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Abstract

Background:There is a great need for simple and inexpensivemethods to quantify ammo-

nia emissions in multi-plot field trials. However, methods that meet these criteria have to

be thoroughly validated. In the calibrated passive sampling approach, acid traps placed

in the center of quadratic plots absorb ammonia, enabling relative comparisons between

plots. To quantify ammonia emissions, these acid trap samplings are scaled by means of

a transfer coefficient (TC) obtained from simultaneous measurements with the dynamic

tubemethod (DTM).However, dynamic tubemeasurements are also comparatively costly

and time-consuming.

Aims:Our objective was to assess the best practice for using calibrated passive sampling

in multi-plot field trials. One particular challenge in such experiments is to evaluate the

influence of ammonia drift between plots.

Methods: In a series of eightmulti-plot field trials, acid traps andDTMwere used simulta-

neously on all plots to measure ammonia emissions caused by different slurry application

techniques. Data obtained by both methods were correlated, and the influence of the

ubiquitous ammonia background on both methods was evaluated by comparing net

values, including the subtraction of the background with gross values (no background

subtraction). Finally, we provide recommendations for calculating a TC for calibrating

relative differences between plots, based on simultaneous acid trap and dynamic tube

measurements on selected plots.

Results:Treatmentmean values obtained by bothmethods correlatedwell. Formost field

trials,R2 valuesbetween0.6 and0.8wereobtained.Ammoniabackground concentrations

affected both methods. Drift between plots contributed to the background for the acid

traps, whereas the contamination of the chamber system might have caused the back-

ground for the DTM. Treatments with low emissions were comparatively more affected

by that background.
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Conclusion: For a robust application of calibrated passive sampling, we recommend cal-

culating the TC based on a treatment with high ammonia emissions, reducing the relative

influence of the ubiquitous ammonia background.

KEYWORDS

acid traps, ammonia background concentration, dynamic tubemethod, slot injection, slurry acidifica-
tion, standard comparisonmethod, transfer coefficient

1 INTRODUCTION

Although historically a limiting factor for agricultural production,

excess nitrogen (N) is nowadays causing tremendous damage. The cost

for the European Union is estimated with 70–320 billion € annually

(Sutton,Howard, et al., 2011; Sutton,Oenema, et al., 2011).One impor-

tant pathway for N losses from agricultural systems is the emission of

ammonia (NH3) due to the field application of liquid organic fertiliz-

ers (Emmerling et al., 2020; Erisman et al., 2008; Wulf et al., 2002).

This loss of NH3 affects air quality through the formation of partic-

ulate matter, which impairs human health and life expectancy (Bauer

et al., 2016; Lelieveld et al., 2015; van Damme et al., 2018). Addition-

ally, the excess of NH3 contributes to acidification and eutrophication

of natural ecosystems (Bobbink et al., 2010; Galloway et al., 2003; Her-

tel et al., 2013; Paerl et al., 2014; van Damme et al., 2018), as well as

to climate change (Shindell et al., 2009). Therefore, the abatement of

NH3 emissions following the application of organic fertilizers is a prior-

ity for national and international policies (Webb et al., 2005), leading to

the implementation of new application techniques (Webb et al., 2010).

For the assessment of NH3 emission mitigation technologies under

field conditions, standard measurement protocols based on microme-

teorological integrated horizontal flux (IHF) methods have been devel-

oped (VERA, 2009; Vilms Pedersen et al., 2018). However, thosemeth-

ods require large field areas of at least 2000 m2 (Wilson et al., 1983),

expensive equipment, or in-field electrical power supply (Pacholski,

2016). Therefore, the use of these techniques in replicated field trials

is very difficult or even impossible (Roelcke et al., 2002). However, in

order to statistically evaluate the effects of a wider range of applica-

tion techniques, NH3 emissions need to be quantified inmulti-plot field

trials with replicated treatments (Pacholski, 2016).

Calibrated passive sampling is a simple procedure to quantify NH3

losses in multi-plot experiments (Gericke et al., 2011), which combines

two methodological approaches: the standard comparison method

(Vandré & Kaupenjohann, 1998) and the dynamic tube method (DTM;

Pacholski et al., 2006).

Applying the standard comparisonmethod, simple passive samplers

(PSs) absorb NH3 volatilized from experimental plots by means of an

acid solution. In order to compare NH3 emissions of treated plots,

the background N concentration measured in unfertilized control

plots is subtracted from the N concentration measured in the treated

plots (Vandré & Kaupenjohann, 1998). Subsequently, the background-

adjusted NH3 uptake of the PS enables a relative comparison between

plots. In the initial setup by Vandré and Kaupenjohann (1998), NH3

sampled in plots with unknown NH3 emissions were related to NH3

sampled in plots with known NH3 emissions in order to scale results.

Release of NH3 from a standard gas bottle through a tubing system

installed on the standard plots was used to establish a known NH3

emission source. Subsequently, Möller and Stinner (2009) as well as

Wulf et al. (2002) successfully applied this approach to determineNH3

emissions on comparatively small plots (2 m × 2 m). However, the

NH3 gas exposition system developed for the small plots proved not

to be feasible for larger plots also required for agronomic investigation

involving combined harvesting or application of larger slurry applica-

tionmachinery (Gerickeet al., 2011). It turnedout that itwasdifficult to

establish a constant and homogeneous NH3 flow in the standard plots.

Therefore, Gericke et al. (2011) used the DTM (Pacholski et al., 2006)

for scaling relative differences obtained from the samplers to quantify

emissions, leading to the development of calibrated passive sampling.

For DTMmeasurements, ambient air is sucked through four circular

chambers placed on the soil. The air is enriched with NH3 volatilizing

from the applied fertilizer and led through PTFE (polytetrafluoroethy-

lene) tubings to an NH3-sensitive gas analysis detector tube. The

reading of the detector tube is then corrected for the background

NH3 concentration, as well as for meteorological conditions (Pachol-

ski et al., 2006; Roelcke et al., 2002). Due to the low air exchange rate

in the chamber system, the NH3 fluxes are generally underestimated

(Pacholski et al., 2006). Therefore, theDTMwas calibratedwith the IHF

method in order to adjust theNH3 fluxes for thewind speed (Pacholski

et al., 2006; Pacholski et al., 2008).

