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O C E A N O G R A P H Y

Nutrient management offsets the effect of 
deoxygenation and warming on nitrous oxide 
emissions in a large US estuary
Weiyi Tang1*†, Fei Da1, John C. Tracey1‡, Naomi Intrator1, Moriah A. Kunes1, Jenna A. Lee1,  
Xianhui Sean Wan1§, Amal Jayakumar1, Marjorie A. M. Friedrichs2, Bess B. Ward1

Many estuaries experience eutrophication, deoxygenation and warming, with potential impacts on greenhouse 
gas emissions. However, the response of N2O production to these changes is poorly constrained. Here we applied 
nitrogen isotope tracer incubations to measure N2O production under experimentally manipulated changes in 
oxygen and temperature in the Chesapeake Bay—the largest estuary in the United States. N2O production more 
than doubled from nitrification and increased exponentially from denitrification when O2 was decreased from 
>20 to <5 micromolar. Raising temperature from 15° to 35°C increased N2O production 2-  to 10- fold. Developing 
a biogeochemical model by incorporating these responses, N2O emissions from the Chesapeake Bay were esti-
mated to decrease from 157 to 140 Mg N year−1 from 1986 to 2016 and further to 124 Mg N year−1 in 2050. Al-
though deoxygenation and warming stimulate N2O production, the modeled decrease in N2O emissions, attributed 
to decreased nutrient inputs, indicates the importance of nutrient management in curbing greenhouse gas emis-
sions, potentially mitigating climate change.

INTRODUCTION
Estuaries link the land and ocean environment, providing critical 
ecosystem functions and services such as the removal of excess nu-
trients and support for biodiversity and fisheries. However, estuaries 
are severely perturbed by anthropogenic activities (1–3). For exam-
ple, excess nutrient inputs from agriculture and wastewater cause 
eutrophication, harmful algal blooms, and hypoxia (4, 5). During 
the transformation of nitrogenous (N) nutrients in estuaries, nitrous 
oxide (N2O), a powerful greenhouse gas and the dominant ozone 
depleting agent, is produced mainly via nitrification and denitrifica-
tion (6–8). Estuaries are highly variable sources of N2O to the atmo-
sphere. The estimated emissions range from less than 0.1 Tg N 
year−1 to over 5 Tg N year−1 (6, 9, 10), a potentially important con-
tributor to global N2O emissions of ~17 Tg N year−1 (11). A better 
understanding of estuarine N2O cycling would help to constrain 
global N2O emission estimates.

Climate- driven changes such as deoxygenation and ocean acid-
ification have been shown to affect N2O production in estuarine 
and coastal waters (12–14). Observations from aquatic sediments 
and terrestrial soils have suggested that N2O production is sensi-
tive to temperature and precipitation (15–17). For example, in-
creased N2O emissions from soil and river systems since the 
industrial revolution are attributed largely to warming and the rise 
in N loading (18–20). However, the effect of temperature and N 
loading on N2O production in estuaries is poorly understood. Be-
cause oxygen, temperature, and N loading have changed substan-
tially in estuaries and are projected to change under predicted 

future climate (21–24), it is critical to assess the response of N2O 
production to these environmental drivers. Thereby, we can better 
evaluate the climate feedback of estuarine N2O emissions and de-
sign climate mitigation efforts.

The Chesapeake Bay, the largest estuary in the continental United 
States, experiences hypoxia or even anoxia in the central deep channel 
in summer (Fig. 1). Long- term physical and water- quality monitoring 
documented notable increases in the volume of hypoxic waters in 
early summer from 1949 to 2009 (25). In addition, temperature in-
creased at a rate of 0.02° ± 0.02°C/year in the bay’s main stem between 
the late 1980s and late 2010s (26). Since 1985, nutrient management 
efforts have been implemented to reduce nutrient and sediment loads 
to the Chesapeake Bay (27), with the goal of reducing annual nitrogen 
loading to ~84 million kg over the Chesapeake Bay watershed (28). 
Nutrient reduction has been suggested to decrease both the duration 
and extent of hypoxia in the bay, although warming has partly offset 
these hypoxia improvements (29). Thus, the Chesapeake Bay is an 
ideal system to study N2O production in response to climate forcing 
(e.g., oxygen and temperature) and human perturbations (e.g., nutri-
ent management). We used 15N- labeled N substrates to directly mea-
sure N2O production from nitrification and denitrification under 
manipulated oxygen and temperature conditions that simulate cli-
mate change. Building on the observed patterns from this study and 
previous measurements, we developed a N2O cycling module and 
implemented it in ROMS- ECB (Regional Ocean Modeling System for 
the Chesapeake Bay with Estuarine- Carbon- Biogeochemistry) (30–
32) to estimate the historical and future changes in N2O emissions in 
the Chesapeake Bay. This study sets a benchmark for future field ob-
servations of N2O cycling and model development of N2O emissions 
in global estuaries under climate change.

RESULTS AND DISCUSSION
The effect of deoxygenation on N2O production
Tracer incubations were conducted at oxyclines of two stations in the 
seasonally hypoxic region of the bay (Fig. 1A). Oxygen concentrations 
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decreased sharply with depth at both stations, while N2O and N nu-
trient concentrations showed different vertical patterns between sta-
tions (Fig. 1B and fig. S1). The upstream station CB1.5 had a 
shallower oxycline and thicker anoxic layer starting at ~10 m, while 
the anoxic layer at CB2 started at ~13 m. CB1.5 had a higher dis-
solved inorganic nitrogen (DIN) concentration than CB2. Ammo-
nium was the most abundant DIN (4 to 11 μM) at CB1.5, while 
nitrite was the most abundant DIN (up to 4 μM) in the deep layer at 
CB2. Nitrate and urea were generally below 1 μM at all depths at 
both stations. N2O concentrations at CB1.5 decreased with depth 
and reached undersaturation in the bottom water, while N2O con-
centrations at CB2 increased with depth and were oversaturated 
compared to the atmospheric equilibrium concentration.

