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Research Impact Statement: Future warming will decrease net ecosystem metabolism and increase hypoxia
in a small estuary, but warming and nutrient load effects on connected waterbodies will also be translated into
the estuary.

ABSTRACT: We sought to investigate the impacts of nutrient loading, warming, and open-water boundary
exchanges on a shallow estuary through idealized numerical model experiments. We performed these simula-
tions using a stand-alone implementation of the Regional Ocean Modeling System-Row-Column AESOP biogeo-
chemical model in the Chester River estuary, a tributary estuary within the Chesapeake Bay estuarine complex.
We found that metabolic rates were elevated in the shallow tributary creeks of the estuary relative to open
waters and that rates of gross primary production, respiration, and net ecosystem metabolism were a function of
both water temperature and local phytoplankton biomass. Warming 0.75°C and 1.25°C led to reductions in dis-
solved oxygen concentrations throughout the estuary. Reductions (50%) in dissolved nitrogen and phosphorus
loading did not substantially alter hypoxic volumes in this turbid, nutrient-rich estuary, but warming increased
hypoxic volumes by 20%–30%. Alterations of the open-water boundary that represent improved oxygen concen-
trations in the adjacent Chesapeake Bay mainstem led to more substantial relief of hypoxia in model simula-
tions than nutrient reductions (~50% reductions in hypoxia). These simulations reveal the complex interplay of
watershed nutrient inputs and horizontal exchange in a small tributary estuary, including the finding that
future warming and nutrient reduction effects on Chesapeake Bay hypoxia will be translated to some tributary
estuaries like the Chester River.

(KEYWORDS: eutrophication < ECOLOGY; total maximum daily loading (TMDL) < WATER QUALITY; estuar-
ies < GEOGRAPHY; Chesapeake Bay; Chester River estuary; climate variability/change < CLIMATE; metabo-
lism; biogeochemical model.)

INTRODUCTION

Biogeochemical processes in coastal ecosystems are
closely linked to adjacent land use, internal physical,
biological, and chemical processes, and remote forcing
from adjacent tidal waters. A key interaction within

the Anthropocene is the alteration of watershed
nutrient budgets and hydrology through urbanization
and agricultural expansion and intensity combined
with warming temperature and altered precipitation
patterns. Elevated nutrient loading combined with
warmer, wetter conditions in many temperate ecosys-
tems is associated with enhanced oxygen depletion
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(Laurent et al. 2018; Ni et al. 2019), altered phyto-
plankton biomass (Boynton et al. 1982), and pres-
sures on macrophyte and benthic communities
(Lefcheck et al. 2017). While the potential scope of
biogeochemical changes associated with eutrophica-
tion and climate change is large, it remains a chal-
lenge to meaningfully predict future changes given
uncertainties in projected climate variability, the
effects of climate on phytoplankton production and
composition, and watershed dynamics (Wagena et al.
2018). This is especially true considering that climate
will impart differential impacts on components of
coupled human-watershed-estuarine systems via
changes in hydrology (Neff et al. 2000), temperature
(Altieri and Gedan 2015), solar radiation (Nixon
et al. 2009), and agricultural practices (Ortiz-Bobea
et al. 2019).

Due to the nature of their bathymetry and prox-
imity to land, shallow estuarine systems have sev-
eral unique characteristics compared to larger,
deeper systems. Whereas deep estuaries have
production and respiration cycles dominated by
water-column plankton (e.g., Fennel and Testa
2019), shallow estuaries can be dominated by ben-
thic metabolism from submerged aquatic vegetation
(Ganju et al. 2020), microphytobenthos (McGlathery
et al. 2007), or subtidal sediments. One consequence
of this distinction is that oxygen depletion in deeper
systems tends to be a seasonal, kilometer-scale
phenomenon supported by sinking phytoplankton-
derived organic material, whereas shallow ecosys-
tems can generate local diel cycling hypoxia over
6–12 h as a result of high rates of benthic metabo-
lism or high rates of water-column respiration asso-
ciated with high phytoplankton biomass (>100 μg/L;
e.g., Tyler et al. 2009). In the case of the Chesa-
peake Bay and other drowned river valleys, shallow
tributary estuaries are also responsive to the influ-
ence of larger, adjacent water bodies where water
exchange can lead to import of organic material
(Smith et al. 1991), high-nutrient or low-oxygen
water into their lower reaches on seasonal or event
scales (L. P. Sanford and Boicourt 1990; Testa et al.
2008), or poorly buffered upwelling water (Grantham
et al. 2004).

Numerical models have been widely used to gener-
ate projections of future conditions in response to cli-
mate warming, precipitation (and freshwater input)
changes, and nutrient abatement actions (Meier et al.
2011; Irby et al. 2018; Lajaunie-Salla et al. 2018; Lau-
rent et al. 2018; Ni et al. 2019). The rationale for using
complex, three-dimensional numerical models to gener-
ate future projections is that they integrate the coupled
biogeochemical–hydrodynamic interactions that will
result from altered physical and chemical conditions.

In particular, simulations quantify how climate
changes (e.g., warming, elevated river flow) may make
the achievement of water quality standards more diffi-
cult, resulting in adjusted allocations for nutrient
reduction targets (Justı́c et al. 2003; Irby et al. 2018).
In general, these projections have been made for large,
relatively deep coastal ecosystems where sophisticated
numerical models had previously been developed (e.g.,
northern Gulf of Mexico, Baltic Sea, Chesapeake Bay,
Salish Sea). Far fewer model projections have been
made for very shallow coastal systems that fringe the
land–sea interface (Lajaunie-Salla et al. 2018), despite
the fact that these shallow ecosystems are (1) likely to
be highly sensitive to future climatic change, (2) loca-
tions if intense biogeochemical processing of watershed
inputs, and (3) important areas for tourism, fisheries,
and aquaculture.

The purpose of this paper was to use a three-di-
mensional coupled hydrodynamic-biogeochemical
model to quantify the sensitivity of oxygen depletion
and metabolism in a shallow estuary to elevated tem-
perature, altered nutrient inputs, and oxygen condi-
tions at the open-water boundary. We use the
Chester River estuary as an experimental system, as
it includes both seasonal, deep water hypoxia, and
shallow water diel cycling hypoxia. We present sensi-
tivity simulations over an annual cycle in the estu-
ary, and address the spatial and temporal changes in
hypoxia and the metabolic rate processes driving oxy-
gen production and consumption.

METHODS

To evaluate the sensitivity of low oxygen condi-
tions in the Chester River estuary to altered exter-
nal forcing, we conducted a series of idealized
simulations using a coupled, three-dimensional
hydrodynamic-biogeochemical model (Regional Ocean
Modeling System-Row-Column AESOP [ROMS-
RCA]). After validating the model with the best
available data, we adjusted three main inputs to the
model: (1) nutrient loading from 12 major freshwater
sources, (2) factors related to warming from climate
projections, and (3) oxygen conditions at the open-
water boundary associated with potential changes in
hypoxia in the mainstem of the Chesapeake Bay.
We did not investigate the impacts of sea level rise
or altered precipitation patterns, which are also
expected to change in a future climate (Ni et al.
2019). Model response metrics we quantified
included ecosystem responses in terms of the vol-
ume, duration, and extent of hypoxic waters and
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rates of oxygen production and consumption in the
water column and sediments.

Study Site

The Chester River estuary is located on the east-
ern shore of Maryland, a peninsula on the eastern
fringe of the Chesapeake Bay (Figure 1). The estu-
ary has a maximum depth of approximately 18 m
in a deep channel in the lower estuary, but a
majority of the estuary is <6 m deep (Figure 1),
especially in several subtributaries (e.g., Corsica
River, Langford Creek, Southeast Creek; Figure 2).
The 1,140 km2 watershed consists of predominantly
agricultural land use (65%) and lies within the
coastal plain. The estuary exchanges with the
mainstem of the Chesapeake Bay at its seaward
open-water boundary and with Eastern Bay to the

south through a narrow channel at Kent Narrows
(Figure 2).

