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a Université Paris-Saclay, INRAE, AgroParisTech, UMR ECOSYS, Thiverval-Grignon 78850, France 
b Technical University of Denmark (DTU), Environmental Engineering, Roskilde, Denmark 
c Geological Survey of Finland, Espoo, Finland 
d Aarhus University, Roskilde, Denmark 
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A B S T R A C T   

For mitigation of climate change, all sources and sinks of greenhouse gases from the environment must be 
quantified and their driving factors identified. Nitrous oxide (N2O) is a strong greenhouse gas, and the contri
bution of aquatic systems to the global N2O budget remains poorly constrained. In this study, we measured N2O 
concentrations in a eutrophic coastal system, Roskilde Fjord (Denmark), and combined measurements with 
statistical modeling to quantify the N2O fluxes and budget in the system over a period of six months. To do so, we 
collected water at 15 sampling points and measured N2O concentrations along with physico-chemical water 
quality parameters, e.g. temperature, salinity, dissolved inorganic nitrogen and phosphorus, and silicon. We used 
mixed-effect regression models to predict N2O concentrations in the water from water quality parameters. We 
then derived N2O fluxes using well-established equations of N2O solubility and water-atmosphere exchanges. 
These fluxes were then put in perspective with those measured at the landscape scale by eddy-covariance at a 96 
m nearby tall tower, and to those estimated from the agricultural land next to the fjord using Intergovernmental 
Panel on Climate Change (IPCC) guidelines. N2O concentrations in the Roskilde Fjord ranged between 2.40 and 
8.05 nmol l− 1. The best fitting model between water parameters and N2O concentrations in water included 
phosphorus and temperature. We estimated that (i) Roskilde Fjord was a sink of N2O, with a median inward flux 
of -0.04 nmol m− 2 s− 1, (ii) while the surrounding median agricultural flux was 0.13-0.18 nmol m− 2 s− 1, and (iii) 
the median landscape flux was 0.07 nmol m− 2 s− 1. All estimates of N2O fluxes were of the same magnitude and 
consistent with each other. These preliminary results need to be consolidated by further research.   

1. Introduction 

Nitrous oxide (N2O) is a potent and long-lived greenhouse gas, and 
the third contributor to global anthropogenic radiative forcing (0.17 
[0.14 to 0.20] W m–2), which amounts 6.4% of the total anthropogenic 
forcing (Myhre et al., 2013). N2O has a wide range of anthropogenic and 
natural sources (IPCC, 2013). Assessing the contribution of water sys
tems, especially eutrophicated ones, to the global budget of N2O emis
sions is necessary for monitoring and understanding sources, sinks and 
drivers of N2O atmospheric concentrations, and to decide on mitigation 

strategies. Among semi-natural systems, oceans and coastal systems are 
considered important sources of N2O, with ca. 10% of total emissions 
(Turner et al., 2015); yet the observations vary considerably between 
studies, which investigated contrasted ecosystems (from temperate es
tuaries to mangroves), and included a limited spatial and temporal 
coverage (Bange, 2006; Garnier et al., 2009; Murray et al., 2015). 

N2O production in aquatic environments results from microbiolog
ical activity that highly depends on the oxygen conditions and the 
availability of nitrogen – as ammonium, nitrite, nitrate and nitrogen 
bound in organic matter (Murray et al., 2015). Estuaries and coastal 
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systems receive large amounts of anthropogenic inputs of nitrogen 
(Cloern, 2001) – especially in landscapes with high agricultural activ
ities (de Vries et al., 2011). This nitrogen increases primary production, 
favoring accumulation of organic matter in the water column and at the 
sea floor (Markager et al., 2011), which is degraded into inorganic ni
trogen through mineralization and further processes including nitrifi
cation and denitrification possibly producing N2O. Indeed N2O 
production has been shown to increase in sub-optimal conditions of 
oxygen tension both in the case of nitrification (Bie et al., 2002; Cébron 
et al., 2005) and denitrification (Tallec et al., 2006). Therefore appar
ently “autochtonous” nitrogen may originally come from external inputs 
(Asmala et al., 2018; Knudsen-Leerbeck et al., 2017). For this reason, 
N2O emissions from water systems are considered “indirect emissions” 
derived from human activities, along with losses from agricultural 
fertilization, considered as direct ones. These indirect emissions may 
substantially contribute to total emissions at various scales, from river 
basins (Borges et al., 2018; Marescaux et al., 2018) to the global scale 
(Smith, 2017). 

However, N2O fluxes in aquatic ecosystems remain poorly quantified 
(Bange et al., 2009), because of technical constrains associated with the 
highly variable fluxes of N2O in space and time. Indirect emissions may 
cause large uncertainties in N2O budgets (Smith, 2017). Therefore, more 
measurements from different approaches are needed to improve the 
spatial and temporal coverage of data for N2O fluxes from aquatic sys
tems (IPCC, 2006, and following IPCC reports). Estimating N2O fluxes 
from or to aquatic ecosystems relies on several techniques: direct mea
surements by floating chambers, small to landscape scale measurements 
by eddy covariance, or calculations derived from N2O concentrations 
measured in the water. All methods present shortcomings: floating 
chambers and N2O concentration measurements at specific sampling 
points cannot cover large areas or yield high frequency time-series, 
while fluxes based on eddy covariance measurements rely on several 
uncertain assumptions on source locations. Combining independent 
methods at different spatial scales and temporal resolution offers an 
option to collect the best possible estimates of estuarine N2O fluxes, as 
previously done with other greenhouse gases (Eugster et al., 2003; 
Morin et al., 2017; Podgrajsek et al., 2014; Schubert et al., 2012). 

In this study, we measured N2O water concentrations in the Roskilde 
Fjord and aimed at (i) statistically modeling N2O water concentrations 
over the study period, and (ii) inferring the corresponding time-series of 
N2O fluxes. As secondary objective, to internally evaluate the credibility 
of the estimated N2O fluxes of Roskilde Fjord, we put these fluxes in 
perspective with eddy covariance measurements carried out for the 

same study site, including a nearby agricultural area, for which we also 
estimated N2O fluxes. This study is among the first attempts to use eddy 
covariance at the land-sea interface to assess N2O emissions in a het
erogeneous coastal landscape. 

