
 
 
 
 
 
 
 
 
 
 
 
 
 

Exhibit 21 



Limnol. Oceanogr. , 2018, 1–19
© Association for the Sciences of Limnology and Oceanography

doi: 10.1002/lno.10823

Season-specific trends and linkages of nitrogen and oxygen cycles in
Chesapeake Bay

Jeremy M. Testa ,*1 W. Michael Kemp,2 Walter R. Boynton1

1Chesapeake Biological Laboratory, University of Maryland Center for Environmental Science, Solomons, Maryland
2Horn Point Laboratory, University of Maryland Center for Environmental Science, Cambridge, Maryland

Abstract
A three-decade time series of solute concentrations was combined with a box-modeling system to analyze

long-term trends in the concentration, production, and transport of dissolved inorganic nitrogen species along
the mainstem axis of Chesapeake Bay. Water- and salt-balance calculations associated with box-modeling pro-
vided regional, seasonal, and interannual estimates of net advective and nonadvective transport and net biogeo-
chemical production rates for oxygen and dissolved nitrogen. The strongest decadal trends were observed for
decreasing late-summer ammonium concentrations in bottom layers from brackish to polyhaline bay regions.
Contemporaneous trends of increasing late-summer bottom-layer dissolved oxygen (O2) concentration were
consistent with the observed NH4

+ patterns, suggesting that increasing dissolved O2 levels may also reflect
declining bottom respiration and drive nitrogen loss via increased rates of coupled nitrification–denitrification.
Significant (but weaker) trends of increasing nitrate plus nitrite (NO2+3

−) concentration and net production were
consistent with the notion that increased nitrification may be stimulated by increasing dissolved O2 concentra-
tions. Sorting bottom water NH4

+ and NO2+3
− net production rates into two pools (before and after the year

2000) revealed that general seasonal patterns were similar, but recent NH4
+ net production rates were consis-

tently lower and NO2+3
− and NO2

− rates higher in summer and fall compared to earlier years, especially in the
middle Bay regions. We conclude that late-season replenishment of oxygen associated with declining nutrient
loads induced a negative feedback process, whereby decreased hypoxia suppressed NH4

+ recycling and created
conditions favorable for additional nitrogen loss via coupled nitrification–denitrification.

Many estuaries, lagoons, and coastal systems have under-
gone anthropogenic eutrophication, which is generally linked
to increasing nutrient (particularly nitrogen) inputs
(e.g., Howarth and Marino 2006; Paerl et al. 2006) from water-
shed and/or atmospheric sources (Nixon 1995; Cloern 2001).
A common manifestation of nutrient enrichment is the
enhancement of organic carbon production, which upon deg-
radation causes depletion of oxygen from bottom waters in
stratified estuarine ecosystems. This leads to loss of habitat for
many benthic or demersal organisms and radical shifts in eco-
logically important biogeochemical cycles. These conditions
of seasonal “hypoxia” (dissolved oxygen < 62.5 μM) reflect a
globally significant and expanding degradation of coastal eco-
system health (Díaz and Rosenberg 2008). Although eutrophi-
cation trends have been described for a number of coastal
ecosystems, time-series data documenting trajectories of recov-
ery are far less common (Kemp et al. 2009), but with a grow-
ing number of examples (Greening and Janicki 2006;

Riemann et al. 2016). Consequently, general theoretical trajec-
tories of degradation and recovery are poorly corroborated
(Duarte et al. 2009).

Most analyses linking hypoxia and eutrophication have
focused on how increased nutrient levels stimulate algal
growth and accumulation of labile organic carbon that stimu-
lates bottom water and sediment respiration and associated O2

depletion, but the full biogeochemical responses to nutrient
enrichment are more complex (Rabalais et al. 2014). Season-
ally stratified eutrophic systems are characterized by oxidized
photic surface waters with net photosynthetic production of
O2 and rapid air-sea exchange to replenish any O2 deficiencies
or surpluses. In contrast, the bottom water and sediments are
characterized by low dissolved O2 and chemically reduced
conditions with active anaerobic respiratory pathways, includ-
ing sulfate and nitrate reduction that generate large pools of
the reduced metabolites sulfide and ammonium, respectively
(Conley et al. 2002). Sulfide accumulates under anoxic condi-
tions and tends to react with iron and manganese to form
solid-phase compounds that are reoxidized to sulfate later in*Correspondence: jtesta@umces.edu
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the fall when dissolved O2 becomes available due to vertical
mixing of the water column (Cornwell and Sampou 1995). In
contrast, ammonium is either oxidized to nitrate in the
sulfide-sensitive (Joye and Hollibaugh 1995) process of nitrifi-
cation that directly consumes O2, or it is transported to the
upper, photic surface layer where it eventually could support
O2 depletion by stimulating algal growth, organic matter sink-
ing, and bottom water respiration. In the former case, nitrate
produced by nitrification drives denitrification and related
process that shunt fixed nitrogen salts to gaseous forms una-
vailable to support algal growth. Recent studies show that
low-dissolved O2 conditions favor ammonium recycling over
denitrification, thus creating a system-level positive feedback
process whereby, greater hypoxia leads to larger pools of
ammonium (as percentage of total nitrogen [TN] loading),
which leads to greater O2 consumption and more hypoxia
(Testa and Kemp 2012).