Numerical Model and Data Sources

A coupled hydrodynamic-biogeochemical model was
applied to simulate and analyze estuarine biogeo-
chemical responses to simulated changes in nutrient
input, temperature, and open-water boundary condi-
tions. The hydrodynamic model is an application of
the ROMS with a 174 × 174 grid that includes 200 m
horizontal resolution and 10 vertical layers and is a
stand-alone implementation that is not nested in a
larger domain. Freshwater inputs to the estuary were
delivered from 12 major rivers and creeks (Figure 1;
Figures S1 and S2) and derived from predictions from
the Hydrologic Simulation Program Fortran as part
of the Phase 6 Chesapeake Bay Program (CBP)

FIGURE 1. Location of the Chester River estuary on the northeastern shore of the Chesapeake Bay (left panel), bathymetry of the Chester
River estuary with grid location and freshwater sources (top right panel), and maximum depth distribution along the central channel of the

Chester River within the model domain.

JAWR JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION878

TESTA, BASENBACK, SHEN, COLE, MOORE, HODGKINS, AND BRADY

 17521688, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1752-1688.12912 by U

SE
PA

- O
ffice of environm

ental, W
iley O

nline L
ibrary on [06/01/2023]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Watershed Model (Shenk et al. 2012). Atmospheric
forcing for net heat flux, total downward radiation,
precipitation, and evaporation was derived from the
North American Regional Reanalysis (NARR; https://
www.ncdc.noaa.gov/data-access/model-data/model-da
tasets/north-american-regional-reanalysis-narr)
product. Wind forcing, air temperature, and baromet-
ric pressure were obtained from the Thomas Point
buoy located near the Chester River (38.899 N,
76.436 W) and accessed from the National Data Buoy
Center (http://www.ndbc.noaa.gov/station_page.php?
station=tplm2). Open-water boundary conditions for
salinity and water temperature were averaged from
two stations in the mainstem Chesapeake Bay (CB3.2
and CB3.3E) monitored on a biweekly to monthly
basis (Figure 2). Sea level changes at the open-water
boundary were obtained from the CBP Water Quality

and Sediment Transport model (Cerco and Noel
2013). A quadratic stress is exerted at the bed,
assuming that the bottom boundary layer is logarith-
mic over a roughness height of 1 mm.

ROMS was coupled to a biogeochemical model
(RCA) that has been described in detail in prior pub-
lications (Testa et al. 2014; Ni et al. 2019; Shen,
Testa, Li, et al. 2019). In short, RCA models state
variables representing at least two phytoplankton
groups (representing diatoms and dinoflagellates),
labile and refractory pools of dissolved and particu-
late carbon, nitrogen, phosphorus, and silica, dis-
solved oxygen (hereafter O2), and O2-consuming
reduced solutes (CH4, H2S). RCA also includes a two-
layer sediment module that includes an aerobic and
anaerobic layer and represents deposition, remineral-
ization, solute-sediment partitioning, burial, mixing,

FIGURE 2. Map of water-column and sediment process and concentration measurement and monitoring stations in the Chester River
estuary. See Table 1 for station location and measurement types. These include sediment-water flux and sediment nutrients content

(triangles) stations, the Chesapeake Bay Program long-term water quality monitoring stations (ET4.1 and ET4.2; closed circles), continuous
sensor deployment stations (open circles), and short-term biogeochemical monitoring stations (closed circles).
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and biogeochemical reactions, such as sulfide and
ammonium oxidation, and denitrification (Di Toro
2001; Brady et al. 2013; Testa et al. 2013). Initial
conditions for water-column state variables were first
derived from long-term monitoring stations (Figure 2)
and initial sediment conditions were extracted from
ROMS-RCA simulations (dissolved constituents) pre-
viously simulated for the Chesapeake Bay (Testa
et al. 2014; Shen, Testa, Li, et al. 2019) and particu-
late carbon, nitrogen, and phosphorus content from
observations made in 2001 (Frank et al. 2002). The
model was then run for an annual cycle to allow for
water-column and nutrient conditions to stabilize to
locally relevant conditions in the model simulation
year 2003. Open-water boundary conditions were
derived from the same monitoring stations as for
salinity and temperature, and watershed loads of
nutrients were derived from the Phase 6 simulation
of the Chesapeake Bay Watershed Model.

Model Validation Data

The base 2003 model simulation was validated
using bi-monthly to monthly, station-specific mea-
surements of salinity, water temperature, chloro-
phyll-a, dissolved (DON, DOP, NO23, NH4, and PO4)
and particulate nutrient concentrations, and O2 from
the CBP monitoring program (https://www.chesapea
kebay.net) at several stations in the main estuarine
channel (Figure 2) and several additional stations
along the shallow shoals (Figure 2). High-frequency
data from the Maryland Department of Natural
Resources Continuous Monitoring (ConMon) program
(http://eyesonthebay.dnr.maryland.gov/) were also
used to validate the model, where salinity, tempera-
ture, and O2 were measured. ConMon data are col-
lected via a Xylem/YSI sonde containing multiple
sensors sampling water properties (salinity, tempera-
ture, and O2) every 15 min. Sondes are replaced with
a newly calibrated instrument every ~two weeks and
discrete water samples for chlorophyll-a, total sus-
pended solids (TSS), nutrients, and particulate
organic matter were collected at these times to post-
calibrate sensors. We also compared simulated rates
of sediment-water fluxes of nitrate (NO23), ammo-
nium (NH4), phosphate (PO�

4 ), and O2 (sediment oxy-
gen demand; SOD) using observations made at
several stations during the summer of 2001 (June–-
August; Figure S5) in intact sediment core incuba-
tions in the Chester and Corsica River estuaries
(Boynton et al. 2018).

We used multiple model-data comparison metrics
to assess the ability of the model to simulate biogeo-
chemical dynamics, including root mean square error
(RMSE), mean error (ME), and the reliability index

(RI). Complete details and equations for the metrics
can be found in Stow et al. (2009) and Fitzpatrick
(2009), but in brief, RMSE quantifies the magnitude
of overall model-data discrepancies, whereas ME indi-
cates both the magnitude and direction of the mean
of model-data discrepancies. Both RMSE and ME are
in the same units as the variable of interest. The RI
describes the average multiplicative difference
between model output and observations. For example,
an RI of 2 would indicate that the model predicts the
observations within a factor of 2.

Nutrient Reduction Scenarios

We tested the sensitivity of the Chester River O2

concentrations to changes in the overall magnitude of
both nitrate and phosphate loading. Model scenarios
consisted of decreasing the nitrogen (NO23,
nitrate + nitrite) and phosphorus (PO4) concentrations
in stream discharges for each of the 12 major rivers by
50%, where the decreases were applied uniformly over
the annual cycle. NO23 and PO4 reduction scenarios
were performed independently, and we did not simu-
late simultaneous reductions of both nutrients. For
comparison, the total Chesapeake Bay total maximum
daily load (TMDL) includes a 19.1% reduction in TN
and a 23.8% reduction in TP from 2009 loads, whereas
the Chester River estuary includes a 17.4% reduction
in TN and a 9.8% reduction in TP from 2009 loads
(CBP 2010). Here, we hypothesized that nutrient load
decreases will generate less extensive and reduced
duration hypoxic conditions in main channel bottom
waters via reduced phytoplankton production and
deposition. We evaluated changes in surface and bot-
tom O2 concentrations, estuarine volumes of hypoxic
water (where hypoxia was defined as <5, 3.2, and 2 mg
O2 L−1 using O2 criteria targets), and the duration of
O2 concentrations less than the three specified O2

thresholds.

