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ARTICLE INFO ABSTRACT

Using the eddy covariance technique, half-hourly N,O fluxes were measured over a sugar beet crop (ICOS
Station, Lonzée, BE) from fertilization to harvest. Several parameters of the data quality control tests were
adapted to suit the characteristics of N,O. No u* filtering threshold could be seen for N,O fluxes; therefore, it was
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Sugar beet determined based on CO, data. The uncertainty of N,O fluxes was assessed for several aspects of data treatment
grot;?ls. i (total random uncertainty, spectral correction, u* filtering, gap-filling), which were combined to determine the
ertilization

uncertainty of the N,O budget.

Between fertilization and harvest, the crop emitted 1.83 ( = 0.21) kg N,O-N ha~*! corresponding to 1.2% of N
supplies. Flux variability was characterized by three episodes of high emissions across the experiment, inter-
spersed with lower background fluxes. These peak events were driven by soil moisture and temperature, de-
pendent on the time-scale. Soil water content at 5 cm was identified as the single trigger for N>O emission peaks
given sufficient N availability, while intraday oscillations were positively correlated to the variations in surface
temperature rather than deeper soil temperatures.

For the first time, an inhibiting and short-term effect of topsoil disturbance (seed-bed preparation) on N,O
fluxes was recorded, which interrupted the peak that followed fertilization, and delayed the start of the next high
emission episode. This observation, along with the synchronicity found between surface temperature and diel
oscillations of N,O fluxes, supports the hypothesis of a N,O-producing microbial community located in the
topmost soil layer. Given that a third of the overall N,O emissions during the measurement campaign occurred
between fertilization and seed-bed preparation, further investigation into the timing of farming operations as
mitigation strategies is needed.

The contribution of N>O emissions to the net greenhouse gas balance (which comprises CO, and N>O fluxes)
was estimated at between 20 and 66%. Our results stress the importance of including nitrous oxide when
measuring gas exchanges in fertilized crops, and to do so at high temporal resolution for improved estimates.

Soil disturbance
Temperature

1. Introduction

Nitrous oxide (N,O) is a long-lived greenhouse gas (GHG) con-
sidered to be the third largest contributor to global warming (Ciais
et al., 2013) and a major factor in stratospheric ozone depletion
(Portmann et al., 2012). The agricultural sector contributes 72.2% of
European Union N,O emissions (Mandl et al., 2018). N,O atmospheric
concentration reached 330 nmol mol~! in 2017 (NOAA (National
Oceanic and Atmospheric Administration), 2018) and the estimated
growth of 0.80nmol mol? per year is mainly explained by an in-
tensified use of nitrogen fertilizers (Ussiri and Lal, 2013). In Belgium,
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33.7% of agricultural GHG emissions originate from N,O produced by
soils (IRCEL (Belgian Interregional Environment Agency), 2017). Al-
though national estimates show a 24% decrease for the period between
1990 and 2014, N,O emissions rates were predicted to increase by 3
kgN,O-N ha~! every year between 1990 and 2050 (Roelandt et al.,
2007).

In agricultural lands, N,O mostly originates from microbial ni-
trifying and denitrifying processes occurring in soil (Bracker and
Conrad, 2011). The basic substrates for nitrification and denitrification
are ammonium and nitrate (respectively acting as electron donor and
acceptor), and N availability in soils correlates with N>O production
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(Conrad, 1996). Labile C also plays a role in these processes as a source
of C for heterotrophic nitrifiers and denitrifiers (Groffman and
Robertson, 2007). N5O biotic production is driven by pedo-climatic
conditions, dependent on weather and farming practices (Ussiri and Lal,
2013). N5O fluxes are usually characterized by high temporal varia-
bility with emission bursts (known as “hot moments”) interspersed with
low background fluxes (Butterbach-Bahl et al., 2013; Molodovskaya
et al., 2012). Spatial variability was also observed (with “hot spots”) in
agricultural ecosystems (Hénault et al., 2012), due to heterogeneous
soil physicochemical properties (Mathieu et al., 2006) and uneven
distributions of microbial abundance (Jahangir et al., 2011).

Given sufficient N availability, N,O emission bursts can be triggered
under high soil water content following precipitation (Castellano et al.,
2010; Plaza-Bonilla et al., 2014), irrigation (Trost et al., 2013) or
freeze-thaw events (Ludwig et al., 2004). Such emission peaks are
usually observed after fertilization, although peaks attributed to or-
ganic matter mineralization several months after N input are also
documented (Lognoul et al., 2017).

Soil temperature plays a role in N,O emissions by influencing mi-
crobial activity (Flechard et al., 2007). Moreover, increasing tempera-
tures, by stimulating soil respiration, can result in greater anaerobic
zones that are favorable to denitrification (Smith et al., 2003). Short
time-scale variations are not well understood: a positive diel correlation
between N,O emissions and soil surface temperature was observed by
Laville et al. (2011) over a very short period of time (9 days), while
negative correlations were also recorded (Shurpali et al., 2016). Alves
et al. (2012) reported a positive relationship with temperature deeper
in the soil profile.

Regarding farm management and soil disturbance, mainly tillage
practices have been studied in relation to N,O emissions, especially
their long-term effects (D’Haene et al., 2008; Drury et al., 2006; Vian
et al., 2009). When compared with practices involving ploughing, re-
duced tillage tends to enhance N,O emissions in the long term (Abdalla
et al., 2013) by concentrating crop residues in the uppermost soil layer
and favoring microbial development (Lognoul et al., 2017). However,
the short-term effect (daily to monthly scales) of soil disturbance is
rarely investigated, mostly because of a lack of sufficient temporal re-
solution due to limiting measurement techniques. In particular, to our
knowledge the short-term effect on N,O fluxes of soil disturbance by
seedbed preparation in croplands has not yet been studied.

Up to now, most in situ studies on crops were performed using
manual closed chambers at low temporal resolution. However, this
technique prevents researchers from adequately capturing the sudden
variations in N,O emissions (Kroon et al., 2008) and can be source of
error when measurements are scaled up spatially (Lammirato et al.,
2018). Automated chambers that allow an improved temporal resolu-
tion have also been used (Laville et al., 2011, Theodorakopoulos et al.,
2017), but the uncertainty related to spatial variability remains. The
eddy covariance (EC) technique represents a suitable alternative be-
cause it can provide continuous flux estimates at high resolution (half-
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hourly scale) integrated over a large surface area (Aubinet et al., 2012),
thus obviating spatial heterogeneity. However, the EC data treatment
typically used for CO, and H,0 needs to be adjusted for N,O. This in-
cludes reviewing parameters of quality tests and determining the time-
lag, which can be challenging when the signal-to-noise ratio is low
(Langford et al., 2015). It is only recently that a reference document
concerning non—CO, gases was published by the European network
ICOS (Nemitz et al., 2018).

