqsg

where C?_. is organic carbon concentration at the sediment-water interface; t is the age
of the sediment layer reference to its initial deposition on the seafloor, which is also the
time for sediment to be buried from the sediment surface to its current depth (zs) with a
sediment burial velocity of us. Therefore,

t=2 Eq.S9

Us

Rs_ o2 =

and Eq.S8 becomes

ks ()

ks
Coc = CLce s = €0 el Eq. S10
Combining Egs. S4, 5, and 10,

+oc +oc 0 —(k—S)ZS 0
Fs—02 = fo Rs_0zdzs = — fo ks Cs_ce ‘v’ dzs = — Cs_c us Eq. S11

Intuitively, oxygen is consumed due to the downward flux of organic carbon into the
sediments (CY_. us), which is also the flux from the water column (C%_ u,,) considering
the mass balance:

Fs_o2 = = Co_c us = — Coy_¢ Uy Eq. S12

Here, CX__ is the organic carbon concentration in the water column at the seafloor
(zw=H) and u,, is the particle settling velocity in the water column. However, Eqgs. S11
and S12 assume a constant reactivity of the organic matter in the sediments (ks), and all
the organic carbon can be eventually decomposed. In reality, reactivity should decrease
as the organic matter becomes older (Li et al., 2012; Middelburg, 1989), and at a certain
depth, the organic matter would be too old and refractory (ks becomes too small). For
simplicity, Egs. S11 and S12 can be corrected using an efficiency (g) of organic carbon
remineralization in the sediments:

Fy_op, = —eC2 cug = —eCH_ u,, Eq.S13

S$2.3 Oxygen consumption and flux in the water column

Similarly, in the water column, if we assume the decay of organic matter follows a first-
order model as in the sediments:

dCy—
RW—OZ = it = _kWCW—C EqS14

Here, Cw.c and ky are the concentration and reactivity of organic carbon in the water
column, respectively. The concentration of organic carbon can then be described
similarly to Eq. S10:

Zw _kw
Coc = CO_ce ™G = 0o Gu™w Eq.S15
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where C_. is the organic carbon concentration in the surface water (z,=0). The
concentration of organic matter on the seafloor (CZ_.) is

-G

Eq.S16

Therefore, combining Eqs.S3, S14, S15, and S16 yields the oxygen reaction flux in the
water column:

H — ro0
CW—C - Cw—Ce

H H —ky (B ~(*w)y
Fuv-or = 1~k Cu—c dzy = [~k CO_ce ™ ) dzy = €3ty (e ) 1) Eq.817

Combining Eqs.S13 and 16 yields

kw
Gy, Eq.S18
Therefore, from Eqgs. S17 and S18, the oxygen flux in the water column and sediments
has an intrinsic relationship:
kw

Fu-oz =2 (e — 1)F,_o, Eq.519

— H — 0
Fs—02 = — ECW—C Uy = _ECW—Ce

For simplicity, we introduce a rate parameter termed spatial reactivity (f, or spatial
frequency) to characterize the reaction of oxygen in the water column, by normalizing
the temporal frequency (temporal reactivity kv, in the unit of d™') to the particles settling
velocity (uw):

= w Eq. S20

Similar to temporal reactivity (k) that refers to the reaction proceeded per unit of time
(see Eq. S14), the spatial frequency (f; in unit of m™") describes the reaction proceeded
per unit distance the particles settle downwards. In other words, Eq. S14 becomes

— dCw—c
Rw—OZ -

= —fCyo_c Eq. S21

dzy,

Eq. S19 can then be simplified as
Fu-02 =" —~DFo,  Eq. 522

S$2.4 Apparent oxygen utilization (AOU) in the water column

Now consider the water column experiencing oxygen loss from its equilibrium saturation
concentration to the current state over a period of T. From Eq. S6,

T dCw-o _ (T (Fawi-o Fs—02 , Fw-0
fOTzdt—fo( R =R Hz)dt Eq. S23

Assuming the fluxes (Fawi-o2, Fs-02, and Fu.02) do not change significantly during this
period (pseudo steady state), Eq. S23 becomes

= = Fawi- Fs_ Fu
Cu—oz — O3ty = (FAW=02 4 Zs=02 4 Twoayy Eq. 524

Where €32, is the average saturation oxygen concentration in the water column at in-
situ temperatures. Thus, the LHS of Eq. S24 equals the negative average water column
apparent oxygen utilization (AOU):