Many temperate estuaries, like Chesapeake Bay, are particu-
larly susceptible to nutrient loading effects on organic produc-
tion and oxygen depletion because of their relatively long
water residence times, stratified water columns, and deep
channels flanked by productive shallows (Kemp et al. 2005).
At the same time, shallow estuarine environments like Chesa-
peake Bay are particularly susceptible to changes in circulation
and mixing due to wind stress and tidal forcing (e.g., Wilson
et al. 2008; Scully 2010) that can either replenish bottom
water oxygen or exacerbate hypoxia. Seasonally hypoxic con-
ditions have been documented for the Potomac River tributary
since 1912 (Sale and Skinner 1917) and for the mainstem of
Chesapeake Bay since the 1930s (Newcombe and Horne
1938). In general, the summer volume of hypoxic water had
increased from the mid-1950s through the mid-1980s, when it
leveled and began a gradual late-summer decline starting
around 1990 and continuing to the present decade (Hagy
et al. 2004; Murphy et al. 2011). Analysis of time-series data
for nutrients and oxygen revealed that late-summer hypoxia
in the estuary has declined slowly (! 1% yr−1) following grad-
ual reductions in nitrogen loading for two decades. In fact,
late-summer hypoxia volume has been highly correlated with
nitrogen loading for the last several decades, whereas the early
summer extent of hypoxic water is more weakly correlated
with annual nitrogen inputs and has been related to physical
factors, such as stratification (Murphy et al. 2011). In addition,
recent studies have suggested that the duration of seasonal
hypoxia in Chesapeake Bay has been declining during recent
decades (Zhou et al. 2001), where the reductions in duration
of hypoxic conditions have been attributable to progressively
earlier termination of annual hypoxia (Murphy et al. 2011).
Early termination of hypoxia has the potential to substantially
alter nitrogen cycling in late summer and fall, which is a time
when the oxidation of accumulated ammonium pools leads to
an annually occurring, short-term burst in elevated nitrite and
nitrate concentrations (McCarthy et al. 1984; Horrigan
et al. 1990).

Analysis of time-series data from Chesapeake Bay monitor-
ing has revealed many significant trends for key ecological
properties in different regions of the estuary. For example,
apart from hypoxia volume and duration discussed above,
trends have been detected (1) for phytoplankton biomass and
community composition (Harding and Perry 1997; Harding
et al. 2015a), (2) for submersed aquatic vegetation areal cover
and density (Orth et al. 2010; Gurbisz and Kemp 2014), and
(3) for all eutrophication-relevant variables in small tributaries
where substantial nutrient reductions have taken place
(Boynton et al. 2014). Similar analyses in other large, eutro-
phic coastal systems (Andersen et al. 2015; Riemann
et al. 2016) indicate that a wide-variety of estuaries have
responded positively to nutrient loading reductions. Many of
these trends have been found to correlate significantly with
nutrient loading and/or climate-change drivers, and the
majority of efforts have focused on concentrations of water-
column constituents, as opposed to ecological or biogeochem-
ical rates (e.g., Harding et al. 2015b; Riemann et al. 2016).

In the present study, we analyzed a long-term record of dis-
solved O2 and nitrogen concentrations over three decades for
surface and bottom layers of several regions along the longitudi-
nal axis of the Chesapeake Bay mainstem. We aimed to address
feedbacks between oxygen availability and nitrogen cycling and
the extent to which these interactions have a regional and sea-
sonal dependence that was related to long-term changes in the
spatial and temporal extent of hypoxia. This approach addresses
research questions of broad interest related to eutrophication of
the coastal zone and its impacts on the coupled cycling of nitro-
gen, carbon, and dissolved O2. We analyzed correlations and
interactions between nitrogen and oxygen distributions using a
diagnostic, salt- and water-balance computation to examine
changes in the net transformation and transport of four key sol-
utes (nitrate, nitrite, ammonium, and oxygen).

Methods
Study site

The Chesapeake Bay is a large estuary located in the mid-
Atlantic coastal region of the United States. The estuary is !
300-km long, has a mean low-water estuarine volume of
74.4 km3, and a mean depth of 6.5 m (Fig. 1). A 20–30-m deep
channel (1–4 km wide) runs the length of the middle region
of the Bay, but is flanked by broad shallow (< 10 m) shoals to
the east and west. Two-layered circulation occurs for most of
the year in the estuary, driven by a mean freshwater input of
2300 m3 s−1 from the Susquehanna River that induces a
seaward-flowing surface layer and a landward-flowing bottom
layer. The upper estuary (north of 39"N) is vertically well
mixed. Salinity, temperature, dissolved O2, chlorophyll a (Chl
a), and nutrient concentrations have been monitored at 2–4
week intervals at 20 stations along the central axis of the main
body of the estuary since 1985 (www.chesapeakebay.
net; Fig. 1).
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Computing salt and water transport
We computed the Chesapeake Bay’s time-dependent, sea-

sonal mean circulation using a box-model approach for the
period 1985–2013. The box model equations and computa-
tions utilized in this analysis were developed, first applied,
and presented for Chesapeake Bay by Hagy (2002). This box-
modeling approach utilizes mean monthly salinity, volume,
and freshwater input data and computes advective and nonad-
vective exchanges of water and salt between adjacent control
volumes (which are assumed to be well mixed) and across
end-member boundaries using the solution to nonsteady-state
equations balancing salt and water inputs, outputs, and stor-
age changes (Pritchard 1969; Officer 1980; Hagy et al. 2000).
Stratified estuarine regions are represented by surface and

bottom layers that capture the essential features of two-layered
estuarine circulation (Pritchard 1969). The box model used in
this analysis calculates advection and mixing between nine
boxes in the mainstem of the Chesapeake estuary (Boxes 2–9
include surface and bottom-layer subboxes, Fig. 2). Boundaries
separating adjacent boxes were defined based on data availabil-
ity, degree of density stratification, and an effort to retain simi-
lar salinity gradients and water volumes among boxes. The salt
and water balances (Eqs. 1 and 2, respectively) for a surface-layer
box “m” in the two-layer scheme are described below:

