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A B S T R A C T

The nitrogen cycle is significantly altered by agricultural activities such as animal husbandry and fertilization, 
which can turn the landscape from a natural sink of ammonia (NH3) to a net source. Ammonia fluxes at broader 
spatiotemporal scales have been well studied, however, smaller-scale, point source studies are needed to quantify 
atmosphere-biosphere nitrogen balances around individual agricultural sources such as extensively managed 
production grassland. The aim of this study was to quantify the spatiotemporal variation in NH3 fluxes on dairy 
farm production grassland (Lolium perenne L.) throughout a full year. We focused on the dairy stable as a point 
emission source, as well as on the management practices (such as slurry application) performed by farmers. The 
temporal variation in NH3 fluxes was assessed using novel automated dynamic flux chambers adapted for NH3. 
Manual flux chambers were deployed to determine spatial variation. While fluxes did vary spatially, we found 
significant losses of NH3 (99.6 %) during the growing and harvesting season (March to September). This was 
largely attributed to substantial emission rates directly after slurry application while net emission/deposition 
was close to zero during late-fall and winter. Overall, the net annual NH3-N emission of this production grassland 
was 12 kg ha− 1 y− 1. Post slurry application emissions were especially high during warm and dry weather 
conditions. Optimizing the timing of fertilization application according to local weather conditions can therefore 
serve as a management practice to limit NH3 emission, benefitting both farmers and the natural environment.

1. Introduction

The natural biogeochemical nitrogen cycle is continuously altered by 
anthropogenic interference, causing the planetary boundary for 
biochemical flows to surpass the safe operating space (Richardson et al., 
2023). This is because anthropogenic processes such as agriculture, in
dustry and transport, constantly increase the emissions of atmospheric 
reactive nitrogen (‘Nr’) (Stevens, 2019; Zhang et al., 2021). Once in the 
atmosphere, Nr is transported downwind from its source and returned to 
the biosphere through atmospheric deposition (Flechard et al., 2013; 
Zhang et al., 2021), which can cause severe environmental issues when 
in excess (Zhang et al., 2021).

In the Netherlands, the emission of ammonia (NH3) is the main 
contributor to excess Nr deposition, and the dairy sector is the dominant 

source (Feest et al., 2014; Stokstad, 2019). In 2022, over 23 % of the 
Netherlands was used for production grassland (Central Statistics Office 
(CBS) (CBS), 2023), which theoretically could act as NH3 sinks, but 
activities as animal husbandry and fertilization can trigger NH3 emis
sions causing (production) grasslands to behave as NH3 sources instead 
(David et al., 2009; Flechard et al., 2013). It is estimated that about 60 % 
of Dutch nature areas is exposed to nitrogen deposition above critical 
loads (Post et al., 2020). Such emission and deposition dynamics at 
broader spatiotemporal scales have been thoroughly assessed in previ
ous studies (Flechard et al., 2013), however, the underlying assumption 
in the methods that are used at these scales include measuring over a 
uniform surface area (Fang et al., 2020). Applying this approach at point 
sources, which might be distributed over the study area (Wong, 2018), 
may lead to biases and uncertainties in flux measurements (Fang et al., 
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2020). In order to assess the complexity associated with the mechanisms 
involved in N flows around individual point sources and to accurately 
quantify N balances or net budgets, small-scale studies targeted specif
ically at point sources are needed (Oenema et al., 2015; Einarsson et al., 
2018).

Flux chambers are commonly used to study spatial and temporal 
patterns at the small scale (Heinemeyer et al., 2013; Hoffmann et al., 
2017), however, the use of flux chambers to study NH3 fluxes has been 
limited due to the nature of the gas. Ammonia can easily dissolve in 
water, making it difficult to use conventional chambers due to the for
mation of water droplets (i.e. condensation) when the chamber is closed 
(Sintermann et al., 2012; Van Damme et al., 2015; Delon et al., 2017). 
Here we make use of automatic (stationary and automated) and manual 
flux chambers that are newly designed to specifically quantify NH3 
fluxes. We use this equipment to elucidate the knowledge gap of 
sink-source dynamics of NH3 caused by dairy farming. In this study, we 
aim to quantify the annual NH3 budget (i.e. the net emission or depo
sition) on production grassland close to a dairy stable in the north of the 
Netherlands. This not only allows for identifying source-sink dynamics 
in relation to the livestock stable as a point source, but also in relation to 
the agricultural management practices (hereafter: management prac
tices) conducted throughout the harvesting season. Moreover, it allows 
for determining the spatiotemporal variation in NH3 fluxes of the pro
duction grassland. We hypothesize that fluxes will vary both spatially, as 
local atmospheric concentrations gradients relative to the stable can be 
steep (Tulp et al., 2024), and temporally, as ammonia emissions are 
strongly driven by seasonality (Flechard et al., 2010; Todd et al., 2011). 
To address these questions, three automatic flux chambers were 
deployed to measure temporal fluxes during a full year, whereas spatial 
fluxes were assessed by conducting manual flux measurements along 
spatial transects across the production grassland.

2. Methods

2.1. Site description

The experiment was set up (see 2.2) at a commercial dairy farm 
located in the province of Friesland in the Netherlands where no other 
livestock farms or other interfering Nr sources were present within a 
radius of 1 km (Supplement, Fig. S1). Additionally, the landscape is flat 
so that atmospheric transport by ammonia is not hindered by obstruc
tion (see also Tulp et al., 2024). With a temperate maritime climate, the 
average air temperature in 2022 was 11.3 ◦C with a total of 766 mm of 
rain throughout the year (measured with a meteorological station on 
site, see 2.2). The farm covers an area of approximately 100 ha with 
clay-rich soils, comprised of 55 ha production grassland (Lolium perenne 
L.) and 17 ha silage maize (Zea mays L.), while some smaller plots are 
used for potato (Solanum tuberosum L.). An enclosed, naturally and 
mechanically (via fans) ventilated stable is located centrally in the 
production grassland, covering an area of approximately 2.7 ha (Sup
plement, Fig. S1). The stable houses approximately 170 lactating cows 
year-round that are fed with grass silage, corn, grain, hay, and supple
ments. Urea and excreta are collected directly below the stable 
throughout the year and gives a total manure production of 5000 m3 

yr− 1, of which 72 % is used on-site. Another open-type stable was in 
operation during the second half of 2022 and has since been housing 
approximately 90 calves, which were originally located in the main 
stable.