(Cuw-02 — C3%02) = (J;' —~AOU dz,,)/H = —AOU Eq. S25
Eqgs. S24, S25 and S22 can then be combined:
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—AO0U X H = Fywi02T + T (142 (¥ = 1)) Fy_oz Eq. S26
and

AOU X H = Fawi_o2T +T (1 +3 (e — 1)) sou Eq. S27

$2.5 Oxygen mass balance in the bottom boundary layer (BBL)

Similar to the oxygen mass balance in the whole water column (Eq. S6), the changes in
O2 concentrations in the BBL is contributed by fluxes from the upper water column,
sediments, and consumption within the BBL.:

dCBL-02 _ FBI-02 + Fs—02 + FBBL-02 Eq. S28

dt h h h

Here, CasLoz is the integrated oxygen concentration in the BBL divided by the thickness
the BBL (h): Cggr_02 = (flf_h CspL—02 4Z,,)/h, Which is also the average O» concentration in

the BBL. Fgio2 is the flux of Oz across the interface (boundary) between the BBL and the
upper waters (positive means downward flux, and oxygen enters the BBL); FggL-02 is the
oxygen reaction flux in the BBL, defined as the integrated O- rate in the BBL.

Similar to Eq. S15, by using the upper boundary of the BBL (z.= H-h) as the reference,
the concentration of organic matter in the BBL is

L Zw—(H-h) kW, ol
Coc = CH ™ W ™) = o -ho ™G, ) Gw= =) Eq. S29

where CH~} is the concentration of organic carbon at depth H-h (the boundary of the
upper boundary of the BBL). Organic carbon concentration at the SWI is

kw
ci_ = cti-he () Eq. S30
Therefore, by combining Eq. S13 and Eq. S30, the sediment oxygen flux becomes

kw
Fs_02 = —¢CH_.u,, = —er’j:ge_(m)huw Eq. S31

Similar to Eq. S17, O reaction flux in the BBL is defined as

H
FggL-o02 = J;;_, ~kwCw—c dzZw Eq. S32
By combining Egs. S32 and S29,
H n Wy —(H-R _ ~ (A )p
FgpL-02 = fH—h _kavaI—ge Gy P~ (=) dzy, = Cv’é_é‘uw(e (”W) -1 Eq. S33

Therefore, combining Egs. S33 and S31 we can get the relationship between the flux of
oxygen in the BBL and the sediments:

kw

FBBL—OZ = é(e(m)h - 1) FS—OZ - é(efh - 1)FS_02 Eq 834

Similar to Eq. S26, we can obtain the O, budget for the BBL the loss of O, from
saturation concentration to the current state over a period of T :

_AOUBBL X h = FBI—OZT +T (1 + % (efh - 1)) FS—OZ Eq S35
and
AOUBBL X h = FBI—OZT +T (1 + é (efh - 1)) SOU Eq S36
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In summary, the oxygen mass balance in the whole water column can be simplified as:
AOU X H = Fawi_o2T +T (1 +5 (e — 1)) soU Eq. S27

The oxygen mass balance in the bottom boundary layer can be simplified as:

AOUggy, X h = Fg0,T +T (1+7 (e/" = 1)) SOU Eq. S36

Where T is the time needed to develop the current AOU; ¢ is the efficiency of organic
matter remineralization in sediments; f is the spatial frequency of organic matter
remineralization in the water column.

S3. Spatial reactivity (f) of organic matter in the water column

The spatial reactivity (f = kw/uw) describes the reaction proceeded per-unit distance
the particles settle downwards. By fitting the observation (Fs.oz2, h, H, and AOU
calculated) to the model (Egs. S27 and S36) using a sediment recycling efficiency of e=
0.5 and a reaction time (also time for stratification to sustain) of T= 15 d, we obtain an
organic matter spatial reactivity of f=0.026 m™ for the PRE region. During our sampling
period, there was a typhoon that had potentially disrupts the water column stratification.
Therefore, the water column CTD data obtained right after the typhoon were excluded
when fitting the model. A comparison of observation and model is shown in Figure S7.