Vtm
dstm
dt

+Vm
dstm
dt

Vtm
dstm
dt

= Qm−1sm−1 + Qvms0m−Qmsm

+ Evmðs0m− smÞ + ½Em−1,mðsm−1− smÞ + Em,m+ 1ðsm+1− smÞ&
ð1Þ

dVm=dt = 0 = Qm−1 + Qvm + Qfm−Qm ð2Þ

where, Vm is the volume of the box, Qm and Qm−1 are the
advective transports to the seaward box and from the land-
ward box, Qvm is the vertical advective input into the box,
Em−1,m and Em,m+1 are the nonadvective exchanges with the
landward box and with the seaward box, Evm is the vertical
nonadvective exchange, sm and s0m are the salinities in the
upper and bottom-layer boxes, and sm−1 and sm+1 are the salin-
ities in the landward and seaward boxes. Note the additional
salt storage term associated with exchange of salt with the
tributaries flanking the mainstem Bay (Vtm

dstm
dt ). For Eq. 2, Qfm

is the freshwater input directly into the box. The left-hand
side of Eq. 1 is computed as the monthly salinity change,
while the left-hand side of Eq. 2 is assumed to be zero at
monthly time scales. The salt and water balances (Eqs. 3 and
4) for a bottom-layer box “m” in the 2D scheme are similar

V 0
m
ds0m
dt

= Q 0
m +1s

0
m+1−Qvms0m−Q 0

ms
0
m− Evmðs0m− smÞ ð3Þ

dV 0
m=dt = 0 = Q 0

m+1 −Qvm−Q 0
m ð4Þ

where, Q0
m and Q0

m+1 are the advective transports to the land-
ward box and from the seaward box and s0m+1 is the salinity of
the seaward box in the bottom layer.

Freshwater input
The Susquehanna River and six major tributary rivers are

the dominant sources of freshwater to Chesapeake Bay
(Fig. 1). The Susquehanna River is the largest freshwater source
(62% of mean annual freshwater input) and enters directly
into Chesapeake Bay, while several large tributary rivers con-
tribute the majority of the remaining freshswater input,
including the Choptank (0.2%), Patuxent (1%), Potomac
(19%), Rappahannock (3%), York (3%), and James (13%) Riv-
ers (Fig. 1; Zhang et al. 2015). Daily freshwater inputs from all
rivers were measured since 1985 by the United States Geologi-
cal Survey. The York River includes the combined flows of the
Mattaponi and Pamunkey Rivers, whereas the James River
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Fig. 1. Map of Chesapeake Bay, including boundaries of box-model
regions (black lines), tributary rivers, and sampling stations used to gen-
erate mainstem Bay interpolations (white circles). Box numbers are
included in yellow. For the James and York River estuaries, two rivers
input freshwater (James = Appomattox and James; York = Pamunkey
and Mattaponi). Blue shading indicates depth.
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combines the James and Appomattox Rivers (Fig. 1). The drain-
age basins of the gauges at the fall lines of these rivers comprise
130,798 km2, roughly 78% of the 166,717 km2 drainage area of
Chesapeake Bay. Ungauged portions of the lower watersheds of
the six major tributaries were estimated on the basis of the flow/
area of the associated tributary, but inputs from tributaries are
highly processed before reaching the mainstem of Chesapeake
Bay, leading to high-retention rates of dissolved and particulate
materials within the tributaries (Boynton et al. 1995, 2008).

Nutrient and oxygen transport and production rates
We computed monthly and seasonal rates of transport and

net biogeochemical production of dissolved O2 and dissolved
inorganic nitrogen for 17 regions of the Chesapeake estuary
from 1985 to 2013. Physical transport rates for these noncon-
servative biogeochemical variables were computed by multi-
plying the solute concentration by the advective and
nonadvective fluxes (Qs and Es, respectively) for each box and
month. Rates were calculated for nitrate (NO3

−), nitrite
(NO2

−), ammonium (NH4
+), and dissolved O2. Monthly mean

values of these variables were computed for each box (and
upstream and downstream boundaries) using monitoring data
from 20 stations along the central axis of the Bay (Fig. 1).
Monitoring cruises were conducted on a bi-weekly basis,
except in the months of October to March, when cruises were
conducted monthly, and concentration data were available
from 1985 to 2014. The vertical resolution of the salinity and

oxygen data is 1 m, while dissolved nitrogen data were sam-
pled four to five times in a given vertical profile. Both main-
stem and tributary data were interpolated to a grid transecting
the estuary at a vertical resolution of one meter and a horizon-
tal resolution of 1.8 km. Grid cells corresponded to tabulated
cross-sectional volumes (Cronin and Pritchard 1975), which
were used to compute volume-weighted average salinity and
nutrient concentrations (Hagy et al. 2000).

Net biogeochemical production rates (Pm or P0m = produc-
tion − consumption) for each nonconservative water quality var-
iable were computed for each box using the analytical solutions
for the advective (Q) and nonadvective (E) transport rates in each
box. The equations are similar in form to the salt balance (Eqs. 1
and 2), except salinity is replaced with the water quality variable
and the net production term (Pm or P0m) is added. Thus, for a
surface-layer box “m” in the two-layer scheme of the box model
without longitudinal Es, the mass balance equation is

Vm
dcm
dt

= Qm−1cm−1 + Qvmc0m + Evmðc0m− cmÞ −Qmcm + Pm ð5Þ

which can be rearranged to calculate Pm

Pm = Vm
dcm
dt

−Qm−1cm−1−Qvmc0m− Evmðc0m− cmÞ + Qmcm ð6Þ

We assumed that Em,m−1 = Em,m+1 = 0 for all boxes,
and Evm = 0 and Qvm = 0 for m = 1 (Officer 1980; Hagy
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Fig. 2. Diagram of salt- and water-balance (box) model for Chesapeake Bay, including relevant freshwater inputs, transport coefficients, and box identi-
fiers. In Box 5–9, Δs values represent salt exchanges between the boxes and adjacent, connected tributaries. An aerial view of this model is included
in Fig. 1.
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et al. 2000). For any bottom-layer box “m,” the mass balance
expression is

V 0
m
dc0m
dt

= Q 0
m+1c

0
m+1−Qvmc0m – Q 0

mc
0m − Evmðc0m− cmÞ + P0

m ð7Þ

which can be rearranged to calculate bottom-layer net produc-
tion, P0

m

P0
m = V 0

m
dc0m
dt

−Q 0
m+1c

0
m+ 1 + Qvmc0m + Q 0

mc
0
m + Evmðc0m− cmÞ ð8Þ

where, c is the concentration of the nonconservative material
and Pm and P0m are the net production (or consumption) rates
in the surface and bottom layers, calculated per unit area or
volume using geometry data for each box (Table 1).