2. Material and methods 

2.1. The sampling site and sampling design 

Roskilde Fjord is a temperate eutrophic estuary (Pedersen et al., 
2014) and a branch of the Isefjord in the Zealand Island, Denmark 
(55◦41.5N; 12◦04.92E). Roskilde Fjord is a long, narrow (width≈0.5-10 
km, length≈40 km), and shallow (≈3 m) estuary flowing into the Kat
tegat (Fig. 1). This estuary divides into two parts and the present study 
was conducted in the southern inner part of the Roskilde Fjord, where 
salinity is moderate (≈ 14 g kg− 1) and the residence time up to one year 
(Flindt et al., 1997). There are no large rivers flowing into the Roskilde 
Fjord: the freshwater comes from five small creeks (1116 l s− 1), sub
marine groundwater discharge (flow unknown), and from a wastewater 
treatment plant serving the city of Roskilde (237 l s− 1) (Pedersen et al., 
2014). 

A 125-m-tall tower at the Risø Campus of the Technical University of 
Denmark (55.69◦N, 12.09◦E) on the eastern shore of Roskilde Fjord was 
equipped in July 2014 with an eddy covariance sensor at 96 m high to 
monitor N2O fluxes from the surrounding landscape. Flux footprint es
timations based on micrometeorological measurements and the foot
print model by Kormann and Meixner (2001) indicated a range between 
0 and 5 km (daytime) and >10 km (night) around the tower. For this 
reason, the present study was limited to these first 5 km. The winds 
predominantly come from south-west and westerly directions and the 
footprint area includes 36 km2 of the inner Roskilde Fjord (46% of the 
daytime footprint). 

To achieve our objectives, we used two datasets in parallel: one to 
build statistical models to explain concentrations of dissolved N2O in 
water, and one to predict N2O dissolved concentration in water from 
these statistical models, and to calculate subsequent N2O fluxes over the 
6-month study period. To build statistical models, we used data 
measured at a set of sampling sites chosen to cover the study area: 15 
sampling points distributed on a rough grid (Fig. 1). Three sampling 
surveys were conducted on the 1st of May, 8th of July, and 17th of 
September 2014 at each of these sampling sites. To predict time-series of 
N2O concentrations and N2O fluxes, we used the data collected at a long- 
term water monitoring station corresponding to sampling site 2. 

Fig. 1. Sampling area within the 5-km radius circle (circle on the right panel) around the tall tower at the Risø campus (depicted as the cross on the right panel, 
equipped with eddy covariance sensor at 96m high) on the Danish Zealand Island, and spatial distribution of the 15 sampling points over the inner Roskilde Fjord 
(blue dots), which flows to the Kattegat (the blue arrow in the center panel). 
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2.2. Chemical analyses 

2.2.1. Water samples at the 15 sampling points in May, July, and 
September 

Water sampling was carried out by collecting 2 l of water at 1m depth 
using a standard Ruttner water sampler (11.003 series, 3 L). We simul
taneously measured temperature and salinity, also at 1 m depth, with a 
handheld field multiprobe (YSI ProDSS, YSI, Yellow Springs, OH, USA). 

A set of water samples were analyzed for dissolved NO2
− , NO3

− and 
NH4

+, dissolved silicon (DSi), and dissolved inorganic phosphorus (DIP). 
Triplicate samples were taken at each sampling points in 30 ml acid 
washed plastic bottles and brought to the laboratory within two hours 
where they immediately were frozen to prevent any nitrogen con
sumption. These samples were analyzed by Scalar Continuous Flow 
Analyser (San ++) as described by Cauwet (1999) and Holmes and 
colleagues (1999). Detection limits were 0.04, 0.1, 0.3, 0.06 and 0.2 
µmol l− 1 for NO2

− , NO3
− , NH4

+, DIP and DSi, respectively. 
In this study, N2O concentrations were analyzed for the first time in 

Roskilde Fjord. To constitute this first dataset of N2O concentrations in 
water, another set of water samples was collected: at each sampling 
point, a clean 150-ml glass bottle was rinsed then gently filled with 
sampled water, avoiding any bubble. We added a few droplets of a 5 % 
solution of HgCl2 to stop all living activity and sealed the bottles. The 
samples were shipped right after sampling to the UMR METIS (CNRS, 
France) where they were stored refrigerated until analysis, as follows. A 
water sample aliquot (20 ml) is used for determination of N2O in trip
licates with a gas chromatograph (GC Perichrom ST 200) equipped with 
an electron capture detector. The detection limit is of ~1 nmol N2O l− 1 

(Garnier et al., 2009). The water sample is introduced in a degassing 
chamber through which a gaseous mixture of argon - methane 90/10 
passes and carries away the dissolved N2O. This carrier stream contains 
water vapor which is eliminated in a glass tube filled with silica-gel 
inserted upstream the N2O concentrator trap required before the 
connection to GC. Therefore, the sweep gas passes through a molecular 
sieve trap cooled to -120◦C by liquid nitrogen. A switch valve puts then 
in communication the trap concentrator and the chromatographic col
umn. An ultra-fast heating of the trap allows to reach 200◦C, tempera
ture at which the desorption of N2O is complete and almost 
instantaneous. Calculations are based on calibrations done at least four 
times with a standard gas. 

2.2.2. Water measurements at the long-term monitoring site 
At a 34-year old long-term water quality monitoring site corre

sponding to sampling point 2 of the present study, the following con
centrations were measured biweekly: dissolved NO2

− , NO3
− and NH4

+ for 
nitrogen; DSi and DIP; temperature and salinity; and chlorophyll a 
(Conley et al., 2002; Riemann et al., 2016). Here we only used the 
6-month period corresponding to our N2O sampling campaigns. 

2.2.3. Atmospheric N2O flux measurements 
The eddy covariance system consisted of an Off-Axis Integrated- 

Cavity Output Spectroscopy laser analyzer (Model N2O/CO-23d, Los 
Gatos Research, Mountain View, USA) and a 3D ultrasonic anemometer 
(USA-1, METEK, Elmshorn, Germany). The analyzer measured N2O, CO 
and H2O dry mixing ratios: this enabled correcting for water vapor 
dilution effects (Ibrom et al., 2007). Air was sampled at 96 m via a 150 m 
long Nylon tube with an inner diameter of 8 mm at a rate of 29.6 l min− 1 

using a vacuum pump (XDS-35i, Edwards, Crawley, UK). The turbulence 
data were sampled at 10 Hz. The fluxes were processed with the RCPM 
software including post-processing routines (Morgenstern, 2000). Mea
surements started in July 2014, with gaps caused by pump and computer 
breakdowns. For this study, we selected five months of valid tower data 
between July and November 2014 (missing data = 8%). Wind speed was 
measured at 44.2, 76.6, 94, 118, and 125 meters height. The wind speed 
followed a natural logarithmic profile and we extrapolated it to 10 
meters high for calculating the water-air exchange coefficients. Due to 

uncertainties in the estimation of the footprint, we chose to only use 
daytime data in sectors that cover the Roskilde Fjord (western wind 
direction, i.e. 0-35◦ and 195-360◦). 