2.2. Setup of automatic flux chambers

Three closed dynamic flux chambers (ECO2Flux version 3.0, Dansk 
Miljørådgivning A/S) with an area of 0.31 m2 and a height of 0.73 m 
(226.3 L total chamber volume) were used for triplicate measurements 
(Fig. 1). Since the area is dominated by southwestern winds (van 
Weerdenburg et al., 2021), the chambers were placed on the 

northeastern side of the stable to capture the highest atmospheric 
loadings emitted by the stable. The chambers were placed at a distance 
of 30 m facing the main stable which allowed for safe practice of the 
chambers away from machinery, while still being in reach of high at
mospheric NH3 concentrations that are emitted from the stable (Tulp 
et al., 2024). All chambers were equipped with an inner translucent 
chamber wall and an additional surrounding opaque chamber wall to 
distinguish between NH3 fluxes during photosynthesis and respiration 
(Heinemeyer et al., 2013). In this paper, we only report on translucent 
chamber results as our aim was solely to quantify understand year round 
fluxes. These walls were attached in a folded position to collars that were 
secured in the soil for an airtight fit. At closing, the walls unfolded and 
lifted upwards, while the lid slowly moved downwards to ensure mini
mal pressure disturbances. To measure in translucent mode, only the 
translucent wall closed, while both the translucent and outer opaque 
walls closed in opaque mode. To minimize adsorption of NH3, the 
translucent chamber wall and lid were constructed with fluorinated 
ethylene propylene (FEP) foil and the opaque wall, lid and chamber 
collar with PTFE-coated aluminum in order to avoid interaction with the 
NH3 gas. All three chambers contained sensors that recorded PAR, 
chamber air temperature (◦C), soil temperature (◦C) (0–20 cm depth) 
and Soil Water Content (SWC) (%) (0–20 cm depth) each second. A small 
fan (spinning at 1850 rpm) was located in each chamber to avoid 
stratification of air inside the chamber. Air samples were pumped from 
the chamber (at a flow rate of 300 sccm) through a 10 m long, FEP gas 
tube to an ABB-LGR Ultraportable Ammonia Analyzer (UAA) located in 
the green equipment housing (Fig. 1) and then returned to the chamber 
through a second tube. The UAA measured the NH3 concentration up to 
10 ppm at a precision of 2 ppb each second through laser absorption 
spectroscopy. We used heated FEP gas tubes in order to avoid conden
sation inside the tubes. The NH3 concentration was corrected for water 
vapor dilution and the effects from the absorption line broadening 
through the UAA directly (ABB-LGR, n.d.). Additionally, H2O vapor was 
recorded up to 30,000 ppm at a precision of 50 ppm each second. 
Another air inlet was positioned above the equipment housing at a 
height of 2 m for continuous ambient concentration measurements 
(outside of the purging and measuring intervals, see directly below).

The measurement schedule for an individual automated flux cycle 
was as follows: (i) pre-purge phase of 10 min where the ambient air was 
purged through the system (and measured) while the chamber was still 
open; (ii) flux measurement phase where the chamber was closed for a 
period of 5–10 min (dependent on how quickly condensation occurs); 
(iii) post-purge phase where, after the chamber opened again, the 
ambient air was pumped during 10 min and measured in order to return 
to atmospheric conditions inside tubes and analyzers and finally (iv) a 

Fig. 1. Setup of the three automatic flux chambers with manual control boards 
(orange cases) attached onto the side of each chamber. At the moment of 
measuring, a chamber closes from the ground up after which the lid is placed on 
top. A small fan maintains a homogeneous trapped air column while heated FEP 
gas tubes collect and return air samples to the sensor and back. The equipment 
housing (green cart) containing the ABB-LGR Ultraportable Ammonia Analyzer 
and other peripherals were positioned behind the chambers (i.e. not in line with 
the dairy cow stable and the chambers).
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5 min background measurement phase where air was sampled through 
air inlet positioned above the sensor housing (Fig. 1). This schedule was 
continuously alternated between the three chambers, resulting in 48 full 
cycles per day. During the winter period, the number of cycles was 
slightly lower due to the longer (10-minute flux) measurement phase, 
since fluxes are low during this season (Todd et al., 2011) and prolonged 
measurement periods were required in order to quantify the flux. In 
total, 12,542 individual measurements were recorded over the whole 
year with 3692 flux quantifications in spring, 4075 in summer, 2241 in 
autumn and 2534 in winter.

A meteorological station (HOBO RX3000 Remote Monitoring Sta
tion) was installed to continuously measure meteorological data next to 
the automatic flux chambers (Supplement, Fig. S1). The recorded vari
ables included PAR (µmol/(m2*sec), solar radiation (W/m2), wind di
rection (◦), wind speed (m/s), gust speed (m/s), precipitation (mm), air 
temperature (◦C), relative humidity (%, ‘RH’) and dew point (◦C) at 
1 min intervals. Moreover, leaf surface wetness was recorded at 1 min 
intervals from mid-July 2022 until the end of the measurement period 
using Leaf Wetness Sensors (Decagon Devices) that were placed inside 
each chamber.