Elevated Temperature Scenarios

We also performed idealized model scenarios of ele-
vated water temperature, where water temperatures
were elevated by 0.75°C and 1.25°C in the biogechem-
ical model simulation, applied uniformly to all estuar-
ine cells and on all days within the annual cycle. We
did not simulate the hydrodynamic response to tem-
perature by applying warming to the atmospheric,
riverine, or open-water boundaries. Recent analyses
of the Chesapeake water temperature trends have
suggested surface water warming of 0.5°C to >2°C
over the past 30 years (Ding and Elmore 2015) and
projections of warming suggest increases of at least
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1.5°C between the present day and the mid-century
(Ni et al. 2019). Given the well-described impacts of
water temperature on solubility and metabolic rates
(Yvon-Durocher et al. 2012; Breitburg et al. 2018), we
quantified the vulnerability of O2 conditions to future
warming. We hypothesized that warming will reduce
surface layer O2 concentrations through reduced solu-
bility, and reduce bottom-water O2 through elevated
respiration and reduced vertical mixing of oxygen.

Sensitivity of Dissolved Oxygen to the Chesapeake
Bay Boundary

We simulated a scenario that represents improved
oxygen concentrations in the open-water boundary
that could be expected from watershed nutrient man-
agement in the broader Chesapeake Bay increasing
O2 concentrations at the open-water boundary of the
Chester estuary. The lower Chester River estuary
exchanges at its open-water boundary with the most
severely O2-depleted region of the Chesapeake Bay
(Testa and Kemp 2014), a region that is also vulnera-
ble to future warming-induced hypoxia (Ni et al.
2019). To examine the potential for advection or mix-
ing of Chesapeake Bay bottom waters through the
mouth of the Chester River to impact Chester estuary
dissolved O2, we adjusted the open-water O2 bound-
ary condition to represent reduced hypoxic conditions
in Chesapeake Bay. Here, we set bottom O2 concen-
trations to those observed in 2001, a year with rela-
tively high O2 concentrations in the mainstem of the
Chesapeake Bay (Li et al. 2016).

Climatic Impacts on Gross Primary Production and
Respiration

We used two approaches to assess the potential
impacts of climate change on rates of gross primary
production (GPP) and respiration. First, we postpro-
cessed the numerical model output to calculate
water-column integrated rates of GPP and sedi-
ment + water column respiration rates at each hourly
time-step. Water-column respiration rates include
phytoplankton respiration, organic carbon oxidation,
and oxidation of sulfide and methane, whereas sedi-
ment respiration rates include the SOD simulated
within the sediment flux model module. Comparable
approaches to estimating metabolism have been pre-
viously applied for ROMS-RCA in the Chesapeake
Bay (Testa et al. 2014; Shen, Testa, Ni, et al. 2019).

Second, we estimated ecosystem GPP, respiration,
and net ecosystem metabolism (NEM) from observed
continuous (15-min) time-series of O2 at eight locations
(Figure 2). The original concept and method for

computing gross GPP and respiration (and NEM) was
developed in the 1950s (Odum and Hoskin 1958) and
has subsequently been modified for a variety of aquatic
ecosystems (Caffrey 2004). The approach derives
ecosystem rates of GPP (Pg = GPP) and respiration
(Rt) from increases in O2 concentrations during day-
light hours and declines during nighttime hours,
respectively. The sum of these two processes over 24 h,
after correcting for air–sea exchange, provides an esti-
mate of NEM. We used continuous O2 concentration
measurements at eight locations in the Chester River
estuary from 2003 to 2016 (Figure 2) to apply a modi-
fied approach (Beck et al. 2015), which uses weighted
regression to remove tidal effects on O2 time-series
since the tide can advect higher or lower O2 past the
sensor thereby influencing the calculation of NEM.
The changes in O2 used to compute metabolic rates
were corrected for air–water gas exchange using the
equation D = Ka (Cs − C), where D is the rate of air–-
water O2 exchange (mg O2 L

−1 h−1), Ka is the volumet-
ric aeration coefficient (h−1), and Cs and C are the O2

saturation concentration and observed O2 concentra-
tion (mg O2 L−1), respectively. Ka was computed as a
function of wind speed derived from the North Ameri-
can Land Data Assimilation System and details of the
air–water gas calculation are incorporated into the R
package WtRegDO (Beck et al. 2015) and described in
detail elsewhere (Thébault et al. 2008). The calcula-
tions utilized salinity, temperature, and O2 times-
series from the sensors at each platform, and atmo-
spheric pressure and air temperature data from the
NARR. Tidal height data were obtained from a nearby
NOAA station at Tolchester Beach, Maryland (https://
tidesandcurrents.noaa.gov/waterlevels.html?id=
8573364). The O2 data used to make metabolic compu-
tations were obtained from sensors deployed near-bot-
tom in relatively shallow waters (Table 1) that were
well-mixed, which is necessary for the air–water flux
correction to be valid and for the O2 time-series to be
representative of the combined water column and sedi-
ments (Murrell et al. 2018).

RESULTS

We present a validation of baseline biogeochemical
model simulation against observed concentrations
and metabolic rates for key conditions in 2003, a year
with consistently high freshwater input (Figure 3).
The seasonal cycle of hypoxia in the Chester River is
characterized by warm-season peaks, where the most
spatially and temporally extensive O2 depletion
occurred near the mouth of the estuary (i.e., bound-
ary adjacent to Chesapeake Bay) along the deepest
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part of the river channel (Figure 1). Deep channel
hypoxia dominates the volume of low-O2 water in the
estuary and is highly influenced by exchange with
near-anoxic waters at the open-water boundary with
the mainstem of the Chesapeake Bay. The results of
idealized scenario simulations of (1) warming, (2)
nutrient reductions, and (3) exchange of higher oxy-
gen bottom water from the open boundary with the
Chesapeake Bay indicate that the extent of low-O2

water was more sensitive to warming and exchanges
with the mainstem Chesapeake Bay bottom water O2

than it was to reductions in watershed nitrogen and
phosphorus inputs.

Water-Column Model Validation

Model simulations reasonably captured the
observed seasonal variability in several key properties
(i.e., water temperature, salinity, NO23, NH4, dissolved
O2, and PO4) in most estuarine regions, but underesti-
mated peak seasonal values for chl-a (ME < 0;
Table 2; Figure 4). Dissolved oxygen was well-
represented by the model, with RI predominantly
<1.3 and a seasonal O2 cycle that mirrored water
temperature, with mid-summer maxima in tempera-
ture and minima in bottom O2 (Figure 4). The RMSE

for NO23 was low (generally < 0.5 mg L−1) relative
ambient concentrations, whereas NH4 was typically
overestimated by the model (ME > 0; Table 2). NH4

was elevated during warmer months in both the mod-
eled and observed surface values in the upper and
middle reaches of the estuary. In 2003, freshwater
discharge into the Chester River was characterized
by several 3–4 week periods of elevated flow, with
peaks during March, June, and November–December
(Figure 3). Consequently, there was not a clear sea-
sonal cycle in modeled or measured nutrient concen-
trations, outside a winter peak in NO23 and PO4, and
modeled PO4 concentrations were generally lower
than those observed (ME < 0, RI ~3). There was a
clear spring bloom peak in chl-a in the lower reaches
of the estuary, with modeled and observed values
reaching peaks between 40 and 60 μg/L (Figure 4),
but model-simulated surface chl-a was lower than
observed (ME < 0, RI = 2.2; Table 2).