For both stations, total N2O production rates increased as we de-
creased oxygen concentrations (Fig. 2). N2O production from NH4

+ 
was the major N2O- producing process above ~10 μM oxygen, which 
is consistent with a previous study measuring in situ N2O produc-
tion across the ambient oxygen gradient in the same locations (13). 
N2O production from urea was roughly one to two orders of magni-
tude lower than from ammonia oxidation (fig. S2), indicating a 
small contribution of urea oxidation to nitrite production and as-
sociated N2O production in the bay. When oxygen was decreased 
from around 10 to 0.46 μM, N2O production from NH4

+ and urea 
increased, except for urea at CB1.5 where large uncertainties ob-
scured the pattern. For example, N2O production from NH4

+ ap-
proximately doubled from 0.07 to 0.15 nmol N2O liter−1 day−1 at 
CB1.5 and increased from 0.16 to 0.33 nmol N2O liter−1 day−1 at 
CB2. These increases were driven by an increase in the N2O produc-
tion yield (Fig. 3A) despite the decrease in ammonia oxidation rates 
(fig. S3) in response to lower oxygen concentrations. The substantial 
increase in the yield of N2O production with decreasing oxygen (in-
creased from <0.05% to above 1% when oxygen decreased from the 
ambient concentration to below 1 μM) is comparable to previous 
studies on cultivated nitrifiers (33) and in environmental samples 
(34–36).

Combining data from previous oxygen manipulation experiments 
conducted in the Chesapeake Bay (13), we fitted a curve to the relation-
ship between the yield of N2O production from NH4

+ and O2 concen-
tration following previous studies (37): yield (%) = 0.3889/O2 + 0.2197 
(Fig. 3 and fig. S4). The fitted minimum yield (0.2197% versus 0.072 to 
0.154%) was slightly higher than in studies conducted in the marine 
oxygen minimum zones (OMZs) (34–36). This difference may be re-
lated to differences in the ammonia- oxidizing assemblages between the 
bay and the OMZs (13, 38). Ammonia- oxidizing archaea (AOA) and 
ammonia- oxidizing bacteria (AOB) were both found in the Chesapeake 
Bay and the dominance of one or other varied spatially (39). In contrast, 
AOA dominate in marine OMZs (38, 40). AOB generally have a higher 
N2O production yield than AOA under low oxygen conditions (33).

N2O production rates from nitrite and nitrate at ambient oxygen 
or above 10 μM were not statistically different from zero (fig. S2). 
Meanwhile, the rates of nitrate reduction to nitrite were also low (0.7 
and 1.3 nmol N liter−1 day−1 at CB1.5 and CB2, respectively; fig. S3). 
However, when oxygen was reduced to less than 5 μM, N2O produc-
tion from nitrite and nitrate increased substantially. For example, 
N2O production from nitrite increased by roughly 650- fold from 
0.025 to 16.3 nmol N2O liter−1 day−1 while N2O production from 
nitrate increased by roughly 40- fold from 0.027 to 1.1 nmol N2O 
liter−1 day−1 when oxygen decreased from 10.6 to 1 μM at CB1.5 (Fig. 
2A). Meanwhile, nitrate reduction to nitrite increased from 1 to 
291 nmol N liter−1 day−1 (fig. S3). A large stimulation of N2O produc-
tion from denitrification was also observed at CB2 (Fig. 2B). When 
fitting the response of N2O production from denitrification to oxy-

gen using the equation 
(

rate=a×e

−O2

KDNF

)

, the kDNF values ranged 

from 1 to 2.5 μM O2, suggesting that denitrification- derived N2O 
production was highly sensitive to oxygen changes in the Chesa-
peake Bay. Overall, denitrification from nitrite and nitrate became 
the dominant N2O production pathway at <5 μM O2 (Fig. 2).

In contrast to the monotonically increasing N2O production 
yield from nitrification with decreasing oxygen, the N2O production 

Fig. 1. Biogeochemical properties of the sampling stations. (A) Two sampling locations overlaid on model- estimated August bottom water oxygen concentrations. 
(B) Observed vertical distributions of oxygen (blue lines) and n2O concentrations (red circles) and estimated n2O equilibrium concentrations with the atmosphere (dashed 
red line) in August 2021. Black arrows show the depths where incubation samples were collected.
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yield from denitrification (Eq. 2) had an apparent optimal oxygen 
range between 2.5 and 10 μM where the yield was ~5% (Fig. 3A). 
One exception is the extremely high yield at 25.7% at 1.94 μM oxy-
gen at CB2. Combining these data with measurements from a previ-
ous study (13), we fitted a Gaussian distribution curve to the N2O 
production yield from nitrate (fig. S4), which could potentially be 
used to model N2O production from denitrification. The estimated 
N2O production yield from nitrate in the Chesapeake Bay in our 
study is similar to what Ji et al. (35) found (<5%) but differs from 
the yield (20 to 90%) found in Frey et al. (41), both from studies in 
the eastern tropical Pacific OMZs. In addition, Bourbonnais et al. 
(42) found N2O production yield in the range of 0.38 to 0.68% 
based on the relationship between excess N2O and DIN deficit in the 
eastern Pacific Ocean. It may be that denitrifying communities 
adapted to the seasonally hypoxic the Chesapeake Bay differ from 
those in the permanent OMZs, which could partly explain the dif-
ference. For example, a microbial community dominated by com-
plete denitrifiers (i.e., containing the full set of denitrification genes) 
may have a lower N2O production yield compared to a microbial 
community dominated by denitrifiers lacking nitrous oxide reduc-
tase genes (nosZ). However, the controlling factors on the highly 
variable yield from denitrification remain to be quantified.