The production grassland management practices, including cutting 
and fertilization with machinery, were mimicked in and around the 
chambers. To prevent potential biases and potential island effects from 
occurring around the chambers, the simulated practices were carried out 
at the exact same time as the management practices were done on the 
production grassland of the whole farm. The first slurry application was 
split over two days (four days apart) and hence we mimicked this 
application when the farmer applied slurry to the respective field where 
the chambers were located. The farmer applied manure through slurry 
injection: small gullies of approximately 3 cm wide and approximately 
2 cm deep at 18 cm intervals between gullies were made in which the 
slurry was discharged. This was mimicked within the chamber plots by 
creating three gullies inside the plots; one exactly in the middle of the 
chamber and the two others on each side using the same dimensions as 
mentioned above. Slurry (produced by the cows in the main stable, 
Fig. S1) was retrieved directly from the slurry wagon to ensure that the 
same slurry composition was used. The slurry was applied in the 
chambers using HDPE tubes. The production grassland received 
5100 m3 slurry throughout the measurement period, equal to 51 m3 

ha− 1. Artificial fertilizer (AF), Calcium Ammonium Nitrate (CAN) 27 % 
in most cases, was distributed over the chamber plots by hand. Cutting 
was performed at the same height as the production grassland by 
manual mowing. The freshly cut grass on the agricultural field was 
generally removed one or two days post mowing, which was again 
mimicked manually within the chamber plots. We did not consider 
utilizing one or more of the chambers to quantify fluxes without these 
management practices, since an island effect of, e.g., unfertilized soils in 
the middle of the field would occur. This would have yielded unrealistic 
fluxes of unmanaged conditions.

Slurry samples were taken in triplicates directly from the slurry 
wagon for chemical analyses. These were then freeze-dried, milled by 
hand using a mortar and pestle and finally analyzed for N and C content 
using an elemental analyzer (Vario EL cube, Elementar GmbH, Lan
genselbold, Germany). N and C content (%) were determined for sam
ples from all four slurry applications, however, the dry matter content of 
the last three applications could not be determined due to technical 
errors. In order to still estimate the amount of N and C of the slurry’s wet 
weight for these applications, we used dry matter content of the first 
application,.

2.3. Setup of transect measurements on production grassland

During periods without active management practices (slurry and AF 
application, and cutting) and a dominant wind coming from the south
west, the spatial variability of NH3 fluxes was assessed using a manual 
flux chamber. This chamber was constructed using similar building 

materials and chamber diameter (Supplement, Fig. S2), i.e. the chamber 
covered an area of 0.31 cm2 and had a height of 0.4 m (124 L). Three 
installed sensors recorded PAR, chamber air temperature (◦C) and 
relative humidity (%), respectively. During measurements, air was 
pumped from the chamber through a 3 m FEP heated tube to the UAA 
and then returned to the chamber (closed mode). Background level 
measurements of NH3 with the chamber open to the atmosphere were 
also performed (open mode).

The measurements were conducted along two transects, one along 
the prevailing wind direction (NE-transect) and the other in the opposite 
direction (SW-transect) (Supplement, Fig. S3). Blank measurements 
using a PTFE-coated plate that sealed off the chamber were routinely 
performed as a quality control procedure. As expected, these measure
ments yielded a net zero flux (see Section 2.4). Hereafter, measurements 
were conducted in triplicates at six different distances to the stable up to 
a radius of 500 m (15, 31, 62.5, 125, 250 and 500 m). In order to 
minimize the effect of the meteorological variability a transect was 
measured within a three-hour window by setting the measurement and 
purging time both to 5 min. These timings were selected because 
ambient NH3 concentrations did not show considerable variation across 
the transects at this temporal scale.

2.4. Flux calculation

Fluxes were derived from closed flux chamber measurements by 
determining the rate of concentration change in the chamber headspace 
over time during chamber closure (Stolk et al., 2009). Whether this rate 
of change in concentration should be approached linearly or nonlinearly 
has been extensively debated (Kutzbach et al., 2007; Stolk et al., 2009; 
Parkin et al., 2012; Kandel et al., 2016). The concentration gradient is 
altered over time due to the closed off atmosphere inside the chamber 
and in turn affects the course of the concentration change over time 
(Stolk et al., 2009; Parkin et al., 2012; Kandel et al., 2016). Approaching 
the flux calculation with a linear model (LM) could then cause an un
derestimation due to saturation in the chamber headspace creating an 
equilibrium state in the movement of NH3 between the atmosphere and 
the landscape. However, cases where a linear model is actually consid
ered more robust compared to a non-linear model include low flux cases 
and measurements where the measured curve deviates from the theo
retical non-linear curve (Parkin et al., 2012; Hüppi et al., 2018). 
Consequently, a hybrid approach was selected where fluxes were 
calculated using linear regression (LM) as well as the modified 
Hutchinson-Mosier non-linear model (Pedersen et al., 2010). This was 
incorporated in a R script that included the linear flux calculation and 
the HMR package (R version 2023.06.0, R Core Team, 2024). The 
non-linear model (HMR) was selected for flux calculation when: (i) the 
RMSE of the HMR flux was lower than the RMSE of LM-flux and (ii) the 
ratio between the HMR flux and the LM flux had a maximum value of 4 
(Görres et al., 2015).

In addition, any potential disturbances at the start of the measure
ment caused by chamber closure (i.e. the so-called ‘deadband’) were 
excluded from the calculation (see also Görres et al., 2015). For LM 
fluxes it is also important to exclude concentration measurements 
nearing the equilibrium point (referred to as ‘end-time’ from here on), as 
this ensures a more appropriate model fit. The R script included the 
selection of the best deadband and end time by fitting LMs at varying 
starting times, taking into account also the travel time from the chamber 
headspace to the UAA. Consequently, LMs were fitted at varying start- 
and end-times. The deadband and end-time were chosen based on the 
highest R of the fitted LMs (i.e. the best fitting model). The following 
constraints were incorporated in this selection procedure: (i) a minimum 
calculation window of 30 s (to ensure ample data availability for correct 
model fit) and (ii) the end-time could not exceed 90 % humidity (mean 
of a 60 s period) in order to avoid gaseous NH3 losses as a result of 
condensation. For the non-linear approach, HMR was fitted on one 
calculation window based on the best deadband that was found in the 
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before mentioned procedure, as well as the maximum end-time deter
mined with criterium ii.