Ecosystem Metabolism Dynamics and Validation

Estimates of Pg (GPP), Rt, and NEM from observed
O2 time series were highly correlated with temperature
on a seasonal basis, but the magnitude of rates varied
spatially with differences in chlorophyll-a (Figures 5

TABLE 1. Characteristics of stations used in model validation, sediment rate process measurements, and derived metabolic estimates and
continuous water properties. Data sources included in the text.

Station
Code System Latitude Longitude Depth, m

Mean
salinity Measurement type

Years
visited

CHE0348 Chester River 39.2403 −75.9586 1.7 0.68 Continuous Monitoring; Metabolism Estimates 2003–2006
XIH0077 Chester River 39.1666 −76.0387 3.0 4.69 Continuous Monitoring; Metabolism Estimates 2003–2006
XHH3851 Corsica River 39.0628 −76.0816 1.8 6.88 Continuous Monitoring; Metabolism Estimates 2003–2017
XHH5046 Corsica River 39.0832 −76.1073 1.9 7.81 Continuous Monitoring; Metabolism Estimates 2005–2006
XHH4931 Corsica River 39.0812 −76.1149 2.4 8.44 Continuous Monitoring; Metabolism Estimates 2006–2017
XHH4916 Corsica River 39.0818 −76.1392 4.2 8.73 Continuous Monitoring; Metabolism Estimates 2006–2011
XGG8458 Chester River 38.9734 −76.2367 0.8 10.9 Continuous Monitoring; Metabolism Estimates 2007–2009
XGG8359 Chester River 38.9713 −76.2357 0.6 11.13 Continuous Monitoring; Metabolism Estimates 2007–2009
CR01 Chester River 39.2420 −75.9482 2.8 0.20 Sediment-Water Flux & Sediment Nutrients 2001
CR02 Chester River 39.2391 −76.0080 2.7 1.14 Sediment-Water Flux & Sediment Nutrients 2001
CR06 Chester River 39.1652 −76.0459 2.3 5.40 Sediment-Water Flux & Sediment Nutrients 2001
CRb Corsica River 39.0786 −76.0979 2.2 8.06 Sediment-Water Flux & Sediment Nutrients 2006
CR08 Chester River 39.1282 −76.0966 7.7 9.23 Sediment-Water Flux & Sediment Nutrients 2001
CR09 Chester River 39.1100 −76.1277 3.5 9.48 Sediment-Water Flux & Sediment Nutrients 2001
CR16 Chester River 39.1031 −76.1421 5.7 9.65 Sediment-Water Flux & Sediment Nutrients 2001
CR19 Chester River 38.9989 −76.2016 6.3 11.68 Sediment-Water Flux & Sediment Nutrients 2001
CR18 Chester River 39.0285 −76.1849 7.3 11.70 Sediment-Water Flux & Sediment Nutrients 2001
XIH4495 Chester River 39.2387 −76.0034 2.6 0.23 Water Column Nutrients, Chl-a, Temp, Salinity 2003
ET4.1 Chester River 39.2437 −75.9249 4.4 0.54 Water Column Nutrients, Chl-a, Temp, Salinity 1984–2019
XIH0077 Chester River 39.1667 −76.0387 3.6 4.89 Water Column Nutrients, Chl-a, Temp, Salinity 2003–2006
XHH7848 Chester River 39.1298 −76.0877 7.3 5.43 Water Column Nutrients, Chl-a, Temp, Salinity 2003
XHH4822 Corsica River 39.0804 −76.1303 4.5 7.02 Water Column Nutrients, Chl-a, Temp, Salinity 2003–2005
XHH6419 Chester River 39.1076 −76.1345 3.8 7.41 Water Column Nutrients, Chl-a, Temp, Salinity 2003–2006
XHG1579 Chester River 39.0257 −76.2017 2.6 8.50 Water Column Nutrients, Chl-a, Temp, Salinity 2003–2006
CB3.2 Chesapeake Bay 39.1637 −76.3063 12.5 9.47 Water Column Nutrients, Chl-a, Temp, Salinity 1984–2019
CB3.3E Chesapeake Bay 39.0041 −76.3452 8.0 10.08 Water Column Nutrients, Chl-a, Temp, Salinity 1984–2019
ET4.2 Chester River 38.9923 −76.2151 15.0 10.47 Water Column Nutrients, Chl-a, Temp, Salinity 1984–2019
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and 6). May–October mean values of respiration, for
example, ranged from 50 to 250 mmol O2 m−2 d−1

(~1.6–8 g O2 m
−2 d−1) over the years of record, and were

elevated within the sub tributary stations of the Corsica
River (The Sill, Sycamore Point, Possum Point, Emory
Creek) relative to the two stations in the main body of
the Chester (Rolph’s Wharf, Deep landing; Figures 2

and 5). Median measured chlorophyll-a concentrations
at the Corsica River stations were 13.8–36.3 μg/L, which
were 50% higher than chlorophyll-a concentrations
measured over a similar period in the adjacent Chester
River (6.3–12.5 μg/L; Table S3). Respiration rates at a
given temperature were higher under conditions of ele-
vated chlorophyll within stations (Figure 6). For the
two stations located within a small inlet in the lower
Chester River estuary (Kent Narrows “Inside” and
“Outside”; Figure 2), computed respiration rates were a
factor of two larger at the inner, more protected station
than the outer station (Figure 5). As a consequence, the
temperature-respiration slope was 2.5 times higher in
the inner station than the outer station (Figure 6).
Despite these spatial differences, rates of Rt were signif-
icantly correlated with temperature at all sites, but
with lower slopes in the main Chester channel region
(Figure 6). Regressions of Rt vs. temperature reveal
that mean slopes of −8 and −14.1 mmol O2 m

−2 d−1 °C−1

for the Chester River estuary and Corsica River estu-
ary, respectively. Rates of NEM were predominantly
negative across all stations in the estuary and NEM
was negatively correlated with temperature (i.e., more
heterotrophy with higher temperatures) at all but one
of the Chester River stations analyzed, with slopes
ranging from 0.41 to −1.05 mmol O2 m−2 d−1 (Fig-
ure S6).

Warming Impacts on Dissolved Oxygen and Metabolic
Rates

Warming scenarios with elevated water tempera-
tures of 0.75°C and 1.25°C relative to 2003 conditions

FIGURE 3. Annual hydrograph of total freshwater discharge into the Chester River (top) and local wind speed derived in 2003. Shaded
periods in the top and bottom panels highlight two periods where oxygen was depressed below 4 mg L−1 at a shallow-water location within

the Chester River estuary (see Figure 12).

TABLE 2. Model performance metrics across eight locations in the
Chester River estuary, including the root mean square error

(RMSE), mean error (ME), and reliability index (RI) for water-col-
umn chlorophyll-a, dissolved oxygen (O2), ammonium, nitrate + ni-
trite, and phosphate. For ET4.2, “S” is surface water (0.5 m) and

“B” is bottom water.

