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Abstract Inland waters are significant, yet highly uncertain, natural sources of nitrous oxide (N,0). Many
emission models assume that N,O is only emitted from freshwaters, and that N,O sink behavior is negligible.
However, observational studies have reported N,O undersaturation, suggesting that inland waters can act as
N,O sinks due to net N,O consumption. This study leverages data from the National Ecological Observatory
Network (NEON) and an existing global emission model to examine the prevalence of and controls on N,O
undersaturation in streams, rivers, and lakes across scales and biomes. We find that N,O undersaturation is
prevalent in the NEON data set (14%—30% of samples) and process-based model outputs (38%), occurring
across biomes and spatial scales. Failing to account for undersaturation in the NEON data set could result in an
100% overestimation of N,O emissions. These results show that consideration of N,O sink behavior is needed
for accurate emission estimates.

Plain Language Summary Nitrous oxide (N,0) is a climate-relevant greenhouse gas that is
increasing in the atmosphere due to human activities. It also contributes to stratospheric ozone depletion.
Inland waters (e.g., streams, rivers, and lakes) are significant, yet uncertain, sources of N,O to the atmosphere.
In general, emission models assume that N,O is produced in and emitted from inland waters. However, field
observations have shown that inland waters can also act as sinks of atmospheric N,O, potentially offsetting
emissions. Understanding when and where inland waters act as N,O sinks is needed for accurate emission
estimates. This study uses a large observational data set and an existing global emission model to explore when,
where, and to what extent inland waters act as N,O sinks. The results show that N,O sink behavior is common
and may significantly offset emissions.

1. Introduction

Nitrous oxide (N,O) is a potent and long-lasting greenhouse gas that contributes to ozone depletion (Canadell
et al., 2021; Ravishankara et al., 2009). Inland waters (e.g., streams, rivers, and lakes) are significant, yet highly
uncertain, natural sources of N,O to the atmosphere (e.g., Hu et al., 2016; Seitzinger & Kroeze, 1998; Zheng
et al., 2022). The general assumption is that N,O emissions from inland waters increase with reactive nitrogen
inputs and nitrogen transformation rates (Maavara et al., 2019; Marzadri et al., 2017; Yao et al., 2020). However,
field observation has shown that inland waters can also act as N,O sinks, even when appreciable levels of reac-
tive nitrogen are present (Aho et al., 2022; Soued et al., 2016; Webb et al., 2019). These field observations have
generally been treated as unique situations, and there has not been a large-scale assessment of the extent of N,O
sink behavior in inland waters.

Source versus sink behavior is driven by the N,O concentration gradient between the atmosphere and the water. In
other words, inland waters emit N,O when dissolved N,O concentrations are greater than the atmospheric equilib-
rium N,O concentration (“oversaturated”) and are sinks of atmospheric N,O when dissolved N,O concentrations
are less than the atmospheric equilibrium N,O concentration (“undersaturated”). Oversaturation occurs when
N,O production outpaces N,O consumption, and undersaturation occurs when consumption outpaces production.
Because air-water gas exchange continuously pushes the concentration gradient towards equilibrium, sustained
over- or undersaturation indicates that net production or consumption rates outpace air-water diffusion rates.
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The net balance of N,O production and consumption processes depends on various microbially mediated transfor-
mations of reactive nitrogen (Quick et al., 2019). The net balance of these processes is difficult to predict because
N,O is a byproduct or intermediate of these reactive nitrogen transformations, rather than the end-product.
For example, denitrification can both produce and consume N,O, because N,O is an intermediate of nitrate
reduction via denitrification: NO; — NO,; — NO — N,0 — N,. In other words, incomplete denitrification
produces N,O but complete denitrification can consume N,O. Nitrous oxide is also produced during other nitro-
gen transformations. For example, N,O is produced as a byproduct of nitrate reduction via dissimilatory nitrate
reduction to ammonium (Stevens & Laughlin, 1998) and ammonia oxidation via both nitrification (Yoshida &
Alexander, 1970) and nitrifier denitrification (Goreau et al., 1980). In general, denitrification and nitrification
are considered to be the dominant transformations controlling N,O concentrations in inland waters (Maavara
etal., 2019; Mwanake et al., 2019; Seitzinger & Kroeze, 1998). Furthermore, the rate of N,O equilibration across
the air-water boundary varies greatly across and within aquatic ecosystems (Klaus & Vachon, 2020; Raymond
et al., 2012; Ulseth et al., 2019), adding a physical control to the various of biological controls that impact the
degree of N,O saturation.