The DTM is relatively versatile, independent of power supply, and

easy to translocate but has also several downsides as being time-

consuming and expensive by manual operation and the need to use

expensive NH3 indicator tubes. Therefore, the calibrated passive sam-

pling approach uses DTM measurements only on a few selected plots

to scale relative differences obtained by PSs (Gericke et al., 2011). This

method was tested in a wide range of experiments in Germany (Ger-

icke et al., 2011; Ni et al., 2014, 2015; Quakernack et al., 2012; Seidel

et al., 2017) and Denmark (Wagner et al., 2021). In a validated trial

by Gericke et al. (2011), the combination of PSs and DTM correlated

verywell (R2 = 0.99) with simultaneous emissionmeasurementswith a

micrometeorological method (backward Lagrangian stochastic disper-

sion method (Sommer et al., 2005). This result was further supported

by additional comparisons presented by Quakernack et al. (2012) and

Ni et al. (2015).

The central point of calibrated passive sampling is the derivation

of a transfer coefficient (TC) to scale PS data. The TC is derived from

dividing the total cumulative NH3-N loss determined by wind speed

correctedDTMby the total amount ofNH3-NcollectedbyPSs (Gericke
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et al., 2011; Pacholski, 2016). To quantify NH3 emissions, cumulative

PS data are multiplied by the TC. However, the NH3 trapping effi-

ciency of PSs is influencedbymeteorological conditions and vegetation

properties during the sampling period (Vandré&Kaupenjohann, 1998).

Thus, individual TCs have to be determined for multi-plot experiments

conducted at different sites or in different periods (Gericke et al.,

2011; Pacholski, 2016). The TC approach generally assumes that all

treatments of a multi-plot experiment are exposed to the same mete-

orological conditions during the uniform experimental period and that

one uniform TC can be used to calculate NH3 fluxes for all treatments

(Vandré & Kaupenjohann, 1998).

Originally, it was suggested to derive the TC from the aggregation of

repeated simultaneousmeasurementswithDTMandPSs on high emit-

ting and unfertilized plots to obtain robust signals (Pacholski, 2016).

However, this recommendation was obtained from reasoning rather

than fromexperimental testing and the appropriate approach to deter-

mine TCs may also vary, depending on the emission dynamics of the

treatments tested and, on the approach, used to aggregate the TC

values for the entire experiment.

One important requirement of both methods is the determination

of NH3 background values that have to be deducted from treatment

data (Pacholski, 2016; Vandré & Kaupenjohann, 1998). The back-

ground concentration of NH3 might play a vital role in multi-plot field

experiments due to possible cross contamination between plots.

On the background of existing knowledge gaps with regard to

calibrated passive sampling, we aimed at testing the following hypoth-

esis:

1. A close correlation between data obtained from PSs and DTM

on single plots and averaged across treatments results in the

possibility to derive robust and valid TCs.

2. PSs andDTMareboth affectedbybackgroundNH3 concentrations.

Treatments with low emissions are comparatively more influenced

by that background than treatments with high emissions.

3. TCs shouldbederived froma treatmentwithhighNH3 emissions, as

in treatments with low emissions the ubiquitous NH3 background

might lead to biased results.

4. The TC value derived for a whole experimental campaign depends

on the level of data aggregation used for its calculation.

To test these hypotheses, we set up eight multi-plot experiments

with NH3 flux measurements in different treatments (control, mineral

fertilization, and four different slurry application techniques) accom-

panied by DTM and PS measurements in all plots. The effect of the

background NH3 concentration was assessed for both methods by

comparing net values with background subtraction to gross values

without subtraction.Concerning the third hypothesis, crucial points for

the derivation of TCs are summarized to provide general recommenda-

tions and guidance for TCdetermination in futuremulti-plot-calibrated

passive studies. Furthermore, we comparedTCs based on different lev-

els of data aggregation. This included TCs based on individual plots and

treatment mean values, as well as TCs based on data obtained from a

whole experimental campaign.

2 MATERIALS AND METHODS

2.1 Experimental sites and design

In 2019, we carried out a series of eight multi-plot field experiments

in Germany. Weather conditions and soil properties for each individ-

ual experiment are summarized in Table 1. Four sites were located in

North Germany (close to Kiel in Schleswig-Holstein [SH]), two sites

in West Germany (close to Osnabrück in Lower Saxony [LS]), and two

sites in Southwest Germany (close to Stuttgart in Baden-Württemberg

[BW]).Winter wheat (WW)was cultivated on half of the sites, whereas

the other half of the experiments was placed on permanent grassland

(GL). With regard to the aforementioned abbreviations for crops and

locations, the eight sites were namedBW:GL, BW:WW, LS:GL, LS:WW,

SH:Gla, SH:GLb, SH:WWa, and SH:WWb.

At each site, six treatments (Table 2) were set up in a one-factorial

randomized complete block design with four replicates. The plot size

was 9 × 9 m2 for the experimental sites in LS and BW, whereas the

plot size in SH was 9 × 6 m2 due to limited field areas. Plots were sur-

roundedbyunfertilized interspaces of a dimension of 9m in LS andBW,

and 6m in SH tominimize cross contamination by NH3 drift (Figure 1).

For the WW sites, the treatments (Table 2) were (1) a control with-

out nitrogen fertilization (N0), (2) broadcast application of calcium

ammonium nitrate (CAN), (3) trailing hose application of cattle slurry

(TH), (4) trailing shoeusing acidified cattle slurry (TH+A), (5) slot injec-

tion of cattle slurry (SI), and (6) cattle slurry + nitrification inhibitor

(SI+NI). For the GL sites (Table 2), application by trailing hose in treat-

ments (3) and (4) was replaced by trailing shoe application of cattle

slurry (TS) and acidified cattle slurry (TS + A). Each site was fertilized

twice a year, resulting in 16 fertilization campaigns. TheWWsiteswere

fertilized at the end of March/start of April (end of tillering) and at the

end of April (sprouting). The GL sites were fertilized approx. 6 weeks

before the first cut (end of March/start of April) and within 2 weeks

after the first cut (middle ofMay).

For both crops, the target application rate was 170 kg total N ha−1,

split up into two equal dressings of 85 kg N ha−1 for the WW sites,

whereas for the GL, sites 100 kg N ha−1 were applied before and

70 kg N ha−1 after the first silage cut. The NH4-N application rates

varied slightly (Table 1), because the slurry was derived from differ-

ent farms close to each experimental site. In the treatments with

slurry acidification, the target pH was set to 6.0 by adding sulfuric

acid (H2SO4) to a tank (1 m3) filled with slurry before application.

The slurry was thoroughly mixed during the process. In treatment

SI+NI, the nitrification inhibitor Entec Fl (EuroChemAgro,Mannheim,

Germany) with the active ingredient 3,4-dimethylpyrazole phosphate

(DMPP) was mixed into the slurry following the recommended appli-

cation rate of 6 L ha−1. In WW, the NI was applied only for the first

application, whereas for the GL, it was applied for both applications.