Box-model computations have clear advantages and disadvan-
tages for analysis of estuarine biogeochemical data. Box models
are imperfect tools, given the assumptions of fixed volumes, the
aggregation to regionally- and seasonally averaged concentrations
and circulation, and the dependence on statistical interpolation
to generate box-averaged salinity and nutrient concentrations.
These computations have many advantages, however, including
the fact that they are data-driven, constrained by observations,
yield estimates of physical circulation that are representative of
mean Bay circulation, have compared well with direct in situmea-
surements (Hagy 2002) and serve as tools to identify processes of
interest that are otherwise difficult and expensive to obtain at
consistent time and space scales. The computation of volume-
weighted concentrations in each box also provides a spatially
integrated view of concentration, as opposed to single vertical
profiles with a focus on surface and or bottom concentrations.
These volume-weighted regional mean values capture changes in
vertical distributions, aggregate over spatially correlated zones,
and account for different habitats (e.g., shallow and deep waters).

Nutrient measurement methods
Improvements in analytical methodlogy have led to reduc-

tions in the detection limits for both NO2+3
− and NH4

+

measurements made during the period of this study. A com-
plete description of the monitoring database, its methodology,
and quality assurance practices are available on the Chesa-
peake Bay Program’s web-based monitoring interface (https://
www.chesapeakebay.net/what/downloads/cbp_water_quality_
database_1984-present). We addressed the possibility that
changes in detection limit could have biased our analysis by
surveying the nutrient concentration data sets we used and
identifying all instances where the reported concentration was
at the detection limit (indicated by a “<” in the qualifier col-
umn of the Chesapeake Bay Program database). The instances
of measurements made at the detection limit (0.7 μM and
lower over time) were primarily limited to surface waters dur-
ing summmer (for both NO2+3

− and NH4
+) and for bottom

waters during winter (NH4
+). In general, neither of these

regions and times overlap with the late-summer period where
we focused our analysis. For NO2+3

−, any effect of a reduction
in the detection limit would have led to increasingly smaller
concentrations over time, where we observed the opposite pat-
tern. NH4

+ concentrations were at their seasonal peak in the
mid summer, with concentrations well above historic and
recent detection limits.

Results
We discovered a long-term decline in bottom water NH4

+

concentrations in the late-summer and fall season that corre-
lates with increases in dissolved O2 and NO2+3

− concentra-
tions. These trends correspond to changes in the net
biogeochemical production and net transport of NH4

+ and
NO2+3

− that operate over seasonal and regional scales in
Chesapeake Bay and other comparable estuaries (Cloern and
Jassby 2010). The reductions in NH4

+ and increases in dis-
solved O2 also correspond to recent, but modest declines in
nitrogen input from the Susquehanna River (Murphy
et al. 2011; Zhang et al. 2015; Harding et al. 2015b; Testa
et al. 2018).

Table 1. The dimensions, including the length, surface area, pycnocline area, cross-sectional area (CLA), volume of the surface layer
and bottom layer Boxes 1–9 in Chesapeake Bay, and boundaries (see Fig. 1; adapted from Hagy 2002).

Box 1 Box 2 Box 3 Box 4 Box 5 Box 6 Box 7 Box 8 Box 9

Length (km) 28 18 29 37 46 46 47 27 18
Surface area (km2) 217 255 169 489 655 1025 1425 782 454
Pycnocline area (km2) 80 92 144 249 278 904 510 289
Surface layer CLA (103 m2) 28 60 52 107 123 185 212 178 139
Bottom layer CLA (103 m2) 13 31 27 35 37 85 83 57
Surface layer volume (106 m3) 773 1077 995 3961 5675 8502 9977 4796 2500
Bottom layer volume (106 m3) 242 593 988 1612 1684 4015 2246 1018
Pycnocline depth (m) 5 7 12 12 12 8 7 6
Boundary (N, km from ocean) 287 259 241 222 185 139 93 46 19
Boundary (S, km from ocean) 259 241 222 185 139 93 46 19 1
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Long-term trends in solute concentrations
While the seasonal variability in nitrogen forms in Chesa-

peake Bay is known to be substantial (Testa et al. 2018), inter-
annual variability was also high (Figs. 3–5). This was
especially true of bottom waters during the late-summer
period (August to September), where concentrations of
NH4

+ decreased steadily during the two most recent
decades, while oxygen and NO2+3

− levels increased. Linear
trends were significant (p < 0.05) for oxygen and dissolved
nitrogen in the seasonally hypoxic region of the Bay
(Figs. 3–5; Boxes 4–6, except NO2+3

− in Box 4). The total

decline in NH4
+ from 1985 to 2013 was about 10 μM (! 0.3

μM yr−1), while the increase in NO2+3
− approached 3–4 μM

(0.15 μM yr−1). Dissolved O2 also increased to levels consis-
tently above those considered to be severely hypoxic (62.5
μM) during this period.