On the whole, the main drivers of N,O exchange have been iden-
tified. However, it remains unclear how the driving variables affect
fluxes in terms of amplitude and timescale, and how they are influenced
by crop management. These knowledge gaps and low-precision budget
estimates make it difficult to implement mitigation guidelines for
farmers. Therefore we set up an eddy covariance measurement cam-
paign on a managed cropland with the aim to (1) determine the ap-
propriate EC data treatment for our N,O dataset, (2) assess the short-
term response of N,O fluxes to farming practices together with me-
teorological variables in situ, and (3) estimate the N,O budget of a
production crop, and its uncertainty, from fertilization to harvest.

2. Materials and methods
2.1. Study site

The study site is a 12 ha crop field located in the Lonzée Terrestrial
Observatory (Level-2 ICOS Station) in central Belgium. The site has
been cultivated for at least 80 years. It is owned and managed by a local
farmer, and is subject to a 4-year rotation: winter wheat (Triticum aes-
tivum L.) / sugar beet (Beta vulgaris L.) / winter wheat (Triticum aestivum
L.) / seed potato (Solanum tuberosum L.). The climate is oceanic tem-
perate (mean annual temperature: 10.2°C, annual precipitation:
743 mm). The soil is characterized by a silt-loam texture (FAO classi-
fication: Luvisol) with 20% clay, 7.5% sand, and 72.5% silt. A detailed
description of the site can be found in Moureaux et al. (2006).

The present study was conducted from March to October 2016,
focusing on a sugar beet crop which represents the second most im-
portant root crop in Belgium and in Europe (StatBel, 2018). To our
knowledge, it is the first EC dataset collected for N,O on this type of
crop. The sequence of farming operations is reported in Table 1. The
application of N fertilizer was performed 22 days before seeding. It is
usually recommended to wait at least 10 days to avoid excessive am-
monium soil concentrations that can be toxic for germinating seedlings
(Laudinat, 2015). Seeding was itself preceded by a seed-bed prepara-
tion the day before, to level the soil surface and break up aggregates to
favor plant emergence.

The sugar beet crop in this study was preceded by winter wheat
(October 2014 to August 2015). A mustard cover crop was established
between the two main crops (August to December 2015).

Table 1
Calendar of farming operations during the experiment.
Date Farming operations Specifications
07-Dec-2015 Winter ploughing Over mustard using a moldboard plow (30-cm depth)
22-Mar-2016 Liquid nitrogen application NH,4NOs (136.5kg N ha™ 1)
9-Apr-2016 Weeding Glyphosate (972 gha™ 1)
12-Apr-2016 Seed-bed preparation Stubble cultivator followed by a rotary harrow (7 to 10 cm depth)
13-Apr-2016 Sugar beet sowing Row drilling of Beta Vulgaris L. cv Lisanna KWS
3-9-19-May-2016 Weeding Phenmedipham, ethofumesate, metamitron, triflusulfuron-methyl, dimethenamid-P
23-Jun-2016
11-Jun-2016 Urea application 4kgNha™!
1-14-Aug-2016 Fungicide application Epoxyconazole, fenpropomorph, pyraclostrobin
27-Oct-2016 Harvest Yield of 83tonha™! (16% sugar)
29-Oct-2016 Ploughing and soil preparation /

Winter wheat sowing
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2.2. Measurement system

2.2.1. Meteorological and ancillary measurements

Meteorological conditions were monitored by a weather station
located in the center of the field. The station was equipped with a
radiometer measuring global and net radiation (CNR4, Kipp and Zonen,
Delft, NL) and photo-receptor cells measuring photosynthetic photon
flux density (PAR Quantum sensor SKP 215, Skye Instruments Limited,
Llandrindod Wells, UK). A weighing rain gauge (TRw S415, MPS system
s.r.o., Bratislava, SK) recorded precipitation. Air temperature and hu-
midity were measured by a thermistor and an electrical capacitive
hygrometer (RHT2nl, Delta-T Devices Ltd, Cambridge, UK). An infrared
remote temperature sensor (IR 120, Campbell Scientific, Logan, UT, US)
monitored the surface temperature. This temperature was considered to
be the canopy temperature once the leaf area index (LAI) exceeded 0.5
m?e,in ~ %, corresponding to a canopy height of 15 cm.

In addition, pedoclimatic conditions were monitored at 5, 15, and
25 cm depth for three locations around the station to derive averages
for each depth. The ground instrumentation included electrical re-
sistance thermometers for soil temperature (PT 107, Campbell
Scientific, Logan, UT, US) and time domain reflectometers for soil
moisture (EnviroSCAN-Probe, Sentek Sensor Technologies, Stepney, SA,
Australia).

The LAI was determined by regular destructive sampling in six sub-
plots from the beginning of June to October. Green leaves were cleaned
and air-dried, then scanned to determine their surface area, which was
divided by the sampling area.

2.2.2. Flux measurements

N-,0 and CO, fluxes were measured continuously at the field scale
using the eddy covariance technique (Aubinet et al., 2012). The eddy
covariance tower and related instruments were located in the center of
the field. The CO, concentration was measured at 10 Hz by an infrared
gas analyzer (LI-7200, LI-COR, Lincoln, NE, US). Flux calculations and
data treatments for CO, are described in Buysse et al. (2017).

The N,O concentration was measured at 10 Hz using a quantum
cascade laser (QCL) spectrometer controlled by the TDLWintel data
acquisition program (Aerodyne Research Inc., Billerica, MA, USA). H,O
concentration was also measured by the instrument. Air sampling was
ensured by a vacuum pump downstream (TriScroll 600 Dry Scroll
Pump, Agilent Technologies, Santa Clara, CA, USA) and through a 8.2m
long and 4.5 mm wide sampling tube upstream of the QCL. The tube
was equipped with an inlet rain cap (Intake Tube Rain Cap V3, LI-COR,
Lincoln, NE, USA) and protected by insulating foam traversed by a
heating resistor. The flow and cell pressure were controlled by a needle
valve at the inlet of the sampling cell. The cell pressure was set at
26.7 hPa with a nominal flow rate of 6 standard 1/min. This low pres-
sure helps to limit collisional broadening in the spectrometer but does
not eliminate it (Mappe Fogain, 2013). Therefore, the data acquisition
program computes the dry mixing ratio of N,O using a built-in cor-
rection, accounting for gas dilution and pressure broadening caused by
the presence of water vapor. However, a residual cross-talk between
H,0 and N,O could persist and affect very low fluxes (Nemitz et al.,
2018). Verification was done on small N»O fluxes (< 0.3 nmol m~2s}),
which were grouped by class of temperature (class range: 2.5°C) to
obviate a potential co-dependency of N,O and H,O on this variable, and
the correlation between the two gases was tested. No significant re-
lationship was found for any of the temperature classes; the correction
performed by TDLWintel was thus considered sufficient for our ex-
periment.

