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Concerns about ammonia (NH3) losses from nitrogen (N) mineral fertilizers have forced policymakers to set
emission reduction commitments across Europe. Although best available techniques (BATs) have been recom-
mended, large uncertainties still exist due to poorly targeted site-specific approaches that might compromise
their effectiveness. Here we proposed and tested a conceptual framework designed to identify most effective
BATs that reduce NHj at the site-specific level. The study was conducted in the Veneto region, northeast Italy.
After the mapping of NH3 emission potential areas, BATs and business-as-usual N fertilization scenarios were
assessed using a modified version of the DNDC agroecosystem model and compared with urea broadcast dis-
tribution under different pedo-climatic conditions. The most promising practices were further tested in a field
experiment using a wind tunnel combined with a FTIR gas analyzer. Results showed that closed-slot injection
reduced NH3 emissions with any type of mineral or organic fertilizers. Injected application, with ammonium
nitrate or organic fertilizers, reduced NH3 loss in maize by 75% and 96%, respectively, and in winter wheat by
87% and 98%, compared to surface broadcast. Injection was the most promising technology to support, being
already available to farmers. However, some increase in nitrate leaching was observed, mostly in case of winter
wheat (+24% for AN injection; +89% for organic fertilizers). By contrast, urea incorporation with hoeing, the
most common technique used by farmers in spring crops, did not show satisfactory results, because the partial
burial of urea caused strong NH3 emissions that were even higher compared to surface broadcast. Recommended
NH; reduction techniques should be tailored to local pedo-climatic and management conditions, and evaluated,
in a holistic approach, considering all N fluxes in the environment.

1. Introduction of global NHj3 emissions (Beusen et al., 2008) and 20% in Europe

(ECETOC, 1994). Emphasis has been placed on urea since it is by far the

Concerns regarding ammonia (NH3) emissions to the atmosphere
from anthropogenic sources have escalated in recent years. Ammonia
plays an important role in atmospheric aerosol production by reacting
with acid gas compounds (SO2, NOy) (Galloway et al., 2003), and it is an
indirect source of the greenhouse gas nitrous oxide (N2O) (EPA, 2019). It
is estimated that about 80% of the worldwide anthropogenic NHj
emissions comes from agricultural activities, especially losses from
agricultural soils (58%) and manure management (21%) (Van Damme
et al., 2014). Mineral nitrogen (N) fertilizer application contributes 33%
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most prevalent fertilizer type (Sommer et al., 2004), its rate of use is
growing (FAO, 2019), and urea-related NH3 emissions are much greater
than those from other N fertilizer types.

The latest National Emission Ceilings Directive (NEC Directive,
2016/2284) has entered into force on December 31st 2016 to reduce,
amongst other air pollutants, NH3 emissions. EU Member States are
asked to reduce NH3 emissions from mineral N fertilizers by using the
following approaches: (i) replacing urea-based fertilizers by ammonium
nitrate-based fertilizers; (ii) reducing NH3 emissions by at least 30%
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compared with the surface broadcast reference method (Sutton et al.,
2015) where urea-based fertilizer continues to be applied; (iii) replacing
inorganic fertilizers with organic ones, or at least spreading them in line
with the foreseeable crop or grass requirements. Despite that best
available techniques (BATs) exist for preventing and reducing NHj
agricultural emissions (UNECE, 2014), large uncertainties still remain
regarding their effectiveness at the site-specific level. Greater NHs losses
from fertilizers are common in alkali soils (Rao and Batra, 1983; Som-
mer et al., 2004), while high cation exchange capacity (CEC) lowers
emissions due to interactions between NH} (NHj3 precursor) and ex-
change sites (Duan and Xiao, 2000; Sommer et al., 2004). Climatic
influencing factors are wind speed, air temperature and rainfall that
affects the soil water content (Sommer et al., 1991). Sommer et al.
(2004) reported that cumulative NH3 losses can be > 60% of applied N
under specific pedo-climatic conditions. NH3 emissions may be strongly
reduced with careful fertilizer management, such that emissions can be
reduced to <10% in well-established crops (Schjoerring and Mattsson,
2001), or to < 50% with N fertilizer incorporation. However, conflicting
results in NHg losses according to N distribution management have been
observed. In some cases urea incorporation increased NH3 emissions
compared to surface spreading due to local variability, e.g., in soil
structure and moisture (Pelster et al., 2019). Ammonia volatilization is
higher at lower incorporation depths and is impacted by soil-fertilizer
mixing methods (Rochette et al., 2013).