2.5. Statistical analyses

Analyses were performed using R-software (version 4.4.2, R Core 
Team, 2024). The non-parametric Wilcoxon signed-rank test was per
formed to determine whether the management practices significantly 
affected fluxes. Two-week budgets were used for this, as it has previ
ously been reported that most of the NH3-loss following these types of 
practices occurred within two weeks (Mosquera et al., 2001; Spirig et al., 
2010; Forrestal et al., 2016; Weber et al., 2018). Budgets for specific 
time periods were calculated by averaging all measured fluxes within 
that period and then scaling the average to the total time of the period. 
Furthermore, since AF was applied shortly after cutting and fluxes 
associated with CAN application appear to be low compared to other 
types of fertilizers (Forrestal et al., 2016), including slurry application, it 
is difficult to separate the effect of AF from the effect of cutting. 
Therefore, budgets were calculated from the moment of cutting until 
two weeks after the following AF application. The same resulting time 
period was used to compare with the pre-cutting period. Budgets were 
also calculated on a monthly basis to assess the seasonality of net NH3-N 
fluxes with and without two-week periods following management 
practices to separate the fluxes during management practices from the 
rest of the fluxes. The non-parametric Wilcoxon rank-sum test was 
performed to determine whether NH3-N fluxes varied significantly 
across wind directions, as well with distance to the stable as a point 
source. This was both done for each measurement period and for all 
measurement periods compiled. Finally, Pearson correlation tests and a 
random forest analyses were performed to identify the most important 
variables explaining the measured NH3 fluxes. For this, 999 replications 
of a 500 tree random forest model were aggregated to mean percentages 
of importance, using the ‘ranger’ package in R (Wright and Ziegler, 
2017). The tested variables were the SWC, canopy moisture conditions 
and the meteorological variables for which we first projected net wind 
vectors onto the vector between the stable and the measurement loca
tions. To explore the multivariate structure in the meteorological data, 
we also performed a principal component analysis (PCA) with hourly 
aggregates of the meteorological conditions in the hour preceding the 
flux measurements (i.e. air temperature, dewpoint, relative humidity, 
PAR, solar radiation, rain and wind projections from the stable to the 
flux chambers).

3. Results

3.1. Temporal variability of NH3 fluxes

3.1.1. NH3 fluxes after management practices
NH3-N fluxes (in µg m− 2 s− 1) (Fig. 2) showed distinct periods of 

elevated emission peaks following slurry application (black, broken 
lines), as well as more variable emission increases following other 
management practices (brown, dotted lines and green lines) throughout 
the different seasons.

Post-slurry application NH3-N fluxes were characterized by imme
diate sharp emission peaks that leveled off at an exponential rate within 
the first 30–70 h after application (Fig. 3). During the first slurry 
application in March, the grassland received the largest, though most 
diluted, volume of slurry with an applied amount of 73.1 kg N ha− 1 

(Table 1). This application was followed by emission peaks of up to 
16.8 µg NH3-N m− 2 s− 1, whereafter fluxes quickly declined, yet 
remained elevated during the following 65 h (Fig. 3a). After this, the 
fluxes dropped to a level below 0.5 NH3-N µg m− 2 s− 1. In the two-week 
period after the slurry application, total NH3-loss via emission amounted 
to 4.1 kg NH3-N ha− 1, equal to 5.7 % of the N-input of the fertilization 
event (Table 1). The second slurry application in the beginning of June 
led to the highest observed emission peak during the measurement 
period, when emissions reached a level of 34.3 µg NH3-N m− 2 s− 1 

(Fig. 3b). During this application a lower, though more concentrated, 
volume of slurry was applied followed by AF application. This amounted 
to an N input of 81.1 kg N ha− 1 (Table 1). Fluxes decreased more rapidly 
in comparison to the first slurry application with 90 % of the total 
emitted NH3-N being emitted during the first two days compared to five 
days during the first slurry application. During the two-week period 
after the application, a total of 3.8 kg ha− 1 was emitted, equal to 4.7 % 
of the N-input through fertilization. The peak fluxes after the third slurry 
application at the end of June (13.5 µg m− 2 s− 1) were comparable to 
those during the first slurry application (Fig. 3c), despite receiving less 
nitrogen from slurry (51.6 kg N ha− 1) and no additional AF. However, 
fluxes declined much more rapidly with 90 % of the total emitted NH3-N 
being emitted after just one day. A total of 4.6 kg NH3-N ha− 1 was 
emitted during the two-week period after the application, equal to 8.9 % 
of the N-input of 51.5 kg ha− 1 (Table 1). The fourth and final slurry 
application at the end of August was characterized by much lower fluxes 
in comparison to the other slurry applications with peak fluxes (up to 
0.9 µg m− 2 s− 1) being more than 10-fold lower (Fig. 3d). As a result, the 
NH3-N loss was considerably lower with a total loss of 0.4 kg N ha− 1, 
which only represented 1.0 % of the N-input of 38.0 kg ha− 1 (Table 1).

Fig. 2. Time series of NH3-N fluxes (in µg m− 2 s− 1) in the production grassland (L. perenne) at the dairy farm from February 2022 until February 2023. Each point 
represents a single chamber measurement (n = 3). Positive fluxes (i.e. net NH3 emission) are marked in red and negative fluxes (i.e. net NH3 deposition) are marked 
in blue. Black, broken lines indicate time points of slurry application, while brown, yellow broken lines and green lines indicate time points of AF application and 
cutting, respectively.
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During the first time that AF was applied, flux characteristics (Sup
plement, Table S1) followed those observed in the two-week period after 
the first slurry application with a total emission of 4.47 kg NH3-N ha− 1 

and a net flux balance of 4.21 kg NH3-N ha− 1 due to the overlap of the 
periods (Supplement, Fig. S4). Flux characteristics for the third AF 
application were much lower with a total emission of 0.31 kg NH3-N 
ha− 1 and a net flux balance of 0.11 kg NH3-N ha− 1, despite overlapping 
with slurry application as well (Supplement, Fig S4). Similar values were 
observed during the second and fourth AF application (Supplement, 
Table S1), which received a total of 68.0 and 27.0 kg N ha− 1 respec
tively. Peak fluxes during these applications reached 0.26 µg m− 2 s− 1 for 
the second and 0.13 µg m− 2 s− 1 fourth application. However, no sig
nificant difference was observed between the balances before and after 
the second and fourth AF application in combination with cutting 
(Supplement, Table S2).