The effect of warming on N2O production
The response of N2O production to temperature has been investi-
gated in soils and marine sediments (16, 43). Here, we provide the 

first direct observation of the response of water column N2O pro-
duction to manipulated temperature changes. N2O production from 
the four N substrates all increased with warming (Fig. 4 and fig. S5). 
For instance, N2O production from NH4

+ increased by ~6- fold 
from 0.4 to 2.4 nmol N2O liter−1 day−1 when temperature increased 
from 13.8° to 35.3°C at CB2. N2O production from nitrate increased 
by ~13- fold from 0.001 to 0.014 nmol N2O liter−1 day−1. N2O pro-
duction was not inhibited by temperature even up to 35°C. AOB 
were found to be the dominant ammonia- oxidizing microbes in a 
part of the main stem of the Chesapeake Bay (13), while AOA out-
numbered AOB near the mouth of the bay in earlier studies (39). 
AOB generally have a higher optimal temperature for growth and 
nitrification than AOA (44), which may explain the continuous in-
crease in N2O production from nitrification up to 35°C. In addition, 
the observed increase in N2O production from denitrification with 
temperature was consistent with the high thermal tolerance of deni-
trification and N2O production found in coastal sediments (16). For 
example, the optimal temperature for denitrification was 36°C in 
subtropical sediments (45).

We derived the Q10 temperature coefficient, a measure of tem-
perature sensitivity of biochemical processes (see the equation to 
estimate Q10 in Materials and Methods), to quantify the response of 
N2O- cycling processes to temperature changes. The Q10 tempera-
ture coefficient of N2O production from nitrification varied from 
1.53 to 2.46 (table S1). However, no other studies of N2O production 
from nitrification in response to manipulated temperature are available 

Fig. 2. Total N2O production from four N substrates and their relative contributions in response to the manipulated O2 changes. Samples were collected at stations 
cB1.5 (A) and cB2 (B). Arrows on the top panels denote in situ oxygen concentrations at two stations. vertical error bars represent the uncertainty of 15n- n2O production 
(Se of the regression slope) during the incubation time course. horizontal error bars represent SDs of oxygen concentrations during the incubations. n2O production rates 
were small but significantly larger than 0 when oxygen concentrations were above 5 μM at station cB1.5 (A). SD, standard deviation; Se, standard error.
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to compare. The median Q10 value of 2.12 for denitrification N2O 
production (table S1) was within the range of Q10 found in sedimen-
tary N2O production (16). One exception is the extremely high Q10 
value, 9.22, of N2O production from nitrite at CB1.5. We suspect 
that this large increase in the N2O production rate may be related to 
a substantial oxygen drop in this incubation time course, thus trig-
gering N2O production from denitrification. The concurrently mon-
itored oxygen consumption in separate bottles was ~0.15 μM O2/
hour, leading to a ~1.2 μM O2 decrease after an 8- hour incubation. 
However, there may have been some heterogeneities in the oxygen 
consumption among incubations, e.g., due to the difference in par-
ticulate organic matter concentrations in each bottle or presence of 
zooplankton. Therefore, warming can disproportionally affect deni-
trification because of the simultaneous change in oxygen concentra-
tions (i.e., higher oxygen consumption and lower oxygen solubility 
with rising temperature) (46).

Rates of N2O- producing pathways all showed a similar exponen-
tial increase with temperature except a decrease in ammonia oxida-
tion rate at 35°C and a drop of nitrate reduction rate at 30°C at 
CB1.5 (fig. S6). The Q10 values of denitrification (2.85 to 3.2) are 
slightly higher than the Q10 values of nitrification (1.51 to 2.43), in-
dicating a stronger response of denitrification than nitrification to 
temperature (P < 0.05). In contrast to a substantial increase in abso-
lute N2O production rate with warming (Fig. 4), the yields of N2O 

production from different pathways were variable but did not show 
a clear pattern (Fig. 3B). For example, N2O production yield from 
NH4

+ fluctuated between 0.06 and 0.1% at CB1.5. Therefore, the in-
crease in N2O production in response to warming was mainly driv-
en by the increase in nitrification and denitrification processes, 
rather than a change in yield. Although the Chesapeake Bay experi-
ences a large variation in temperature over a seasonal cycle (roughly 
2° to 28°C), the temperature shifts that we used in short- term ma-
nipulation experiments cannot reflect long- term adaptation of mi-
crobial community or succession in microbial community. Future 
molecular analyses of microbial community composition and gene 
expression patterns associated with N2O production pathways may 
help to resolve the mechanism of the response of N2O production to 
temperature.