The temperature of the sampling cell was maintained at 25 °C using
a 20% ethanol-fluid recirculating chiller (OASIS THREE chiller, Solid
State Cooling, Wappingers Falls, NY, USA). Wind tridimensional velo-
cities were measured at 20 Hz by a sonic anemometer (Solent Research
HS-50, Gill Instruments, Lymington, UK). The inlet of the sampling tube
and the anemometer were both mounted on the tower at 2.8 m height
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above ground, with a 19.7cm separation (eastward separation:
18.9 cm; southward separation: 6.8 cm; no vertical separation).

2.3. N0 flux computation

The computation of half-hourly fluxes was performed using the
eddy covariance processing software EddyPro® (LI-COR Environmental,
LI-COR, Lincoln, NE, USA).

Means were calculated using block averaging over 30 min. As re-
commended by ICOS (Sabbatini et al., 2016), the planar fit method
(Wilczak et al., 2001) was used to rotate the anemometer coordinates.
When compared to the double rotation, the two methods correlated
very well (R? = 0.99) with a slope of 1.01.

The time-lag between the data streams of the N,O mixing ratio and
vertical wind velocity was determined by searching for the maximum of
the covariance function in a narrow time window, for which limits
([0.9-3.0] s) were assessed by a visual examination of the frequency
distribution of time-lags in a larger window (20 s) for the entire data set
(see Figure S1 in Supplement). 62% of time-lags fell into the narrow
time window. It should be noted that even during periods of low fluxes
(< 0.5nmol m’zs"l), valuable time-lags that fell into the narrow frame
window were found. If no covariance maximum could be found within
such frame, a default value was applied, corresponding to the mode of
the frequency distribution (1.9).

The season-averaged cospectrum of N,O was compared to the co-
spectrum of temperature which was considered to be ideal (Foken et al.,
2012). A loss of high frequency information was clearly identified
(Fig. 1). A suiting correction that accounted for low-pass filtering was
thus applied to N,O fluxes. We performed the two-part method sug-
gested by EddyPro®. This combines by multiplication two spectral
correction factors, compensating respectively for losses due to sensor
separation (Horst and Lenschow, 2009) and for those due to the sam-
pling tube (Fratini et al., 2012).

The correction by Fratini et al. (2012) is based on the comparison of
temperature and N,O power spectra to derive the experimental transfer
function. A Lorentzian curve is then fitted to that function between
0.005 and 0.5 Hz, for which we found a cut-off frequency of 0.11 Hz.
For both stable and unstable conditions, the method selects good
quality power spectra (Nypstaple = 86, Ngrable = 77) to calculate a linear
relationship between spectral correction factors (SCF) and half-hourly
averaged wind speeds. The linear model is then used to correct the rest
of the dataset by retrieving SCF based on the wind speed of individual
half-hours. The quality criteria for selecting good power spectra are
given in Table 2. The confidence bounds of the regression were used to
assess the uncertainty related to the spectral correction (see Section
2.6).

Finally, storage fluxes were assumed to be negligible at the ex-
perimental site. The storage term is usually small in short ecosystems
like croplands and it is frequently measured by the one-point method
rather than by profile integration (Moureaux et al., 2012). De Ligne
(2018) validated this assumption for our experimental site after con-
ducting a two-week experiment on winter wheat. They compared a
three-level profile (0.1, 0.8 and 2.4 m) of CO, concentration measure-
ments with the one-point method (2.4 m) and concluded that profile
integration was not needed, given the low weight of storage fluxes. This
was verified for N,O fluxes on sugar beet: 95% of storage fluxes cal-
culated with the one-point method amounted to less than 1% of total
fluxes (EC flux + storage flux) and the storage term integrated over the
crop season accounted for less than 0.5% of the N,O budget.

2.4. Data quality control

2.4.1. Maintenance and statistical tests

Half-hour fluxes were discarded during periods of instrument
maintenance (e.g. change of filter). Whenever the QCL shut down and
was restarted (mainly after power cuts), the laser tuning rate took
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Fig. 1. Normalized cospectral density of temperature and N,O (f: frequency, z: height, u: wind velocity).

Table 2
Quality criteria for selecting power spectra and performing spectral correction.
Friction Sensible heat  Latent heat N,O flux
velocity flux flux (nmol m~2
(ms™h Wm™?) (Wm™?) s
Minimum, unstable 0.2 20 20 1
Minimum, stable 0.05 5 3 0.5
Maximum (stable and 5 1000 1000 200

unstable)

several hours to readjust. Therefore, data following a restart (up to
12 h) were also discarded.

The quality of time series was controlled using statistical tests as
detailed in Vickers and Mahrt (1997). Settings for CO, served as the
main basis for N,O settings and were adapted to best suit the control of
N,O time series quality (see Table S1 in Supplement). The tuning of said
parameters was mainly guided by visual examination of time series and
with the intent to avoid systematic flagging of behaviors linked to
physical events captured by the QCL.

Adequate conditions of stationarity and turbulence were assessed
following the tests by Foken and Wichura (1996) with quality classes
(Mauder and Foken, 2006); data categorized as level 2 were discarded.

All tests and criteria combined, a total of 29% of N,O fluxes were
discarded. Out of the 8082 half-hours left, 7 were identified as outliers
and removed; these fluxes exceeded the weekly median by two to three
orders of magnitude.

2.4.2. Influence of friction velocity

Eddy covariance flux data can show sensitivity to friction velocity
(u*) which can come from an artifact rather than from actual me-
chanisms responsible for producing or absorbing the gas of interest
(Aubinet et al., 2012). In the case of N,O, known producing or ab-
sorbing mechanisms are not known to be directly influenced by u* and
we would expect decreasing fluxes with decreasing u* to be artifact-
related.