Seasonal, regional, and decadal patterns in solute
concentrations

NH4
+ was depleted in surface waters and accumulated in

bottom waters during the June to August period throughout
the study region, resulting in strong vertical gradients (Fig. 6).
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Average bottom water NH4
+ concentrations ranged from

25 μM N in the northern region of the hypoxic zone
(CB4.1C) with a large seaward gradient leading to minima of
10 μM N in the estuary’s southern region (CB5.3). Dissolved
NH4

+ concentrations began to increase at 10 m in depth,
consistent with the average location of the pycnocline. In
general, bottom water concentrations were highest in the
early-middle period (June to July) of the summer and begin
to decline in August, where bottom water concentrations
were consistently lower, especially at station CB4.4 and
regions northward.

In contrast to NH4
+, oxidized nitrogen forms (nitrate,

NO3
− and nitrite, NO2

−) were uniformly low in the
middle and deeper water-column during June and July, but
increased rapidly to mean concentrations exceeding 5 μM in
August and September (Fig. 6). This is especially true
for NO2

−, which increased to seasonal peaks in bottom water
in late summer following extremely small concentrations in
June and July. Bottom water NO2

− concentrations were
comparably high in the middle and lower region of the
hypoxic zone (CB4.4 to CB5.3) and were often highest in
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the middle of the water-column between 14 m and 22 m
depth.

The long-term declines in later summer NH4
+ and increases

in NO2+3
− were further examined by comparing vertical profiles

in the first half of the time series (1985–1999) with the second
half (2000–2014). The reduction in bottom water NH4

+ con-
centration is clearly visible in waters below 10 m, despite
high-interannual variability. The declines in NH4

+ concen-
tration were most visible in the middle and lower regions of

the hypoxic zone (CB4.2C to CB5.3) where the long-term
negative trends were most significant, but were not evident
in surface waters or at stations in the oligohaline or polyha-
line regions of Chesapeake Bay (data not shown). In con-
trast, increases in NO2

− were only evident at stations CB5.1
to CB5.4, at the southern terminus of the seasonally hypoxic
region. These changes represent a clear shift from NH4

+

dominance in the 1985–1999 period to co-dominance with
NO2

− and NO3
− in the 2000–2014 period.

O2= 1.74x*year + 3426
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includes ≥ 5 yr of data). [Color figure can be viewed at wileyonlinelibrary.com]

Testa et al. Linked oxygen and nitrogen trends

8

http://wileyonlinelibrary.com


Net biogeochemical production and transport rates
Box-model-computed net nutrient and oxygen transforma-

tion rates provide estimates of the biogeochemical changes
associated with altered nitrogen and oxygen concentrations.
Annual cycles of the net production rates of NH4

+, NO2+3
−
,

NO2
−, and O2 in the bottom layer of Boxes 5 and 6 reveal

changes in the magnitude of net transformation between
1985–1999 and 2000–2013. We chose this separation of
periods because they represent an even split of the data into
historic and recent periods and also because the relationship
between Susquehanna River flow and nutrient load was signif-
icantly different during the two periods (ANCOVA; F = 10.81,

p = 0.0028), suggesting a shift in the amount of nitrogen
delivered by a given river flow. Net production rates of NH4

+

declined sharply during August, September, and October dur-
ing the last two decades (Fig. 7), corresponding to a sharp
increase in the net production of NO2+3

−. While net O2 pro-
duction rates were generally similar in these periods in Box
5, there was a slight increase in net oxygen uptake in Box
6 (Fig. 7). Wilcoxon Rank Sum tests were made to compare
the differences between mean net production rates between
the two periods (1985–1999 vs. 2000–2013; Fig. 7), and these
tests indicated significant differences between the two groups
(p < 0.05) for NO2+3

− in July through October (Box 6) and
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Fig. 7. Monthly mean net production rates of NH4
+, NO2+3

−, NO2
−, and dissolved O2 in the bottom layers of Box 5 (left panels), and Box 6 (right

panels). Data are averaged for each month for the years 1985–1999 and 2000–2013.
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October (Box 5), for NH4
+ in July to October (Box 5) and

November (Box 6), and for NO2
− in July, August, and October

in Box 6. August and September differences in net NH4
+ pro-

duction in Box 6 were nearly significant (p = 0.06).
Times series of the bottom water production rates of NH4

+

and NO2+3
− in these two boxes further illustrates the long-term

reduction in net NH4
+ production (remineralization) and long-

term increase in net NO2+3
− production during the August to

September period (Fig. 8). While slopes of linear regressions for
net NO2+3

− production were 0.01–0.03, slopes for net NH4
+ pro-

duction were ! 0.027 for Boxes 5 and 6. Net Production of NO2

+3
− increased by 0.2–0.5 mmol N m−2 d−1 during the 30-yr

period, while net NH4
+ production decreased by 0.3–0.4 mmol

N m−2 d−1, which are comparable in magnitude.
In addition to the decline in net production of NH4

+ in late
summer, box-model computations indicated that landward
advective transport of NH4

+ into Box 6 (i.e., into the hypoxic
zone) also declined in the late summer (Fig. 9). The reduction
in advective NH4

+ input over 1985–2013 was ! 50% and cor-
responds to an increase of similar relative magnitude in the
advective input of oxygen. The respective increases and
decreases in advective, landward oxygen, and NH4

+
flux in the

late summer correspond to increases in oxygen concentration

(and declines in NH4
+ concentration) and not long-term

changes in the magnitude of water flux. Thus, reductions in
lower Bay concentrations of these solutes led to reductions in
their landward transport. Similar long-term patterns were not
evident in the early part of the summer and were muted for
fluxes from more landward boxes.