3.1.2. NH3-N fluxes throughout the measurement period
The increased emissions directly following slurry application led to a 

monthly higher net NH3-N emission of approximately 5.2 kg ha− 1 and 
5.7 kg ha− 1 in March and June respectively, while a noticeably smaller 
peak (approximately 0.4 kg ha− 1) was visible in August when the last 
slurry application was performed (Fig. 4a). The rest of the monthly 
balances mostly remained below 0.3 kg NH3-N ha− 1. The monthly bal
ances reveal that 99.6 % of the net emission took place within the 
growing and harvesting season (March to September), while neither 
emission nor deposition were apparent (or at least very low) during 
autumn and winter. Accumulating the monthly balances yielded a net 
annual flux balance of 12.0 kg NH3-N ha− 1 y− 1 (Supplement, Fig. S5). A 
similar pattern was observed for the monthly balances when excluding 
the two weeks post-fertilization (Fig. 4b). Interestingly, the balance in 
July was similar to the balances observed during autumn and winter. In 
contrast, the balance of August was the highest of all months with a net 
flux balance of over 0.2 kg NH3-N ha− 1 month− 1. At the annual scale, 
the net emissions during the four two-week periods following manage
ment practices amounted to 10.0 kg NH3-N ha− 1, while the remaining 
~44 weeks only amounted to 2.0 kg ha− 1 (Supplement, Fig. S5).

When excluding the two-week period after the four slurry 

applications, several meteorological and other measured variables 
correlated significantly with the measured NH3-N fluxes (Fig. 5). The 
strongest observed relationships were a positive effect of solar radiation 
(Fig. 5b; R = 0.43, p < 0.01) and a negative effect of relative humidity 
(Fig. 5d; R = − 0.44, p < 0.01). Both air and soil temperature were 
positively, but relatively weakly, correlated with NH3-N fluxes with R 
= 0.29 and 0.21 (p < 0.01) respectively (Figs. 5a and 5f). The results for 
the other measured environmental variables showed weak (R < 0.2, 
p < 0.01) or no relationship (wind projection) with NH3-N fluxes. It is 
also noteworthy that as soon as precipitation and leaf wetness increased, 
fluxes were near-zero (Fig. 5c and Fig. 5h, respectively). The same is true 
when wind originated from the SSE direction, while the largest vari
ability in fluxes were observed when the wind originated from SEE or S 
direction (see Supplement Fig. S6). Interestingly, when the four two- 
week periods after slurry application events were included in these an
alyses, the directions of all the observed correlations remained the same, 
albeit with much weaker relationships (R = − 0.19 for leaf wetness, 
p < 0.01 and R < 0.10 for all other cases, Supplement, Fig. S7). This is 
likely due to the strong positive fluxes observed during the fertilization 
event (see Section 3.1.1, Supplement Fig. S8). In addition to these in
dependent correlations between the NH3 fluxes and the measured var
iables, random forest analysis for all fluxes (excluding those up to two 
weeks after manure application) identified the following order of top 
predictors for ammonia fluxes (see Supplement Table S3a): Photosyn
thetically active radiation (normalized mean 24.40 %, standard devia
tion 2.43 %), air temperature (normalized mean 23.02 %, standard 
deviation 2.21 %), dewpoint (normalized mean 21.24 %, standard de
viation 1.31 %), solar radiation (normalized mean 17.27 %, standard 
deviation 2.20 %), relative humidity (normalized mean 13.21 %, stan
dard deviation 1.04 %), wind projection (normalized mean 0.82 %, 
standard deviation 0.09 %), and rain (normalized mean 0.05 %, stan
dard deviation 0.01 %). General model fit, quantified as the out-of-bag 
R2, was moderate with 36.0 % variance explained by meteorological 
variables, meaning that fluxes were influenced for a large part by other 
factors than meteorology. When running random forest analyses on only 
the fluxes during, and two weeks after, farming practices, the order of 
top predictors shifted: temperature, relative humidity, dewpoint, 

Fig. 3. Course of all measured NH3-N fluxes in (µg m− 2 s− 1) across the three automatic flux chambers during the first 150 h after slurry application at the four 
different application events.
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photosynthetically active radiation, solar radiation, followed by near 
zero attributes of rain and wind projection (with normalized means of 
38.10, 23.09, 16.79, 11.69, 10.86, 0.01, and − 0.54; and standard de
viations of 6.59 2.92 2.90 1.84 1.56 0.01 0.26, respectively; see Sup
plement Table S3b); for this random analyses, average out-of-bag R2 was 
lower (8.9 %).

The PCA revealed that the first principal component ('PC1') 
accounted for 44.3 % of the total variance and described a gradient from 
warm, sunny and relatively dry to colder, low radiation, humid condi
tions, with positive loadings for temperature, dewpoint, PAR and solar 
radiation and a negative loading for RH (see Supplement Fig. S9), 
coinciding with environmental variables that predict ammonia fluxes 
from the random forest analysis. The second component ('PC2') 
explained 19.8 % of the total variance and mainly varied over radiation 
conditions (with positive loadings for dew point, temperature, RH and 
rain and negative loadings for PAR, solar radiation and wind originating 
from the stable, Supplement Fig. S9). Together, PC1 and PC2 captured 
64.2 % of the variance in meteorological variables, confirming that that 
solar radiation & PAR and temperature & dew point were strongly 
collinear and were largely captured by these two axes of variation.

3.2. Spatial variability in NH3 fluxes

Three transects were performed in July, September and October 
(Fig. 6). The NE-transect in July revealed high variability near the stable 
(within 70 m distance) with fluxes ranging between − 0.04 and 
0.06 µg m− 2 s− 1, but generally depicting emission (Fig. 6a). As the dis
tance from the stable increased, the variability decreased with fluxes 
stabilizing at near-zero values. In contrast, the SW transect in July was 
dominated by negative NH3 fluxes, i.e. deposition, with the exception of 
the first sampling points (up to 31 m distance). Fluxes started out high 
and dropped slightly below zero at distances of 61.5–125 m, after which 
a further decrease in fluxes was observed at 250 m before fluxes slightly 
increased again at a distance of 500 m. As a result, we found a negative 
relation between NH3 fluxes at the SW transect and distance from the 
stable (R = − 0.51, p < 0.01), while no significant relationship was 
found at the NE transect (p > 0.05). The transects conducted in 
September and October showed different patterns as stable deposition 
rates were observed across the whole NE transect in September, while 
the SW transect showed a shift from deposition towards emission at 
some point between 125 and 250 m distance from the stable. This again 

Table 1 
Summary of slurry amount and quality, NH3-N fluxes and meteorological vari
ables calculated over the two-week periods after each slurry application during 
2022. Values are given as absolute values or means ± SE. N.A. refers to no 
additional CAN application.