Station Metric
Chl-a
mg L-1

O2

mg L-1
NH4

mg L-1
NO23

mg L-1
PO4

mg L-1

XIH4495 RMSE 7.36 1.83 0.11 0.33 0.038
Salinity = 0.2 ME 3.56 1.81 −0.06 0.05 −0.032
Depth = 2.4 RI 3.0 1.3 2.6 1.3 2.8
XIH0077 RMSE 4.81 1.22 0.11 0.73 0.042
Salinity = 3.2 ME −2.85 0.97 0.06 0.69 −0.039
Depth = 4.8 RI 2.8 1.2 2.0 2.2 3.0
XHH7848 RMSE 10.3 1.54 0.13 0.58 0.023
Salinity = 5.2 ME −6.22 1.20 0.06 0.55 −0.018
Depth = 4.6 RI 2.4 1.2 2.3 2.6 2.0
XHH6419 RMSE 27.84 1.46 0.14 0.43 0.018
Salinity = 6.4 ME −16.88 −0.15 0.12 0.39 −0.007
Depth = 3.3 RI 3.5 1.2 5.0 3.2 2.9
XHG1579 RMSE 29.93 2.79 0.09 0.27 0.009
Salinity = 7.6 ME −15.94 −1.37 0.07 0.23 0.002
Depth = 2.8 RI 2.7 1.3 5.0 4.6 3.0
ET4.2, Surface RMSE 13.54 1.67 0.11 0.23 0.012
Salinity = 7.8 ME −6.20 −1.03 0.03 0.15 0.002
Depth = 13.0 RI 2.2 1.2 4.1 2.3 2.9
ET4.2, Bottom RMSE 14.87 3.45 0.16 0.28 0.015
Salinity = 10.4 ME −7.05 0.56 0.004 0.19 −0.001
Depth = 13.0 RI 2.9 3.1 3.5 2.5 2.8
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predicted lower surface and bottom O2 concentrations
(Figure 7). In both surface and bottom waters, O2

concentrations were lowered by 0.1–0.2 mg O2 L−1

under a 0.75°C warming and by 0.1–0.8 mg O2 L−1 in
the 1.25°C warming scenario (Figure 7). The declines
in O2 in response to warming were highest during
the March to August period, except during a period
between days 160 and 190 (mid-June to mid-July)
where riverine inputs were high (Figure 3) and
between days 210 and 225 (early August) where an
influx of high O2 water from mainstem Chesapeake
Bay offset O2 reductions due to warming (Figure 7).
Depending on the season, the percentage decrease in
O2 concentrations ranged from 4% during spring and
up to 7% during summer under the 1.25°C warming
scenario (Figure 7). We also controlled for the
impacts of temperature by examining changes in sol-
ubility associated with a 1.25°C warming at surface

pressure and a salinity of 7, and found that O2 decli-
nes above 0.3 mg O2 L−1 exceed that expected from
solubility changes, which were simulated for spring
and late summer periods (Figure 7).

We also quantified changes in estuary-wide vol-
umes of low-O2 water resulting from warming and
considered volumes with O2 concentrations <5, 3.2,
and 2 mg O2 L−1, which roughly correspond with O2

criteria used in Chesapeake Bay water quality man-
agement (Zhang et al. 2018). The volumes of all low-
O2 waters increased with warming, and the volume
expansions per rate of warming (ΔVolume/Δ°C) were
similar across the two warming scenarios, as were
the relative size of the volume expansion relative to
base conditions (5%–7% increase). There were little
differences in low O2 volumes among the scenarios
during the August oxygenation event associated with
the Chesapeake Bay boundary water influx, except

FIGURE 4. Comparisons of model-simulated (lines) and observed (closed circles) surface water properties at three stations oriented along
the channel of the Chester River estuary, including water temperature, salinity, DO (O2), chlorophyll-a, phosphate, and nitrate + nitrite (see

Figure 2 for station locations).

JAWR JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION884

TESTA, BASENBACK, SHEN, COLE, MOORE, HODGKINS, AND BRADY

 17521688, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1752-1688.12912 by U

SE
PA

- O
ffice of environm

ental, W
iley O

nline L
ibrary on [06/01/2023]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



for the 5 mg O2 L−1 threshold where volumes
increase by 2%–3% (Figure 8).

Warming also altered ecosystem metabolic rates in
the Chester River, leading to increases in NEM dur-
ing cool seasons and declines in NEM in warm sea-
sons (Figure 9). In the middle region of the estuary
(Station XIH0077), warming led to elevated winter-
spring GPP (which is equivalent to the observation-
based Pg) by 20%–120% during February to March,
and reduced GPP during mid-summer (17%–41%
decrease from July to September) under 1.25°C
warming (Figure 9). Respiration under warming also
had a seasonally dependent response, with increases
in respiration (1%–14% under 1.25°C warming) in all
months except the periods where transitions in phy-
toplankton groups occurred, including April–May,
and September and November (Figure 9). The warm-
season respiration amplification and GPP reductions
during spring and fall months under warming led to
enhancement of net heterotrophic conditions (increas-
ingly negative NEM) in nearly all months of the

year, except during February–March (Figure 9). The
relative decrease in NEM was proportionally larger
than the changes in GPP and respiration under
warming, revealing the multiplicative effects of lower
GPP and elevated respiration.

Nitrogen and Phosphorus Reduction Scenarios

At the estuary scale, the idealized simulations with
50% reductions in nitrate (NO23) and phosphate
(PO4) loading resulted in only marginal changes in
the three thresholds of hypoxic volume (Figure S4),
but revealed that P limitation is more important than
N limitation. For example, rates of modeled GPP and
respiration were reduced by 6%–18% (GPP) and
1%–9% (respiration) during the May–October period
in the PO4 load reduction scenarios and unaffected by
changes in NO23 loads (Figure 10). Correspondingly,
PO4 reductions caused a decrease in hypoxic volume
of 1%–1.5% relative to the Base (no change) scenario,
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period, the left panels are Corsica River subtributary stations (Sycamore Point, Emory Creek, Possum Point, The Sill) and the right panels
are in the main Chester River body (Deep Landing, Rolphs Wharf, Kent Narrows Inside and Outside). Salinity increases from top to bottom
(see Figure 2 and Table 1 for station details).
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with a comparably minor increase in response to
NO23 reductions.

Dissolved Oxygen at the Chesapeake Bay Boundary
Scenario

Scenarios that included elevated O2 at the Chesa-
peake Bay boundary had a larger effect on the
hypoxic volume within the Chester River than
watershed nutrient load reductions or temperature
increases. By increasing the O2 in the subsurface
layers of the boundary domain at a level consistent

with recently observed “best-case” scenarios in the
Chesapeake Bay (year 2001), the total hypoxic vol-
ume between June and September decreased by a
range of 7%–55% at the threshold of 2 mg O2 L−1),
4%–40% for the 3.2 mg O2 L−1 threshold, and
4%–30% at the 5 mg O2 L−1 threshold (Figure 11;
Table S4). These boundary-exchange effects were lar-
gest in absolute terms during late summer hypoxic
periods, but were also substantial during the lower
volume periods (August, October; Table S4). We did
not examine the impacts of sea level changes or
examine fine temporal-scale variations associated
with tidal mixing.
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DISCUSSION

We used data-derived estimates of metabolic rates
and numerical model simulations of future warming
scenarios to examine the sensitivity of a shallow estu-
arine ecosystem to future warming. Results indicate
that warming will elevate respiration rates and associ-
ated O2 consumption, but the magnitude of the tem-
perature-dependency of respiration is positively
correlated with local productivity. Warming reduced
O2 concentrations throughout the estuary, with contri-
butions from reduced solubility generally exceeding

those from elevated respiration outside the spring and
late-summer periods. This particular estuary, which is
turbid and nutrient-rich, was relatively insensitive to
relatively large (50%) local watershed nutrient reduc-
tions. In contrast, relatively small increases in O2 in
open-water boundary reduced overall hypoxia in the
estuary, highlighting the influence of the Chesapeake
Bay hypoxia on the Chester River hypoxia and thus
the need for watershed-scale nutrient reductions to
address local tributary O2 conditions.