We can check the order of magnitude of f using a separate estimation of the rate of
organic matter remineralization in the water column. For an organic matter production
rate of 66 mmol m? d' in the region (Cai et al., 2004) and an average SOU of 41.1+16.3
mmol m? d™, about 28% of the organic matter remineralization occurs in the water
column (100%- 41.1/66*100% = 28%). Therefore, from Eq. S21,

= —%Cwc Eq. S37

B Cw-c dzw
For water column total depth (H = dzy) of 10-20 m, the spatial reactivity is =0.28/H =
0.014-0.028 m™. This is an order of magnitude consistent with the model fitting results.
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284  Table S1. Sampling locations, water depth, thickness of the BBL, bottom water O, oxygen penetration depth (OPD), sediment
285  oxygen uptake (SOU), apparent oxygen utilization in the water column and BBL (AOU and AOUggL).

Date Station Latitude  Longitude  Depth BBL Bottom Average AOU AOUssL OPD SOou

(mm/dd/yy) (°N) (°E) (m) thickness Oz (umol 02 (mmol m?)  (mmol m?) (mm) (mmol m2
(m) L") (zmol L") d")

04/09/2021 PM7 114.211 22.340 19 2.0
06/03/2021 A03 113.741 22.602 15 6.8 97.3 102.0 125.5 120.1 1.0 70.5
06/03/2021 A05 113.765 22.463 14 8.0 105.0 118.7 1071 113.2 25 45.8
06/04/2021 A08 113.788 22.266 9 3.9 87.9 110.6 103.8 122.9 2.0 41.0
06/21/2021 113.78 22.279 8 2.8 59.7 115.9 93.8 149.3
06/04/2021 A11 113.866 22.093 21 15.8 83.3 85.0 123.8 134.1 3.0 70.4
06/21/2021 113.866 22.095 21 15.9 82.5 99.7 109.7 127.2
06/04/2021 A16 113.99 21.752 43 39.9 139.3 155.6 54.7 50.7 35 49.0
06/22/2021 113.99 21.752 43 23.0 173.6 176.6 325 42.6
06/05/2021 P101 112.488 21.581 16 34 62.7 128.3 74.6 121.7 3.0 20.9
06/19/2021 112.581 21.584 15 8.2 92.2 136.3 66.6 109.7
06/07/2021 F103 113.189 21.694 29 213 3.0 35.9
06/19/2021 113.189 22.694 29 243 140.2 150.8 63.3 72.8
06/07/2021 F101 113.129 21.937 13 5.6 2.0 394
06/19/2021 113.128 21.806 15 7.6 31.6 70.0 130.9 168.4
06/08/2021 F201 113.389 21.914 12 3.9 9.1 147 1 65.4 199.9 2.0 55.4
06/20/2021 113.388 21.912 12 10.0 774 90.0 124.7 140.2
06/15/2021 F301 113.548 21.990 11 3.8 8.9 126.3 87.6 197.5 1.8 59.0
06/21/2021 113.547 21.991 10 7.2 70.5 128.4 76.3 88.6
06/06/2021 J203 112.913 21.551 34 30.3 108.2 118.6 91.1 94.2
06/17/2021 112.919 21.551 34 19.7 147.8 1441 63.8 77.5 55
06/17/2021°  Front17  113.150 21.390 30 16.0 120.6 143.8 65.6 94.4 5.0 29.2
06/06/2021 J103 112.740 21.430 36 214 117.0 1204 87.6 100.6
06/18/2021 112.738 21.431 36 29.8 160.3 179.1 31.6 341 45 63.5
06/06/2021 P204 113.052 21.592 33 20.9 100.0 123.0 77.8 93.4
06/19/2021 113.052 21.584 33 213 108.8 172.7 329 36.9 3.0 30.0
06/08/2021 F204 113.463 21.746 33 23.2 115.6 1131 94.2 115.1
06/20/2021 113.456 21.744 33 28.6 153.1 163.9 484 54.4 4.0 26.3
06/11/2021 F603 114.084 22.038 31 10.5 113.1 1325 77.2 100.3
06/22/2021 114.085 22.037 31 26.7 161.3 169.4 36.7 434 25 29.7
06/11/2021 F702 114.213 22.070 31 12.0 100.0 143.8
06/22/2021 114.124 22.412 31 26.5 156.3 168.8
06/11/2021 F601 114.050 22.159 21 20.0 173.0 173.0 30.2 30.2
06/22/2021 114.050 22.159 21 14.7 93.8 124.7 85.6 105.3 4.0
07/01/2021 2A01 113.998 22.001 33 26.5 131.0 157.6 48.5 71.0 25 36.4
07/04/2021 2A02 114.252 21.501 63 63 166.9 1913 10.2 36.3 45 14.0
07/06/2021 2P03 113.851 21.997 24 13.3 50.3 112.8 86.3 70.0 3.0 47.4
07/06/2021 2P02 113.698 21.994 16 6.5 14 97.2 112.0 221.9 1.0 33.4
07/08/2021 2A01b 114.123 21.751 41 41 184.5 196.4 8.6 13.6 7.0 24.4
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Table S2 List parameters and variables

H Total depth of the water column [m]

Zw The vertical displacement in the water column with the sea surface as zero
and positive going downward [m]

Zs The vertical displacement in the sediment column with the sediment-water
interface as zero and positive going downward [m].