The objective of this study is to explore the prevalence of N,O undersaturation in inland waters. This study lever-
ages (a) observational data from 34 stream, river, and lakes monitored by the National Ecological Observatory
Network (NEON) and (b) an existing global process-based model of N,O emissions from inland waters (Maavara
et al., 2019). The observational data from NEON provides a unique opportunity to explore N,O undersaturation
across a broad range of aquatic ecosystems, including streams, rivers, and lakes in temperate, tropical, and boreal
biomes. The processed-based model compliments the NEON observational data by providing a mechanistic
understanding of the environmental conditions that support N,O undersaturation more broadly. Together, these
two approaches show that N,O undersaturation can be prevalent in inland waters under some environmental and
climatic conditions, and N,O sink behavior may partially offset emissions.

2. Data and Methods
2.1. NEON Sites

This study includes 34 aquatic sites in the National Ecological Observatory Network (NEON). These sites
comprise seven lakes, three non-wadable rivers, and 24 wadable streams located across the United States, from
Alaska to Puerto Rico (Figure 1). Site descriptions (Tables S1 and S2 in Supporting Information S1) show that
these sites generally represent inland waters across scales and biomes, although overall these sites are not highly
developed. Sites range from small streams to large rivers: Walker Branch (WALK) in Tennessee is the smallest
stream with a 1.1 km? drainage basin and the Lower Tombigbee River (TOMB) in Alabama is the largest river,
draining 47,000 km?. NEON sites were distributed across the United States according to statistically partitioned
eco-climatic domains (Hargrove & Hoffman, 2004) to capture ecologically variability across the United States.
Therefore, sites also span latitudes and biomes: Rio Cupeyes (CUPE) in Puerto Rico is the southernmost lotic site
and Oksrukuyik Creek (OKSR) in northern Alaska is the northernmost. Lakes also span both sizes and latitudes.
Prairie Pothole (PRPO) in North Dakota is the smallest lake; Lake Barco (BARC) in Florida is the southernmost
lake; and Toolik Lake (TOOK) in Alaska is both the largest and northernmost lake. In sum, NEON sites capture
a large swath of inland-water types across the United States.

2.2. NEON Data and Data Treatment

This study leverages dissolved N,O concentration data from the NEON dissolved gases in surface water data
product (DP1.20097.001), which has been previously processed and released (Aho et al., 2021). NEON collects
headspace equilibration samples by hand ~26 or ~12 times per year at lotic and lentic sites, respectively, and
publishes raw mixing ratios for both the equilibrated headspace and atmospheric samples. NEON started data
collection at each site between 2014 and 2018; depending on the site, between 1.5 and 6 years of data is availa-
ble. Aho et al. (2021) calculated in situ dissolved N,O concentrations from the air and headspace mixing ratios
provided by NEON, adjusted for sample and water temperature and barometric pressure. The average coefficient
of variation of field triplicates was 17%. The processing scripts are available at https://github.com/kellyaho/
NEON-GHG-processing, and full documentation and inputs files are available with the derived data product on
the Environmental Data Initiative (Aho et al., 2021). This study only considers surface water samples (i.e., NEON
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Figure 1. Map of NEON aquatic sites across the United States. A jitter is used to offset closely placed sites. Please see Tables S1 and S2 in Supporting Information S1
for complete site descriptions, including coordinates.

codes SS, CO0, and C1) and paired air samples. Table S5 in Supporting Information S1 provides further details on
the treatment and processing of NEON data.