Temperature is a primary driver of ecosystem pri-
mary production (GPP, or Pg), respiration (Rt), and
NEM based on analyses of recent continuous O2

FIGURE 7. Model-simulated dissolved oxygen concentrations and deviations from the baseline simulation under warming (Base-degree
increase) in surface (top panels) and bottom waters (bottom panels) in the region of ET4.2 in 2003.
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records (2003–2017) and model simulations in the
Chester River estuary. Temperature is often cited as
a primary driver of metabolic rate processes across

ecosystems (Yvon-Durocher et al. 2012; Caffrey et al.
2014), supporting predictions and assertions that
future warming should elevate respiration rates and

FIGURE 8. Time-series of model-computed volumes of low-oxygen water across the entire Chester River estuary computed below multiple
thresholds (<5, 3.2, and 2 mg O2 L−1) under baseline scenarios and under warming of 0.75°C and 1.25°C (left panels) and differences (Δ

Hypoxic Volume) between warming scenarios and the baseline simulation in the Chester River (right panels).

FIGURE 9. Monthly mean modeled and derived rates of water-column and sediment integrated gross primary production (GPP; top panel),
respiration (middle panel), and NEM (bottom panel) at station XIH0077 (see Figure 2). Modeled rates include the 2003 simulation and

warming simulations with +0.75°C and +1.25°C.
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O2 depletion (Carstensen et al. 2014; Breitburg et al.
2018; Ni et al. 2019), but the net balance between
temperature-effects on GPP and Rt ultimately

controls oxygen responses. Observation-derived NEM
in the Chester estuary was negatively correlated with
temperature (Figure S6), consistent with model

FIGURE 10. Monthly mean modeled and derived rates of water-column and sediment integrated GPP (top panel), respiration (middle
panel), and NEM (bottom panel) at station XIH0077 (see Figure 2). Modeled rates include the 2003 simulation and scenarios with a 50%

reduction in nitrate (NO23) and phosphate (PO4) loading.

FIGURE 11. Time-series of model-computed volumes of low-oxygen water computed across the entire Chester River estuary below multiple
thresholds (< 5, 3.2, and 2 mg O2 L−1) under baseline scenarios and with open-water boundary conditions based on 2001 in the Chesapeake
Bay (left panels) and differences (Δ Hypoxic Volume)between the altered boundary scenario and the baseline simulation (right panels) in the

Chester River.
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scenarios that suggest future warming will enhance
net heterotrophy and further contribute to low O2

concentrations. This is consistent with predictions of
increasing net heterotophy in a warmer future cli-
mate, which in part derive from predictions of a
higher sensitivity of respiration to temperature than
photosynthesis (Yvon-Durocher et al. 2010). However,
modeling studies in the other Chesapeake Bay tribu-
taries suggest a more complex picture. For example,
Lake and Brush (2015) found that warming increased
net primary production (NPP) in upper estuarine
regions due to enhanced nutrient remineralization,
but reduced NPP in down-estuary regions during
summer. Tassone and Bukaveckas (2019) found rates
of metabolism in the James River estuary (e.g., med-
ian NEM ~�2 g O2 m−2 d−1) that were similar to our
estimates in the Chester River (Figure S6), but they
also reported clear spatial patterns in metabolic rates
that might suggest that internal spatial controls on
NEM might lead to a varying response of NEM to
warming.

NEM responses to warming are complicated by the
fact that GPP and Rt tend to be highly correlated,
given that organic matter generated by GPP fuels Rt.
In the Chester River estuary, the increase in respira-
tion rate in response to warming (e.g., the slope of Rt

vs. oC regressions) varied by a factor of three across
stations, where the temperature sensitivity of Rt

within protected, productive (e.g., high chlorophyll-a,
high GPP) waters (slopes = −10.2 to −17.6) was much
higher relative to more open, less productive waters
(slopes = −5.44 to −7.57). Thus, respiration-derived
increases in O2 consumption in response to future
warming will be a function of spatially variable, local
productivity and organic matter availability (Testa
and Kemp 2008; Lake and Brush 2015). As a conse-
quence, eutrophication abatement and associated pro-
ductivity declines may allow for increased resilience
to warming if associated respiration rates in underly-
ing deep waters or during night are reduced (Irby
et al. 2018; Laurent et al. 2018). Our model simula-
tions indicated that GPP declined in response to
warming during some seasons (as temperature
exceeded optimal phytoplankton growth rates),
whereas GPP derived from oxygen time series was
positively correlated with temperature, with slopes
ranging from 5.13 to 16.5 mmol O2 m−2 d−1. Given
the flexible and dynamic nature of phytoplankton
communities in response to environmental change,
however, such GPP reductions in response to warm-
ing may not emerge if species shift to organisms that
grow at maximal rates under warming temperatures
or if warming-induced nutrient remineralization
stimulates additional GPP (e.g., Lake and Brush
2015). Given the complex nature of plankton food
web responses to warming (Murphy et al. 2020), the

ability of the simple phytoplankton models used in
this analysis to predict future change is limited. Nev-
ertheless, the fact that modeled Rt declined with
lower GPP reinforces the strong dependency of these
two metabolic indices and their impact on NEM.

The implementation of ROMS-RCA presented here
did not include metabolic contributions of benthic pri-
mary producers (microalgae, submerged vascular
plants; SAV) or exchange with fringing wetland com-
munities, which could have influenced overall meta-
bolic responses to simulated warming. Several prior
investigations in the nearby Chesapeake Bay tribu-
taries (York River, James River) have indicated that
benthic contributions to ecosystem metabolism can be
substantial (Bukaveckas et al. 2011; Qin and Shen
2019). Modeled rates of GPP and respiration were
generally lower than those derived from observed
oxygen time-series (Figure 9), which may reflect the
omission of these important communities. Annual
surveys of SAV coverage did not, however, indicate
substantial cover of these vascular plants in any
region of the Chester River in 2003 (VIMS 2020), sug-
gesting that omission of SAV did not influence model
outcomes. Although benthic microalgal communities
can be important components of estuarine metabo-
lism in shallow, clear water environments (Miller
et al. 1996), typical values of light attenuation in the
Chester estuary (mean kdPAR = 3 m−1) would only
allow 1% of surface light to reach sediments at
depths shallower than 1.5 m. Given that much higher
light levels would be required to allow photosynthetic
rates to substantially impact metabolism, the contri-
butions of benthic microalgae in 2003 were likely to
be small. This does not mean that benthic respiration
is small in the Chester River, as measured rates of
sediment oxygen uptake (~30 mmol O2 m−2 d−1 or
0.95 g O2 m−2 d−1) are a substantial portion of ecosys-
tem respiration (Figure 9). Tidal exchange between
estuaries and fringing tidal wetlands can also serve
to supplement estuarine organic matter stocks to sup-
port additional respiration (Cai 2011), but we do not
have reliable estimates of tidal wetland exchange in
the Chester estuary to assess the potential impact on
modeled metabolism of omitting exchanges with tidal
marshes. In the York River Estuary, it has been
shown that respiration increases with warming given
the import of dissolved organic carbon from adjacent
habitats (Lake and Brush 2015), suggesting that sig-
nificant organic matter export could impact metabolic
rates in this system.