Guidelines to prevent and abate NH3 emissions should follow a site-
specific approach, where BATs are targeted according to a site-
vulnerability assessment that combines pedo-climatic and manage-
ment factors (Burton and Schwarz, 2013). Furthermore, BATs should
embrace a broader vision, evaluating their effects on the whole N cycle
and loss pathways (e.g., nitrate leaching, N»O emission) following a
holistic approach.

The present study fell within the broad LIFE PrepAIR project that
aimed to study reduction methods for NH3 emissions from urban to
agricultural sources in the Po river basin, northern Italy, one of the most
air-polluted areas in Europe. In this context, the main goal of this work
was to develop a conceptual framework that should assist policymakers
and practitioners to identify most effective BATs at the site-specific
level. To this end a number of specific objectives were pursued: i)
mapping of the NH3 emission potential from soils of the Veneto region
(NE Italy); ii) evaluating the business-as-usual N fertilization practices in
croplands and their impacts on N losses; iii) identifying the most
promising BATs to reduce NHj3 emissions that can be adopted in the
Veneto region, and testing their effectiveness in a field experiment.

2. Material and methods
2.1. Study area
This research was conducted in Veneto (northeast Italy, 45°30' N

11°45’ E), a region that encompasses an area of about 18,400 km?. Its
north-south extension, from the Austria border to the Po River, is of ca.

Table 1
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210 km, while the eastern-western territory extends from the Taglia-
mento River to Lake Garda (ca. 195 km). Most of the region (55%) is
occupied by the Venetian plain, where most of the intensive agricultural
production takes place. The area is flat and rarely exceeds 100 m above
sea level. The continental climate of the Venetian plain is sub-humid,
with annual rainfall of about 800-1000 mm (Table 1). Temperatures
increase from January to July. The rainfall distribution during the year
is characterized by a maximum in May or June (ca. 100 mm) and a
minimum in winter (50-60 mm per month from December to February).
The major soils of the Venetian plain are Calcisols and Cambisols (WRB,
2014), characterized by a medium natural fertility due to relatively low
soil organic carbon content (SOC = 6-10 g kg™ 1) and a cation exchange
capacity from low (in sandy, CEC = 5-10 cmol kg™!) to high (in
silty-clay, CEC > 20, up to 55 cmol kg™1). Soil reaction mostly ranges
from neutral (pH 6.6-7.3) to moderately alkaline (7.9-8.4). Moving
northward, soils are composed of calcareous, skeletal (25-47%) loamy
and clay loamy soils (Luvisols and Cambisols) (pH > 7.9; SOC 10-12 g
kg™!). Mountain areas generally comprise sand/clay loamy soils, with
poorly differentiated profiles (Leptosols) alternated with deeper ones
(Cambisols) (pH moderately acid =~ 5.9; high CEC ~ 35-40 cmol kg’l).

2.2. Mapping of NH3 emission potential

Soil information (Regione Veneto, 2005), provided by the Environ-
mental Protection Agency of the Veneto Region (ARPAV), were used to
map the susceptibility to NH3 emissions from Veneto soils (Fig. 1A),
regardless any fertilization practice. They were grouped according to the
classification proposed by Duan and Xiao (2000), which identified pH
and CEC threshold levels of potential NH3 emissions:

(I) Very low (pH < 7; CEC > 20 cmol kg™1);
(I Low (pH < 7; CEC < 20 cmol kg™ b);
(I Medium (7 < pH < 8; CEC >10 cmol kg™ 1);
(IV) High (7 < pH < 8; CEC < 10 cmol kg_l);
(V) Very high (pH > 8; CEC < 10 cmol kg’l).

2.3. Survey on agricultural practices in the Veneto region

Business-as-usual crop management information was collected via an
online questionnaire conducted among farmers and farm advisors
(Fig. 1B). A number of 30 respondents were selected according to a
“snowball” methodology (Dal Ferro et al., 2020), covering the main
cropping areas of the Veneto region. Requested information included
main crops and practices (varieties, yield, tillage, etc.), and N fertilizer
management (type, dosage, timing, etc.).