Assessing the u* threshold under which fluxes are underestimated is
usually done by the visualization of temperature-normalized fluxes
against u* and the identification of the limit of a plateau at low u*
(Aubinet et al., 2012). However, we did not follow this approach with
our N,O measurements: after selecting a range of data less likely to be
influenced by fertilizer (4 months after N application) or by precipita-
tion (low soil water content), it was not possible to retrieve a robust
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relationship between temperature and N,O fluxes to normalize the
latter. Therefore, the u* threshold was instead determined based on
CO, fluxes measured at the experimental site. First, Eq. (1) was fitted to
CO5 night fluxes (Rpeas) using the air temperature (T,;,) as predictor
(with Rjo: ecosystem base respiration at 10 °C, and Qio: temperature
sensitivity parameter). Night fluxes were then normalized (Ryorm) by
means of Eq. (2):

Rﬁt,lo = RIO*QIO(Tair—lo)/IO o
R

Ryorm = e
Rpr10 .

After plotting R,orm by classes of friction velocity, it was visually
assessed that the u* threshold fell between 0.05 and 0.1 m s~ * (Fig. 2).
This range is very similar to that which Moureaux et al. (2006) found at
the same experimental site for a previous sugar beet crop in 2004. The
uncertainty related to u* filtering is discussed in Section 2.6.

After applying the u* filter (0.1 m s~ 1), 65% of the dataset remained
for the analyses (i.e. an average of 31 flux measurements per day).

2.5. Data treatment and analyses

2.5.1. Gap-filling
Data gaps were filled at the daily-scale according to the following
approach (Mishurov and Kiely, 2011):

(Case 1) If less than 18 half-hours were missing for a day, the daily
mean was calculated based on the 30-min fluxes available for
that day;

(Case 2) For days missing more than 18 half-hours, daily means were
assessed with a moving average using a 7-day rectangular
window.

The threshold of 18 missing half-hours was chosen based on 1000
random samplings of [48-N] half-hours out of a complete day. The
average daily mean and the associated confidence interval were com-
puted for N varying from O to 47. For N under 18, we considered that
the gain of confidence in the daily mean weighted by the number of
available half-hours did not substantially improve. Therefore, N = 18
represents a suitable trade-off between representativity and data
availability. Days missing less than 18 half-hours represented 88% of
the dataset.

Two gaps longer than a day occurred in the dataset (July 20-25 and
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Fig. 2. Normalized CO, night fluxes (R,orm) by equal-sized classes of friction velocity (u*).

November 1-4). Missing days were replaced by the mean of three days
before and three days after the gap (Case 3). We assumed that this
method did not introduce substantial bias into the budget as both gaps
occurred during periods of low and constant fluxes. Enlarging the
periods to take into account up to a week of data to fill such gaps did
not change its value by more than 5%.

The uncertainty related to gap-filling is discussed in Section 2.6.

2.5.2. N0 budget

The N,O budget (or Net Ecosystem Exchange of N,O, NEEy,0) of the
sugar beet crop was calculated based on the gap-filled dataset as the
sum of daily fluxes from fertilization to harvest. The crop emission
factor was calculated as described in the Tier 1 equation of the IPCC
guidelines (De Klein et al., 2006), by dividing the amount of N emitted
as N,O by the amount of N supplied, including fertilizer and crop re-
sidues (mineralized nitrogen from land-use change and management
was considered negligible). N-amount from crop residues was de-
termined as the yield of buried dry biomass from the previous crop
(mustard leaves, stems and roots, and sparse wheat regrowth) multi-
plied by the estimated content of potentially mobilized N in the pre-
vious year (Destain et al., 2010).

NEE20 was converted to CO,-equivalent (NEEn20, coz-eq) by mul-
tiplying it by 298, which represents the global warming potential of
N,O over 100 years (Myhre et al., 2013).

2.5.3. Management and meteorological controls of N,O flux

Daily N,O fluxes were averaged by class of SWC-5 (< 25%,
25-30%, 30-35%, > 35%) and compared by means of a one-way
ANOVA. A one-way ANOVA test was also performed on fluxes averaged
over 7 days preceding and 7 days following seed-bed preparation and
sowing.

To investigate half-hourly N,O flux dynamics, fluxes were compared
to several temperature dynamics (air, surface, and soil) as temperature
is known for its daily cyclic variation. Two contrasting periods were
examined: the first emission peak from March 25 to April 12, and a
period of background fluxes (daily average < 0.5nmol m~? s™) with
dry soil from mid-August to mid-September. For each period of interest,
half-hourly data (x;) were standardized with regard to the daily mean
(%4) and daily standard deviation (s4) following Eq. (3). Then standar-
dized variables (Xyq4nq;) Were averaged by time of day, resulting in 48
values per period. Such analyses were performed on non-gap-filled
data.

Xi — X4

Xstand,i (3)
To further analyze the episodes of emission peaks, a linear regres-
sion model was fit to daily averaged N,O fluxes to evaluate a potential
correlation with daily averaged CO, fluxes (Lognoul et al., 2017).
All statistical analyses were made using Matlab Statistics Toolbox:
Matlab Version 2015a (MathWorks, Natrick, MA, USA).

Sd

2.6. Evaluation of uncertainties

The total random uncertainty of individual 30-minute fluxes (€30min)
was assessed as proposed by Langford et al. (2015) by calculating the
root mean squared deviation from zero in a region of the covariance
function far away from the true time-lag (150-200 s). The total random
uncertainty was integrated over a day and over the crop season (€season)
following the rules of error propagation (Taylor, 1989), assuming that
errors were independent from one period to another (Egs. (4) and (5)).

8
Eday = Zi:l (“:SOmin,i)2

219
— 2
Eseason = E j=1 (Eday,j)

4

5

When multiplied by 1.96, the individual random error provides an
estimate of the measurement precision at the 95% confidence intervals,
which can be used as individual N,O flux limits of detection, or LOD
(Langford et al., 2015).

The budget over the crop season is also subject to other un-
certainties. In the case of our dataset, three potential sources were
identified: (1) spectral correction, (2) u* filtering, and (3) gap-filling.

The uncertainty related to the spectral correction (§sc) was ap-
proximated via the 99%-confidence interval of the regression between
SCF and wind speed used to correct half-hourly fluxes.

The uncertainty inherent to u* filtering (§yr) was approximated by
the variation of the non-gap-filled budget over the whole campaign
after filtering N,O fluxes within the plausible range for the u* threshold
(from 0.05 to 0.1 m s~ 1).

The uncertainty related to gap-filling (Sgr) was calculated de-
pending on the number of missing half-hours in a day (SD: standard
deviation, 1.96: normal score used to estimate the 95% confidence in-
tervals).