A custom-made slurry spreader suitable for plot trials based on appli-

cation tools from Samson Agro A/S (Viborg, Denmark) was used to

apply the slurrywith the different application implements (see Table 2).

For all treatments, the distance between the slurry bands was set to

25 cm.
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TABLE 1 Soil characteristics, weather conditions, and slurry application.

Soil characteristics Weather within 48 h after app. Slurry app.

Site Campaign Sand (%) Silt (%) Clay (%) pH Temp. (◦C)

Wind

(m s−1)

Precip.

(mm)

NH4
+-N

(kg ha−1) pHa

BW:GL 1 12 67 21 6.5 5.9 0.7 0.0 42 6.8

BW:GL 2 15.1 0.5 0.0 38 6.7

BW:WW 1 2 64 34 6.8 10.0 0.8 6.6 31 6.8

BW:WW 2 7.9 1.7 0.0 47 6.7

LS:GL 1 68 20 12 5.0 9.0 1.3 0.0 47 7.0

LS:GL 2 14.7 0.7 1.4 34 6.8

LS:WW 1 69 20 11 6.0 5.2 0.8 4.0 38 6.9

LS:WW 2 16.0 2.2 2.2 45 7.1

SH:GLa 1 56 33 11 5.9 8.0 3.2 0.4 56 7.7

SH:GLa 2 10.7 3.2 0.0 39 8.2

SH:GLb 1 59 30 11 5.4 5.9 5.2 0.0 56 7.3

SH:GLb 2 14.9 4.3 29.9 41 8.1

SH:WWa 1 65 25 10 6.8 7.0 2.5 6.0 48 8.0

SH:WWa 2 14.0 4.8 0.2 44 8.0

SH:WWb 1 56 33 11 6.4 4.3 3.8 1.0 48 7.3

SH:WWb 2 7.0 4.0 1.3 47 7.8

Abbreviations: app., application; BW, Baden-Württemberg; GL, grassland; LS, Lower Saxony; precip., cumulated precipitation; SH, Schleswig Holstein; temp.,

average temperature at 1m height; wind, average wind speed at 2m height;WW,winter wheat.
apH value refers to the pH of the raw untreated slurry.

TABLE 2 Treatment description for winter wheat (WW) and
grassland (GL) sites.

TreatmentsWW Treatments GL

N0

Control without N

fertilization N0

Control without N

fertilization

CAN Calcium ammonium

nitrate

CAN Calcium ammonium

nitrate

TH Slurry by trailing hose TS Slurry by trailing shoe

TH+A Slurry+H2SO4 by

trailing hose

TS+A Slurry+H2SO4 by

trailing shoe

SI 1st app.: slurry slot

injection

2nd app.: slurry by

trailing shoe

SI Slurry slot injection

(both app.)

SI+NI 1st app.: slurry+NI slot

injection

2nd app.: slurry by

trailing shoe

SI+NI Slurry+NI slot

injection (both

app.)

Abbreviations: app., application; H2SO4, sulfuric acid; NI, nitrification

inhibitor.

2.2 Measurement of ammonia emissions

After fertilization, NH3 emissions were immediately measured by cal-

ibrated passive sampling according to Pacholski (2016). Within the

first 10 min after fertilizer application, the PSs (250 mL PVC bot-

F IGURE 1 Schematic sketch of the randomized experimental
layout. The grey areas represent the quadratic plots (9m× 9m). All
plots are surrounded by 9m interspaces tominimize NH3 cross
contamination. A, acidification; CAN, calcium ammonium nitrate; N0,
no nitrogen fertilization; NI, nitrification inhibitor; SI, slot injection;
TH, trailing hose.

tles with four circular openings) were filled with 20 mL of 0.05 mol

H2SO4 solution to absorb emitted NH3. These containers were fixed

to metal rods and placed in the middle of each plot with the bottom

0.15mabove canopy. TheH2SO4 solutionwas changed up to five times

on the day of fertilizer application. In the following days, the inter-

val between changing sampler solutions was extended, and finally, it
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CALIBRATED PASSIVE SAMPLING 455

was changed only once per day. The number of PS samplings varied

slightly between sites. However, PS measurement campaigns lasted at

all sites for at least 7 days. Sampler solutions were frozen to −18◦C

until analysis. Ammoniumconcentrations in the sampler solutionswere

analyzed using well-established standard procedures for NH4
+ mea-

surements (either by UV/Vis spectrophotometer or continuous flow

analyzer) and were corrected by the water loss due to evaporation

in each container. Subsequently, data were cumulated plot-wise, and

the cumulated NH4
+-N content of N0 plots within the same block was

subtracted as background.

For the DTM, ambient air is sucked through four circular stain-

less steel chambers placed on the soil using a Dräger X-act 5000

pump (Drägerwerk AG, Lübeck, Germany). A detector tube is inserted

between the chamber system and pump to display the NH3 concen-

tration. Concerning the CAN treatment, a representative amount of

fertilizer was put into four soil rings adapted to the size of the chamber

system, whereas for the organically fertilized treatments, the cham-

ber system was centered on the slurry band. The proportion of the

area covered by the chambers to the total area between two slurry

bands was considered by using the factor 0.46 to obtain the emission

from total plot area. The chamber systems cover 11.5 cm of the 25 cm

distance between neighboring slurry bands, and it was assumed that

no emissions occurred in the unfertilized area between slurry bands.

Betweenmeasurements on different plots, the chamberswere cleaned

with paper towel and flushed with ambient air, so that the carryover

of NH3 from previous measurements was minimized. NH3 raw fluxes

were calculated based on the equation (Supporting Information 1)

according to Pacholski (2016).

The raw fluxeswere adjusted to absolute fluxes by consideringwind

speed effects on emissions by an empirical formula (Supporting Infor-

mation 2) developed by Pacholski et al. (2006). All data presented in

the result and discussion section include the wind speed correction.

In case cup anemometers detected no wind at the time of measure-

ment, half of the detection limit of the anemometer was used in the

formula as default value for wind speed. If the calculated raw flux

was zero or below zero (i.e., the background concentration is higher

or equal to the measurement in the treated plot), the absolute flux

was set to zero (the logarithmic function does not work with negative

values).