Estuarine N2O emissions in response to warming and 
changes in nutrient loading
Our experimental design (i.e., short- term manipulation) does not 
permit long- term predictions about sustained responses to global 
change, but the observed responses illustrate that microbial process-
es of N2O production are sensitive to both oxygen and temperature. 
Building on the results from oxygen and temperature manipulation 
experiments, we developed and embedded an N2O cycling module 
into a three- dimensional (3D) estuarine model, ROMS- ECB, to 

Fig. 3. N2O production yield in experimental manipulations.  n2O production yield from nitrification (ammonia oxidation, urea oxidation) and denitrification (nitrate 
reduction) in response to manipulated oxygen (A) and temperature (B) changes for samples collected at stations cB1.5 (circles) and cB2 (triangles). vertical error bars 
represent the uncertainty of n2O production yield. horizontal error bars represent SDs of oxygen concentrations or temperature during the incubations.
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evaluate N2O cycling and emissions under warming and changes in 
nutrient loading in the bay (Materials and Methods). The modeling 
results extended our view of the spatial and temporal distribution of 
N2O in the Chesapeake Bay, which has only been observed in sum-
mer and fall with a limited number of stations. Modeled surface 
N2O concentrations captured the spatial variation in observed N2O 
concentrations (fig. S7): higher concentrations in the upper and 
middle bay than the lower bay (13, 47, 48). N2O concentrations ac-
cumulated to above 25 nM in regions where oxygen concentrations 
were below 100 μM (e.g., in May in fig. S7). When oxygen concen-
trations decreased below approximately 20 μM in summer bottom 
water in the middle bay, N2O reduction exceeded N2O production 
by denitrification, leading to undersaturated N2O concentrations 
(figs. S7 and S8). During summer hypoxia, denitrification produced 
a large amount of N2O in low oxygen waters and further reduced 
N2O to N2, suggesting an intensive internal N2O cycling (Fig. 5). 
The simulated vertical subsurface peak in N2O concentrations at the 
lower oxycline also matched field observations at station CB2, which 
could be explained by the vertical distributions of N2O production 
and reduction (Fig. 5).

Overall, the Chesapeake Bay was a net source of N2O into the 
atmosphere with a strong seasonality (fig. S9), emitting ~157 Mg 
N year−1 in 1986 (Fig. 6, A and B). The modeled N2O fluxes to the 
atmosphere generally were consistent with the range of observed 
N2O fluxes to the atmosphere varying from −0.3 to 4.3 μmol N2O 

m−2 day−1 spatially (13, 47). The highest N2O flux to the atmosphere 
at around 7 μmol N2O m−2 day−1 appeared in the middle bay where 
summer hypoxia occurred. Nitrification (131 Mg N year−1) was the 
dominant process contributing to N2O emissions (Fig. 6B). While 
the production and consumption of N2O by denitrification were the 
largest fluxes in the model, denitrification in the water column was 
a net sink of N2O (−26 Mg N  year−1). In comparison, sediments 
emitted 25 Mg N year−1 of N2O into the bottom waters, which was 
on the same magnitude of net N2O reduction by denitrification in 
the water column (Fig. 6B). Rivers supplied 41 Mg N year−1 of N2O 
into the bay area and 14 Mg N year−1 of N2O was exported to the 
coastal Atlantic Ocean.

Under simulated historical warming from 1986 to 2016, oxygen 
concentrations decreased (fig. S10). N2O production from nitrifica-
tion increased by 4 Mg N year−1 due to warming and deoxygenation. 
Meanwhile, net N2O reduction from water column denitrification 
increased by 3 Mg N year−1: a larger increase in N2O reduction than 
N2O production from denitrification (Fig. 6D). The change in river-
ine N2O input into the Chesapeake Bay was smaller compared to 
other N2O- cycling fluxes. The transport of N2O into the Atlantic 
Ocean increased by 1 Mg N year−1 partly due to the increased N2O 
equilibrium concentration in response to the increased atmospheric 
N2O concentration. Overall, total N2O emissions into the atmo-
sphere did not change substantially, with N2O emissions decreasing 
in the upper bay while increasing in the lower bay (Fig. 6, C and D). 

Fig. 4. Total N2O production from four N substrates and their relative contributions in response to the manipulated temperature changes. Samples were col-
lected at stations cB1.5 (A) and cB2 (B). Arrows on the top panels denote in situ temperature at two stations. vertical error bars represent the uncertainty of 15n- n2O 
production (standard error of the regression slope) during the incubation time course. horizontal error bars represent SDs of temperature during the incubations.
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However, if atmospheric N2O concentrations were held constant 
from 1986 to 2016, N2O emissions would have increased by 3 Mg 
N year−1 under warming and deoxygenation (fig. S11).

Nutrient reduction effort implemented in the Chesapeake Bay 
between 1986 and 2016 has been suggested to partly offset the im-
pact of climate change on the area and volume of hypoxia (29). N2O 
emissions decreased to 140 Mg N year−1 in 2016 with a reduction in 
N2O flux across almost the entire bay area largely due to the lower 
N2O production from nitrification, which decreased from 131 to 
109 Mg N year−1 (Fig. 6, E and F). Meanwhile, sedimentary N2O 
production decreased by 2 Mg N year−1. An increase in oxygen con-
centrations (fig. S10) instead reduced the N2O consumption by wa-
ter column denitrification (Fig. 6F). Future N2O emissions are 
projected to further decrease to 124 Mg N year−1 in 2050 because of 
continued efforts to reduce N input into the Chesapeake Bay via the 
mandated the Chesapeake Bay total maximum daily load (TMDL) 
(28), which would further reduce N2O production from nitrifica-
tion and sedimentary N2O flux (Fig. 6, G and H). Our model simu-
lation highlights the cobenefit of nutrient reduction in improving 
water quality and curbing N2O emissions, guiding the management 
strategy in other aquatic systems and policy decisions to reduce ni-
trogen loading and mitigate greenhouse gas emissions.