Cw-02 Oz concentration in the water column [mmol m]

Average Oz concentration in the water column [mmol m™], defined as Cu-02
integrated along the entire water column divided by the total depth H.

£
g
Il
/~

H
f Cw—OZ dZw) /H
e

i
Cloz = f Ciloz dzy | /H
0

Average saturation Oz concentration in the water column at in-situ
temperature [mmol m™], defined as the saturation Oz concentration Cw-o02
integrated along the entire water column divided by the total depth H.

Cs-02 Oz concentration in the sediment [mmol m™]

Rw-02 Reaction rate of Oz in the water column [mmol m= d-']

Rs-02 Reaction rate of Oz in sediments [mmol m™ d]

Fawi-o2 Oz fluxes at the air-water interface [mmol m2 d-']

Fswi-02 Oz fluxes at the sediment-water interface [mmol m? d™"], positive

downwards, also defined as sediment oxygen uptake (SOU)

Fu-02= fOH Ry_02 dzy,

Oz reaction flux in the water column [mmol m? d-"], defined as the
integration of the Oz rate (Rw-o02) over the entire water column

Fs-02=f(;roc Rs_oz dzg

Oz reaction flux in the sediment [mmol m d-'], defined as the integration of
the O rate (Rs-02) over the entire sediment column

Csc Organic carbon concentration in the sediment [mmol m=]

Clc Organic carbon concentration in the sediments at the sediment-water
interface (zs=0) [mmol m®]

Cuw-c Organic carbon concentration in the water column [mmol m™]

Clyc Organic carbon concentration in the surface water (z,=0) [mmol m™]

Chwc Organic carbon concentration in the sediments at the sediment-water
interface (zw=H) [mmol m]

Ks Reactivity of organic carbon in sediments [d"]

Kw Reactivity of organic carbon in the water column [d™]

Us Burial velocity of sediments [m d-']

Uw Settling velocity of particles in the water column [m d™]

f = kwluw Spatial frequency [m™'], defined as the temporal frequency (rates kw) divided
by the settling velocity uw.

t Time (d)

€ The efficiency of organic carbon remineralization in sediments

T The time needed for the water column to reach the current level of oxygen

from an oxygen-saturated condition.

AOU=C30; = Cw-02

Apparent oxygen utilization in the water column [mmol m=], defined as the
difference between oxygen concentration at saturation and the measured
oxygen concentration in the water.

H
_ fo (C\fva—toz - w—Oz) dz,,

H

AOU

— (sat
- CW—OZ e W=02

Average AOU in the water column [mmol m™], defined as AOU integrated
over the entire water column divided by the total depth H.

h

The thickness of the bottom boundary layer [m].

I
CBL-02 = (f Cw-02 dZw) /h
H=h

Average Oz concentration in BBL [mmol m™], defined as O2 concentration
(Cw-02) integrated over the BBL divided by the thickness of the BBL h.

Faio2

The flux of Oz across the interface (boundary) between the BBL and the
upper waters (positive means downward flux, and oxygen enters the BBL)
[mmol m2d™.

i
FgBL-02 :f Ry-02dzy
H-h

the oxygen reaction flux in the BBL, defined as the integrated Oz rate in the
BBL.