Up to five measuring times adapted to the diurnal temperature

curve were applied on the day of fertilizer application. On the fol-

lowing days, fewer measurement times adapted to the temperature

curve were chosen. Due to soil surface disruption by DTM chamber

placement, no measurement was carried out at exactly the same spot

within a plot, except for theCAN treatment. CumulatedNH3 emissions

were calculated by linear interpolation between measurement tim-

ings within the same plot. The number of measurement cycles differed

between sites and fertilizer application dates, depending on actually

measured NH3 emissions. As treatments SI and SI + NI were identi-

cal regarding the second application at theWWsites (Table 2), noDTM

measurement was conducted in treatment SI + NI during the second

application at each site.

2.3 Data analysis

To compare PS and DTM, the mean cumulated NH3-N emissions of

the high emitting TH or TS treatments of each fertilization campaign

were defined as 100%. Cumulated NH3 emissions of other treatments

are given as relative values compared to treatment TH (forWW) or TS

(for GL) and the N0 treatment is by definition 0% for both methods.

Concentrations detected at those plots have to be considered origi-

nating from background concentrations and eventual drift between

plots.

To compare treatment effects obtained from both methods, cumu-

lated NH3 emissions obtained by DTM and NH3-N absorbed by PSs

were analyzed by an analysis of variance (p ≤ 0.05). GL and WW

sites were analyzed separately, because GL andWW treatments were

slightly different (Table 2). In the first step, themean cumulatedNH3-N

content of the two fertilization campaigns at each site was calculated

for each treatment in each block. As there was no DTM measurement

for treatment SI+NI regarding the second application at theWWsites

as injection techniques are not performable at high plant heights, those

missing valueswere substitutedby the values obtained from treatment

SI as these two treatments were identical (Table 2). The model was

defined by the fixed factors “treatment,” “site” and “treatment × site,”

and the random factor “block” (within sites). Subsequently, significant

differences regarding the treatmentmeanswere analyzed by using the

Tukey test (p≤ 0.05).

To evaluate the correlation between DTM and PSs regarding the

cumulated emissions evaluated by DTM and cumulated NH4
+-N col-

lected by PSs, regression functions and coefficients of determination

(R2) were calculated. The regression included single plot data (DTM

given as kg NH3-N ha−1; PS given as mg N L−1) of all 16 fertiliza-

tion campaigns. For the regression function, the p-valuewas calculated

for slope and y-intercept. Additionally, R2 and the significance of the

slopewere computed for each individual fertilization campaignby com-

paring single plot data and treatment means. As PS and DTM both

assess NH3 within the same plots, R2 values <0.4 were therefore indi-

cated as aweak correlation betweenmethods. Values between 0.4 and

<0.7, 0.7–0.9, and >0.9 were indicated as moderate, good, and excel-

lent correlations. For the second campaign at theWWsites, treatment

SI + NI was excluded for calculating correlations, because no DTM

measurements were performed.

Differing from the original publication of the method described

above, “gross” NH3 emissions (without subtraction of background

values) were compared to “net” NH3 emissions (with subtraction of

background values) to evaluate the relevance of background noise. For

the PS, the subtraction of background values is defined as the sub-

traction of the cumulated NH4
+-N collected in the control treatment

within the same block. For the DTM, the subtraction of background

values for each measurement time is defined as the subtraction of

the background concentration in the same block, which was mea-

sured closest in time (see Supporting Information 1). Calculations

of the cumulative NH3 emission by linear interpolation were done

with and without subtractions of this background noise. The “gross”
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values were exclusively used to describe the influence of background

noise; for all other issues discussed in this paper, the “net” values were

used as the calibration of passive sampling was performed using net

values.

According to Pacholski (2016), the TC is defined as the cumulative

NH3 emissions calculatedby theDTMdividedby the cumulativeNH4
+-

N adsorbed by PSs for a whole sampling campaign. Cumulated PS

values (mg N L−1) can be transformed into absolute values (kg N ha−1)

by multiplication with the TC. Three approaches for calculating TC

factors were investigated.

TCindividual (Equation 1): For each fertilization campaign, the TC

values were calculated for each individual plot:

TCindividual =

(
DTM cumulated

(
kg N ha−1

)
PS cumulated

(
mg N L−1

)
)
. (1)

Subsequently, the mean and standard deviation (SD) of the four

TCindividual belonging to the same treatment were calculated. Nega-

tive numerical PS results after background subtraction of individual

plots were considered an exclusion criterion for recommending that

treatment for TC calculation.

TCmean (Equation 2): Alternatively, the calculation of the treatment

mean of the four replications was done before TC calculation for DTM

and PS. Treatment mean of cumulated DTM samplings (kg N ha−1)

was then divided by the treatment mean of cumulated PS samplings

(mgN L−1):

TCmean =

(
treatment mean DTM cumulated

(
kg N ha−1

)
treatment mean PS cumulated

(
mg N L−1

)
)
. (2)

TCtotal (Equation 3): Third, a single TC for each fertilization cam-

paign was calculated by determining mean-cumulated DTM samplings

(kg N ha−1) and mean-cumulated PS samplings (mg N L−1), including

data of all plots. DTMmeanwas then divided by PSmean:

TCtotal =

(
mean DTM cumulated

(
kg N ha−1

)
mean PS cumulated

(
mg N L−1

)
)
. (3)

3 RESULTS AND DISCUSSIONS

3.1 Comparison of relative cumulated emissions
obtained by PSs and DTM

PSs andDTMprovided cumulativeNH3 emissions in different units and

required normalization for further processing. The mean of treatment

TH for the WW sites or treatment TS for the GL sites (Table 3) was

defined as 100% for each fertilization campaign for both approaches.

Cumulated NH3 emissions of other treatments are normalized as rel-

ative values compared to the TH or TS treatment. Both methods

detected the significantly lowest emissions in the CAN treatment

(Figure 2). Low NH3 losses following CAN application were found

by many previous studies (Forrestal et al., 2016; Sommer & Jensen,

1994; Velthof et al., 1990). Based on PS data, even numerically neg-

ative values after control subtraction were observed in some cases

(Table 3). This means the background value sampled in an unfertilized

plotwas higher than the value sampled in its respective treatment plot.

In opposition to the original publication (Pacholski, 2016), we allowed

numerically negative values for further calculations. In some cases,

contaminationdue to adjacent plotsmight behigher in theN0plot than

in its respective treatment plot and vice versa. Including only values≥0

for the calculation of treatment means might therefore lead to biased

results whenNH3 emissions are low.

In treatments where the liquid organic manure was acidified,

emissions were also comparatively low according to both methods

(Figure2), correspondingwith previous studies (Fangueiro et al., 2015).