N,O fluxes were calculated from the air-water N,O concentration gradient and gas transfer velocity (ky,). Gas
transfer velocity was calculated according to Klaus and Vachon (2020) for lakes and Raymond et al. (2012) for
streams and rivers. For lakes, the normalized gas transfer velocity (k) was calculated from lake surface area and
wind speed (Klaus & Vachon, 2020). Surface area was estimated from Google Maps satellite imagery and wind
speed at 10 m was calculated from the NEON wind speed data product (DP1.20059.001) and vertical position
using the wind.scale.base() function in LakeMetabolizer (Winslow et al., 2016). For streams and rivers, k,, was
calculated from water velocity and streambed slope (Equation 4 in Raymond et al., 2012). Water velocity was
calculated from the NEON instantaneous discharge data product (DP4.00130.001) using site-specific hydraulic
geometry relationships (Figure S8 in Supporting Information S1). Slope was collected from NEON thalweg
surveys (DP4.00131.001) for all sites, except for BLWA, FLNT, and TOMB; slope for these sites were taken
from the United State Geological Survey's High Resolution National Hydrography Dataset Plus (NHDPlus HR).
Finally, for both lentic and lotic sites, k¢,, was converted to ky,, with temperature-dependent Schmidt numbers
(Wanninkhof, 1992). Table S5 in Supporting Information S1 provides further detail.

Ancillary parameters, such as other nitrogen species (i.e., nitrate, ammonium, total dissolved nitrogen), phos-
phorus (i.e., total phosphorus, orthophosphorus), and dissolved organic carbon, are from the NEON Chemical
properties of surface water data product (DP1.20093.001). Measurements of pH were not reliable during the
2014-2020 study timeframe (https://www.neonscience.org/impact/observatory-blog/uncertainty-ph-measure-
ments). Therefore, in this study, pH was calculated from dissolved inorganic carbon concentration and the partial
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Figure 2. Density plots of (a) all NEON air and water pN,O samples, with vertical lines marking the global “baseline” pN,O value from over marine surfaces

(0.33 patm; CSIRO, 2021; Lan et al., 2023), the median NEON air pN,O value (0.48 patm), and the median NEON water pN,O value (0.54 patm); (b) water N,O
concentrations given in terms of saturation for all NEON samples and for all process-based model outputs (Maavara et al., 2019); and (c) N,O flux rates calculated from
NEON water samples.

pressure of carbon dioxide (Figure S9 in Supporting Information S1). More details about NEON data products
and processing are summarized in Table S5 in Supporting Information S1.

This analysis focuses on N,O saturation, or the ratio of dissolved N,O concentration and the concentration of
dissolved N,O if the water was in equilibrium. The degree of saturation therefore depends, not only on the
dissolved N,O concentration in water, but also on the atmospheric concentration used for comparison. Previ-
ous studies have calculated N,O saturation in two ways: (a) using paired air samples (e.g., Clough et al., 2011;
Cole & Caraco, 2001; Soued et al., 2016) and (b) using a global over-ocean mean (Aho et al., 2022; Baulch
et al., 2011; Borges et al., 2019; Webb et al., 2019). In this study, we leverage the extensive set of paired air
samples in the NEON data set; calculating saturation from paired air samples, adjusted for solubility according
to Henry's Law constants (Sander, 2015). However, the air pN,O values from NEON are variable and higher than
global over-ocean values (CSIRO, 2021; Lan et al., 2023) for the same timeframe (Figure 2a; 0.54 + 0.32 vs.
0.33 patm; Figure S1 in Supporting Information S1). In addition, there is a weak positive relationship between
air pN,O and paired water pN,O values (Figure S2a in Supporting Information S1; R?> = 0.15, p < 0.01), which
may reflect higher near-surface N,O concentrations in areas where aquatic concentrations are higher or sample
carry over during analysis. Also, there is a weak negative relationship between air pN,O values and the paired
water N,O saturation (Figure S2b in Supporting Information S1; R? = 0.11), indicating a correlation between
aquatic N,O undersaturation and these higher air samples. In this analysis, we choose to leverage the paired air
samples. However, because these higher atmospheric values are more associated with instances of undersatura-
tion than using a constant value of 0.33 patm, we also present saturation compared to a global over-ocean value
of 0.33 patm in the text.