(Case 1) If less than 18 half-hours were missing, the uncertainty of the
daily flux was calculated as 1.96*SD of the daily mean;
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(Case 2) If more than 18 half-hours were missing, the uncertainty of
the daily flux was calculated as 1.96*SD of the moving
average;

(Case 3) During the two longer gaps, the uncertainty of the daily mean
was calculated as 1.96*SD of the 3 days preceding and 3 days
following the gap.

We assumed that between days, errors were random and in-
dependent, and we combined the three gap-filling cases to obtain the
overall gap-filling uncertainty.

Finally, the four sources of uncertainty (total random uncertainty,
spectral correction, u* filtering, and gap-filling) were combined as-
suming their non-correlation between one another at an annual scale
(Eq. (6)- Taylor, 1989).

5tutal = \/(Eseason)z + (5SC)2 + (SUF)2+(6GF)2 (6)

3. Results
3.1. Ancillary measurements

The evolution of pedo-climatic variables is presented in Fig. 3. The
daily soil temperature varied between 5 and 22°C during the crop
season, with warmest temperatures reached in the months of June,
July, and August (Fig. 3a).

Cumulative rainfall between March and October 2016 was 454 mm,
keeping the global soil water content (SWC) between 20 and 44%.
Before fertilization (March 22), the soil water content in all three soil
layers (5, 15, and 25cm) was around 35% (Fig. 3b). Precipitation
started 3 days after fertilization, immediately followed by an increase in
SWC (reaching about 40%). The rainy weather lasted until the end of
April with a weekly average of 14 mm. The soil water content at 5cm
(SWC-5) remained above 32%. The first weeks of May were much drier
with SWC-5 decreasing to 25%. Besides a rainy month of June, fewer
precipitation events were observed during the summer, followed by a
gradual drying of the soil (SWC-5 at its lowest of the cropping season)
until mid-October when rainfall resumed. When compared to data
collected by the Royal Meteorological Institute of Belgium between the
years 1981 and 2010, precipitation at the experimental site in 2016 fell
within the Belgian average range (Fig. 4), except a rainy month of June
(+66%) and a drier period between August and November (-57%).
Note that the month of May was not particularly drier than average but
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precipitation events were distributed towards the end of the month
(Fig. 3b).

The leaf area index of sugar beet is shown in Fig. 3c. After a slight
increase in the first two months after sowing, the LAI increased to 3.93
M2, %; to then decrease by 30% until the harvest date. The ob-
served development curve is typical for sugar beet (Theurer, 1979).

3.2. N0 fluxes

3.2.1. Cumulated N,O fluxes

The evolution of CO, fluxes, N,O fluxes, and cumulated N,O
emissions are presented in Fig. 5. Fluxes throughout the crop season
fluctuated between — 0.81 nmol m? s~ ! and 5.56 nmol m? s~ !, with an
average of 0.34 nmol m? s~ '. The total amount of N,O emitted by the
sugar beet crop between fertilization and harvest was 6520 pmol N,O
m2, corresponding to 1.83 kg N,O-N ha™'. With regard to the N inputs
(as fertilizer and crop residues), the sugar beet crop is characterized by
an emission factor of 1.2%. We compared this result to various studies
including non-cereal crops, rotations, and managed grasslands
(Table 3). Our sugar beet crop had a higher EF; than other sites ferti-
lized with similar amounts of inorganic N and was one of the few
presenting an EF; higher than 1% (Fig. 6).

The NEEy»0 converted to CO,-eq was 230 kg CO»-C m~2. CH, was
assumed to be negligible in our experiment: the experimental field is
located on soil with good drainage, therefore excluding situations of
continuous waterlogging that are favorable to methane production
(Smith et al., 2003).

3.2.2. Farming and meteorological controls of N0 fluxes

N,O exchanges showed high temporal variability: three episodes of
intense emission peaks were observed (from March 25 to April 12, from
April 30 to May 4, and from May 28 to June 17) and, in between, N,O
fluxes stayed at a background level which hovered around 0.20 nmol
m? s~ ! Over the whole dataset, daily emissions were significantly
higher for SWC-5 above 35% (Fig. 7) although rainfall did not sys-
tematically trigger emission bursts.

The first emission peak started after fertilization, almost simulta-
neous with heavy rainfall causing the SWC-5cm to increase to 40%.
This episode lasted until the day of seed bed preparation and sugar beet
sowing in the parcel. Immediately after, the emission intensity sig-
nificantly went down (p < 0.001), being reduced by 70% to return to
background levels (Fig. 8). Almost a third of the N,O emitted during the
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Fig. 3. Evolution of (a) daily averaged soil temperature, (b) 30 min soil water content at 5, 15, and 25 cm, and 30 min precipitation, and (c) leaf area index.
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27).

whole crop season was exchanged during this peak episode (Fig. 5c).
During this first peak, daily N,O fluxes were significantly correlated to
CO,, fluxes (Fig. 9). No similar significant relation was found for further
peak episodes in the dataset or for background fluxes.

A second peak started between April 30 — 17:00 and May 2 — 10:00
(about two days of missing data), at least five days after precipitation
and the sudden rise of SWC-5. The burst lasted for 4-5 days. By this
time, the SWC-5 had decreased to 34%.

The third N,O peak episode began on May 28 — 10:00 (more than
two months after fertilization), about 15 h after a rainstorm (more than
25 mm of water fell in an hour). Precipitation events went on for a week
and were interrupted for a few days (SWC-5 decreased below 35%). It
then started to rain again almost every day until the beginning of July.
The period that followed was characterized by background N,O fluxes
that lasted until harvest without any noticeable emission burst.

The characteristics of the three peak episodes are summarized in
Table 4.

199

cumulated N,O fluxes. The arrows indicate the farming practices (N: fertilization on March 22, S: soil preparation and sowing on April 12-13, H: harvest on October

3.2.3. Daily variations in N,O fluxes

Daily oscillations in N,O fluxes can be seen, especially between
March and July, with daytime fluxes up to 20 times larger than
nighttime fluxes. This observation was examined in more detail during
two specific periods: one with high emission (first peak from March 25
to April 12) and one with low emission (background flux period from
mid-August to mid-September).

During the first NoO emission peak (March-April), the N,O fluxes
showed a clear daily oscillation with a maximum reached in early
afternoon and minimum values during the night (Fig. 10a). This oscil-
lation was better in phase with the surface temperature (Ts,,¢) than with
Tair — although with a slight delay between 09:00 and 12:00 — and the
two normalized variables were well correlated (R* = 0.92, p-value <
0.001). It was not in phase with T,; at 5 cm, with an offset of 2-3 h.