Slurry 
application

Unit 1st 2nd 3rd 4th

Date dd- 
mm- 
yy

11–03–22 07–06–22 24–06–22 26–08–22

Cattle slurry m3 

ha− 1 

ww*

40 20 20 20

Ditch water m3 

ha− 1
5 5 5 0

C % 34.78 
± 0.37

39.16 
± 0.25

36.24 
± 0.39

42.33 
± 0.10

N % 2.59 
± 0.09

2.16 
± 0.09

3.29 
± 0.06

3.03 
± 0.03

C/N ​ 13.43 
± 0.31

18.16 
± 0.70

11.02 
± 0.11

13.96 
± 0.14

N-content in 
slurry dry 
matter

kg 
ha− 1

73.13 
± 2.46

33.84 
± 1.41

51.54 
± 0.94

37.98 
± 0.38

Additional CAN 
27 %

kg 
ha− 1

N.A. 175 N.A. N.A.

Maximum NH3- 
N flux

µg 
m− 2 

s− 1

16.79 
± 0.01

34.27 
± 0.26

13.51 
± 0.08

0.87 
± 0.02

Net NH3-N 
balance

kg 
ha− 1

3.85 
± 0.07

2.56 
± 0.05

3.01 
± 0.05

0.28 
± 0.03

NH3-N loss kg 
ha− 1

4.13 
± 0.07

3.81 
± 0.07

4.61 
± 0.06

0.37 
± 0.03

NH3-N loss / N- 
input

% 5.7 4.7 8.9 1.0

Time until 90 % 
loss of NH3-N

h 132 43 22 247

Mean air 
temperature

◦C 8.3 15.8 17.4 18.6

Total 
precipitation

mm 4.4 10.4 32.2 31.0

Mean RH % 80.5 81.3 81.0 73.4
Mean SWC 

during 
application

% 38.2 31.3 20.9 9.4

* ‘ww’ = ‘wet weight’.

Fig. 4. Average monthly net flux balance (in kg NH3-N ha− 1, n = 3, ± SE) from February 2022 until February 2023; (a) including the periods after management 
practices with slurry applications in March, twice in June and in August and (b) excluding two-week periods after management practices.
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revealed a significant, though now positive, relationship (R = 0.79, 
p < 0.01) between NH3 fluxes at the SW transect and distance from the 
stable, but none at the NE-transect. A similar pattern was observed in 
October, though fluxes along the NE-transect showed a small decrease. 
The October measurements revealed a correlation coefficient of 0.91 
(p < 0.01) between NH3 fluxes at the SW transect and distance from the 
stable and no significant relationship at the NE transect. In addition, 
results from the non-parametric Wilcoxon rank-sum test showed that the 
fluxes found at the SW-transect were significantly different from those 
along the NE-transect for each month (p < 0.05). When the fluxes from 
the different months were compiled, no significant difference was found 
between the fluxes at the NE-transect and those at the SW-transect. 

Despite this, a weaker relationship could still be identified between 
the distance from the stable and the compiled fluxes at the SW-transect 
(R = 0.34, p < 0.05). No significant relationship was found for the 
compiled fluxes along the NE-transect.

4. Discussion

4.1. Net annual fluxes

We found a detailed temporal pattern of NH3 fluxes over a full year of 
intensive flux chamber measurements with profound positive net fluxes, 
i.e. NH3 emissions, particularly during the growing and harvesting 

Fig. 5. Pearson correlation between NH3-N fluxes (in µg m− 2 s− 1, excluding the two weeks post slurry application events) and air temperature (a, 1 h average), solar 
radiation (b, 1 h average), precipitation (c, 1 h average), relative humidity (d), wind projection (e, from the dairy stable), soil temperature (f, 1 h average), Soil Water 
Content (g) and leaf wetness (h) with corresponding coefficients and p-values.

Fig. 6. NH3 fluxes (in µg NH3-N m− 2 s− 1) along the NE- and SW-transects with increasing distance from the stable for July (a), September (b) and October (c). Note 
that the y-axis range varies for each plot. Note that the amount of vegetation at the SW transect was considerably lower than at the NE transect during the first 
measurement (July), since the fields in the SW were levelled early Spring and resown with L. perenne.
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season between March and September. This is also evident since most of 
the NH3-loss via emission occurred during this timeframe with net 
monthly NH3 balances varying between 0.1 and 5.6 kg NH3-N ha− 1. 
Slurry applications were associated with sharp peaks during the day 
time in NH3 fluxes lasting between 30 and 70 h. These post-slurry fluxes 
comprised the majority of the NH3 loss as revealed by the large differ
ence in net balance between the first two weeks after the slurry appli
cation and the remaining 44 weeks: 10 kg NH3-N ha− 1 yr− 1 vs 2 kg NH3- 
N ha− 1 respectively (Fig. 4). This indicates also the relevance of inten
sive temporal monitoring to comprise the total ammonia emission 
budget. In contrast, the data collected during fall and winter suggest that 
neither deposition nor emission are prominent with near-zero net 
monthly balances not exceeding 0.02 kg NH3-N ha− 1. This is likely 
explained by the reduced overall biological activity of both soil microbes 
and plants involved in the production of NH3 as their activity is highly 
temperature dependent. Additionally, the environmental conditions 
during autumn and winter (wet surface area and reduced air tempera
tures) are keeping relatively more NH3 dissolved. Overall, the measured 
fluxes yielded a net annual emission of 12 kg ha− 1; a net source of NH3- 
N. With a total N-input of 402 ± 5 kg ha− 1 through slurry application 
and artificial fertilizers, this amounts to a fractional NH3-N atmospheric 
emission loss of approximately 3 %. This fraction of total N-input on our 
specific test field is relatively large, but equals the regulatory limit based 
on the total application surface of the farmers.