Aquatic N,O saturation levels were classified as undersaturated (<95%), ~atmospheric equilibrium (95%-105%),
and oversaturated (>105%). The distribution of saturation levels was assessed with density and violin plots.
Site-specific averages for N,O saturation and flux were calculated and compared; simple averaging was chosen
because NEON collects samples at approximately the same intervals throughout the year using the same proto-
cols, which minimizes sampling biases. Linear regression was used to assess predictors of N,O undersaturation
frequency in both the NEON data set and the model outputs.

Mixed-effects models were used to identify environmental drivers of N,O saturation in the NEON data. Due to the
nested structure of the NEON data set (i.e., repeat sampling at individual sites), site was used as a random effect
using the Imer() function from the Imer4 R package (version 1.1-34). We tested the following predictor variables
based on the literature (e.g., Quick et al., 2019; Soued et al., 2016; Webb et al., 2019): stream discharge, water
temperature, k¢, pH, dissolved oxygen, nitrate + nitrite, ammonium, total dissolved nitrogen, total phosphorus,
orthophosphorus, the ratio of orthophosphorus to total dissolved nitrogen (i.e., proxy for nitrogen or phosphorus
limitation), dissolved organic carbon, and iron. We selected the best model with the anova() R function, which
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considers Akaike's information criterion (AIC) and the Bayesian information criterion (BIC). All data analysis
was completed in R version 4.2.3 (R Core Team, 2023).

2.3. Process-Based Model

To generalize the results from the NEON data set, the outputs of rerunning an existing global process-based
model that predicts N,O emissions for lentic and lotic environments were also considered (Lauerwald et al., 2019;
Maavara et al., 2019). Specifically, the mechanistic box model portion of Maavara et al. (2019)'s model was used
because it predicts hypothetical N,O concentrations for a large combination of freshwater nitrogen dynamics
using a Monte Carlo approach. The box model includes pools for nitrate, ammonium, dissolved organic nitrogen,
particulate organic nitrogen, and N,O, including all influxes and effluxes into and from the water body for each
of these species, and major transformations and loss terms for each of these species. Probability density func-
tions (PDFs) were constrained from literature data and available databases to reflect the global distribution of
annual-scale water body hydrological and physical parameters (e.g., water residence time, flow, volume, surface
area) and rate constants (mainly first order). Full details regarding how the PDFs were constrained and how the
box model was structured can be found in Maavara et al. (2019).

The model was originally constrained to represent annual average emissions rates for whole open water bodies
(i.e., whole reservoirs, lakes, river reaches, and estuaries). This approach therefore artificially distributes emis-
sions equally across all unit volumes of water within the water body and across the entire year, rather than identi-
fying hotspots and hot moments where we might expect the emissions to occur (e.g., during the growing season).
To aid interpretation, we have converted to denitrification and nitrification rates to nmol 1! hr~! but emphasize
that these results represent spatiotemporally averaged values.

In Maavara et al. (2019), multiple scenarios are used to calculate the N,O emissions flux; in this paper, however,
this study uses only “Default Scenario 2” (DS2), which is the only scenario that explicitly calculates N,O concen-
trations in a water body, allowing for production of N,O via nitrification, and both production and consumption
of N,O via denitrification, with the extent dependent on the water residence time and available nitrate and ammo-
nium. Saturation is calculated compared to an air value of 0.33 patm. In Maavara et al. (2019), the authors were
only interested in calculating N,O emissions from inland water bodies, and so water bodies with N,O undersat-
uration were not included in the upscaling of the Monte Carlo output to global watersheds. Here, we rerun the
model's Monte Carlo approach to generate a theoretically “globally representative” hypothetical database of
nitrogen and N,O dynamics, and retain all N,O concentrations generated, including undersaturated values.