Discussion
Dynamics of hypoxia in Chesapeake Bay

Intraseasonal changes in the extent of hypoxia in Chesa-
peake Bay have recently been documented (Murphy
et al. 2011; Zhou et al. 2014). In general, the volume of hyp-
oxic water has displayed a long-term increase during early
summer (June and early July) and a long-term decline during
late-July through September (i.e., late summer). Late-summer
anoxic volumes have also contracted bay-wide in recent
decades (Testa et al. 2017). While the exact mechanisms
responsible for the late-summer oxygen increases are not fully
understood at this time, our analysis reveals that the increases
in bottom water oxygen are focused in the region of the Bay
just north and south of the Potomac River (i.e., Box 7; Figs. 1
and 9). Similar patterns have been identified using other inter-
polation approaches (Zhou et al. 2014) and statistical models

Fig. 8. Time series of August to September bottom-layer net NH4
+ (left panels) and NO2+3

− (right panels) production (NP) rates in two boxes (Boxes
5 and 6) within the middle Bay region from 1985 to 2013. Statistics (r2, p value) for a simple linear regression of net production rate and year are
included. [Color figure can be viewed at wileyonlinelibrary.com]
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Fig. 9. Time series of mean August to September (top) Susquehanna River flow and advective flow into the bottom layer of Box 6, (middle) bottom-
layer dissolved O2 and NH4

+ concentrations in Box 7, and (bottom) bottom-layer net landward transport from Box 7 to Box 6 of NH4
+ and dissolved O2.

All computations and data are from the 1985–2013 period. Inset on top panel is correlation between Susquehanna River flow and advective flow into the
bottom layer of Box 6.
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of station-based, depth-specific oxygen concentration
(e.g., generalized additive models; Testa et al. 2018). Hypoxic
water in Chesapeake Bay initiates in landward bottom waters
and expands southward over the course of summer (Testa and
Kemp 2014) and the volume of hypoxia in waters south of the
Potomac tends to expand during years of high-river flow and
nutrient (nitrogen and phosphorus) inputs and contracts dur-
ing years with low-river flow and/or low-nutrient inputs
(Murphy et al. 2011).

Feedbacks between hypoxia and nitrogen cycling
Dissolved O2 concentrations tend to control the cycling

and availability of many key elements in marine environ-
ments (Glud 2008; Howarth et al. 2011), where low-dissolved
O2 levels can limit, e.g., coupled nitrification–denitrification
and favor NH4

+ recycling (Kemp et al. 1990). Testa and Kemp
(2012) hypothesized that in the absence of oxygen, inhibition
of nitrification leads to NH4

+ accumulations that may feed
back to support additional oxygen demand via the enhanced
production of phytoplankton biomass supported by this
increased supply of NH4

+ in surface waters. This self-reinfor-
cing, “positive feedback” appears to have been active in Ches-
apeake Bay during the early summer in recent decades,
consistent with higher early summer hypoxic volumes
(Murphy et al. 2011; Testa and Kemp 2012). Our findings in
the present study, however, suggest an opposing “negative
feedback” where even slightly elevated oxygen levels in late
summer enabled elevated rates of nitrification, NH4

+ removal,
and presumably higher denitrification rates with NO3

− diffu-
sion into underlying sediments (Cornwell et al. 1999). This
conclusion is supported by the increasing trends in late-
summer bottom water dissolved O2 and NO2+3

− concentra-
tions, increasing rates of net NO2+3

− production (presumably
net nitrification), and depressed net NH4

+ production and
availability. In addition, NH4

+ concentrations in bottom water
were positively correlated with watershed TN nutrient inputs
over the 1985–2013 period, but the NH4

+ concentration gen-
erated for a given TN input was lower in the 2000–2013 period
than for 1985–1999, when bottom water oxygen concentra-
tions were generally higher (Fig. 10). Such limits on NH4

+

accumulation for a given nitrogen input may be associated
with oxygenation and associated nitrification. Tight linkages
between NH4

+ availability and nitrification rate have been
observed in many other systems worldwide (Soetaert
et al. 2006; Sharp 2010).

Thus, the primary feature of this negative feedback is a shift
toward an earlier breakup of hypoxic conditions and thus ear-
lier enhancement of bottom water NH4

+ oxidation, leading to
reduced NH4

+ concentrations and elevated bottom water NO2

+3
− concentrations. Given that TN inputs from the combined

Susquehanna and Potomac Rivers to Chesapeake Bay have
been recently declining (Zhang et al. 2015), there is no evi-
dence to suggest that the NO2+3

− concentration increases were
due to changes in external load. The fact that NO2+3

−

Fig. 10. Correlations between January to May TN loading to Chesapeake
Bay from the Susquehanna and Potomac Rivers and August to September
mean bottom water NH4

+ concentrations, with data split between the
1985–1999 (blue circles) and 2000–2013 (red circles) period. Size of circles is
scaled to August to September bottom water dissolved O2 concentration. TN
is the sum of all particulate and dissolved forms of organic and inorganic
nitrogen, although primarily NO2 + 3.
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concentrations have only increased in sub-pycnocline waters
during late-summer also suggests that internal production
(i.e., nitrification) is the key mechanism driving the increase,
as opposed to new watershed inputs that primarily impact sur-
face waters during winter-spring. The late-summer (August to
September) period is a time when hypoxic and anoxic condi-
tions are usually diminished, as stratification weakens with
declining water temperature and elevated wind speeds during
the late summer and fall (Goodrich et al. 1987; Wilson
et al. 2008) and vertical mixing of oxygen increases replenish-
ment of bottom waters. In addition, the availability of labile
organic matter tends to become limiting for respiration during
late summer (Cowan and Boynton 1996, Boynton and Kemp
2008), and this contributes to reduced oxygen consumption
rates. Thus, the negative-feedback is essentially enhancing the
typical seasonal cycle that includes a late-summer recovery
from hypoxic and anoxic conditons.