Implications
Our model results indicate that recent policy efforts to reduce nutri-
ent loading have had the added effect of reducing N2O emissions 
despite warming and deoxygenation. Model projections of future 
N2O emissions in the Chesapeake Bay could aid in the understand-
ing and prediction of N2O emissions in other estuarine and coastal 
waters. For example, similar to the Chesapeake Bay, eutrophication 
and deoxygenation have degraded the Baltic Sea’s ecosystem for de-
cades (49). The ongoing decline in nutrient loading into the Baltic 
Sea should improve the environmental and ecological conditions 
(50) and possibly reduce N2O emissions. However, deoxygenation 
and warming are projected to expand in many other estuaries glob-
ally (21, 22), in turn likely stimulating estuarine N2O production. In 

addition, nutrient inputs are not declining in all estuaries, for ex-
ample, the upper Gulf of Thailand and the Pearl River Estuary are 
expected to receive increasing nutrient inputs due to the continued 
population growth, development of agriculture, industrialization, 
and urbanization (51). These estuaries are characterized by some of 
the highest N2O concentrations and fluxes to the atmosphere in 
aquatic environments across the globe (52, 53). Our model results 
suggest that their N2O emissions will likely continue to increase if N 
loading is not reduced. Our study highlights that reducing nitrogen 
loading is effective to decrease N2O emissions even under warming.

Here, we examined the effects of temperature, oxygen, and nutri-
ent input on estuarine N2O emissions. However, particle loading, 
pH, and many other factors are simultaneously changing in the es-
tuarine and coastal environments (54, 55). Future work should con-
sider these additional factors to better constrain the overall climate 
and anthropogenic impact on N2O emissions, as well as their subse-
quent feedback on climate.

MATERIALS AND METHODS
Sample collection and analysis
Two stations, CB1.5 and CB2 (both around 24 m deep), in the 
middle- deep channel of the Chesapeake Bay mainstem were select-
ed for sampling during August 2021 when a sharp oxygen gradient 
in the water column and low oxygen bottom water developed (Fig. 
1). The locations of CB1.5 and CB2 are close to the Chesapeake Bay 
Program long- term monitoring stations CB3.3C and CB4.3C, re-
spectively. Water was collected from a rosette system equipped with 
12 12- liter Niskin bottles and with a conductivity- temperature- 
depth profiler (Sea- Bird Scientific) to record temperature, pressure, 
salinity, and in situ O2 concentrations. N2O concentration samples 
were collected from Niskin bottles into 60- ml serum bottles after 
overflowing three times the bottle’s volume. The serum bottles were 
immediately sealed with butyl stoppers and aluminum crimps and 
preserved with 100 μl of saturated HgCl2 solution. After returning to 
the laboratory on land, N2O in the serum bottles was stripped with 

Fig. 5. Depth profiles of observed summer oxygen concentrations, N2O concentrations, modeled summer N2O concentrations and N2O cycling processes at sta-
tion CB2. n2O concentrations observed in this study and extracted from previous studies (12, 13, 47) were binned into 1- m vertical intervals to compare with model re-
sults. n2O equilibrium concentrations with the atmosphere calculated from the solubility are shown in the dotted black line. SD: SD of observed n2O concentrations 
within 1- m vertical intervals. Pdenit: n2O production by denitrification. Rdenit: n2O reduction by denitrification. Pnit: n2O production by nitrification.
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helium (He) gas into a gas chromatography–isotope ratio mass 
spectrometer (GC- IRMS; Delta V Plus, Thermo Fisher Scientific) 
for N2O concentration and isotope ratio (mass/charge ratio = 44, 
45, 46) measurements (13). The total amount of N2O in the serum 
bottles was determined by comparing the peak area with N2O stan-
dards containing a known amount of N2O reference gas (0, 0.207, 
0.415, 0.623, 0.831, and 1.247 nmol N2O). The N2O concentration in 
samples was calculated from the amount of N2O detected by mass 
spectrometry divided by the volume of water in the serum bottles. 
The detection limit and precision of N2O concentration measure-
ments were 1.29 and 0.33 nM, respectively.

Nutrient samples were collected into 50- ml Falcon tubes and 
kept frozen at −20°C until analysis on land. Concentrations of am-
monium (NH4

+), nitrite (NO2
−), and urea were measured using the 

fluorometric orthophthalaldehyde method (56), the colorimetric 
method (57), and the diacetyl monoxime method (58), respectively. 

Nitrite + nitrate (NO2
− + NO3

−) concentration was measured using 
the vanadium (III) reduction method by converting NO2

− + NO3
−

to NO, which was quantified by chemiluminescence analyzer (59). 
NO3

− concentration was then determined by the difference between 
the concentration of NO2

− + NO3
− and NO2

−. The detection limits
were 0.1 μM for NH4

+, 0.02 μM for NO2
−, 0.1 μM for urea, and 0.15 μM

for NO3
−.