3. Results and Discussion
3.1. N,O Concentrations at NEON Aquatic Sites

On average, NEON aquatic sites were slightly supersaturated with N,O compared to the atmosphere (Figure 2).
The mean =+ standard deviation pN,O is 0.84 + 4.20 patm for streams and rivers and 0.60 + 0.42 patm for lakes,
compared to 0.54 + 0.32 patm for near-surface atmospheric samples (Figure 2a). These values correspond to a
mean + standard deviation N,O saturation was 184 + 1,081% for streams and rivers, and 133 + 94% for lakes
when using paired air samples (Figure 2b). If a constant 0.33-patm air value was used instead, N,O saturation
would be 272 + 1,400% for streams and rivers and 193 + 129% for lakes. For streams and rivers, King's Creek
(KING), a headwater stream in Kansas, had the lowest mean N,O saturation compared to paired air samples
(100 = 49%) and Sycamore Creek (SYCA), an intermittent stream in Arizona, had by far the highest mean N,O
saturation (1,850 + 7,541%; Table S3 in Supporting Information S1). For lakes, Prairie Pothole (PRPO), a small
prairie lake in North Dakota, had the lowest mean N,O saturation compared to paired air samples, approximately
at atmospheric equilibrium (103 + 53%), and Little Rock Lake (LIRO), a small temperate lake in Wisconsin, had
the highest (150 = 124%; Table S3 in Supporting Information S1).

3.2. N,0 Undersaturation Is Common in the NEON Data Set

Although NEON sites were, on average, supersaturated with N,O, there were many instances of undersaturation.
Here, we consider N,O saturation of less than 95% as undersaturated; between 95% and 105% as approximately
in equilibrium with the atmosphere; and greater than 105% as supersaturated. An appreciable number of samples
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were undersaturated: compared to paired air samples, 30% of lotic samples (678 of 2,288; Figure 2b) and 32%
of lentic samples (97 of 306; Figure 2b). When compared to a constant 0.33-patm air value instead of paired air
samples, 15% of lotic samples and 11% of lentic samples were undersaturated. It is notable that all 34 NEON sites
experienced N,O undersaturation to some extent compared to paired air samples, from 6% of samples from Flint
River (FLNT), a large river draining 15,000 km? in Georgia, to 72% of samples from Upper Big Creek (BIGC),
a small river draining 11 km? in the Sierra Nevada mountains in California (Figure 3). Compared to 0.33-patm,
all NEON sites experienced N,O undersaturation at some point, except for the Blue River (BLUE), a large prairie
stream in Oklahoma. Interestingly, the prevalence of N,O undersaturation does not change with latitude (Figure
S3a in Supporting Information S1), ecosystem size (Figure S3b in Supporting Information S1), or slope for lotic
sites (p > 0.05). Other studies have reported N,O undersaturation in individual ecosystems, including boreal
streams and lakes (Soued et al., 2016), a wetland-draining stream (Baulch et al., 2011), and the Congo watershed
(Borges et al., 2019; Upstill-Goddard et al., 2017). However, this analysis is unique by finding that N,O undersat-
uration is a widespread phenomenon, occurring at almost all sites monitored by NEON. In other words, this study
extends previous field-scale studies by generalizing the report of N,O undersaturation at all sites across spatial
scales, biomes, and ecosystem type.