Warming clearly reduced O2 concentrations and
led to elevated low-O2 volumes and the magnitude of
this response was seasonally specific. Warming of
0.75°C and 1.25°C from current conditions led to ele-
vated low O2 volumes at all three threshold values by
between 5 and 10%, suggesting incremental declines

JAWR JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION890

TESTA, BASENBACK, SHEN, COLE, MOORE, HODGKINS, AND BRADY

 17521688, 2022, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/1752-1688.12912 by U

SE
PA

- O
ffice of environm

ental, W
iley O

nline L
ibrary on [06/01/2023]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



in O2 with continued warming. This is consistent
with model simulations in the York River estuary
(Lake and Brush 2015), who also reported that
hypoxia was more sensitive to warming in seaward
estuarine regions. Prior projections of future warming
effects in the Chesapeake Bay mainstem waters indi-
cated that water temperature was a dominant driver
of hypoxic volume, with expected mid-21st Century
warming expected to cause 10%–30% increases in low
O2 volumes (Irby et al. 2018; Ni et al. 2019). Hindcast
simulations in the Chesapeake Bay (1985 to the pre-
sent) suggest that contemporary warming has
already occurred (~0.8°C –1.5°C) and was a stronger
control on O2 than modest reductions (10%–15%) in
nutrient loading (Ni et al. 2020). Warming has also
been implicated in expanded low O2 waters in many
estuaries and coastal seas (Justı́c et al. 1996; Car-
stensen et al. 2014; Breitburg et al. 2018; Laurent
et al. 2018). Although most of these studies examined
changes in the volume of extensive hypoxic zones
integrated over long time scales (e.g., decades), our
results suggest that the impact of warming varies
intra-annually, with more expansive increases under
periods of high biological productivity and lower
external influence from riverine or seaward bound-
aries. Our results also indicate that daily minima in
O2 are lower under warming (Figure S3), which could
lengthen the daily duration of diel cycling hypoxia in
this system and other nearby shallow estuaries (Tyler
et al. 2009).

Our idealized model simulations show that while
the Chester River O2 dynamics are sensitive to
changes in nutrient inputs, this sensitivity is far less
than that of the adjacent mainstem Chesapeake Bay
and other coastal water bodies (Laurent et al. 2018;
Wang et al. 2018; Irby and Friedrichs 2019). Low sen-
sitivity to nutrient inputs is likely the result of high
turbidity within this shallower, well-mixed system.
Light attenuation coefficients (kd) of 2–7 m−1 (Fig-
ure S2) far exceed those typically observed (<1 m−1)
in the mainstem of the Chesapeake Bay (Harding
et al. 2015). These conditions imply light limitation
for phytoplankton growth that is typical for these tur-
bid, low salinity waters (Fisher et al. 1992). Analysis
of modeled light limitation factors in ROMS-RCA
(RLGHT), which vary between 0 and 1 and where
1 = no light limitation (Testa et al. 2014), reveal that
RLGHT was <0.5 for ~25% of the daytime simulation
period at the upstream and mid-Chester stations
compared to ~5% at ET4.2, the most downstream sta-
tion near the Chesapeake Bay mainstem. Thus, phy-
toplankton potential growth rates would be <50% of
maximal rates in surface waters over much of the
estuarine body for a substantial portion of the annual
cycle. This is consistent with observations of spatial
patterns of light availability in the Chester estuary,

where TSS and Secchi depth data indicate more sub-
stantially light-limited conditions in upstream
regions, where higher TSS (20–25 mg L−1), lower Sec-
chi depths (0.2–0.4 m), and higher kd (3–5 m−1) were
reported relative to the lower estuary with TSS of
5–10 mg L−1, Secchi depth of 0.5–1.2 m, and kd of
1–3 m−1.

Another important factor leading to low sensitivity
to nutrient inputs is the high ambient nutrient con-
centrations in the Chester River estuary. The Chester
River has high dissolved nitrogen and phosphorus
concentrations relative to 0.07 mg N L−1 and
0.007 mg P L−1 (Figure 4), the levels generally con-
sidered by local water management targets as con-
centrations above which phytoplankton growth will
not be stimulated by additional nutrient inputs
(Zhang et al. 2021). Observed NO23 and PO4 concen-
trations were typically >0.25 mg N L−1 and 0.01 mg
P L−1 at the Chester River stations (Figure 4), much
higher than the half-saturation coefficients in ROMS-
RCA (0.01 mg N L−1 and 0.001 mg P L−1). The ratio
of phosphorus (PO4), nitrogen (NO23 + NH4), and sil-
ica concentrations to their respective half-saturation
coefficients indicated that at both the upstream and
downstream stations, none of the above nutrients
were limiting, except for phosphorus during a brief
period during winter–spring (i.e., ratios >1, data not
shown), during which GPP was reduced by PO4 load
reductions scenarios (Figure 10). Tian (2020) recently
reported that nutrient loading was an important fac-
tor controlling hypoxia in the Chester River using a
multi-year numerical model simulation, but the
reported half-saturation coefficients for nitrogen and
phosphorus uptake (0.5 mg N L−1 and 0.0025 mg P
L−1) were much larger than those used in the other
Chesapeake water quality models (e.g.,
0.007–0.025 mg N L−1) (Testa et al. 2014; Feng et al.
2015; Cerco and Noel 2017). This clearly indicates
that modest alterations in nutrient loading rates may
be expected to have a much more limited impact on
phytoplankton growth and hypoxia than the main-
stem Chesapeake Bay and other nutrient-limited
estuaries.

Of the local nutrient management scenarios we
examined, phosphate (PO4) loading reduction scenar-
ios had a larger effect on metabolic rates and reduc-
tions in hypoxic volume than nitrogen reductions.
This is consistent with low-salinity waters (the Che-
ster River estuary mean salinity is <10; Table 1)
being more often phosphorus limited (Fisher et al.
1992; Jordan et al. 2008) than more seaward, higher
salinity waters. The effect of phosphorus load
changes on the Chester River compared to nitrogen is
the opposite effect to that observed in the Bay main-
stem, where hypoxia is more sensitive to nitrogen
loads (Testa et al. 2014). While our analysis revealed
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that the Chester River nutrient concentrations are
often above those limiting to phytoplankton growth,
there are large regions of the Chesapeake Bay vul-
nerable to nitrogen limitation (Kemp et al. 2005).
Complex spatial responses to alterations of phosphorus
and nitrogen loading have been reported in other costal
systems, where phosphorus declines were linked to
lower productivity in low-salinity waters, allowing for
more nitrogen transport to support N-limited phyto-
plankton growth downstream (Laurent and Fennel
2014). Tradeoffs in N vs. P limitation have been linked
to spatially dependent long-term changes in phyto-
plankton biomass in the Neuse River estuary (Paerl
et al. 2004), but we did not find a strong change in down-
stream phytoplankton biomass (or hypoxia) in response
to P reductions.

Hypoxia was present seasonally in both deep and
shallow waters (i.e., Corsica River), but the volume
was dominated by deep water (i.e., >10 m) in the lower
estuary. Hypoxic volumes have not been previously
reported for the Chester River estuary and unsurpris-
ingly, these simulations suggest that volumes < 2 mg
O2 L

−1 of 0.1–1 km3 are an order of magnitude smaller
than mainstem Bay hypoxic volumes (2–15 km3) (Mur-
phy et al. 2011; Irby et al. 2016; Testa et al. 2018). The
deeper, stratified waters in the lower Chester River
estuary appear to be strongly affected by low-O2

waters encroaching from the adjacent Chesapeake
Bay. In the 2003 simulations, bottom water O2 concen-
trations increased and hypoxic volume declined in
August during a period where the wind speed was
weak (Figure 3; indicating no strong mixing). Simulta-
neously, O2 concentrations at stations just outside the
lower Chester River increased, indicating that cross-
boundary exchange was a key factor driving the Che-
ster River hypoxia. Similarly, sensitivity simulations
using boundary conditions with higher bottom O2 con-
ditions in the Chesapeake Bay (2001) relieved hypoxia
in the Chester River estuary by 4%–55% (Table S4). In
prior simulations of the Chester estuary, removing
hypoxic concentrations completely from the open-wa-
ter boundary reduced the Chester River hypoxic vol-
ume by >90% (Basenback 2019). These results
highlight that the main volume of hypoxic water in the
Chester River is more sensitive to exchange with the
Chesapeake Bay than to local watershed nutrient
inputs, and reinforces that larger scale regional
improvements in O2 will be communicated to waters
connected to the main stem Chesapeake volume. Fur-
thermore, increases in hypoxia in the mainstem Che-
sapeake Bay associated with warming (Irby et al.
2018; Ni et al. 2019) would thus be expected to support
additional hypoxia in the Chester River estuary given
this boundary exchange, and thus our estimates of
enhanced the Chester River hypoxia under warming
may be conservative.