N2O incubation experiments: Oxygen and 
temperature manipulation
Two sets of tracer incubation experiments modified from previous 
protocols (13, 60) were conducted to investigate the effect of oxygen 
and temperature on the rates of N2O production and associated re-
actions (i.e., nitrification and denitrification) by experimentally ma-
nipulating the oxygen concentration and temperature respectively. 
We collected water samples at the oxycline depth at both stations for 

Fig. 6. Model- predicted N2O emissions in the Chesapeake Bay under warming and changes in nutrient loading. (A) Map of n2O emission into the atmosphere and 
(B) budget of n2O cycling (unit: Mg n year−1) in 1986. (C) changes in n2O emission and (D) budget of n2O cycling in 2016 due to historical warming and atmospheric 
n2O increase and without nutrient reduction. (E) changes in n2O emission and (F) budget of n2O cycling in 2016 under historical warming, atmospheric n2O increase, 
and nutrient reduction. (G) changes in n2O emission and (H) budget of n2O cycling in 2050 under future projected warming, atmospheric n2O increase from RcP8.5 
emission scenario, and meeting the mandated the chesapeake Bay TMDl nutrient reduction goal ( 28).
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incubations because these waters are likely to experience fluctuating 
oxygen and temperature levels (see biogeochemical features of the 
incubation waters in table S2). Water was collected into 60- ml se-
rum bottles as described above. The microbial communities at the 
oxycline may be different from the surface oxic and bottom anoxic 
waters (61). However, the oxycline waters may contain microbes 
from both surface and bottom waters due to vertical mixing. In ad-
dition, sediments may also be important sources of N2O production 
but were not directly measured here. Future work should include 
tracer incubations at different depths and in sediments.

To manipulate the oxygen concentration, a 4- ml headspace was 
created in the serum bottles with high- purity He gas. Then, the bot-
tles were purged with different He/O2 mixtures for 15 min to obtain 
O2 concentrations targeted at 0, 2.5, 5, 10, and 20 μM. The actual 
oxygen concentration in each set of incubations was measured using 
an oxygen sensor (PyroScience, Aachen, Germany) (table S3). After 
adjusting the oxygen concentration, 15NH4Cl, 15N- urea, Na15NO2, 
and Na15NO3 tracers (Cambridge Isotope Laboratories, final tracer 
concentration of 2 μM) were separately injected into six serum bot-
tles at each oxygen level for a time course incubation of each 15N 
tracer at 0, 4, and 8 hours with duplicate bottles at each time point. 
Because increases in substrate concentrations due to tracer addi-
tions affect nitrogen cycling rates (62, 63), the measured rates were 
potential rates not in situ rates. The purpose of adding a high tracer 
concentration was to ensure that N2O production was not limited by 
the substrate but was regulated by the oxygen concentration. Natu-
ral abundance 44N2O (100 μl of 1000 parts per million or ~4.15 nmol 
of N2O) was added as a background carrier to trap the produced 
15N- labeled N2O and to ensure a sufficient mass for isotope analysis 
later. Similarly, 2 μM Na14NO2 was added if the ambient NO2

− con-
centration was below 1 μM. The incubation bottles were placed in a 
temperature- controlled dark container to mimic the in situ light and 
temperature conditions (~26°C).

Temperature manipulation experiments were performed at the ini-
tial ambient oxygen concentration. After adding 15N- tracers, 44N2O 
and Na14NO2 as in the oxygen manipulation experiments described 
above, incubation bottles were placed in temperature- controlled dark 
containers with temperatures set to 15°, 23°, 30°, and 35°C. The tem-
perature inside each incubator was continuously monitored by a ther-
mometer, and the actual temperatures are shown in table S4. For both 
oxygen and temperature manipulation experiments, duplicate sam-
ples were preserved with 100 μl of saturated HgCl2 solution at approx-
imately 0, 4, and 8 hours after the tracer addition. All the preserved 
samples were stored in the cold room in the dark until analysis in the 
laboratory on land.

Analysis of N2O incubation samples
The N2O concentrations and nitrogen isotopes from the incubation ex-
periments were measured on a GC- IRMS as described above following 
previously published protocols (13, 34, 41). N2O production rates (in-
cluding 44N2O, 45N2O, and 46N2O) were calculated by linear regressions 
of the progressive increase in mass 45 and 46 N2O over the course of the 
incubation (64). Some of the N2O production pathways are not fully 
resolved (7), such that certain 15N tracer additions may involve multiple 
N2O production pathways. For example, 15NO2

− tracer may be in-
volved in denitrifier denitrification, nitrifier denitrification and hybrid 
N2O formation by AOA. In addition, there may be an overlap in N2O 
production rates measured by 15NO2

− and 15NO3
− because both sub-

strates can be used in denitrification under low oxygen conditions. 

Therefore, summing N2O production from 15NO2
− and 15NO3

− togeth-
er may overestimate the total N2O production from denitrification. 
Previous studies have found that the ratio of ambient concentrations of 
NO2

− and NO3
− is important in determining the rate of their reduction 

to N2O (12). However, the exact mechanism driving the difference in 
N2O production measured by 15NO2

− and 15NO3
− remains to be re-

solved but is beyond the scope of this study.
The nitrite production rate was measured from the oxidation of 

ammonia (15NH4
+) or urea (15N- urea) and the reduction of nitrate 

(15NO3
−) as described previously (38). Briefly, after incubation, 

samples were analyzed for N2O production, an aliquot was trans-
ferred from the serum bottle to a 20- ml glass vial (Thermo Fisher 
Scientific, Waltham, MA) to obtain 20 nmol of N based on the mea-
sured concentration of nitrite. After purging with He for 10 min to 
remove any contamination of N2O during the sample transfer, the 
transferred nitrite sample was converted to N2O using acetic acid–
treated sodium azide solution (65). The resulting N2O concentra-
tion and N isotope ratio were then measured on the GC- IRMS.