Because N,O undersaturation is temporally emergent at almost all NEON sites, within-site monitoring is likely
responsible for detecting its somewhat irregular occurrence. NEON's monitoring approach (i.e., ~26 or ~12
samples per year at lotic and lentic sites, respectively) is important for detecting N,O undersaturation as there is a
temporal component to its occurrence. For example, in temperate and boreal streams and rivers, undersaturation
occurs more frequently outside of the growing season (Figures S4 and S5 in Supporting Information S1). Further,
mixed-effect models show that water temperature is positively related to N,O saturation across all lotic sites (esti-
mate + standard error: 0.03 + 0.003), indicating seasonality in temperate and boreal ecosystems. Lakes, however,
do not exhibit similar seasonality (Figures S4 and S5 in Supporting Information S1) and relationships between
saturation and lake temperature are insignificant (estimate + standard error: —0.003 + 0.005). The apparent lack
of seasonality in lake N,O saturation may be due to interactions with lake stratification dynamics, as stratification
has been reported as a control on N,O dynamics (Webb et al., 2019). However, it is more difficult to draw wide-
spread conclusions given the fewer samples collected at lentic sites compared to lotic sites. Interestingly, even at
lotic sites exhibiting seasonality, interannual variability can be high (Figure S6 in Supporting Information S1).
For example, in Como Creek, a mountain stream in Colorado exhibiting seasonality in N,O saturation across
years (Figure S5 in Supporting Information S1), 48% of samples were undersaturated in 2017 compared to 4%
of samples in 2019. This type of interannual variability in the occurrence of N,O undersaturation has been previ-
ously reported in a temperate watershed (Aho et al., 2022). This analysis of NEON data shows that interannual
variability in undersaturation is a widespread occurrence and that temporal patterns in N,O undersaturation are
far from uniform across years.

3.3. NEON Aquatic Sites Act as Temporary N,O Sinks

The direction of air-water gas flux is determined by the air-water concentration gradient. Therefore, when a
waterbody is undersaturated with nitrous oxide compared to the atmosphere, that waterbody acts as a sink of
atmospheric N,O. Although the mean N,O diffusive flux rate to the atmosphere across the NEON data set
was positive, negative fluxes were prevalent and notably offset emission rates (Figure 2¢). The average diffu-
sive flux rate was 1.04 + 5.71 mg-N m~2 d~! for streams and rivers, and 0.09 + 0.37 mg-N m~2 d~! for lakes
(Figure 2c). These mean rates fall within ranges reported by recent literature reviews for streams and rivers
(—0.14-58.83 mg-N m~2d~!, Zhang et al., 2022) and for lakes and impounded water (—0.22-5.77 mg-N m~2d ",
DelSontro et al., 2018), respectively. The NEON data set allows for consideration of the importance of negative
flux rates. If negative flux rates in the NEON data set were ignored, the average diffusive flux rate would double
for streams and rivers (2.08 + 6.81 mg-N m~2 d~!) and more than double for lakes (0.20 + 0.43 mg-N m~2d~!),
highlighting the role of N,O undersaturation in offsetting total N,O emissions. In other words, inland waters can
act as N, O sinks frequently enough that consideration of negative fluxes is important to avoid overestimating N,O
emissions from inland waters.

The spatial coverage of the NEON data set is unique and provides insights into where aquatic ecosystems act
as N,O sinks most frequently (Table S4 in Supporting Information S1). One of the 27 NEON stream and river
sites had a negative mean flux rate (Upper Big Creek, CA [BIGC], —0.26 + 0.94 mg-N m~2 d~"), and two of the
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Figure 3. Violin plots with embedded boxplots of N,O saturation compared to paired air samples for (a) NEON stream and river sites and (b) NEON lake sites. Boxes
represent the median and interquartile range (IQR), whiskers mark the lesser of 1.5 X IQR or minimum/maximum, and points denote outliers more extreme than

1.5 X IQR. A saturation of 100% implies atmospheric equilibrium and is noted with a horizontal line. Sites are arranged from left to right in order of watershed area for
lotic ecosystems and surface area for lentic ecosystems.

seven lakes had negative mean flux rates (Toolik Lake, AK [TOOK], —0.26 mg-N m~2 d~! and Prairie Pothole,
ND [PRPO], —0.09 + 0.07 mg-N m~2 d~"). In addition, other sites were essentially neutral, as negative fluxes
offset positive fluxes (Black Warrior River, AL [BLWA], 0 + 0.01 mg-N m~2 d~!; King's Creek, KS [KING],
0 + 0.02 mg-N m~2 d~!; and Lower Tombigbee River, AL [TOMB], 0.01 + 0.02 mg-N m~2 d~'). Interestingly,
these sites with negative or neutral flux rates were diverse in size (e.g., spanning from the smallest to the largest