The N,O diel cycle was less smooth and its amplitude of variation
was smaller during the background period than during peaks (Fig. 10b).
However, normalized night fluxes were still significantly lower than
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Table 3
Emitted N,O (kg N ha™'), N inputs (kg N ha™') and associate emission factor (%) from several studies including crops, grassland conversion to crop and mowed
grassland.
Study Measurement method Type of crop (measurement period) Type of fertilizer Emitted N,O N inputs EF
(temporal resolution)
Present study® EC (30 min) Sugar beet (219 d) Inorganic fertilizer 1.83 160 1.2 (*0.1)
Merbold et al., 2014*”  EC (30 min) Restored grassland (365 d) Manure and inorganic fertilizer =~ 29.10 198 14.71
Fuchs et al., 2018° EC (10 min) Mowed grassland - year 1 (365 d) Cattle and pig liquid slurry 4.1 296 1.39
Mowed grassland — year 2 (365 d) 6.3 181 3.48
Koga, 2013°¢ SCh (10 days) Sugar beet (156 d) Inorganic fertilizer 0.18 150 0.12
Seidel et al., 2017 SCh (2 - 7 days) Perennial grassland — min (300 d) Various types of cattle slurry 0.40 572 0.07
Perennial grassland — max (300 d) 4.20 560 0.75
Pugesgaard et al., 2017  SCh (2 — 4 weeks) Rotation mean — barley, faba bean, potato, wheat Inorganic fertilizer 0.90 168 0.54
(347 d)
Reinsch et al., 2018° SCh (1 week) Permanent grassland (365 d) Cattle slurry 0.65 240 0.27
SCh (1 week) Glassland conversion to maize (365 d) Cattle slurry 1.78 240 0.74
Flechard et al., 2005° ACh (2 hours) Managed grassland (365 d) Cattle slurry and inorganic 0.2 185 0.6
fertilizer
Laville et al., 2011% ACh (1.5 hour) Maize (365 d) Cattle slurry and inorganic 2.90 153 1.90
fertilizer

EC: eddy covariance. SCh : manual static closed chambers. ACh : automated closed chambers. Italics: value deduced from the two other columns when not provided.
? Nitrogen from land use change and management was not included or deemed negligible.

> Not included in the associated graph (Fig. 6).
¢ The factor was determined by comparing a treated plot and a control plot.

day fluxes (p-value < 0.01). The daily cycle seemed in phase with the
air temperature and was better correlated with this variable (R* = 0.33,
p-value < 0.001) than with Ty, at 5 cm and with Tgyace (note that, by
this time of the year, the surface temperature was considered to be the
sugar beet canopy temperature).

3.3. Evaluation of uncertainties

The absolute total random error (ggeas0n) OVer the crop season was
5g N,O-N ha™!. This corresponds to a relative error of 0.3%, whereas
the relative error at the 30 min scale ranged from 2 to 850%, with an
average of 30% (20% during unstable conditions and 60% during stable
conditions). 23% of N,O fluxes lay under their respective LOD.
However, these were not excluded from our dataset as doing so might
induce a bias in flux averages over longer periods (Langford et al.,
2015). The absolute and total random errors on individual 30 min
fluxes, as well as LOD are illustrated in Fig. 11. Negative fluxes were
observed during the whole measurement campaign. Such fluxes could
be seen as biophysically implausible in our experimental site (Chapuis-
Lardy et al., 2007) and most of them were inferior to their LOD.
However, they were also not discarded to avoid a systematic bias.

The uncertainty from spectral correction of the N,O budget over the
whole campaign was 52 g N,O-N ha ™! (relative uncertainty: 2.8%). On
average, the relative uncertainties for unstable and stable conditions
were respectively 1.4% and 3.9%.

Regarding u* filtering, an absolute uncertainty of 149 g N,O-N ha™*
(relative uncertainty: 8.2%) for the N,O budget was found for the u*
threshold range (from 0.05 to 0.1 m s™h.

Regarding gap-filling, the three gap cases (Cases 1, 2, and 3) com-
bined resulted in an overall uncertainty of 148 g N>O-N ha=! (8.1%),
after considering this, between days errors were random and in-
dependent. We noted that the absolute uncertainty of daily means
during long gaps in background fluxes (0.20 nmol m>s~') was 6 times
smaller than the uncertainty for a one-day gap on May 1 during the
second emission peak (1.29 nmol m?2s~1). The relative uncertainty
during the background emissions was smaller as well (96% and 190%
for background and peak respectively).

The total uncertainty of the N,O budget reached 217 ¢ N,O-N ha ™!
(12%). The absolute and relative uncertainties are summarized in
Table 5.

7 T T T T T T Fig. 6. Comparison of emission factors from studies featuring different
types of fertilizer (circles: organic fertilizer, triangle: inorganic ferti-
©) lizer, square: both) and types of vegetation (filled: crop and grassland
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4. Discussion
4.1. Dynamics of N0 fluxes

4.1.1. Short-term effects of farming practice

Three episodes of high N,O emissions were observed over the crop
season. They were characterized by different durations and flux varia-
tions (Table 4), illustrating the great variability of N,O emissions
(Molodovskaya et al., 2012).

The first peak episode was triggered within hours by heavy pre-
cipitation following N application. Such a rapid increase of water
content and N availability in the soil is well-known to favor N,O pro-
duction by micro-organisms (Butterbach-Bahl et al., 2013; Plaza-Bonilla
et al., 2014), and during the whole measurement period, N,O emissions
were on average higher for SWC-5 greater than 35% (Fig. 7). It was,
however, impossible to identify the production mechanism responsible
for the high fluxes. Although high soil water contents are usually as-
sociated with denitrification (Linn and Doran, 1984; Dobbie et al.,
1999; Bateman and Baggs, 2005), a recent study, conducted under soil

and climate conditions similar to our study, found that N,O emissions
were positively correlated to nitrification gene transcripts despite an
elevated water-filled pore space (Theodorakopoulos et al., 2017).
Meanwhile, when looking at soil temperatures during that peak epi-
sode, nitrification could be thought to prevail: while nitrifiers are still
active above 5°C, denitrification rates are usually low below 15°C
(Bouwman, 1990).