The nitrite production rates from ammonia or urea oxidation 
and nitrate reduction were determined as below (38)

where d
[

15NO−

2

]

 represents the 15NO−

2
 concentration change over 

the course of incubation (dt) and F represents the fraction of 
15N 

(

15
NH

+

4

15
NH

+

4
+
14
NH

+

4

, 
15N−urea

15N−urea+ 14N−urea or 
15
NO

−

3

15
NO

−

3
+
14
NO

−

3

)

 in the initial 

substrate pool (NH4
+, N- urea, or NO3

−). The yield of N2O production 
can be estimated by comparing the N2O production rate with the 
rate of processes that produce N2O (e.g., nitrification and nitrate reduc-
tion). We defined the yield in Eq. 2 for each nitrite- producing process

Because we did not measure N2 production, our defined N2O 
production yield from nitrate reduction is different from the tra-
ditional definition of N2O yield from denitrification, which is 
yield (%)=

N2O production rate

N2Oproduction rate+N2 production rate
×100. This N2O produc-

tion yield (relative to N2 production) in inland waters has a large 
variation with a median at 1%, lower quartile at 0.2% and upper 
quartile at 4.1% (66).

The Q10 temperature coefficient is a measure of temperature sen-

sitivity of biochemical processes, defined as Q10 =

(

R2

R1

)10∕(T2−T1)

, 

where R is the rate and T is the temperature. We estimated Q10 for 
the measured rates of nitrification, nitrate reduction to nitrite, and 
N2O production from nitrification and denitrification (table S1).

Modeling N2O cycling in the Chesapeake Bay
The 3D estuarine model used in this study is an implementation of the 
Regional Ocean Modeling System [ROMS (32)] for the Chesapeake 
Bay. The model domain is discretized by an orthogonal curvilinear 
grid with varying horizontal resolution of 430 m to 2 km inside the 
bay and 20 terrain- following vertical levels (67). The model is coupled 
every time step (i.e., 1 min) to a biogeochemical module [Estuarine 
Carbon Biogeochemistry (ECB)] representing the carbon and nitro-
gen cycles, air- sea exchange, and biogeochemical fluxes at the seabed. 

Rate =
d
[

15NO−

2

]

dt × F
(1)

yield (%) =

N2O production rate

N2O production rate + nitrite production rate
× 100

(2)
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Equations and parameterizations of all 17 ECB state variables are 
documented in (30). The resulting configuration is referred to as 
ROMS- ECB, which has been evaluated extensively with physical and 
biogeochemical observations in previous studies on the Chesapeake 
Bay sediment, oxygen, nitrogen, and carbon dynamics (29, 31, 68–71).

In this study, we developed and embedded a new N2O cycling 
module to the existing 3D estuarine model for the Chesapeake Bay. 
A new state variable, N2O, was parameterized to include water col-
umn N2O production from nitrification (Pnit.), N2O production and 
reduction from water column denitrification (Pdenit. and Rdenit., re-
spectively), N2O flux from sediments due to coupled nitrification- 
denitrification (FN2O

sed
), advection (A), diffusion (D), and N2O exchange 

at the air- sea interface (FN2O

atm )

The equations for each N2O term are documented in tables S5 to 
S7. Equation Pnit. is defined as the nitrification rate multiplied by the 
yield of N2O production, which is a function of oxygen concentra-
tions (table S6). Pdenit. is derived from the water column denitrifica-
tion term in the model, representing the reduction of nitrate to 
N2O. This process depends on temperature and nitrate and oxygen 
concentrations. Specifically, we applied a new limitation function 
for denitrification ( fDNF) that decreases exponentially with oxygen 
concentrations (table S6), diverging from the original ROMS- ECB 
where it was an inverse function of oxygen. We introduced a new 
term, Rdenit., to account for N2O reduction to N2. The rate of N2O 
reduction increases exponentially with water temperature and is 
limited exponentially by oxygen concentrations (72). The produc-
tion of N2O in estuarine sediment (FN2O

sed
) is parameterized as 0.1% 

of the N loss via coupled nitrification–denitrification in the sedi-
ment (see discussion about sedimentary N2O production and its 
yield in Supplementary Text). Last, FN2O

atm  is parameterized as a func-
tion of surface N2O concentration, wind speed, Schmidt number for 
N2O in seawater (73), N2O solubility in seawater (74), and atmo-
spheric N2O concentrations. This N2O model is evaluated with 291 
field observations of N2O concentrations compiled from previous 
studies (12, 13, 47) and this study (Supplementary Materials).

Realistic atmospheric, terrestrial, and oceanic forcings were pre-
scribed to ROMS- ECB. Atmospheric forcing for the model was de-
rived from the three- hourly European Centre for Medium- Range 
Weather Forecasts Reanalysis v5 (ERA5) product with a horizontal 
resolution of 0.25° (75), including winds, downward long- wave ra-
diation, net short- wave radiation, precipitation, dewpoint tempera-
ture, air temperature, and pressure. Atmospheric nitrogen deposition 
was prescribed as in Da et al. (69). For the period 2015 to present, 
terrestrial forcings were prescribed as follows: (i) Riverine freshwa-
ter transport was scaled on the basis of US Geological Survey 
(USGS) data (76); (ii) riverine biogeochemical variables—including 
nitrate, ammonium, and dissolved and particulate organic nitro-
gen/carbon—were specified as daily climatological concentrations 
from the years 2010–2014 using the Dynamic Land Ecosystem 
Model (76, 77); (iii) riverine temperature was set according to the 
daily climatology of the years 2010–2014 from the Chesapeake Bay 
Program Watershed Model (78); (iv) Riverine oxygen concentrations 
were assumed to be at saturation and computed from the prescribed 
temperature; (v) Riverine N2O concentrations were established at 
1.5 times the N2O solubility based on the measurements of N2O 

concentration in the Potomac River (79). At the continental shelf 
boundary, monthly climatologies of temperature and salinity were 
assumed to be representative of year 2013 and supplemented by 
long- term linear trends (31). Oxygen and N2O concentrations at the 
shelf boundary were computed at saturation from the prescribed 
temperature and salinity following Weiss and Price (74).