AHO ET AL. 7of11

2SUQDIT suowwoy) dAnear) ajqesrjdde ay) £q pauioaod are sa[onIe Y asn Jo sa[ni 10j K1eiqi surjuQ A3[IA\ UO (SUONIPUOI-PUEB-SULI)/ WO Ad[1M" AIRIqI[oul[uo//:sd)y) suonipuoy) pue suLa ], 3y} 98 “[$707/€0/61] uo Lreiqr autjuQ L[IM ‘L86+01TDEZ0T/6T01 0 1/10p/wod Kapim Areiqrjauruo-sqndney/:sdny woiy papeojumod ‘1z ‘€70T ‘L0086



F Vedl .
A\ 1% Geophysical Research Letters 10.1029/2023GL104987
ADVANCING EARTH
AND SPACE SCIENCES
a) b)
S 1000000 S 1000000 {
C C
£ 100001 £ 100001 @ NEON Lotic
o o
2 100 SRR L S 0 T« @ neon Lo
n ] Scenario DS2 (Maavara et al. 2019)
@) 1 o 1]
N N
pd z
0.01 1.00 100.00 0.01 1.00 100.00
- -1 + -1
NO;, (umol I”") NH} (umol I™")
c) d)
S 1000000 S 1000000 {
C C
S 100001 S 100001
© ©
5 5
= 100 = 1001 ——— <548
wn n
O ] O ]
N 1 N 1
pd z
0.001  0.100 10 0.0001 0.0100 1 100

Denitrification (nmol I hr'1)

Nitrification (nmol I”" hr™")

Figure 4. Relationships between N,O saturation and (a) NO3, (b) NH;, (c) denitrification rate, and (d) nitrification rate. For all subplots, model outputs from rerunning
Maavara et al. (2019)'s process-based model using scenario DS2 are shown in orange. In subplots (a) and (b), these outputs are overlayed with NEON field data from
lotic sites in green and lentic sites in purple.

systems) and location (e.g., spanning from boreal and mountain to prairie and subtropical biomes), indicating that
varied aquatic ecosystems can experience N,O undersaturation significant enough to offset emissions.

3.4. Drivers of N,O Undersaturation and Sink Behavior

We use a process-based model to contextualize and generalize NEON field observations. Rerunning Maavara
etal. (2019)'s DS2 scenario outputs a similar percentage of undersaturated samples (38%) as occurs in the NEON
data set. However, the Maavara et al. (2019) global model outputs have a wider distribution than the NEON data,
reflecting the broader range of inputs to the model compared to those of the 34 NEON aquatic sites (Figure 2b).
This generalization allows us to consider the mechanisms that support N,O undersaturation, beyond what is
possible from field observation alone (Figure 4). Overall, model outputs indicate that N,O saturation increases
with rates of denitrification and nitrification (Figures 4c and 4d), regardless of DIN availability (Figures 4a
and 4b). In other words, low levels of denitrification and nitrification seem to support the occurrence of N,O
undersaturation.

This study can only hypothesize on why low levels of nitrogen transformation support N,O undersaturation.
The occurrence of N,O undersaturation indicates that the rate of N,O consumption outpaces the rate of N,O
production. Low rates of denitrification and nitrification may support N,O undersaturation through two related
mechanisms: (a) low N,O production rates due to limited nitrogen transformation and (b) complete denitrifica-
tion of N,O produced. In other words, our results suggest that, at low nitrogen transformation rates, complete
denitrification likely supports the reduction of N,O from both incomplete denitrification, as well as from other
sources (i.e., nitrification, atmospheric invasion). Undersaturation implies that consumption processes, likely the
complete denitrification of N,O to N,, outpaces not only N,O production processes by also invasion of atmos-
pheric N,O across the air-water boundary.