2.3. Statistical analyses and modeling of N2O concentrations in water 

Beyond the descriptive analysis, our statistical analyses aimed to (i) 
build models to explain the N2O concentrations in the Roskilde Fjord 
water from other water quality variables, and (ii) use these models to 
predict N2O concentrations in our study site. From these predicted 
concentrations, we aimed to estimate N2O fluxes from Roskilde Fjord 
based on equations relying on temperature, salinity, wind speed and 
other variables onsite, and to compare these values and their corre
sponding seasonal budget (i) to the eddy covariance measurements over 
the 5-km radius fetch of the tall tower and (ii) to a budget for the 
agricultural landscape calculated following the IPCC calculations 
guidelines. 

We performed Kruskal-Wallis tests to compare the water character
istics between the three surveys. We aimed at building two statistical 
models to predict N2O concentrations: the most simple one (thereafter 
referred to as “simplistic”), and the best goodness-of-fit one. The 
simplistic one was designed to estimate N2O water concentration as 
simply as possible using only temperature as detailed below. The 
goodness-of-fit one was designed to gain insight in the possible mech
anisms involved in N2O production while being capable of predicting 
N2O concentrations in the Roskilde Fjord, from the variables available in 
the study area, and with the best predictive power. The predicted N2O 
concentrations by each model, as well as the N2O fluxes derived from 
them, were compared to evaluate whether the simplistic model could be 
a valid option for monitoring sites with little equipment. 

Since we used repeated measurements (May, July, and September) in 
15 sampling points over Roskilde Fjord, thus violating the assumption of 
independency, we used a mixed model able to account for such hierar
chical structure, including a random intercept for the sampling site and 
fixed effects for all the other variables (Wood, 2006; Zuur et al., 2009a, 
2009b). To test for any non-linear relationships, we also chose gener
alized additive mixed modeling with spline functions for all continuous 
variables, therefore accounting for any non-linear relationship. To 
ensure a normal distribution of the residuals and homoscedasticity in the 
models, as well as non-negative concentrations of predicted N2O, we 
log-transformed N2O concentrations in the modeling analyses (we 
back-transformed the outputs of the model in the subsequent analyses). 

We assumed that, since temperature strongly controls microbial ac
tivities, it would have the strongest effect on N2O dynamics of all 
available variables. So, in the first approach (‘simplistic’), we built the 
simplest model by using log-transformed N2O as response variable with 
only temperature as explanatory variable. In the second approach (‘best 
quality-of-fit’), we performed a stepwise variable selection to obtain the 
best goodness of fit and most parsimonious model adjusted for other 
variables. For this reason, we started our variable selection by adjusting 
for NO2

− , NO3
− , NH4

+, or DIN in separate models, and then we further 
adjusted for DSi and DIP to better take into account the role of eutro
phication. Finally, as the simplistic approach revealed a large effect of 
temperature, we adjusted for temperature. We selected the best quality- 
of-fit model according to (i) the Akaike information criterion (AIC) – the 
lower, the better the quality of fit, and (ii) results of ANOVA between 
models by increasing complexity. 

Statistical analyses were performed using R version 3.3.2 (R Core 
Team, 2015) and the package ‘MGCV’ (Wood, 2006). 

2.4. Time-interpolation of the data 

We aimed to construct a time-series of the N2O fluxes between the 
aquatic system of Roskilde Fjord, at the long-term monitoring station of 
water quality corresponding to sampling point 2, and the atmosphere. 
First, to reconstruct N2O concentrations by statistical modeling over our 
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6-month study period, we used the values of water parameters obtained 
close to monitoring station 2. Since measurements of temperature, 
salinity, DSi and DIP were conducted on a bi-weekly frequency, we 
linearly interpolated with a half hourly time-step to match the frequency 
of the tall tower measurements used in the N2O flux calculations 
described hereafter. 

Given that the three surveys were conducted between May and 
September 2014, we defined a validity period for the predicting models 
based on the water temperature of the Roskilde Fjord. We estimated that 
the models were reliable for temperatures ±3◦C above and below the 
maximum and minimum measured water temperatures, between 10 and 
25◦C. The resulting study period was six months, between April the 16th 

and October the 31st of 2014. 

2.5. Nitrous oxide flux calculations at sampling point 2 

We calculated the N2O fluxes from Roskilde Fjord to atmosphere 
using the following equation: 

FN2O = kw(u).(Cw − Ce), (1)  

where kw(u) is the gas transfer velocity (m s− 1) as a function of wind 
speed (u in 10m height), Cw is the concentration measured or modeled in 
the water and Ce is the equilibrium concentration of N2O (calculation 
described hereafter). 

The gas transfer velocity, kw, was calculated based on equations 
depending on three classes of wind speed as detailed in the synthesis by 
Bange et al. (2001). We used the equations of Weiss and Price (1980) to 
compute Ce as following: 

Ce = xN2O.B.P, (2)  

where xN2O is the dry molar fraction of N2O in the atmosphere measured 
by the eddy covariance sensor, B is the Bunsen solubility (calculated 
from temperature and salinity) and P is the atmospheric pressure (also 
from the eddy covariance sensor). All the equations allowing for esti
mation of the variables needed for calculating N2O fluxes necessarily 
caused some uncertainty and error propagation (Bange et al., 2001). 

2.6. Towards generalization of the results over the 15 sampling points 

Because the long-term data collected in the monitoring station at 
sampling point 2 was not available at the other 14 sampling sites, we 
compared sampling point 2 to the other 14 sampling points in term of 
water temperature and concentrations in water. In an attempt to 
generalize our findings at sampling point 2, we conducted sensitivity 
analyses to predict N2O concentrations under the range of temperature, 
salinity, and water parameters collected in the 15 sampling sites, and to 
calculate the corresponding N2O fluxes. To do so, we applied the exact 
same methodology as those described above, but used several datasets in 
which we added or removed 10% to salinity, temperature, and DIP, in 
several combinations. 