One reference, two past sensitivity experiments, and one future 
sensitivity experiment were conducted in this study (table S8). The 
reference run (Ref) was conducted for the year 2016, which repre-
sents a normal streamflow flow year based on USGS freshwater dis-
charge data. Three sensitivity experiments were compared to the 
reference run to quantify the relative impacts of climate change and 
river nutrient inputs on N2O cycling in the Chesapeake Bay (table 
S8). These sensitivity experiments retained the same model forcings 
as in Ref, except that one of the following combinations was modi-
fied: (i) decreased atmospheric N2O concentrations, decreased at-
mospheric temperature, and increased riverine nitrate and organic 
nitrogen concentrations to 1986 (Test1986); (ii) decreased atmo-
spheric N2O concentrations and increased riverine nitrate and or-
ganic nitrogen concentrations to 1986 (Test1986warming); and (iii) 
increased atmospheric N2O concentrations, increased atmospheric 
temperature, and decreased riverine nitrate and organic nitrogen 
concentrations to 2050 (Test2050). The details of these model experi-
ments are described below. For all the model simulations, vertical 
integrals of N2O budgets were calculated for each model grid cell 
and time step. The results were then averaged over a year to obtain 
annual mean budgets presented in this study.

The model forcings prescribed for the past (Test1986 and Test1986warming) 
sensitivity experiments were generated on the basis of long- term 
trends in historical observations. Specifically, three changes were intro-
duced in the sensitivity experiment Test1986 compared to the refer-
ence simulation Ref. First, the annual mean atmospheric N2O record 
from 1986 was used to estimate a 24 parts per billion (ppb) decrease 
in N2O concentrations relative to 2016 (329.33 ppb) (80). While the 
ERA5 atmospheric temperature has been generally increasing be-
tween 1986 and 2016 (approximately 0.7°C per 30 years based on lin-
ear regression), substantially greater warming has occurred during 
the warmer months of the year (26). To represent the conditions of 
1986 in the sensitivity experiment Test1986, we subtracted seasonally 
varying 30- year changes from the atmospheric temperature in the 
reference run, resulting in a cooler atmospheric temperature. Last, we 
applied seasonally varying 30- year changes in riverine nitrate and 
organic nitrogen concentrations to the two largest tributaries of the 
bay, namely, the Susquehanna and Potomac Rivers, based on USGS 
data products [refer to (31) for details]. The nitrate and organic ni-
trogen concentrations in the Susquehanna River were, on average, 
20 and 12 mmol m−3 higher, respectively, in 1986 (Test1986) com-
pared to 2016 (Ref). The annual total nitrogen loading was around 
129.3 million kg in 1986 and 117.8 million kg in 2016. Throughout 
all three sensitivity experiments, freshwater discharge remained con-
sistent with the reference simulation (Ref). As a result, the sensitivity 
experiment Test1986 represents the conditions that would have pre-
vailed in 1986 without perturbations from interannual variability. In 
the case of the sensitivity experiment Test1986warming, only riverine ni-
trate and organic nitrogen concentrations were modified, mirroring 
Test1986, while all other model forcings remained identical to Ref. This 
allowed us to isolate the impact of nutrient management efforts on 
N2O cycling from the effects of climate change (e.g., temperature 
changes) using model results from Test1986warming.

�N2O

�t
=Pnit.+Pdenit.−Rdenit.+F

N2O

sed
+A+D+F

N2O

atm
(3)
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For the future sensitivity experiment Test2050, we obtained projec-
tions under a high emission scenario [Representative Concentration 
Pathways 8.5 (RCP 8.5)] from the Coupled Model Intercomparison 
Project Phase 5 (CMIP5) Earth System Model (ESM) IPSL- CM5B- 
LR. RCP 8.5 seems to be the most likely scenario based on the histori-
cal changes and current trajectory of climate change (e.g., cumulative 
CO2 emissions) by 2050 (81). We calculated the monthly climatology 
of the rate of change in atmospheric temperature per year based on the 
downscaled ESM products (71), assuming constant atmospheric tem-
perature increases through time (no acceleration). Although many 
ESMs could be used, in this study, IPSL- CM5B- LR was chosen because 
it represents the median estimate of atmospheric temperature change 
over the Chesapeake Bay watershed across a group of 20 ESMs [see 
(71) for more details]. The spatial averages of these changes range from 
0.035° to 0.055°C per year over the Chesapeake Bay region. In addi-
tion, atmospheric N2O concentrations in 2050 under the RCP 8.5 
emission scenario from (82) were used in Test2050 (367 ppb). Com-
pared with the reference run for 2016, the future sensitivity experiment 
for 2050 assumed a 28.4% decrease in riverine nitrate, ammonium, 
and organic nitrogen concentrations. Our assumption is grounded in 
the idea that nutrient management efforts in the Chesapeake Bay—the 
TMDL—will be fully implemented by 2050, reducing annual nitrogen 
loading to 84.3 million kg over the Chesapeake Bay watershed (28). 
The choice of the mid- 21st century timeframe is based on the consid-
eration that it provides sufficient time for nutrient reductions into the 
future while being close enough to enable reasonably constrained esti-
mates of the potential impacts of future climate change.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S14
Tables S1 to S9
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