A key response of shallow, highly productive ecosys-
tems to warming and nutrient load reductions is the
alteration of daily extremes in oxygen conditions. Diel-
cycling hypoxia and other features of high oxygen vari-
ability have been reported in the Corsica River estuary,
a small tributary of the Chester River (Boynton et al.
2009), as well as a wide variety of coastal and freshwa-
ter ecosystems under conditions of eutrophication
(D’Avanzo and Kremer 1994; Tyler et al. 2009), algal
blooms (Hitchcock et al. 2014), or dense vegetation
cover (Andersen et al. 2017). At a station in the Chester
River estuary where 15-min O2 data were available in
2003, hourly O2 variations were substantial (hourly
standard deviation occasionally >2 mg O2 L−1; Fig-
ure 12) and during two events led to O2 departures
below 4 mg O2 L−1 for several hours. Model-simulated
O2 did capture episodic variations outside the annual
seasonal cycle, but the short-term variations (~ hourly)
were not as large (~0.1 mg O2 L−1) as observed (Fig-
ure 12). The implication of this underestimation of diel-
variability is that modeled metabolic rates were likely
lower than observed (Figure 9). However, warming sce-
narios led to clear downward departures in daily O2

minima (Figure S3), suggesting that warming will lead
to not only reductions in mean O2 but also increases in
the duration of diel-cycling hypoxia. Future work
should more fully address what is necessary to simulate
diel hypoxia cycling, which may including increasing
model spatial resolution to adequately capture the
small-scale hydrodynamics and associated residence
time needed to allow for O2 to decline and phytoplankton
to reach elevated concentrations (e.g., >100 mg m−3) in
the Corsica River estuary. Even the 200-m horizontal
resolution used in this model, which is substantially
higher than models used for the mainstem of the Chesa-
peake Bay (Testa et al. 2014; Feng et al. 2015) and other
coastal ecosystems (Fennel et al. 2013), was insufficient
to capture these key dynamics in the Chester estuary.

Increased model resolution may also be necessary
to better capture the biogeochemical dynamics that
drive metabolic responses to long-term change. For
example, while model-simulated rates of NEM were
favorably comparable to estimates derived from dis-
solved oxygen time-series, model estimates of GPP
and respiration appear to be lower than those esti-
mated from observations (Figure 9). Model-simulated
chlorophyll-a was consistently lower than observed
values in the middle regions of the estuary (ME < 0;
Table 2), supporting the idea that overall productivity
was higher than simulated in 2003. Model underesti-
mation of productivity does not appear to be linked to
insufficient nutrient availability, given that the model
reasonably captures dissolved nitrogen and phospho-
rus dynamics (Figure 3) and the nutrient concentra-
tions are not at limiting levels (as discussed above).
Finer resolution (<100 m) hydrodynamic simulations
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have shown a diversity of eddy-like circulation pat-
terns in the Chester River estuary that may locally
enhance residence time and allow for more extensive
phytoplankton blooms. If we assume that the model
did underestimate metabolic rates, our simulated
metabolic sensitivity to warming would likely be con-
servative, and future, higher resolution simulations
would allow a test of this hypothesis.

CONCLUSIONS AND FUTURE
RECOMMENDATIONS

Our study of O2 dynamics and metabolic rate pro-
cesses in response to temperature changes, nutrient
load reductions, and boundary conditions reinforces
the important role that warming has and will play in
regulating water quality dynamics in estuarine
ecosystems. Warming will make local management of
eutrophic shallow estuaries more difficult due to the

multiple reinforcing ecosystem rates (primary produc-
tion, respiration, nutrient cycling) that temperature
influences. In the Chester River estuary, the role of
temperature was particularly relevant because the
light-limited and nutrient-saturated nature of the
system make it relatively insensitive to changes in
watershed nutrient inputs, leading to temperature
causing reduced NEM and enhanced heterotrophy.
Furthermore, the dominant role of exchange with the
mainstem Chesapeake Bay waters in driving the vol-
ume of the primary parcel of Chester River hypoxic
water demands further analysis of the role of tidal
mixing, event scale, and seasonal Chester–Chesa-
peake interactions. The boundary effect also reveals
that long-term changes in connected estuarine sys-
tems are inherently linked (Testa et al. 2008) and
that the impacts of nutrient reductions and warming
on mainstem Chesapeake hypoxia will be communi-
cated to the Chester estuary to enhance or mitigate
local warming effects on O2 concentrations. Despite
the fact that the Chester River estuary was relatively
insensitive to local nutrient reductions, regional
nutrient reductions that improve the mainstem Che-
sapeake Bay oxygen concentrations will provide bene-
fits to the Chester estuary and other tributary
estuaries, whereas local reductions in the Chester
River watershed will reduce export through the Che-
ster to the mainstem Bay.

Our results also reinforce that currently estab-
lished targets for nutrient load reductions aimed at
increasing O2 concentrations may not be sufficient to
achieve future oxygen targets given expected warm-
ing (Irby et al. 2018; Ni et al. 2019, 2020). Adjust-
ments to these nutrient targets, namely the TMDL,
may be necessary to overcome downward-moving tar-
gets for O2 resulting from warming. Emerging tech-
nologies have also been proposed to find engineered
solutions to low O2 conditions (Harris et al. 2015;
Koweek et al. 2020), but the efficacy of these
approaches in larger systems remains unclear (Con-
ley et al. 2009).

While we quantified the impacts of climate warm-
ing on the Chester River estuary, warming is only
one of several future changes predicted to emerge
from global climate changes. In Chesapeake Bay,
altered magnitude and seasonality of precipitation
and sea level rise are also projected to change, and
the hydrodynamic response to these forces will have
diverse and interactive impacts on circulation, phyto-
plankton productivity, and hypoxia (Irby et al. 2018;
Ni et al. 2019). Our analysis also focused on a single
year (2003, hydrologically moderately wet), thus to
test how future warming may impact systems like
the Chester River, future work should include more
hydrologic variability (i.e., very wet and dry) and
specific simulations of altered freshwater inputs that

FIGURE 12. Comparisons of modeled (dark blue lines) and
observed (green circles) oxygen concentrations (DO) at station
XIH0077 (see Figure 2). The top panel includes modeled and
observed oxygen values averaged over each 24 h day (where light
blue lines are 24-h standard deviation of observations) and the bot-
tom panel is hourly mean modeled and observed oxygen concentra-
tions. Oxygen concentrations at XIH0077 were measured by in situ
sensors every 15-min from 1 m below the surface.
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allow for an understanding of the range of physical
variations that could modulate hypoxia responses to
warming. This could be especially important in agri-
culturally dominated watersheds, where climate
change will also impact watershed nutrient process-
ing, hydrology, and agriculture conservation practices
(Wagena et al. 2018), farmer adaptations to climate
change (Huttunen et al. 2015; Chang 2019), and
watershed restoration practices that influence sedi-
ment load (Palinkas 2013). Ultimately, water quality
managers may need to assess optimal strategies in
light of sensitivity to warming, changes in hydrologi-
cal patterns, and tidal boundary conditions, all of
which may significantly decrease the efficacy of local
watershed management practices.

SUPPORTING INFORMATION

Additional supporting information may be found
online under the Supporting Information tab for this
article: Included in the Supporting Information is
additional statistics on watershed inputs, water prop-
erties at the monitoring station, and additional model
output and validation analyses.
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