2.7. Nitrous oxide flux from the agricultural areas 

We gathered information for all registered crops for 2014 in our 
study area (surface, type of crop, authorized maximal fertilization rate). 
We used the following simplified IPCC-Tier 1 equation to compute the 
direct emissions from agriculture (Hergoualc’h et al., 2019): 

FN2O =
∑

i
EFi.FNi (3)  

where i is the index of crops or pastures, EF is the emission factor, and 
FN is the amount of fertilizer; EFi took the values of 0.81% and 1% of the 
nitrogen applied in each crop and grassland, respectively (Chirinda 
et al., 2010), and we considered all nitrogen inputs to be synthetic 
fertilizers. 

To complete this simplified calculation, we used the formula devel
oped by Garnier et al. (2019) that estimates, at landscape scale, N2O 
emissions from agricultural areas. This formula is based on temperature 
and rainfall, and input fertilizers (Supplementary Materials). For our 
study site and period, we used 11◦C as average annual temperature, and 
650 mm yr− 1 as annual rainfall. 

As a supplementary analysis, to distinguish daytime measurements 
of N2O at the tall tower coming either from Roskilde Fjord or from the 
agricultural area, we proceeded as follows. To estimate agricultural 
fluxes, we selected measurements of N2O fluxes at the tall tower coming 
only from the Northeast of the tower, defined as 30-100◦. To estimate 
fluxes coming from Roskilde Fjord, we selected measurements of N2O 
fluxes at the tall tower coming only from between 270 and 360◦, the area 
including the less agricultural areas. 

3. Results 

3.1. Water characteristics in the Roskilde Fjord 

3.1.1. Characteristics during the three surveys at the 15 sampling points 
The three surveys showed significantly different concentrations of 

NO3
− , NO2

− , NH4
+, DIP and DSi (Table 1). In May, after the spring bloom 

(usually in March), both DIP and dissolved inorganic nitrogen (DIN) 
concentrations were low and often with a pronounced P-limitation. In 
July, DIP concentrations increased (due to release from the anoxic 
sediments), whereas DIN concentrations were still low. DIN concentra
tions increased in September (when phytoplankton production started 
to be light-limited). DSi was never limiting for production. Temperature 
followed irradiance and air temperature with a maximum in July- 
August. Salinity only displayed small fluctuation (driven by wind- 
forced exchanges with the Kattegat). In particular, temperature, 
salinity, and DIP at sampling point 2 fell in the range of those measured 
at the other 14 sampling points, albeit with a difference of around 10- 
20% with the median (Supplementary Fig. S1) 

3.1.2. Interpolated time-series at the sampling point 2 
The interpolated temperature, DIP, and DSi followed large seasonal 

variations (Fig. 2). As suggested by our three samplings, temperature 
globally followed a hill-shaped curve from May to October at the 

Table 1 
Concentrations of dissolved inorganic nitrogen (DIN: NO3

− , NH4
+ and NO2

− , dis
solved inorganic phosphorus (DIP) and dissolved silicon (DSi), and measured 
temperature and salinity in the Roskilde Fjord during the three sampling cam
paigns (median and interquartile range between brackets). The p-values are 
from Kruskal-Wallis tests.  

Variable unit May July September p 
N=15 N=15 N=15  

NO3
− µmol 

l− 1 
0.26 [0.18, 
0.55] 

0.01 [0.00, 
0.07] 

1.20 [0.82, 
1.53] 

<0.001 

NO2
− µmol 

l− 1 
0.04 [0.03, 
0.05] 

0.01 [0.01, 
0.04] 

0.27 [0.25, 
0.28] 

<0.001 

NH4
+ µmol 

l− 1 
1.43 [1.10, 
1.77] 

0.18 [0.14, 
0.29] 

2.87 [1.30, 
3.49] 

<0.001 

DIP µmol 
l− 1 

0.92 [0.82, 
1.04] 

7.70 [7.45, 
8.09] 

7.80 [7.78, 
8.01] 

<0.001 

DSi µmol 
l− 1 

35.73 
[32.24, 
46.75] 

39.12 
[36.52, 
41.99] 

150.62 
[144.70, 
158.67] 

<0.001 

Salinity g kg− 1 14.49 
[13.95, 
14.64] 

15.02 
[14.34, 
15.16] 

15.28 [14.81, 
15.42] 

0.002 

Temperature ◦C 14.70 
[14.60, 
14.75] 

21.50 
[21.25, 
21.75] 

16.80 [16.70, 
17.15] 

<0.001 

DSi:DIP - 47.24 
[34.88, 
54.29] 

5.24 [4.68, 
5.51] 

19.12 [17.72, 
19.86] 

<0.001  
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sampling point 2, with a sudden decrease in July. DIP gradually 
increased from 0 to almost 10 µmol l− 1 from May to the end of July then 
gradually decreased to 7 µmol l− 1. DSi stagnated below 50 µmol l− 1 until 
early July, where it increased quickly above 150 µmol l− 1 in August and 
decreased also quickly from September to November, again below 50 
µmol l− 1. For comparison, indicative half saturating constant for 
phytoplankton growth are 0.2, 1 and 2 µmol l− 1 for DIP, DIN and DSi, 
respectively (Hinsby et al., 2012). 

We used these interpolated temperature and phosphorus variables to 
estimate N2O concentrations using the simplistic and the best-quality-of- 
fit models as described hereafter. 

3.2. N2O concentrations 

3.2.1. Concentrations at 15 sampling sites over the Roskilde Fjord 
The median N2O concentrations were 3.65 [interquartile range 

(IQR): 3.49, 3.93], 2.81 [2.70, 2.91], and 5.87 [5.72, 6.06] nmol l− 1 in 
the May, July, and September surveys, respectively (Fig. 3). We 
observed a maximal value of 8.0 nmol l− 1 at the sampling point 1 on May 

1st. We considered it as an outlier because it was larger than the median 
plus 10 times the interquartile range, and we discarded it from the rest of 
the statistical analyses. After removing this outlier, nitrous oxide con
centration ranged between 2.4 and 6.4 nmol l− 1 in the Roskilde Fjord 
between May and September 2014, with a median of 3.6 nmol l− 1 (IQR: 
2.8 nmol l− 1). A Kruskal-Wallis test indicated that the three surveys 
differed significantly (p<0.001). N2O correlated well with NO2

− , NO3
−

and NH4
+ with significant Spearman rho coefficients of 0.70, 0.68, and 

0.69 (p<0.001), respectively. 