2.4. DNDC agroecosystem model to predict alternative BAT scenarios

The DNDC agroecosystem model (Li, 2012) was used to identify most
effective BAT scenarios to mitigate NH3 emissions (Fig. 1C). In addition
to NHj losses, the trace gas emissions of NoO along with nitrate leaching

Soil (0-20 cm) and weather characteristics of the five pedo-climatic areas. Standard errors are reported in brackets.

Pedo-climatic Area pH Particle size distribution (%) CEC" (cmol kg™) SOC” (%) Temperature (°C) Rainfall (mm yr—') Risk
Sand Silt Clay July (Max)* January (Min)“ Mean class

BP 8.09 40 45 15 12 1.02 31.5(0.8) 0.0 (1.2) 14.3 (0.18) 788.1 (79.1) 111

LE 8.08 51 24 25 17 1.28 30.1 (0.70) 0.48 (1.2) 14.3 (0.19) 888.4 (156.9) il

BV1 7.66 34 52 14 13 2.30 31.5(0.9) 0.12 (1.3) 14.4 (0.14) 1012.2 (132.1) 111

BV2 6.84 33 51 16 17 1.53 31.5(0.9) 0.12 (1.3) 14.4 (0.14) 1012.2 (132.1) I

FE 7.78 40 32 28 24 3.41 29.4 (0.9) —4.0 1.7) 12.1 (0.15) 1574.9 (263.5) 11

@ Cation exchange capacity.

b Soil organic carbon content.

¢ Average maximum of the hottest month.
4 Average minimum of the coldest month.
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Fig. 1. Outline of steps and processes adopted during the study.

were also considered. DNDC has been successfully used worldwide to
predict C and N cycling, including the Venetian plain (Camarotto et al.,
2018; Morari, 2010). For this study, a modified DNDC v. CAN version
(from DNDC95), suited to predict NH3 emission from N fertilizers and
animal slurry in temperate agroecosystems, was used. The improved
model can simulate soil pH buffering and N fertilizer application at
depth, and includes the effect of urea hydrolysis (Congreves et al., 2016;
Dutta et al., 2016). The updated version of the DNDC. vCAN model is
available directly from the developers (https://github.com/BrianBGr
ant/DNDCv.CAN).

The map of NH3 soil emission potential was overlaid with a climatic
map to identify five pedo-climatic locations for assessing management
impacts using DNDC (Table 1, Fig. 3). The selected locations, namely
Bagnolo di Po (BP), Legnaro (LE), Barbarano Vicentino (BV1 and BV2),
and Feltre (FE), were chosen because they were equipped with a weather
station that provided freely available daily data (ARPAV weather sta-
tions), and because they encompassed the climatic macro zones
stretching from south to north following a climatic gradient of
increasing rainfall and reduction in mean temperature (at FE location).
At each location, a total of eight different scenarios was modeled under
maize and winter wheat, which represent the main cultivated arable
crops in the Veneto region. BATs involving irrigation management were
not included in this study.

The reference application technique (hereafter, “SRF_ye,”) Was sur-
face broadcast application of urea-based N fertilizer (Table 2). Besides
SRF _yrea, Six alternative scenarios (Table 3) were modeled on the same

Table 2
Main management aspects under reference simulation condition (surface
broadcast, SRF.ye,) simulated using DNDC v.CAN.

Maize Winter Wheat

Fertilization (kg N ha™! 248 120

yrh)

Fertilizer application Surface broadcast Surface broadcast

Sowing date 15th April 1st November

Harvest date 15th September 15th June

Base dressing 15th April, NPK 100 kg N -
ha™!

Top dressing 1 15th May, urea 74 kg N 15th March, urea 60 kg N
ha™! ha™!