Seed-bed preparation and sowing were performed 18 days after the
first peak started, consequently reducing N,O fluxes for two weeks.
Although the SWC had decreased, it returned to previous levels within
that period without N,O fluxes rising again (Fig. 8). The soil tempera-
ture remained stable (around 10 °C) for 12 days after sowing. These two
observations suggest that soil disturbance was the sole cause of this
inhibition. To our knowledge, such immediate impact of soil dis-
turbance has not yet been observed.

The influence of tillage in the long term has already been studied
without an emerging consensus. On one hand, some have measured
enhanced emissions under reduced or no tillage in comparison with
conventional tillage, attributing their observations to poorer soil
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aeration promoting denitrification (Mutegi et al., 2010) or to crop re-
sidues left near the soil surface (Lognoul et al., 2017). On the other
hand, others have attributed greater N,O emissions to ploughed fields:
such practice would promote microbial N>,O production in the long
term by incorporating manure and residues into soil aggregates (Koga,
2013). The short-term effect of soil disturbance is rarely investigated,
mostly because of a lack of sufficient temporal resolution or because
tillage practice and fertilization are performed at the same time
(Zurovec et al., 2017). Soil perturbation has been shown to enhance
N,O emission in the medium term (Zurovec et al., 2017). Ebrahimi and
Or (2016) modelled N,O-related activities in soil to find that anaerobic
activity was favored in large aggregates. It could be inferred that soil
disturbance inhibits denitrification (and therefore emissions), by
breaking up bulks and leading to aerobic conditions. However, we
cannot confirm that the peak resulted solely from denitrification and
this hypothesis alone cannot explain why the second peak episode
started 5 days after the last rainfall, while the third one followed the
last rainfall by only 15 h.

The delay between rainfall and the second peak episode suggests
that the microbial community took some time to build back up after
being disturbed by seed-bed preparation. The soil temperature de-
creased during that associated rain event but stayed high enough for
nitrifiers to be active, and remained mostly similar to the temperatures
observed in the beginning of the first high emission episode. We thus
hypothesized that the microbiome producing N>O was active at the
very surface of the soil before either being shut down by disturbed
surface conditions or being relocated deeper. More research is needed
to verify this hypothesis since the reactivity to perturbations of N,O
producers in aggregates and the related regulating factors have not yet

Table 4
Summarized specificities of episodes of N>O burst during the crop season.

been studied (Wang et al., 2018).

A third of the total N,O produced by the crop was emitted between
fertilization and seed-bed preparation, and the inhibiting effect ob-
served immediately after sowing was attributed to soil disturbance.
Further research on mitigation strategies should thus investigate the
impact of the timing between such farming operations.

We excluded the predominance of abiotically produced N,O at the
soil surface as during the first peak episode daily N,O fluxes were sig-
nificantly correlated to CO, fluxes (Fig. 9), which represent soil re-
spiration at this stage of the crop season. This correlation hints at a
significant role of microbial activity following fertilization. The emer-
gence of sugar beet photosynthetic organs reversing CO, net exchange
explains the absence of correlation during the other two episodes of
high flux.

The last peak episode occurred two months after fertilization.
Comparable late bursts have been observed under similar soil and cli-
mate conditions, which were attributed to crop residue mineralization
(Lognoul et al., 2017). Although mustard residues were incorporated
prior to the sugar beet crop, it cannot be excluded that this peak ori-
ginated from remaining N fertilizer rather than solely from miner-
alization. Sugar beet usually absorbs less than 15% of its nitrogen re-
quirements in April and May (Legrand and Vanstallen, 2000), which
corresponds to seed germination and emergence (Didier, 2013). N
content can thus remain high until three months after fertilization
under such conditions of crop type, climate, and soil texture (Lenz,
2007).

4.1.2. Daily variation of N,O fluxes
Day fluxes were higher than night fluxes throughout the whole

First episode

Second episode Third episode

Specificities

Start date March 25 April 30 May 28

Duration 18d 5d 21d

Time after fertilization 3d 39d 67 d

Time after last rainfall 1h 5d 15h

Average SWC_5 38.3% 38.4 % 37.7 %

Average Ty, 15.0°C 15.8°C 21.4°C

Average daytime flux 1.26 nmol m ™2 5™ 1.10nmol m~2 s* 0.90nmol m~2 5!
Average nighttime flux 0.59nmol m~2 5! 0.87 nmol m~? 5! 0.71nmol m~%s*
Part in total emissions over the measurement campaign 28 % 7 % 24 %

Correlation with CO, o NS NS
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(crosses) during (a) the first N,O burst episode (March 25 to April 12) and during (b) the background emission period in the summer (August 15 to September 20).

experiment and a diel pattern was clearly identified during peak epi-
sodes (Fig. 10a). These observations align with the known control of
temperature on N,O-related microbial activity (Smith et al., 2003).
Moreover, intense microbial activity during the day can further de-
crease O, availability in soil pores, acting as a positive feedback on
anaerobic production of N,O by denitrifiers when nitrate substrates are
available (Flechard et al., 2007). This would mean that denitrification
could be stimulated in conditions of hot and dry weather, with anae-
robic zones extending without being necessarily due to precipitation.

Denitrification could thus have played a significant role in the higher
day emissions observed during the background flux period (Fig. 10b).

The diel cycle observed during peak episodes was in phase with the
surface temperature rather than with deeper temperatures. This sup-
ports the assumption issued earlier of a N,O-producing microbial
community located in the topmost soil layer. Similar observations were
made by Laville et al. (2011) for a fertilized crop over a period of 9
days, while others found a correlation with deeper temperatures (Alves
et al.,, 2012; Livesley et al., 2008). Keane et al. (2017) observed a
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Fig. 11. Total random uncertainty of absolute 30 min N,O fluxes (top: absolute uncertainty, bottom: relative uncertainty). Observations lying above the line fall

under their individual limit of detection (LOD3gmin = 1.96%€30min)-
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Table 5
- Summarized uncertainties of the N,O budget over the whole crop season.

Source of uncertainty Absolute uncertainty

(g N;O-N ha™1)

Relative uncertainty
(%)

Total random error (ggeason) 5 0.3
Spectral correction (8sc) 52 2.8
u* filtering (8yr) 149 8.2
Gap-filling (8gr) 148 8.1
Total uncertainty (8 217 12

similar correlation but their interpretation of this as an effect of pho-
tosynthetically active radiation mediating exuded photosynthetate-C in
the root zone, favoring microbial mechanisms producing N,O (Van
Zwieten et al., 2013) doesn’t hold in the present case as sugar beet had
still not emerged. The hypothesis of a prevailing effect of temperature
on microorganisms is thus retained for the first months of our experi-
ment.