Similar seasonal patterns were observed in other studies (e.g. Mos
quera et al., 2001; Todd et al., 2011; Van Damme et al., 2015). Mosquera 
et al. (2001) reported that higher emission rates were generally 
observed during summertime resulting in net monthly fluxes ranging 
between 1.0 and 5.5 kg ha− 1 during the growing and harvesting season 
at their study site in the Netherlands. At the same time, lower emission 
and deposition rates were observed during wintertime, yielding net 
monthly fluxes ranging between − 0.3 and 0.5 kg ha− 1. Still, the inten
sively managed grassland in their study yielded an accumulated emis
sion of approximately 26 NH3 kg ha− 1 for a 25-month period. This 
averages to 12-month net annual emission of 10.3 NH3-N kg ha− 1 and a 
fractional loss of approximately 4 %, which closely resembles what was 
found in the present study. This is interesting, as Mosquera et al. (2001)
used tower-based instruments in their setup, which means this value 
represents part of the flux that is determined by aerodynamic transport 
as a result of meteorological conditions and atmospheric turbulence 
strength as well (Sutton et al., 1998a; Zhang et al., 2021). Using similar 
tower-based techniques, Flechard et al. (2010) reported a net annual 
emission of 17 NH3-N kg ha− 1 at their study site in the Swiss Alps, which 
represented approximately 11 % of the N-input over four slurry appli
cation events. Differences in the amplitude of reported net annual fluxes 
may partly be a result of different measuring techniques, but we expect 
that these differences can be attributed more strongly to varying man
agement strategies, livestock density, climate, soil conditions and 
grassland composition (Flechard et al., 2010). Though these conditions 
vary across these study sites and different measuring methods were 
used, the findings clearly demonstrate that the major part of NH3 loss is 
driven by the application of slurry, emphasizing that grasslands are net 
sources of NH3 due to animal husbandry and fertilization events (David 
et al., 2009; Flechard et al., 2013).

4.2. Effect of management practices

NH3 fluxes directly after slurry application increase sharply during 
day time and vary in both magnitude and duration. Such sharp flux 
increases are common after fertilization because the slurry injection, 
while meant to reduce ammonia emissions, still leaves slurry exposed to 
the atmosphere, leading to direct exchange of ammonia with the at
mosphere via volatilization (Duncan et al., 2017). Peak fluxes varied 
between 13.5 and 34.3 µg m− 2 s− 1 during the first three slurry appli
cations, while the last slurry application resulted in a notably lower peak 
of 0.9 µg m− 2 s− 1. In all cases, it is apparent that after the sharp increase 

in fluxes directly after slurry application, the fluxes exponentially 
decrease back to background fluxes (Fig. 3). This pattern has been 
observed in other studies as well (Van der Molen et al., 1990; Spirig 
et al., 2010). However, the duration of these enhanced post-slurry fluxes 
varies with 90 % of NH3-N being volatilized within 48 h during the 
second and third slurry application, while this took 132 and 247 h for 
the first and last slurry application, respectively. The variation in extent 
and duration of enhanced post-slurry fluxes may be explained by the 
amount and quality of the slurry, as well as by varying environmental 
conditions. This is shown in literature where peaks of up to 47 µg m− 2 

s− 1 (Thompson and Meisinger, 2005), 56 µg m− 2 s− 1 (Rumburg et al., 
2006) and even 70 µg m− 2 s− 1 (Spirig et al., 2010; Flechard et al., 2010) 
have been reported. Spirig et al. (2010) state that the size of the field to 
be fertilized is an important determinant of NH3 volatilization, as this 
affects the saturation in the air column and thus the exchange of NH3 
between the surface and atmosphere. Their study site was over 20-fold 
smaller than the fertilized area in the present study, resulting in a 
larger surface-air concentration difference than what would be the case 
for the 100-ha production grassland in this study. This likely explains 
much of the at least twofold difference in peak flux compared to the 
present study. Despite receiving the largest slurry volume during the 
first application, the peak flux and the rate at which the resulting 
enhanced flux decreased were much smaller compared to the following 
slurry application (Fig. 3a). Moreover, the amount of NH3-N that was 
lost during the two-week period following the application represented 
5.7 % of the N-content in the slurry dry matter. However, SWC was 
highest during this first application and the southern plots of the pro
duction grassland were already fertilized with cattle slurry four days 
prior to the application at the experimental site, which already elevated 
the ambient air concentrations. Both may have inhibited NH3-loss due to 
faster infiltration into the soil and due to lower surface-air concentration 
differences (Flechard et al., 2010). In contrast, the fast emission and 
large peak fluxes during the second and third slurry application may be 
the result of the drier conditions during the summer. These dry condi
tions were even more prominent at the end of summer in August, 
however, the post-slurry fluxes during the application in August did not 
follow a similar course. Instead, the peak flux was 10-fold lower than 
those during the other slurry applications, while the emission of NH3 
occurred at a more gradual rate. It should be noted that the slurry was 
not diluted during this application, giving it a relatively high dry matter 
content compared to the other applications. This should also promote 
further NH3 loss to the atmosphere (Flechard et al., 2010), yet this was 
not observed. One explanation for the relatively low NH3-loss after the 
August slurry application could be that relatively high emissions were 
already observed apart from the two-week periods following manage
ment practices leading to a lower surface-air concentration difference, 
thereby inhibiting rapid NH3 emission.