_WBBL
f:_h(cxiffoz — Cy-02) dzy
_ H

= CgaBtL—OZ — CprL-02

Average AOU in the BBL [mmol m™], defined as AOU integrated over the
BBL divided by the thickness of the layer h.
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Table S3 Water column oxygen and sediment oxygen uptake from other coastal

systems
Region Site ID Depth  BBL'/hypoxia*/ Bot. Aver. SOuU Ref
(m) pycnocline” (o)} (o)} (mmol
thickness (m) (mg/L) (mg/L) m2d"
Changjiang Estuary region  H18_Aug 58 35.7 2.40 3.59 24.0 a
Changjiang Estuary region  H19_Jun 58 35.0° 4.60 5.48 13.5 a
Changjiang Estuary region  H9_Aug 34 15.9° 1.96 4.70 23.2 a
Changjiang Estuary region ~ H9_Jun 34 14.0° 4.57 6.08 18.2 a
Changjiang Estuary region  H15_Aug 57 29.0° 2.40 2.56 62.5 a
Changjiang Estuary region  H15_Jun 57 27.7 5.30 6.03 28.6 a
Northern Gulf of Mexico C6_Aug09 19 8.3 0.10 3.62 26.1 b
Northern Gulf of Mexico CT2_Aug09 28 14.6° 4.52 5.96 18.7 b
Northern Gulf of Mexico F5_Aug09 29 9.7 3.44 5.64 19.3 b
Northern Gulf of Mexico F5_Aug09 29 16.9° 3.44 5.64 19.3 b
Northern Gulf of Mexico MRM_Aug09 10 5.8 3.09 4.49 21.3 b
Northern Gulf of Mexico MRM_Aug09 10 1.9 0.76 4.49 21.3 b
Northern Gulf of Mexico MRM_Aug09 10 3.4 2.30 4.49 21.3 b
Northern Gulf of Mexico C6_May10 18 10.7° 2.27 5.60 43.2 b
Northern Gulf of Mexico CT2_May10 28 8.5 1.22 413 20.4 b
Northern Gulf of Mexico F5_May10 29 9.0° 1.93 5.03 21.2 b
Northern Gulf of Mexico MRM_May10 10 1.3 1.1 4.09 34.3 b
Northern Gulf of Mexico C6_May11 19 3.3 1.15 5.15 15.0 b
Northern Gulf of Mexico CT2_May11 33 28.0° 4.74 5.58 26.4 b
Northern Gulf of Mexico F5_May11 29 12.7 5.43 6.35 21.4 b
Northern Gulf of Mexico C6_Sep08 19 19.0° 4.70 5.55 11.5 b
Northern Gulf of Mexico CT2_Sep08 29 19.0° 5.69 5.33 9.9 b
Northern Gulf of Mexico F5_Sep08 28 28.0° 6.10 6.28 11.0 b
Northern Gulf of Mexico B7_Jan09 21 21.0 4.86 7.24 18.5 b
Northern Gulf of Mexico C6_Jan09 18 6.0° 4.31 6.62 16.5 b
Northern Gulf of Mexico CT2_Jan09 25 18.7° 6.70 6.87 20.4 b
Northern Gulf of Mexico CT2_Jan09 25 25.3 6.70 6.87 20.4 b
Northern Gulf of Mexico F5_Jan09 30 30.0° 6.98 6.70 9.8 b
Northern Gulf of Mexico MRM_May11 10 25 1.28 5.15 34.3 b
Middle Chesapeake Bay CB3.2C 13 7.0" 0.80 61.4 c
Middle Chesapeake Bay CB4.1C 32 11.5" 0.10 25.7 c
Middle Chesapeake Bay CB4.3C 27 12.4" 0.23 14.3 c
Middle Chesapeake Bay CB5.1 28 16.5" 0.90 21.4 c
Middle Chesapeake Bay CB5.2 30 15.1" 1.01 15.8 c
Gulf of St Lawrence 100" <20 9.7 d
Long Island Sound 12* <20 19 e
Northwestern Black Sea 9* <20 6.8 f
Baltic Sea 125* <20 8 g

b)

c)

Note:
a)

Sediment oxygen uptake (SOU) are from Zhang et al., (2017) and the water column

parameters are calculated from CTD profiles provided by the author H. Zhang.

from CTD profiles provide by the author M. J. McCarthy.

from the Chesapeake Bay Program (CBP, https://datahub.chesapeakebay.net).

d)
e)
f)

9)

Fennel and Testa 2019 (originally from Lehmann et al., (2009))
Fennel and Testa 2019 (originally from Welsh & Eller, (1991))
Fennel and Testa 2019 (originally from Cannaby et al., (2015), Capet et al., (2013), and

Capet et al., (2016))

SOU data are from McCarthy et al., (2013) and water column parameters are calculated

SOU data are from Boynton et al., (2022); water column data for the corresponding sites are

Fennel and Testa 2019 (originally from Noffke et al., (2016) and Wulff & Stigebrandt (1989))
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