For the second fertilization in SH:GLa (Table 3), numerical negative PS

values were calculated for the treatment with acidified slurry. In indi-

vidual plots, negative valueswere also calculated for other fertilization

campaigns (Table 3).

According to the PSs (Figure 2), emissions in the SI treatments with

and without NI were lower than in the TH or TS treatments. For the

SI + NI treatment, those differences were not significant. Based on

the DTM results, no differences between SI (with and without NI) and

TH treatments were detected for the GL sites, whereas for the WW

sites, a significant difference was found between SI and TH treatments

(Figure 2).

Overall, results of both methods are in accordance with literature

(Fangueiro et al., 2015; Forrestal et al., 2016; Freney et al., 1983; Som-

mer & Jensen, 1994; Velthof et al., 1990; Webb et al., 2010). However,

differences between treatment means are more pronounced, when

using PSs compared to the DTM (Figure 2). When using PSs, the dif-

ference between lowest (CAN) and highest (TH in WW or TS in GL)

treatmentmeanwas about 100%,whereas for theDTM, the difference

between lowest (CAN) and highest (TH in WW or TS in GL) treatment

mean was only about 70%. However, the variance of results is higher

for the PSs (Table 3). The cumulative NH3 emissions measured with

the DTM showed, with only two exceptions (sites LS:GL and LS:WW;

Table 3), a lower SD.

When comparing the different sites, the highest emissions accord-

ing to the DTM occurred, when the wind speed was high within the

first 48 h after fertilization (Tables 1 and 3). High wind speed leads to

an increased air exchange rate. Therefore, the NH3 concentration in

the air layer close to the applied nitrogen fertilizer is comparatively

low (Freney et al., 1983), leading to a higher concentration gradient

between fertilizer solution and ambient air, increasing NH3 volatiliza-

tion (Freney et al., 1983). It is important to note that the DTM does

not directly measure increased NH3 emissions induced by high air

exchange rates, because the air exchange rate in the chamber system is

not influencedby theactualwind speed (Pacholski et al., 2006). Instead,

the raw fluxes (Supporting Information 1) have to be adjusted for the

wind speed (Supporting Information 2; Pacholski et al., 2006). How-

ever, it has to be kept in mind that this calibration included only wind

speeds up to 4 m s−1 (Gericke et al., 2011; Ni et al., 2015; Pacholski

et al., 2006). Especially, the experiments conducted in SHexceeded this

limit (Table 1), possibly reducing the validity of the data obtained by the

DTM at these sites.
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CALIBRATED PASSIVE SAMPLING 457

TABLE 3 Comparison of relative passive sampler (PS) and dynamic tubemethod (DTM) data.

100%

(kgha−1 N)

CAN TH/TS TH/TS+A SI SI+NI

Site/campaign PS DTM PS DTM PS DTM PS DTM PS DTM

BW:GL 1 9.9 18± 6 30± 9 100± 18 100± 6 58± 7 24± 13 63± 15 68± 11 62± 31 77± 7

BW:GL 2 7.3 1± 7 9± 5 100± 29 100± 22 33± 21 80± 9 76± 15 83± 5 94± 27 46± 19

BW:WW 1 3.8 −10± 23 34± 10 100± 71 100± 24 54± 19 58± 17 43± 65 57± 24 59± 63 83± 41

BW:WW 2 7.7 −12± 8 14± 1 100± 97 100± 8 55± 78 64± 5 80± 35 63± 12 38± 70 63± 12

LS:GL 1 5.6 8± 22 37± 36 100± 19 100± 27 16± 21 57± 33 73± 28 63± 31 90± 8 82± 33

LS:GL 2 1.3 −17± 33 156± 59 100± 55 100± 46 81± 38 127± 51 64± 39 88± 32 99± 35 139± 62

LS:WW 1 5.2 −4± 23 21± 16 100± 13 100± 33 14± 18 82± 20 42± 23 108± 19 49± 41 119± 23

LS:WW 2 5.1 0± 10 31± 37 100± 42 100± 59 5± 65 29± 17 40± 34 69± 27 31± 33 69± 27

SH:GLa 1 18.5 −8± 26 6± 4 100± 41 100± 11 65± 51 56± 6 65± 45 127± 27 75± 19 113± 4

SH:GLa 2 17.7 9± 37 8± 4 100± 44 100± 14 −3± 39 75± 28 67± 82 87± 15 106± 43 108± 18

SH:GLb 1 10.3 3± 12 15± 1 100± 43 100± 20 22± 21 5± 3 92± 20 171± 23 90± 18 198± 11

SH:GLb 2 17.6 8± 18 28± 9 100± 25 100± 10 50± 16 67± 10 92± 25 110± 13 88± 18 111± 19

SH:WWa 1 5.1 −21± 13 48± 14 100± 36 100± 11 29± 39 67± 4 74± 20 126± 19 108± 50 149± 17

SH:WWa 2 12.9 −16± 21 9± 6 100± 27 100± 12 53± 57 73± 10 88± 49 92± 9 104± 68 92± 9

SH:WWb 1 9.0 2± 12 40± 8 100± 22 100± 7 53± 33 99± 3 50± 17 91± 8 77± 16 111± 10

SH:WWb 2 12.4 2± 43 25± 5 100± 65 100± 12 39± 24 27± 5 60± 34 86± 9 91± 40 86± 9

Note: Themeans of the TH or TS treatmentwere defined as 100%. Column “100%” shows theNH3 emissions (kgN ha−1) in treatment TH/TS according to the

DTM. “±” indicates the standard deviation of the treatmentmean. Numbers in bold print indicate that at least one relative value was below 0.

Abbreviations: A, acidification; BW, Baden-Württemberg; CAN, calcium ammonium nitrate; GL, grassland; LS, Lower Saxony; N, nitrogen; N0, no N

fertilization; NI, nitrification inhibitor; SH, Schleswig Holstein; SI, slot injection; TH, trailing hose; TS, trailing shoe;WW,winter wheat.

When comparing PSs and DTM across fertilization campaigns and

all treatments (Figure 3), correlation between these two methods was

rather moderate (R2 = 0.44). This could be expected due to vary-

ing environmental conditions (temperature, wind speed, and surface

roughness) affecting the NH3 uptake efficiency of PSs (Pacholski,

2016; Vandré & Kaupenjohann, 1998). However, when comparing PS

and DTM data of individual plots within fertilization campaigns, R2

values also indicated oftentimes only weak or moderate correlation

between methods (Table 4). Cumulative NH3 emissions obtained by

PSs show a high SD (Table 3), impairing the correlation between PSs

and DTMwhen comparing individual plots. The initial hypothesis, that

a good correlation between methods is expected, is therefore only

partially validated. When comparing treatment means within fertil-

ization campaigns (Table 4), correlation between methods generally

increases, because treatment means are less affected by extreme val-

ues of single plots. However, as those correlations are only based on

5 values compared to 20 values for the correlation of individual plots,

the increased R2 values oftentimes do not coincide with increased

statistical significance.