3.2.2. Predicting time-series of N2O concentrations at sampling point 2 
Simplistic approach: in this approach aiming at using only temper

ature, the model indicated a significant non-linear effect of temperature. 
The smooth term showed around six estimated degrees of freedom 
(Table 2), indicating six changes of the curve inflection throughout our 
range of measured temperatures (Fig. 4). As the linear assumption was 
violated for temperature, we chose to keep the spline function in the 
final simplistic model. The R2 of this model was 0.92 (AIC: -56). 

Best quality-of-fit approach: in this approach, we included at first 

Fig. 2. Time-series of linearly interpolated temperature, dissolved silicon (DSi), dissolved inorganic phosphorus (DIP), dissolved inorganic nitrogen (DIN), and of 
chlorophyll a in the Roskilde Fjord between April and October 2014 at the monitoring station corresponding to sampling point 2. 

E. Lequy et al.                                                                                                                                                                                                                                   



Water Research 222 (2022) 118874

6

nitrogen variables in separate models, but each of NO3
− , NH4

+ and NO2
−

were largely confounded by DIP, and even more by temperature, as 
these models yielded small and non-significant regression coefficients 
for nitrogen variables. Pooling the three nitrogen variables into one DIN 
variable yielded similar results. Therefore, the final best-quality-of-fit 
model included only temperature and DIP, both included with a spline 
function to account for possible non-linearity. The R2 of this model was 
0.94 (AIC: -70). Adding DSi did not significantly improved the model 
(R2: 0.93, AIC: -71). We found a significant non-linear effect for tem
perature, and the model indicated five changes of the curve inflection 
(Table 2 and Fig. 4). We removed the spline function for DIP because this 
model did not show any statistically significant deviation from linearity, 
therefore obtaining a significant and positive coefficient for DIP. Table 
S1 provides examples of predicted N2O water concentrations using the 
“best quality-of-fit” model for selected values of temperature and DIP. 

The predicted N2O concentrations showed slightly different temporal 

patterns between the two models (Fig. 5), with a similar order of 
magnitude and a significant correlation between the two time-series 
(Spearman rho coefficient of 0.55, p<0.001). 

Despite excellent agreement between the measured and modelled 
N2O concentrations (Fig. S2), at sampling point 2 for the May survey we 
found a measured N2O concentration somewhat higher than the pre
dicted ones with the best quality-of-fit and simplistic models. The pre
dicted values are more consistent for the two other following surveys at 
sampling point 2 – especially the ‘best quality-of-fit’ model. 

3.3. N2O fluxes 

3.3.1. Time-series over the Roskilde Fjord 
The two sets of estimated N2O concentrations at the sampling point 2 

of the Roskilde Fjord yielded very similar temporal patterns of N2O 
fluxes (Fig. 6) with a significant Spearman correlation coefficient of 0.97 

Fig. 3. Concentrations of N2O (nmol l− 1, mean ± standard deviation) at the 15 sampling points over the Roskilde Fjord measured in May, July, and September 2014. 
Triplicate measurements at sampling point 1 in May were considered outliers. 

Table 2 
Results of the spline variable “temperature”, and coefficient estimate of dissolved phosphorus (P), computed by the simplistic and the best quality-of-fit models. Edf 
stands for estimated degrees of freedom and represents the number of inflexions of the curve between natural log-transformed N2O concentrations and temperature 
(see Fig. 4). N=15 sampling sites.  

Model Non-linear relationships Linear relationships 

Variable edf p-value Variable Estimate Standard error p-value 

Simplistic temperature (◦C) 6.55 <0.001 - - - - 
Best quality-of-fit temperature (◦C) 5.55 <0.001 DIP (µmol l− 1) 0.074 0.017 <0.001  

Fig. 4. Representation of the non-linear effect of the water temperature (X axis, in ◦C) on the log-transformed concentrations of N2O in our samples (Y axis, partial 
residuals of centered natural-log transformed N2O concentrations) from the models described in Table 2. The solid and dotted lines represent the average effect of 
temperature on the concentrations of N2O and its standard deviation, respectively. Left: simplistic model; right: best quality-of-fit model. 
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(p<0.001). Our results indicated that at this sampling point, the Ros
kilde Fjord only absorbed N2O, with a median of – 0.04 [-0.08, -0.01] 
and -0.03 [-0.07, -0.01] nmol m− 2 s− 1 for the “simplistic” and the “best 
quality-of-fit” models, respectively, between April and December 2014 
(and -0.05 [-0.09, -0.01] and -0.04 [-0.08, -0.01] nmol m− 2 s− 1 between 
July and December). The sensitivity analysis using temperature, salinity, 
and DIP increased or decreased by 10% in several combinations, to es
timate N2O concentrations at other locations in the inner Roskilde Fjord, 
did not change much the predicted N2O fluxes with medians ranging 
from -0.06 to -0.04 nmol m− 2 s− 1 (Table S2). 

The tall tower provided N2O fluxes from July. In the period July- 
December, the daytime eddy covariance measurements on the tower, 
restricted to those coming from the West where the Roskilde Fjord lies, 
yielded a median flux of 0.07 [-0.04, 0.21] nmol m− 2 s− 1 (or 0.35 kg N 

ha− 1 over this 6-month period). 

3.3.2. Agricultural N2O fluxes 
The agricultural area was dominated by crops (77% of the agricul

tural surface), especially wheat and winter rapeseed. Fertilization 
ranged from 0 to more than 300 kgN ha− 1 year− 1 (on average 126±76 
kgN ha− 1 year− 1). The simplified IPCC calculation and the landscape 
algorithm by Garnier et al. (2019) yielded N2O fluxes of 0.13 and 0.18 
nmol m− 2 s− 1, respectively, from the agricultural area in the fetch of the 
tall tower (Fig. 6). This is also the same magnitude of the N2O fluxes 
measured at the tall-tower, restricting measurements to daytime 
northeastern sector, of 0.06 [-0.01, 0.17] nmol m− 2 s− 1 (Fig. S3). 

Fig. 5. Time-series of the modelled N2O 
concentrations at sampling point 2 of 
Roskilde Fjord between April and 
October 2014 (from week 17 to 43) ac
cording to the simplistic and best- 
quality-of-fit models (including only 
temperature or temperature and DIP, 
respectively), and corresponding to Cw 
in Eq. (1), and time series of equilibrium 
N2O concentration (Ce in Eq. (1)). The 
three triangles indicate N2O concentra
tions at sampling point 2, and the three 
boxplots summarize the measured N2O 
concentrations at all sampling sites 
combined for each survey. Boxes depict 
the 25th and 75th percentiles, the line 
in the box depicts the median, and all 
gray dots depict values out of the me
dian±1.5 times the interquartile range.   