A key question related to the proposed negative feeback
and associated NH4

+ oxidation is the extent to which this
nitrification could contribute to lags in oxygenation and hys-
teresis due to the fact that the process itself consumes oxygen.
NH4

+, like other reduced solutes (e.g., H2S, CH4), accumulates
in hypoxic and anoxic basins (Zopfi et al. 2014; Gelesh
et al. 2016) and serves as a potential reservoir of stored oxygen
demand. Box-model calculated rates of net production of
NH4

+, NO2+3
−, and oxygen for the hypoxic zone bottom layer

in early and late summer provided quantitative estimates of
these processes. Given that the box-model-derived rates pro-
vide estimates of net nonconservative behavior, they likely
reflect conservative estimates of the gross rates. For example, a
portion of the NO2+3

− produced in a given month is denitri-
fied, which would reduce the amount of NO2+3

− accumulated
from nitrification and underestimate the box-model-
computed net NO2+3

− production, thereby making the net
production rate a conservative estimate of net nitrification
(Kemp et al. 1990). A simple stoichiometric calculation of the
expected oxygen consumption associated with the computed
rates of net NO2+3

− production (assuming O : N = 2,
i.e., complete nitrification) indicates that nitrification con-
sumed 1–2 mmol O2 m−2 d−1, which is generally < 10%;
(Table 2) of box-model-computed O2 consumption rates

(which are actually estimates of the combined rate of sedi-
ment and water-column respiration). In fact, prior analyses
suggest that the contribution of sediment nitrification to total
sediment O2 consumption fall within this range (Seitzinger
et al. 1984; Henriksen and Kemp 1988).

While this additional O2 consumption could explain some
of the increased net oxygen consumption in bottom waters in
lower regions of the Bay (Fig. 7), it is also possible that the ele-
vation of dissolved O2 availability (above hypoxic levels) in
these waters during late summer relieved oxygen limitation of
aerobic respiration (Sampou and Kemp 1994). Given that
nitrification represents a net-zero change in available nitrogen,
there is no reason to believe that these transformations would
lead to different outcomes for new primary production and
subsequent respiration if dissolved nitrogen is mixed into sur-
face waters. Although net production rates from box-model
calculations have inherent errors, these rates are comparable
to measured rates of sediment-water fluxes and water-column
transformation (e.g., McCarthy et al. 1984; Kemp et al. 1990;
Cowan and Boynton 1996) and allow us to make tentative
(but unprecidented), data-driven estimates of the relative con-
tributions of respiration and nitrification to net ecosystem O2

consumption in the hypoxic zone during early and late
summer.

Relevance for nitrogen cycling
The nitrification rates we inferred for subsurface, mesoha-

line waters during late summer and early fall contrast with
other previously identified nitrification “hotspots” in estua-
rine environments. Many previous studies have identified
high-nitrification rates near low-salinity estuarine turbidity
maxima (Iriarte et al. 1996; Brion et al. 2000; Damashek
et al. 2016) and have associted these high rates with particle-
dominated microbial communities, and with NH4

+ sorption
and desorption, as well as elevated heterotrophic activity.
Low-salinity regions of estuaries have also been locations
where extremely high-wastewater discharges of NH4

+ have
supported high-nitrification rates (Lipschultz et al. 1986;
Gazeau 2005; Soetaert et al. 2006; Aissa-Grouz et al. 2015) and
contributed to oxygen depletion. While the nitrification bursts
that occur during vertical mixing in seasonally stratified and

Table 2. Computations of oxygen consumption expected from box-model-computed net nitrification rates in three regions of Chesa-
peake Bay bottom waters (1985–2013 means). All rates in mmol O2 m−3 d−1. %O2 uptake is the percent of box-model-computed dis-
solved O2 consumption attributed to net nitrification. NNN = no net nitrification computed.

Month

Box 4 Box 5 Box 6

NO2

+3
− NP

O2

uptake
%O2

uptake
NO2

+3
− NP

O2

uptake
%O2

uptake
NO2

+3
− NP

O2

uptake
%O2

uptake

July NNN 3.59 NNN NNN 7.13 NNN 0.13 12.71 1.03
August NNN 1.02 NNN 0.12 6.92 1.73 0.96 11.93 8.07
September 1.90 7.51 25.32 0.90 11.64 7.77 1.07 13.68 7.86
October 1.38 11.70 11.83 1.31 10.89 12.07 0.70 13.82 5.10
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hypoxic systems may be short lived (Horrigan et al. 1990), they
potentially contribute substantially to annual cycles of inor-
ganic nitriogen species and can support denitrification in
underlying sediments during this period (Kemp et al. 1990).

Given the emphasis on nitrification in the present analysis,
it is clear that nitrite (NO2

−) cycling is a previously recognized,
but generally unquantified and underappreciated process
involved in estuarine nitrogen dynamics. NO2

− accumulation
in aerobic coastal marine waters has been associated with both
NH4

+ oxidation and assimilatory NO3
− reduction (Zehr and

Ward 2002) and nitrite peaks have commonly been observed
in a wide range of coastal environments, including the base of
the euphotic zones and in oxygen-poor regions (Beman
et al. 2013; Santoro et al. 2013). Prior studies have identified clear
and substantial peaks (4–10 μM) in NO2

− concentration during
fall turnover in Chesapeake Bay (McCarthy et al. 1977) driven by
the oxidation of accumulated NH4

+ pools in bottomwater under-
lying the pycnocline. It was unclear if these presumably large
rates of nitrification were too short lived to affect nitrogen cycling
overall and whether they would become more substantial or pro-
longed under more extensive anoxia (McCarthy et al. 1984). The
appearance of elevated NO2

− in Chesapeake Bay bottomwaters is
spatially and temporally linked to accumulated bottom water
NH4

+ and indicates nitrification for several reasons. First, corre-
sponding increases in NO2+3

− concentrations (of which NO2
− is a

component) have increased in the late summer at a rate compara-
ble to the NH4

+ decline (Figs. 3–4). Second, reductions in box-
model-computed rates of net NH4