The second important aspect regarding the regression analysis is

the comparison of intercepts. Zero NH3 emissions according to the PS

should equal zero emissions according to the DTM. However, this was

not validated (Figure 3). On average, zero NH3 emissions according to

the PS equaled 3.6 kg N ha−1 NH3 emissions according to the DTM.

3.2 Handling of background subtraction
according to PS and DTM

The comparison of PS and DTM results showed two major differences

between the two methods. First, when comparing treatments within a

fertilization campaign, the variance of cumulated ammonia emissions

according to the PSs is generally larger than variance according to

the DTM (Table 3). Second, based on the applied calculation approach

and different from the original publication (Pacholski, 2016), negative

numerical PS values are possible, whereas the DTM always leads to

results ≥0. These differences might be explained by the differences in

handling the background subtraction for both methods. Per definition,

the background represents the ubiquitous atmospheric NH3 concen-

tration. In such a multi-plot field trial set-up with slurry application,

the drift of NH3 between experimental plots might be the primary

source of that background. Furthermore, NH3 sources outside the

experimentation site might also contribute to the background (Van-

dré & Kaupenjohann, 1998). Due to the chamber system, wind drift

might be a less important factor for the DTM than for the PS. How-

ever, air passing through theDTMsystem from a relatively low altitude

compared to PSs is probably also affected by emissions from neigh-

boring plots. Furthermore, the contamination of the chamber system

with NH3 adsorbed from previous measurements can be an additional

factor contributing to increased background values. To minimize this
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458 TENHUF ET AL.

F IGURE 2 Comparison of gross- and net-cumulated ammonia emissions across sites calculated based on datameasured by passive samplers
(PSs; left side) and the dynamic tubemethod (DTM, right side). The net ammonia emissions of the trailing shoe (TS) or trailing hose (TH) treatments
of each individual site and campaign were defined as 100% for bothmethods. Depicted are themean cumulated ammonia emissions across all
sites. The gross value represents the relative cumulated ammonia emissions without control subtraction. The net value represents the relative
cumulated ammonia emission, including the control subtraction. Different lowercase letters (left side) indicate significant differences (Tukey test;
p≤ 0.05) between net values of different treatments regarding the PS. Grassland (GL) andwinter wheat (WW) sites were analyzed separately.
Different capital letters (right side) indicate significant differences (Tukey test; p≤ 0.05) between net values of different treatments regarding the
DTM. GL andWWsites were analyzed separately. A, acidification; N0, no nitrogen fertilization; NI, nitrification inhibitor; SI, slot injection.

F IGURE 3 Correlation of ammonia emissions calculated based on passive sampler (PS) and dynamic tubemethod (DTM) data across
fertilization campaigns. “***” indicates a highly significant effect (p≤ 0.001) of slope or y intercept. R2, coefficient of determination.

problem, the chamber systems require thorough cleaning by, for

example, paper towel and flushing with ambient air in-between mea-

surements (Pacholski, 2016).

In our study, the PS background was defined as the cumulated NH3

emissions of the N0 plot of the same block. That means that for each

fertilization campaign, the same background was subtracted for each

treatment within the same block, leading to the same average back-

ground subtraction for each treatment (Figure 2). Data obtained in

our field experiments showed that many plots exhibited numerically

negative cumulated NH3 emissions after control subtraction (Table 3,

Figure 3), indicating that the determination of the background in the

N0 plot might sometimes not be representative for the background
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CALIBRATED PASSIVE SAMPLING 459

TABLE 4 R2 values for the correlation between passive sampler and dynamic tubemethod data for each site and fertilization campaign.

Site→ BW:GL BW:WW LS:GL LS:WW SH:GLa SH:GLb SH:WWa SH:WWb

Campaign↓ R2i R2m R2i R2m R2i R2m R2i R2m R2i R2m R2i R2m R2i R2m R2i R2m

1 0.50* 0.62 0.37* 0.90* 0.14 0.85* 0.20* 0.38 0.46* 0.67 0.67* 0.77* 0.53* 0.79* 0.57* 0.78*

2 0.27 0.40 0.43* 0.92* 0.05 0.26 0.60* 0.95* 0.25* 0.70 0.73* 0.94* 0.69* 0.98* 0.41* 0.80*

Note: R2i is the coefficient of determination for the correlation of individual plots; R2m is the coefficient of determination for the correlation of treatment

means.

Abbreviations: BW, Baden-Württemberg; GL, grassland; LS, Lower Saxony; SH, Schleswig Holstein;WW,winter wheat.

*Significant slope (p≤ 0.05).

F IGURE 4 Gross ammonia emissions for passive sampler (PS) and
dynamic tubemethod (DTM) data in the trailing hose (TH) or trailing
shoe (TS) treatment for the different sites. The net ammonia emissions
of the TH or TS treatment of each individual site and campaign were
defined as 100%. The gross value represents the relative cumulated
ammonia emissions without control subtraction. The net value
represents the relative cumulated ammonia emission after control
subtraction. BW, Baden-Württemberg; C, fertilization campaign; GL,
grassland; LS, Lower Saxony; SH, Schleswig Holstein;WW,winter
wheat.

in the treated plots. That also might at least partially explain the high

SD of PS results (Table 3). Besides, varying NH3 emissions due to

fertilization, the calculated cumulated N emission of each plot was

also affected by varying background NH3 concentrations. Treatments

with high emissions are comparatively less influenced by background

noise than treatments with low emissions, which supports our second

hypothesis. Regarding the PS, the “gross” emissions in the TH or TS

treatmentwereonaverage80%higher than the “net” emissions (range:

24%–170% higher without background subtraction;Figure 4) without

background subtraction (Figure 2). Obviously, the percentage of back-

ground subtraction is even higher in treatments with lower emissions.

Therefore, the problem of the inaccurate determination of the back-

ground is more pronounced in those treatments. This can be seen in

particular for CAN plots where NH3 emissions were very low during

the whole measurement period.