Fig. 6. Weekly distribution of the N2O fluxes (nmol m− 2 s− 1) estimated by the ‘simplistic’ model (in red, including only temperature) and by the ‘best quality-of-fit’ 
model (in blue, including temperature and DIP) at sampling point 2, and N2O fluxes measured by eddy covariance at 96m high on the tall tower during daytime from 
western sectors (in grey, from week 27). The horizontal dotted line shows the average N2O flux from the agricultural landscape of 0.13 nmol N2O m− 2 s− 1 calculated 
using a simplified equation derived from the IPCC guidelines. Boxes depict the 25th and 75th percentiles, the line in the box depicts the median, and all the dots 
depict values out of the median±1.5 times the interquartile range. 
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4. Discussion 

We estimated that the Roskilde Fjord could have absorbed N2O at a 
median rate of -0.04 nmol m− 2 s− 1 at the sampling point between May 
and December 2014. This is compatible with the daytime eddy covari
ance data at 96 m high on the Risø tall tower (restricted to Western 
sectors), which measured N2O fluxes in a daytime footprint of 5 km 
(median of 0.07 nmol m− 2 s− 1), including a 24 km2 large agricultural 
area, and with the estimated N2O budget of this agricultural area 
(magnitude of 0.13-0.18 nmol m− 2 s− 1). 

4.1. The Roskilde Fjord overall status 

The water characteristics measured in our study are in agreement 
with the past measurements of nutrients and salinity in the inner Ros
kilde Fjord between 2006 and 2013, with slightly higher average salinity 
(Staehr et al., 2017) and nutrient patterns typical of the Roskilde Fjord 
estuary (Knudsen-Leerbeck et al., 2017), and of shallow temperate es
tuaries in general. 

Seasonally between 2006 and 2013, DIN and DIP varied from close to 
0 to 70 µmol DIN l− 1 and 10 µmol DIP l− 1, respectively. According to 
these past values, DIN and DIP concentrations were at their lowest 
during our three samplings (0.2 to 4.3 µmol DIN l− 1, and 0.9 to 7.8 µmol 
DIP l− 1, see Table 1), while higher concentrations could have been ex
pected in winter time, before April and after October, i.e, at the time of 
nutrient replenishment and low biological uptake. The quality of water 
in the inner Roskilde Fjord has been improving since 1990, with nitro
gen and phosphorus loading reduced by more than 50 and 80%, 
respectively (Clarke et al., 2003; Staehr et al., 2017). Phytoplankton 
growth was likely to be nitrogen limited at the time of our samplings, 
especially in July (Riemann et al., 2016). Average chlorophyll a con
centration was 4.5 µg l− 1 between 2005 and 2014 (Staehr et al., 2017) 
and 2.8 µg l− 1 during our study period, and dissolved organic carbon 
concentration was around 500 µmol l− 1 in 2012-2016 (Asmala et al., 
2019), but these values cannot fully account for the nutrient loading or 
eutrophication status of Roskilde Fjord. The high nutrient inputs in 
Roskilde Fjord do not result in high phytoplankton biomass (between 2 
and 6 µg l− 1 of chlorophyll a during our study period) due to complex 
ecosystem features, such as dense macrophyte beds -taking up nutrients- 
and mussel beds -taking up phytoplankton, explaining the 
above-mentioned high dissolved organic carbon concentration. There
fore, a large part of nutrients entering Roskilde Fjord are recycled 
rapidly within the system; these high nutrient inputs do not result in 
high phytoplankton biomass, with chlorophyll a peaking at less than 10 
µg l− 1 in early spring (Riemann et al., 2016; Staehr et al., 2017). 

4.2. N2O concentrations and fluxes in Roskilde Fjord 

Water column N2O concentrations had not been measured previously 
in the Roskilde Fjord, yet some values are available in other estuaries of 
the Scandinavian region. Table 3 summarizes the N2O water concen
trations in various estuaries. 

For example in the Baltic Sea, values of a magnitude of 9.4 to 
11.1 nmol kg− 1 were reported at 3-22m depth (Wilson et al., 2018) and 
11.8 to 24.4 nmol l− 1 below 70 m (Myllykangas et al., 2017); 6-14 nmol 
N2O l− 1 were reported in the Southwestern Baltic Sea between 2006 and 
2008 (Bange et al., 2009), and a similar value between 1991 and 1992 in 
the Central North Sea (Bange et al., 1996). Yet the N2O concentrations in 
Roskilde Fjord were about 10 times lower than in the Seine estuary, 
strongly impacted by Paris conurbation, with at least 70 nmol N2O l− 1 

(Garnier et al., 2006) or in the Elbe estuary (Brase et al., 2017). 
The estimated N2O fluxes at Roskilde Fjord (median of -0.04 nmol 

m− 2 s− 1) fell within the lower end of previous observations of N2O fluxes 
in estuaries in temperate regions: for instance, Livesley and Andrusiak 
(2012) reported, in a temperate estuary (Mornington Peninsula, Victoria 
Australia), a range of fluxes between -0.025 and 0.417 nmol m− 2 s− 1; 

Garnier et al. (2009) reported a range of fluxes between 0.04 and 3.51 
nmol m− 2 s− 1 in the Seine basin (France); and Foster and Fulweiler 
(2016) reported a mean (±sd) flux of -6 10− 3 (±1 103) nmol m− 2 s− 1 in a 
shallow temperate estuary (Waquoit Bay, MA, USA). 

Both the simplistic and quality-of-fit models had great predictive 
power. The estimated N2O water concentrations differed substantially, 
but the N2O fluxes derived from each model differed only marginally, 
probably because at every moment, all predicted N2O concentrations 
were always lower than the equilibrium concentrations. It could be 
different in another estuary. Since our modeling approach was statistical 
and not deterministic, the models we present cannot be used ‘as-is’ 

Table 3 
N2O water concentrations reported in the scientific literature.  