+ production were quantita-
tively similar to increases in net NO2+3

− production (Fig. 7).
Finally, box-model-derived estimates of net NO2+3

− production
(208 ± 91 nmol l−1 d−1 annual mean ± SE and 352 ± 101 nmol
l−1 d−1 August to September mean ± SE) rates fall well within the
range of previously reported direct measurements of nitrification
rates in this region of Chesapeake Bay (McCarthy et al. 1984;
Horrigan et al. 1990). Mean box-model rates are slightly lower
than reported nitrification rates, which is consistent with the fact
that sediments typically consume NO2+3

− (e.g., denitrification)
during this period at rates that peak at 50–75 nmol l−1 d−1

(Cowan and Boynton 1996), which would have the effect of low-
ering the net production rate. Both box-model computations in
Chesapeake Bay and observations in this and other eutrophic
estuaries (e.g., Horrigan et al. 1990; Berounsky and Nixon 1993;
Damashek et al. 2016) have indicated pulses of extremely high-
nitrification rates (> 5000 nmol l−1 d−1), which underscores the
variability in this process. Clearly, new and expanded measure-
ments of nitrification during this late-summer period are needed
using a suite of modern techniques to help clarify the mecha-
nisms andmagnitudes of key nitrogen cycling processes.

Summary and synthesis
We have summarized our current understanding of these

coupled processes of nitrogen and oxygen cycling in a concep-
tual model (Fig. 11) that contrasts the earlier and later periods
of the warmer seasons of the year. In spring, high rates of

nitrogen inputs, which are dominated by NO3
−, support high

rates of phytoplankton production and associated particulate
organic nitrogen sinking (Hagy et al. 2005) that convert the
dissolved nitrogen pool into particulate nitrogen (PN) forms
(Fig. 11). Strong stratification that is forced by high-river flow
during this season limits reoxygenation of bottom water and
generally allows NH4

+ to accumulate in deeper waters, as nitri-
fication is inhibited by low-dissolved O2 (Kemp et al. 1990;
Murphy et al. 2011; Testa and Kemp 2012). Similar patterns of
bottom water NH4

+ accumulation under stratified conditions
have been reported in other estuarine and coastal systems
(Zopfi et al. 2014; Kuypers et al. 2003). In contrast, late sum-
mer and fall are characterized by seasonal minima in water-
shed nitrogen loading and relatively low phytoplankton
biomass (Fig. 11; e.g., Roman et al. 2005) and organic matter
deposition to sediments (except following large storms; Miller
et al. 2006). Stratification is reduced in late summer and fall by
severe storms and/or surface cooling, which promote reoxy-
genation of the bottom waters as well as enhanced nitrification
rates and NO2

− and NO3
− concentrations (Fig. 11). All of these

processes limit the accumulation of NH4
+ during this season.

The long-term changes we observed in Chesapeake Bay are
an important modulation of this seasonal cycle. Recent ana-
lyses have shown that reduced Susquehanna River nitrogen
loads have been associated with a reduction of the spring
bloom in lower Bay regions (Testa et al. 2018). As a conse-
quence, less PN would have been available to support NH4

+

remineralization fluxes in bottom waters (Cowan and Boy-
nton 1996) and associated oxygen depletion as the summer
progressed (Testa et al. 2017). In recent decades, late-summer
and fall dissolved O2 concentrations thus increased earlier and
faster than they probably did during summer-fall turnover
events in earlier decades, allowing for higher nitrification rates
that would enhance NO2+3

− availability to support higher
rates of denitrification (Kemp et al. 1990). Our analyses sug-
gest that a series of coupled reactions over the course of the
warm season explained the observed data patterns. It is clear,
however, that further observational, experimental, and diag-
nostic modeling studies are needed to test the hypothesis that
reoxygenation-induced nitrification can be a significant pro-
cess for stratified estuarine ecosystems recovering from eutro-
phication. Regardless of the long-term drivers of such
changes, the linked alterations of the carbon, oxygen, and
nitrogen cycles represented here demand continued study.

Implications for eutrophication science
The documentation of long-term changes in the cycling of

dissolved nitrogen associated with changes in oxygen avail-
ability highlights several previously underappreciated aspects
of estuarine response to reductions in eutrophication. First,
changes in nitrogen cycling associated with oxygen availabil-
ity will alter the forms of dissolved nitrogen occuring in the
estuary (e.g., NO2+3

− vs. NH4
+) in response to changing nutri-

ent inputs and resulting changes in nitrification rates. While
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many aspects of the linkages between oxygen availability and
nitrogen cycling have been investigated elsewhere, our analy-
sis is unique in that it describes how long-term changes in the
availability of oxygen caused large changes in the rates of
nitrogen transformation over expansive regions of a eutrophic
estuary and we are aware of no similar reports from other sea-
sonally stratified estuaries. Second, while annually averaged
metrics of constituent concentrations are often used to track
eutrophication status, intraseasonal changes in key constitu-
ents and season-specific trends (e.g., spring, late summer) may
reveal fundamental mechanisms and trajectories associated

with ecosystem responses to changes in nutrient inputs. For
example, we might expect recovery from eutrophication to
manifest first during the late growing season in seaward estua-
rine reaches, where nutrient limitation would be first realized
(Fisher et al. 1992; Riemann et al. 2016). Finally, it is clear
from this analysis that water quality monitoring programs
maintained for decades with full seasonal coverage can reveal
complex dynamics in systems undergoing recovery from eutro-
phication (Tucker et al. 2014; Stæhr et al. 2017). In our analyses
for Chespeake Bay, significant trends in NO2+3

−, NH4
+, and oxy-

gen concentration did not emerge until a decade after the first
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signs of responses to nutrient input reduction were evident in
1990 (Zhang et al. 2015), but if we had known where to look
for these trends, they would have been available for discovery at
least 10 yr before the present (Figs. 3–5). Clearly, responses to
eutrophication abatement may be gradual and involve lags,
which underscores the need for sustained monitoring invest-
ments. Data generated by these programs can be used to address
compelling scientific questions, many of which are relevant for
adressing pressing management challenges.
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