For the DTM, the background was subtracted for each individual

measurement when applying the raw flux formula (Supporting Infor-

mation 1). It was defined as the detector tube reading of the N0 plot

within the same block, which is closest in time. The result of that cal-

culation can be either numerically positive or negative. Subsequently,

the raw fluxes are corrected for wind speed (Supporting Informa-

tion 2). Negative raw fluxes were set to zero absolute fluxes according

to Pacholski (2016). Between measurements within the 7-day period

after fertilizer application, cumulative NH3 emissions of each individ-

ual plot were calculated by the linear interpolation of absolute fluxes.

A general requirement of that procedure is the exact determination of

the background. Theoretically, the background should never be higher

than the emissions measured in a fertilized plot. In practice, however,

the background value used for the calculation might often be inaccu-

rate. This is illustrated by the comparison of “gross” and “net” emissions

of CAN andN0 treatment. Themean-cumulatedNH3 emissions across

sites according to theDTM(Figure2) show that the ammonia emissions

in the CAN treatment reach approximately 30% of the value reached

in the TH or TS treatment. In the N0 treatment, the emissions are

by definition at 0%, as those N0 plots are used to define the back-

ground value. However, when cumulatingNH3 without the subtraction

of background values (Figure 2), results in N0 and CAN treatment are

similar. The reason for that is that the result of the raw flux calculation

in theN0plots is always zero,whereas in theCANplots, it is sometimes

slightly above or slightly below zero. For the calculation of the absolute

fluxes, only positive raw fluxes are taken into consideration.

The average difference between “gross” and “net” values varied

also between other treatments (Figure 2). Those differences can be

explainedby thenonlinearwind speed correction following the calcula-

tion of raw fluxes (Supporting Information 2) and by applying the factor

0.46 (Supporting Information 1) for organically fertilized treatments,

where the chambers coveredonly the slurry bands, but not for theCAN

treatment.

For the DTM, the percentage of control subtraction varied substan-

tially between sites. Regarding the TH or TS treatment, the sites in SH

had generally the lowest percentage of control subtraction, whereas

in LS percentage of control subtraction was relatively high (Figure 4).

Especially, the second fertilization campaign in LS:GL exhibited high

background values according to the DTM. This might be partially

explained by the amount of NH3 emissions. In LS, emissions were

generally low (Table 3), so the relative influence of background was

comparatively high. On the contrary, the comparatively low emissions

might also be explained by the high amount of background subtraction.

Further investigation revealed that the handling of DTM measure-

ments in the fielddiffered slightly between siteswith apotential impact
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460 TENHUF ET AL.

on background subtraction. In SH and BW, the order of measurement

was treatment-wise (e.g., at first all TS plots, then all TS + A plots).

Moreover, for each measurement cycle, one separate chamber system

wasused for lowemitting plots (mainlyN0andCANplots), and another

chamber system was used for organically fertilized treatments to min-

imize carryover effects from low to high emitting treatments. In LS,

the order of measurement was block-wise, and the chamber systems

were used for all treatments. Treatment-wise order of measurement

and using different chamber systems for high and low emitting treat-

mentsmeans that potentially lower background values are subtracted,

as the N0 plots that are used for determining the background are less

affected by cross contamination compared to the block-wise order of

measurement. Furthermore, in LS, cumulative NH3 emissions scatter

more around their respective treatment mean compared to the sites

in SH and BW (Table 3), as the measurements of the four plots of the

same treatmentwere influencedbydifferent amounts of cross contam-

ination (one plot might have been measured after an N0 plot, another

after a TH plot).

Therefore, the treatment-wise order of measurement should be

preferred to compare different treatments. Furthermore, using a sep-

arate chamber system for each treatment might be even better to

compare different treatments. However, the contamination of the

chamber system due to previousmeasurements within the same treat-

ment remains andmust beminimized by carefully cleaning and purging

all DTMmeasurement devices before sampling the next plot.

The purpose of the DTM is to provide area-based NH3 emissions.

In the initial setup by Pacholski et al. (2006), only two high emitting

plots involving repeated measurements within the plot and one unfer-

tilized area for determining the background were measured. Each of

those three treatments consisted of only one plot. Considering that

there were fewer measurements, cross contamination was probably a

less important factor than in the experimental setup of this study. As

the approach by Pacholski et al. (2006) is based on an empirical for-

mula, small changes of the original setup might finally result in large

differences regarding the cumulated NH3 emissions. In order to be

close to initial calibration conditions, it is therefore advisable to limit

the number of consecutivemeasurements from emitting plots.

3.3 Transfer coefficient

The PS measurements enable relative, semiquantitative comparisons

between plots, delivering effect sizes between treatments. To finally

transfer the relative differences between PS results to absolute differ-

ences, calibrated passive sampling requires the calculation of a TC on

the precondition that all factors influencing the TC (wind speed and

direction, temperature, plant height, and canopy structure) are equal

throughout the experimental site (Vandré & Kaupenjohann, 1998).

However, in practice, this is probably rarely the case as, for example,

NH3 drift between plots might affect background NH3 emissions of

each individual plot differently.

The TC (Table 5) was calculated for single plots (TCindividual; Equa-

tion 1), treatment means (TCmean; Equation 2), or a whole multi-plot

field experiment (TCtotal; Equation 3). As it is costly and time-

consuming to execute DTM measurements in a large number of plots,

our aim was to identify characteristics of a well-suited treatment for

calculating the TC. We hypothesized that the TC should be calcu-

lated based on data obtained from treatmentwith highNH3 emissions.

Under those conditions, the relative influence of background noise is

expected to be low.

Calculation of the TCindividual (Table 5) showed that negative PS

results after N0 subtraction lead to negative TCs in plots of treatments

with low emissions (TH+A, TS+A, and CAN treatments).When emis-

sions are higher, the probability of such values was clearly reduced.

After background subtraction, the cumulated emissions by PS can also

provide a result very slightly above zero leading to a meaningless large

TC. This problem is alsomore likely to occur in plotswith comparatively

low emissions. These two factors might explain why the TCindividual SD

is generally higher for treatmentswith lowemissions (Table5), confirm-

ing our hypothesis that TC calculations should be based on a treatment

with high emissions.

When calculating the TC according to the TCmean (Equation 2)

approach, no negative results occurred for TH, TS, SI, and SI + NI

treatment (Table 5). The results according to TCindividual and TCmean

approaches differed remarkably for treatments with low emissions,

demonstrating that TC values depend on the level of data aggrega-

tion used for their calculation. Even in the TH or TS treatment, the

difference between the two approaches ranged from 0% to 48%. Con-

sidering that cumulated NH3 emissions according to bothmethods are

influenced by background NH3 emissions and that this background

might influence individual plots more than treatment means, calcu-

lating TCmean seems more reliable than calculating the mean of four

TCindividuals. Furthermore, the correlation of PS and DTM treatment

means is higher than the correlation of individual plots (Table 4),

substantiating that treatment means are more reliable than values

determined in individual plots.