The daily pattern observed during the second and third peak epi-
sodes was less obvious (Table 4). On one hand, we observed larger night
emissions than during the first peak episode, which could originate
from a higher range of temperatures in May and June promoting
nightly microbial activity. On the other hand, day fluxes were smaller
than in April: day emission potential could be dampened by reduced N
availability over time. Although direct measurements of soil N content
were not available for the present study, N availability should be taken
into account along with soil temperatures when explaining N,O flux
variability, as these are poor predictors if considered separately (Lai
and Denton, 2017).

Our results highlight that when studying N,O flux dynamics, several
time-scales can be considered. Increases in soil water content near the
surface (5cm depth), in combination with active microorganisms and
sufficient N availability, can trigger large emission episodes during the
cropping season (immediately or with delay), while the surface tem-
perature drives daily variations in N,O emissions.

4.2. Cumulated N,O emissions

A total of 1.83 ( £+ 0.21) kg N,O-N ha~! was lost through N,O
emissions between the fertilization of the sugar beet crop (March 2016)
and its harvest (October 2016). This corresponds to an emission factor
(EF,) of 1.2%, which is slightly larger than the annual estimate of 1%
given by the IPCC guidelines (De Klein et al., 2006) used in Belgium.
We believe that our EF; could have been even higher if the whole year
had been monitored: emissions during bare soil periods, although
presumed to be low, could have been added to the N,O budget. In
addition, more N,O emissions could have been expected if the month of
May had not been as dry for the most part. Higher soil water content
would have promoted higher N,O emissions, as at that time N avail-
ability in the soil was not yet limiting. The EF; of our crop was higher
than other sites fertilized with similar amounts of inorganic N, and was
one of the few presenting an EF; higher than 1% (Fig. 6). Given the
variety of results that can be obtained with different types of fertilizers
and crops, a refinement of emission factor estimates is needed to take
farming specificities into account when assessing N,O emissions.
However, our comparison is to be taken with caution, as studies mon-
itoring N,O fluxes at a sub-daily temporal resolution (using eddy cov-
ariance or automatic chambers) tended to give significantly higher EF
that the others. It is not excluded that lower EF; values originate from
(1) a lack of observations late after fertilization (Lognoul et al., 2017),
or (2) an insufficient temporal resolution leading to missing short peaks
similar to the second emission episode observed in this experiment.
More measurements at higher temporal resolution are needed to refine
the comparison.

Buysse et al. (2017) estimated the Net Biome Production (NBP) of
the experimental site over 12 years (i.e. three 4 year crop rotations).
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When including harvest and C importation (manure, slimes), they found
that the site was a net source of C with an annual average loss of 820 kg
C ha'. Sleutel et al. (2003) calculated the annual NBP of Belgian
cropland in the silt-loam region (based on C stock inventories over 10
years) and found a similar value (NBP = 900 kg C ha™Y). A much lower
annual estimate was found by Goidts and van Wesemael (2007) for
cropland in Southern Belgium from 1955 to 2005 (120kg C ha™%).
After adding the NEEn20, coz-eq t0 these NBP estimates, we found a net
greenhouse gas balance (NGB) varying from 350 to 1130kg C ha™ ™.
Thus N,O emissions would account for 20% to 66% of the NGB, high-
lighting the importance of including N>O when assessing the GHG
budget from a fertilized crop.

4.3. Evaluation of uncertainties

Uncertainties in eddy covariance fluxes are not often investigated
(Kroon et al., 2010) although such information is important for the
purposes of inter-site comparison and accurate estimates of GHG ex-
changes. In this study, uncertainties were addressed separately de-
pending on the source, to then be combined in the N,O budget as un-
correlated uncertainties.

The relative total random error of individual eddy fluxes was rather
important (up to 850%) which is similar to the findings of Kroon et al.
(2010). This error increased with decreasing flux amplitude (Fig. 11),
due to larger signal-to-noise ratios in small fluxes (Langford et al.,
2015). This error was reduced to less than one percent after integrating
N,O fluxes over several months. Total random error of the budget was
thus negligible compared to the other sources of uncertainty.

The uncertainty related to spectral correction was smaller than 3%,
most likely because of the good amount of high-quality fluxes used to
build the spectral correction regressions (SCF as a function of wind
speed). This source of uncertainty was small in comparison to those
others linked to data treatment (respectively three and four times larger
for u* filtering and gap-filling, Table 5). In future experiments, a re-
duction of the uncertainty might be achieved by refining data treatment
procedures, e.g. upgrading the gap-filling technique to a mechanical
approach, or narrowing the u* threshold range by using more data.

Regarding gap-filling, our results also highlight the importance of
performing continuous measurements during high emissions, as the
uncertainty associated with missing data is larger during peaks than
during background flux periods. This is due to greater flux variability
during high emission bursts, leading to larger confidence intervals on
the gap-filling value.

While the total uncertainty of the N,O budget was estimated at 12%
(217 g N20-N ha™1), it represented less than 3% when considering the
NGB at the site. Thus, using eddy covariance to measure N,O fluxes
appears to be a reliable method when it comes to NGB assessment.

5. Conclusion

Our study aimed to assess the short-term response of N,O fluxes to
weather and farming practices in a sugar beet crop. Measurements were
performed from fertilization to harvest using the eddy covariance
technique, which enabled the recording of a continuous stream of data
at a high temporal resolution.

N,O emissions were characterized by a diel pattern that correlated
well with variations of surface temperature. This suggests that micro-
organisms responsible for N,O production were active at the very sur-
face of the soil. The activity of those microorganisms was significantly
inhibited by seed-bed preparation. This is the first time that a short-
term effect of soil disturbance on N,O flux has been observed in a crop.
An important part of the total N;O-N loss over the crop season occurred
between fertilization and seed-bed preparation. The influence of these
farming practices should thus be investigated further to implement
mitigation strategies. For example, (i) how does the timing between
fertilization and seed-bed preparation affect the total N,O emissions,
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and (ii) do N,O emissions display an inhibited behavior following other
tillage practices, such as stubble breaking or ploughing?

To better understand the underlying mechanisms behind the im-
mediate effect of soil disturbance on N,O emissions, more in situ studies
are needed measuring N,O fluxes at high temporal resolution in crops.
We also recommend that researchers assess bulk density and mineral N
content (ammonium and nitrate) before and after each farming practice
to have a better view of the evolution of soil characteristics and how
these are affected by soil disturbance. Finally, investigating the real-
time activity of nitrifiers and denitrifiers will help to understand the
dynamics of N,O production in soil aggregates.
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