Reference Location, 
year, other 
details 

Unit Concentration Type of 
values 

Wilson et al. (2018) Baltic Sea, 
2016, 3 m 
depth 

nmol 
N2O kg− 1* 

11.0-11.1 range of 
medians  

Baltic Sea, 
2016, 21-22 
m depth 

nmol 
N2O kg− 1* 

9.4-9.6 range of 
medians 

Myllykangas et al. 
(2017) 

Baltic Sea, 
2015, below 
70m 

nmol N2O 
l− 1 

11.8-24.4 volume- 
weighted 
average 

Bange et al. (2009) Baltic Sea, 
2006-2008 

nM N2O** 6-14  

Bange et al. (1996) Central North 
Sea, 1991 

nmol l− 1 

N2O 
9.2 mean  

German 
Bight, 1991 

nmol l− 1 

N2O 
8.66 mean  

German 
Bight, 1992 

nmol l− 1 

N2O 
8.38 mean  

Gironde 
Estuary, 1991 

nmol l− 1 

N2O 
14.3 area- 

weighted 
mean 

Garnier et al. 
(2009, 2006) 

Seine Estuary, 
0-10 salinity, 
1998-2003, 
France 

nmol l− 1 

N2O*** 
70-100 range 

Garnier et al., 
unpublished 

Seine Estuary, 
20-33 
salinity, 
2001-2002, 
France 

nmol l− 1 

N2O*** 
14-53 range 

Brase et al. (2017) Elbe estuary, 
Hamburg port 
region, 2015, 
Germany 

nM** 32.3-52.2 range  

Elbe estuary, 
0 salinity, 
2015, 
Germany 

nM** 12-15 range 

Bange et al. (2019) Borneo 
estuaries, 
2017 

nmol 
N2O l− 1* 

2-41 range for 
six 
estuaries 

Yevenes et al. 
(2017) 

Reloncaví 
estuary, 
Chilean 
Patagonia, 
2013, 0-5 m 
depth 

nM** 11.8 ± 1.7 mean ±
SD 

Sánchez-Rodríguez 
et al. (2022) 

Guadalquivir 
Estuary, 20- 
35 salinity, 
2018 & 2019, 
Spain 

nmol 
N2O kg− 1* 

10-20 range 

This study Roskilde 
Fjord, 2014, 
1m depth 

nmol N2O 
l− 1 

2.81-5.87 range of 
medians  

* nmol N2O kg− 1
, equivalent to nmol N2O L− 1 considering 1l = 1kg 

** nM stands for nmol l− 1 

*** µgN-N2O l− 1, converted by the authors in nmol N2O l− 1 

SD stands for standard deviation 
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directly in other sites. Researchers willing to apply our methodology 
would have to find the coefficients that best fit their data. 

4.3. Credibility of the N2O fluxes in Roskilde Fjord 

We believe our N2O flux estimations at sampling point 2 (median 
fluxes of -0.05 and -0.04 nmol m− 2 s− 1 for the simplistic and the best- 
goodness-of-fit models, respectively) are credible for several reasons:  

(1) The sampling point 2 – from which all N2O water concentrations 
and N2O fluxes were derived – was very similar to the 14 other 
sampling points over Roskilde Fjord in terms of salinity, tem
perature, DIP, etc. Therefore, estimates at this sampling point 
provide a likely magnitude of the fluxes occurring over the study 
area, as also supported by the sensitivity analyses.  

(2) The tall tower measured fluxes coming from the whole landscape, 
in a 5-km radius including about 36 km2 of the inner Roskilde 
Fjord and 24 km2 of agricultural area, in addition to the city of 
Roskilde, with several other sources of N2O such as an incinerator 
and a large wastewater treatment plant. When considering only 
the fluxes coming from the Western sector mainly occupied by 
Roskilde Fjord, we estimated a median landscape budget of 0.07 
[-0.04, 0.21] nmol m− 2 s− 1. This Western sector still includes 
parts of agricultural area intertwined in Roskilde Fjord, and we 
estimated an annual N2O flux from the nearby agricultural area of 
0.13-0.18 nmol m− 2 s− 1. Therefore, the tall tower measurements 
fell in between the estimates from Roskilde Fjord and the nearby 
agricultural area. These estimates were derived from distinct 
methodologies and pertain to different scales: therefore, we 
cannot strictly compare them, yet they provide a promising basis 
to future research to validate our estimates and our methodology. 

4.4. Possible mechanisms of N2O synthesis 

We had hypothesized that nitrogen variables would play a key role in 
the mechanisms involved in N2O production, with a contribution of DIP 
as proxy for eutrophication. Yet our best quality-of-fit-model does not 
include any nitrogen variables as it yielded small and non-significant 
coefficients. This was unexpected, but several explanations are 
possible, such as the benthic remineralization of sedimentary organic P 
(Aller and Benninger, 1981; Sondergaard et al., 2013). Although benthic 
remineralization may not be directly linked to the N2O production, it 
may act as a proxy for (i) oxic heterotrophic water column and sediment 
microbial respiration - e.g. ammonification followed by ammonium 
oxidation and possible associated N2O emissions (Garnier et al., 2007; 
Ward et al., 2008), for (ii) oxygen depleted conditions in the sediments - 
e.g. the depth of the anoxic layer - which govern anaerobic respiration 
with NO3 oxidation, i.e. denitrification and again N2O production as an 
intermediate compound (Froelich et al., 1979). As previously reported, 
these conditions of eutrophication fit well with observed annual deni
trification patterns (Piña-Ochoa and Álvarez-Cobelas, 2006). The role of 
DIP in this statistical modeling must be interpreted with caution: in 
addition to a possible mechanistic explanation as described above, DIP 
could be the proxy of an unmeasured variable related, for instance, to 
sediment anoxia. Despite nitrogen variables are closer to N2O in the 
biological mechanisms, DIN concentrations in the water column do not 
always reflect the nitrogen transformation, as any ‘free’ DIN level is 
about two orders of magnitude higher than N2O concentrations. How
ever, we had no indicator of the sediment activity available (such as 
bottom oxygen level), over our 15 sampling sites to build our models. 
Since temperature controls most chemical reactions, including denitri
fication both in the water column and the sediments (Bouletreau et al., 
2012; Klein et al., 2017), this may explain that temperature confounded 
nitrogen variables. Interestingly however, significant relationships be
tween N2O and NO3 have been found in agricultural contaminated 
groundwaters (Vilain et al., 2012), where eutrophication de facto does 

not occur. However, using other proxy variables (specifically DIP), our 
models described well the variations of N2O concentrations of our study 
and we are confident that the estimated concentrations are reasonable. 
Thus, contrary to a hypothesis of N2O supersaturation due to efficient 
N-cycling in the Roskilde Fjord, the negative fluxes that we estimated 
may result from a very efficient denitrification to N2 end-product, 
without N2O intermediates in the anoxic sediment-water interface, 
which is made possible by the shallow water depths and sediment rich in 
bioavailable organic matter (Rönner, 1983). 