Comparing the TCmean of the TH or TS treatment with the TCtotal

shows that the TCtotal is always higher than the TCmean (Table 5). Zero

NH3 emissions according to the PSs do not equal zero NH3 emissions

according to the DTM (Figure 3). When emissions are low, the DTM

might overestimate the cumulated NH3 emissions. That means that

treatments with low emissions add comparatively more N according

to the DTM (numerator for calculating the TC) than according to the

PSs (denominator for calculating the TC). Therefore, although based on

more data, the TCtotal might be less reliable than calculating the TCmean

based on treatment with high emissions.

4 CONCLUSIONS

Determining NH3 emission in multi-plot field trials with several fer-

tilized treatments is challenging and requires detailed methodological

considerations. Our aim was to assess the best practice for using cal-

ibrated passive sampling under such conditions. The key point of this

approach is calculating a TC for scaling relative differences between

plots obtained by PSs with simultaneous dynamic tube measurements.
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CALIBRATED PASSIVE SAMPLING 461

TABLE 5 Transfer coefficients calculated from different treatments and for different degrees of data aggregation (TCindividual, TCmean, and
TCtotal).

Site Campaign TCindividual TCmean TCtotal

CAN TH/TS TH/TS+A SI SI+NI CAN TH/TS TH/TS+A SI SI+NI

BW:GL 1 2.37± 1.36 1.10± 0.17 0.53± 0.33 1.18± 0.1 1.88± 0.64 2.03 1.08 0.49 1.16 1.64 1.15

BW:GL 2 −0.88± 3.55 0.52± 0.18 1.70± 1.51 0.54± 0.11 0.26± 0.14 0.96 0.49 1.13 0.53 0.24 0.50

BW:WW 1 −0.38± 1.02 0.85± 0.59 0.76± 0.46 −4.03± 5.06 0.14± 1.42 −1.59 0.57 0.66 0.81 0.83 0.81

BW:WW 2 −2.08± 11.05 2.11± 1 0.13± 2.87 1.28± 0.44 n.m. 12.79 1.48 1.65 1.14 n.m. 1.48

LS:GL 1 0.24± 2.19 0.56± 0.21 −5.38± 13.3 0.54± 0.38 0.51± 0.21 1.53 0.54 1.52 0.48 0.51 0.63

LS:GL 2 1.6± 3.48 0.15± 0.11 0.23± 0.13 0.39± 0.48 0.19± 0.11 −1.02 0.11 0.19 0.17 0.17 0.22

LS:WW 1 −0.13± 0.53 0.41± 0.17 1.36± 3.45 1.27± 0.51 7.08± 11.99 −4.95 0.40 3.97 1.09 1.09 0.91

LS:WW 2 −1.79± 4.58 0.33± 0.1 −0.27± 0.41 −0.02± 0.95 n.m. −0.84 0.35 2.36 0.64 n.m. 0.62

SH:GLa 1 0.31± 0.74 0.7± 0.12 4.63± 8.38 2.58± 2.81 1± 0.22 −0.84 0.67 0.58 1.29 0.97 0.89

SH:GLa 2 −0.24± 0.53 1.48± 1.12 −1.17± 7.6 9.5± 13.16 1.49± 1.08 −0.50 1.13 −13.32 1.66 1.19 1.80

SH:GLb 1 0.78± 2.8 0.34± 0.18 −0.06± 0.17 0.57± 0.11 0.68± 0.14 −0.48 0.30 −0.13 0.56 0.66 0.56

SH:GLb 2 −21.88± 44.07 0.58± 0.11 0.87± 0.43 0.7± 0.21 0.75± 0.18 2.41 0.56 0.84 0.67 0.73 0.70

SH:WWa 1 −0.8± 0.49 0.26± 0.08 −12.84± 21.01 0.44± 0.14 0.44± 0.29 −0.59 0.25 0.63 0.41 0.35 0.42

SH:WWa 2 −1.57± 1.5 0.48± 0.07 0.09± 0.76 0.59± 0.24 n.m. −0.29 0.47 0.65 0.50 n.m. 0.57

SH:WWb 1 0.07± 1.36 0.29± 0.06 0.98± 1.05 0.6± 0.3 0.41± 0.1 −18.40 0.28 0.54 0.52 0.40 0.44

SH:WWb 2 0.04± 0.79 0.74± 0.34 0.58± 0.32 1.14± 0.67 n.m. 258.00 0.60 0.44 0.88 n.m. 0.73

Note: The section TCindividual (Equation 1) shows mean and standard deviation of the four TCindividuals belonging to the same campaign and treatment. Bold

numbers indicate that at least one of those four respective TCindividuals were negative. TCmean was calculated according to Equation (2). TCtotal was calculated

according to Equation (3) for each site.

Abbreviations: A, acidification; BW, Baden-Württemberg; CAN, calcium ammonium nitrate; GL, grassland; LS, Lower Saxony; N, nitrogen; n.m., no measure-

ment conducted; N0, no N fertilization; NI, nitrification inhibitor; SH, Schleswig Holstein; SI, slot injection; TH, trailing hose; TS, trailing shoe; WW, winter

wheat.

The main problem in our experimental set-up was cross contami-

nation between plots, masking NH3 emissions of treatments with

comparatively low emissions. Treatments with high NH3 emissions

were therefore identified to deliver the most robust TCs. This con-

firms the procedure advocated in the initial publication (Pacholski,

2016): The chamber system used for scaling PS results should only be

used in unfertilized control and one treatment with high NH3 emis-

sions. This reduces time and costs for dynamic tubemeasurements and

minimizes chamber system cross contamination between treatments.

Passive sampler results of multi-plot field experiments with slurry

applicationmay also differ from the initial set-up due to increasedNH3

drift between plots. We demonstrated that calculating TCs based on

treatment averages is more robust when compared to the calculation

of TCs for single plots, because treatment means are less influenced

by changing NH3 background concentrations than individual plots. In

perspective, the highly empirical calibrated passive sampling approach

can be applied with some confidence, when all procedures are covered

appropriately. However, there is a need for a more direct quantitative

method for multi-plot field trials. Such a method could be based on

more precise NH3 concentrationmeasurements in higher resolution in

time and inverse fluxmodeling, which has been tested in recent studies

but requires further development.
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