4.3. Combination of cutting and artificial fertilizer application

We found no significant effects on both NH3 fluxes and balances after 
the combined practice of AF application and cutting. Previous studies 
showed that NH3 loss from CAN can be between < 1 % and 4 % of 
applied N (Black et al., 1985; van der Weerden and Jarvis, 1997; For
restal et al., 2016), where higher losses are likely attributed to more 
rapid dissolution of CaCO3 in CAN. Since the environmental conditions 
during and after the second and fourth AF application in the present 
study were relatively dry, this has likely contributed to a slow dissolu
tion of CAN and thus a slower and more gradual release of NH3, 
potentially resulting in less prominent peaks that were indistinguishable 
from background levels. Since all AF applications were done in combi
nation with cutting, it is worth considering how this practice may have 
affected net post-application fluxes. Cutting was only performed once 
without subsequent fertilization at the end of the growing and har
vesting season, but this also did not show distinct increases or decreases 
in NH3 fluxes. Weber et al. (2018) observed NH3 losses after cutting and 
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litter removal with peaks occurring after three to nine days. In contrast, 
David et al. (2009) reported that the emissions observed after cutting 
predominantly originated from litter and that the cut plants did not act 
as a significant NH3 source. Weber et al. (2018) also argued that the 
re-growth of the plant after it has been cut increases ammonium levels in 
the leaf tissue (i.e. apoplastic ammonium), which in turn enhances NH3 
emissions. Other mechanisms that may lead to an increase in emissions 
include the prevention of recapture of below canopy emissions, damage 
to the leaves as a result of the cut, or a reduction in substrate N con
sumption into structural N in the plant (Massad et al., 2010). Our hy
pothesis for not observing enhanced NH3 emissions after cutting is that 
the air column was already relatively saturated with NH3 (given the 
observed relatively high levels), which reduces the surface-air concen
tration difference and thus restricting the movement of NH3 towards the 
atmosphere (Flechard et al., 2010). This indicates that local level flux 
dynamics are at play depending on the distance to the point source of 
NH3 (i.e. the stable), which should be taken into account for flux 
quantification of entire production grasslands.

4.4. Spatial patterns

We found distinct variability in NH3 fluxes depending on the distance 
to the stable as well as wind direction. Not only did the fluxes vary 
spatially, these spatial patterns also varied over time. Earlier in the 
season, we found that irrespective of wind direction emissions of NH3 
occurred close to the stable while deposition occurred further away. 
However, later in the season and depending on wind direction, we 
actually observed deposition close to the stable and emission further 
away.

In another study performed at the same farm, the spatial variation in 
ambient atmospheric NH3 concentrations was assessed (Tulp et al., in 
prep). The highest NH3 concentrations were observed directly next to 
the ventilation grills of the stable on the NE side and were up to a 
threefold higher (up to 800 NH3 µg m− 3) than the concentrations found 
at the NW, SW and SE side. In all directions, the concentration quickly 
declined to < 100 NH3 µg m− 3 within 100 m (at a height of 1.5 m) and to 
indistinguishable from background concentration levels within 500 m. 
Assuming equal soil and vegetation conditions across the complete 
500 m transects, increasing fluxes would be expected when ambient 
NH3 concentrations decline due to increased surface-air concentration 
differences (Flechard et al., 2010). This would be visible through an 
increase in emissions, a decrease in deposition rates or even an increase 
in bidirectional fluxes, meaning that fluxes may start shifting from 
deposition to emission (Sutton et al., 1998b). However, soil and vege
tation conditions likely also vary and the measured fluxes reveal a 
different pattern, suggesting that these conditions play a crucial role in 
the exchange of NH3. Again, this can be explained by the surface-air 
concentration difference, which is a product of both the atmospheric 
concentration and the nitrogen status of the landscape. This determines 
the direction and strength of the movement of NH3. Taking this into 
consideration, and in addition to the previously mentioned local flux 
dynamics, continuous measurements at a larger distance from the stable 
(where atmospheric concentrations are lower) could potentially have 
revealed a different course of NH3 fluxes throughout the one-year 
period. For such measurements, our method of using automated and 
manual flux chambers to measure ammonia emission and deposition 
yielded high frequency data at a small scale, making this a viable 
strategy to study such local dynamics. Such a type of study should 
further be complemented by investigating individual processes, such as 
mechanisms that affect NH3 exchange of the external leaf area, as pre
sent flux models are lacking proper parametrization (Jongenelen et al., 
2025).

The observed monthly variation in NH3 emissions indicate that 
seasonal variation plays an important role in the spatial flux patterns as 
well. Nevertheless, the vast majority of net NH3 emissions was evidently 
caused by slurry application. During these events, the surface-air 

concentration difference is likely to be near-equal across the grassland. 
This is due to homogenous slurry application with a concentration far 
greater than the ambient air concentration prior to slurry application, 
resulting in a near-homogenous NH3 emission flux across the production 
grassland. Although spatial variation exists in background fluxes and 
would therefore affect the net annual NH3 balance, this represents a 
small fraction of post-slurry fluxes and this variation would likely have a 
minimal effect on these types of fluxes. One can therefore assume a 
uniform net annual NH3-N emission of 12 kg ha− 1 across this production 
grassland.

5. Conclusion

This study shows that slurry application induces significant levels of 
NH3 emission from temperate production grassland, which is important 
for sink-source dynamics at dairy farms during the growing and har
vesting season. The NH3 fluxes varied spatially and temporally across 
the production grassland and background fluxes outside of specific post- 
slurry application periods only represented a small fraction of total 
fluxes. We found a net annual emission of 12 NH3-N kg ha− 1 across the 
production grassland with a fractional NH3 loss of 3 %. This makes the 
dairy farm production grassland a net NH3 source in terms of atmo
spheric exchange. Most of the NH3 emission was clearly driven by the 
slurry applications, but the amplitude in emissions was determined by 
environmental conditions, especially with enhanced emissions during 
warm and dry conditions. Although this only a first step into researching 
the small scale dynamics of atmosphere-biosphere fluxes of ammonia, 
our chamber techniques proved valuable to investigate such NH3 fluxes 
and variables that influence these fluxes. Presently, the Dutch dairy 
sector faces a large task to comply with proposed NH3 reductions in 
accordance to international policies. This research, although only per
formed at one farm for one year in a temperate climate, implies that 
applying slurry dependent on local weather conditions can vastly limit 
gaseous emission which aids in reducing NH3 losses that benefit both 
farmer and the natural environment.
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