The NEON data also supports the finding that N,O undersaturation is associated with low levels of nitrogen
transformation, at least in streams and rivers (Table 1). A mixed-effect model for lotic NEON sites shows that
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Table 1
Mixed-Effects Model for Predicting N,O Saturation in Lotic Systems From the NEON Observational Data

Model Variable Estimate SE

log(N,O saturation) ~ Water Temp X NO3 + NO; + pH + (1 | site) Intercept 4.951 0.521
Water Temp 0.031 0.003

NOj + NO; 0.049  0.090

pH —0.617 0.066

Water Temp X NO3 + NO; 0.021 0.005

water temperature (estimate + std error: 0.03 + 0.003) and the interaction between water temperature and
nitrate + nitrite (NO3 4+ NO) concentration (0.02 + 0.005) are positively correlated with N,O saturation, while
pH (—0.62 + 0.067) is negatively correlated. The first two conditions associated with low N,O saturation (low
temperature, simultaneous low temperature and low NOj + NO;) suggest that low denitrification rates may
promote net N,O consumption. In general, warmer temperatures are associated with increased rates of various
microbial processes, like denitrification (McCutchan & Lewis, 2008; Velthuis & Veraart, 2022) and nitrification
(Starry et al., 2005). Further, in agreement with our results, lower temperature has been associated with lower
N,O concentrations in streams and rivers (Beaulieu et al., 2010; Gardner et al., 2016, but see Baulch et al., 2011).
In terms of substrate for denitrification, NO; + NO; levels alone are insignificant in predicting N,O satura-
tion (0.05 + 0.090), but the interaction between water temperature and NOJ + NO; concentrations is signifi-
cant (0.02 + 0.005, Figure S10 in Supporting Information S1). In other words, N,O saturation increases with
NOj + NO; concentration, only under warmer conditions. This finding agrees with previous work suggesting
that substrate availability alone does not promote high rates of denitrification, but rather that both substrate avail-
ability and environmental conditions that encourage denitrification are required (Maavara et al., 2019; Marzadri
et al., 2017). The final condition associated with low N,O saturation (high pH) may suggest the balance between
N,O production and consumption when denitrification occurs. Previous work has shown that low pH can inhibit
nitrous oxide reductase (Knowles, 1982), indicating that perhaps elevated pH allows for N,O consumption via
N,O reduction to N, gas. For NEON lentic sites, no environmental variables were significant predictors of N,O
saturation, perhaps because there are fewer lentic samples than lotic samples.

4. Conclusions

In conclusion, both an existing model (Lauerwald et al., 2019; Maavara et al., 2019) and NEON observational
data show that inland waters experience appreciable levels of N,O undersaturation. In fact, NEON data shows
that N,O undersaturation is temporally emergent at almost all monitored sites, suggesting that its occurrence is
widespread. Overall, N,O undersaturation seems to occur when rates of nitrogen transformation are low and our
results suggest that, under certain conditions, complete denitrification can consume N,O from, not only incom-
plete denitrification, but also other nitrogen transformations and atmospheric invasion. It is worth noting that, in
general, NEON aquatic sites are not highly impacted by human activity and so similar prevalence of N,O under-
saturation is not expected in highly developed areas. However, the prevalence of N,O undersaturation indicates
that N,O sink behavior may partially offset positive emissions and should be considered in emission estimates.

Data Availability Statement

All data used are publicly available from the Environmental Data Initiative and NEON. Specifically, the follow-
ing data were used:

Dissolved greenhouse gas concentrations derived from the NEON dissolved gases in surface water data product
(DP1.20097.001) are available at Aho et al. (2021).

NEON Dissolved gases in surface water (DP1.20097.001), RELEASE-2021 is available at NEON (2021).
NEON Barometric pressure (DP1.00004.001), RELEASE-2022 is available at NEON (2022a).
NEON Chemical properties of surface water (DP1.20093.001), RELEASE-2022 is available at NEON (2022b).
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