4.5. Strengths, limitations, and general implications of the findings 

Our study included 15 sampling points quite regularly distributed 
over the study area, allowing for a good overview of the spatial vari
ability of the measured biotic and abiotic variables, at three different 
surveys accounting for different metabolic states of the Roskilde Fjord 
(spring, summer and autumn). Our modelling approach made it possible 
to account for the non-linear relationship between temperature and N2O 
concentrations, providing time-series of N2O concentrations from an 
interpolated long-term water monitoring station in the Roskilde Fjord. 
These calculated N2O fluxes from the Roskilde Fjord also agree with the 
eddy covariance measurements on the tall tower nearby and the esti
mated N2O fluxes from the agricultural landscape. 

This study was limited by the lack of eddy covariance data in the first 
months of 2014, so we could not put in perspective the different esti
mated fluxes (Roskilde Fjord, eddy covariance, and agricultural area) 
over a complete year, and each method includes uncertainties in the 
estimation of N2O. 

Regarding the estimated N2O fluxes in Roskilde Fjord, the complete 
approach relies on a series of assumptions. To start with, the predicted 
N2O concentrations in water were derived from statistical modeling. The 
models showed each a high R2 coefficient and the data feeding the 
models was consistent with the data from the long-term monitoring 
station 2, so that we chose dates that were representative of different key 
periods of Roskilde Fjord. Then, we used well-known equations to 
calculate equilibrium concentrations and to derive fluxes. The risk of 
error propagation cannot be excluded. For this reason, we compared 
these fluxes to measurements by other metrics calculated independently, 
such as those obtained at the tall tower. 

Regarding measured fluxes at the tall tower, it remains difficult to 
clearly decipher between sources that may also have contributed to N2O 
fluxes, for instance the incinerator of the Roskilde city. Since Roskilde 
Fjord is surrounded by agricultural areas or by the city, we cannot 
ascertain that the fluxes measured at the tall tower, which we attempted 
to constrain from the Northwest sector, were only coming from the 
Roskilde Fjord. In addition, we constrained the measurements to day
time to restrict the spatial coverage of the eddy covariance measure
ments to close to the 5-km radius footprint, but there was no way to 
ensure that fluxes did not come from further than 5 km from the tall 
tower. Therefore, a certain amount of noise might exist in this signal, 
due to the surrounding agricultural area. 

Regarding N2O fluxes from the nearby agricultural area, the calcu
lations are based on major hypotheses: for the simplified IPCC calcula
tions, we did as if all N-inputs were from synthetic fertilizers, while there 
was probably some manure. For this reason, we used another formula to 
obtain another independent estimation of average annual agricultural 
flux. In addition, using these annual agricultural fluxes in the compari
son of N2O fluxes in our study area has the following limitation: an 
annual average does not depict the seasonal variations of N2O emissions 
that should be higher in early spring, depending on the dates of fertilizer 
applications (generally taking place at the beginning of the growing 
season). 

Finally, we could not estimate N2O fluxes in the Roskilde Fjord in 
spring, when nitrogen concentrations are higher but temperatures are 
lower. We cannot ascertain whether Roskilde Fjord was a sink or a 
source of N2O before our study began. 
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As shown in Table 3, several estuaries known to be eutrophic are 
indeed a source of N2O considering the atmospheric equilibrium con
centration varying around 10 nmol l− 1 (Weiss and Price (1980), taking 
into account the temperature). Given Roskilde Fjord remains a eutrophic 
estuary despite major improvements since the past decades, we had 
hypothesized it to be a source of N2O. Yet, our findings suggest other
wise. Indeed, all estimated fluxes were negative, because, at each date 
and sampling point over the study period, N2O water concentrations 
never exceeded equilibrium concentrations (Fig. 5). Therefore, our re
sults suggest that Roskilde Fjord could be a sink of N2O – at least during 
the study period. This would not be the first temperate estuary reported 
as a N2O sink (Foster and Fulweiler, 2016). More research is thus needed 
to better quantify and understand N2O budgets in estuaries, and to 
determine what makes some of them sinks for N2O. The finding of 
undersaturation of N2O raises important questions, most importantly on 
the extent to which other marine systems act as a sink for the greenhouse 
gas N2O. Estuaries may contribute as high as 5% of the recent worldwide 
N2O budget (Tian et al., 2020), but their emissions could be mis
estimated (Maavara et al., 2019). Therefore, we need more data and 
more tools to refine our current budget. Yet in terms of global budget, 
even though all estuaries would act as N2O sinks (which does not seem 
realistic), this would decrease the estimated N2O emissions by seemingly 
less than 5%. This also raises questions on the implications for the global 
budgets of other greenhouse gases (mostly CH4, CO2), but also on the 
mechanisms involved in N2O sinks and sources. Indeed, N2O under
saturation suggests that processes consuming N2O are present in Ros
kilde Fjord. Bacterial consumption of N2O has been observed in the 
Arctic, but it remains unknown how widespread this phenomenon is in 
marine systems (Rees et al., 2021). Finally, it raises the question of the 
conditions under which such mechanisms occur, and to which extent 
they would be present in other ecosystems. Better understanding this 
variety of mechanisms may help better quantify N2O fluxes and adapt 
budgeting and designing local and global mitigation strategies. 

5. Conclusions  

• Between May and October 2014, Roskilde Fjord was a sink of N2O, 
with a median flux of -0.04 nmol m− 2 s− 1 based on measured and 
modelled N2O concentrations in the water, and on measured tem
perature, salinity, N2O atmospheric concentration, and wind speed.  

• Unexpectedly, including nitrogen variables in the modelling 
approach did not improve the model performance. Including dis
solved inorganic phosphorus helped better capture the variation in 
N2O concentrations, suggesting that P recycling (P adsorption- 
desorption, benthic redox conditions, uptake and mineralization, 
…) might be a better proxy than dissolved inorganic nitrogen spe
cifically linked to (micro-) biological processes leading to N2O pro
duction in specific conditions.  

• In the period covered by both eddy covariance measurements and 
our modelling approach, we found compatible order of magnitude 
for the fluxes from Roskilde Fjord and from the agricultural 
landscape.  

• Our modeling approach proves an efficient method to generate time- 
series of N2O fluxes from a water body.  

• The comparison between all estimates of N2O fluxes should be 
interpreted with caution as it aimed only to internally corroborate 
the estimations from Roskilde Fjord, and includes some shortcom
ings (e.g., the tall tower did not measure fluxes during the complete 
study period, and the calculated estimations for the agricultural area 
only provide a unique number, i.e. an annual average, serving only as 
order of magnitude). 
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