Top dressing 2 15th June, urea 74 kg N 15th April, urea 60 kg N
ha™! ha™!

crops by following the guidelines provided by the UNECE document
(UNECE, 2014), i.e. four on mineral fertilization management and two
on the substitution with organic fertilizers (injection of slurry and
digestate at 15 cm depth). One survey-based scenario per crop, con-
sisting of side-dress urea incorporated at 5 cm depth for maize
(INCs.urea) and top-dress ammonia nitrate (SRF.py) on winter wheat,
was included to represent common practices in the region. Simulations
were performed over a 5-year period (years 2013-2017). Apart from
fertilization and crop type, all simulations included the same manage-
ment practices. For each area, a representative site was selected, which
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Table 3

Modeled fertilization management scenarios including the reference application
technique (surface broadcast, SRF yea), BATs (UNECE, 2014) and scenarios to
represent survey findings (INCs_yye, for maize and SRF .5y for winter wheat) from
farmers and practitioners.

Abbreviation ~ Description Maize  Winter
Wheat

SRF_yrea Surface broadcast distribution of urea x" x"

SRF. AN Surface broadcast distribution of X x°
ammonium nitrate

SRF_yan Surface broadcast distribution of urea- X
ammonium nitrate (UAN, liquid)

INJgs.an Closed-slot injection of ammonium nitrate X X
at 6 cm depth

INJ6-Urea Closed-slot injection of urea at 6 cm depth ~ x X

INH yrea Surface broadcast distribution of urea with ~ x X
urease inhibitor

INC15.51u Incorporation of slurry over 15 cm depth X X

INCy5.pig Incorporation of slurry over 15 cm depth X X

INCs_yrea Incorporation of urea at 5 cm depth x”

@ Reference scenario.
b Survey-based scenario.

was linked to a pedo-climatic database as input to feed DNDC.

2.5. Testing of most promising BATs in a field experiment

Integrating both survey and model results, an experiment was set up
to field-test NHg emission for the reference application technique and for
the most promising BATs (Fig. 1D). The site was at the Experimental
Farm “L. Toniolo” of the University of Padova in Legnaro (45° 21’ N, 11°
58 E; 6 m above sea level), northeast Italy, where the climate is sub-
humid with annual rainfall of about 850 mm distributed fairly uni-
formly throughout the year and the mean temperature is 14 °C.

The soil was a silty-loam Calcaric Cambisol (sand 35%, silt 48%, clay
17%), with a pH of 8.1, CEC of 12.5 cmol kg1, SOC content of 12 g kg *,
and C/N ratio of 7.4. According to ARPAV (Regione Veneto, 2005), the
Calcaric Cambisols cover almost 50% of the Venetian plain. The soil was
classified as medium susceptibility to NH3 emissions (class III). The field
test was conducted on bare soil in 12 plots, 0.75 m wide and 3.5 m long,
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spaced 0.75 m apart. The experimental layout was a randomized block
design with three replicates. The tested treatments were: i) control
surface broadcast distribution of urea (SRF.yre,); ii) side dressing by
incorporation of urea in the top 3 cm by hoeing (INCs.yreq); iii) side
dressing by incorporation of urea in the top 6 cm by hoeing (INCg_yrea);
iv) side dressing by closed-slot injection of urea at 6 cm depth
(INJg.urea)- The experiment started on September 23rd 2019, when each
plot received granular urea (N = 46%) at a rate of 200 kg N ha™? fol-
lowed by different incorporation methods. After urea application, each
plot received a daily amount of simulated rainfall to keep the soil wet,
from 0.5 to 3.0 mm, leading to cumulated rainfall of 30.6 mm.

2.6. Quantification of broadcast incorporation of urea through image
analysis

The rate of urea incorporation during side dressing and hoeing with
an inter-row cultivator at different depths (INC3.yreq and INCe_yrea) Was
quantified through image analysis techniques. To identify urea granule
incorporation or surface maintenance, a known quantity of urea gran-
ules was spread and incorporated with hoeing. At least five pictures of
the soil surface in different positions along the row were perpendicularly
taken at 150 cm height with an 18-megapixel RGB camera (EOS 1200D,
Canon, Tokyo, Japan). A digital image analysis procedure based on
machine learning algorithm (Arganda-Carreras et al., 2017) was used to
identify surface urea, and separate it from the incorporated urea. Hoeing
at 3 cm depth resulted in 15% surface urea granules, while at 6 cm
hoeing depth only 1% was not incorporated (Fig. 2). These results were
used to simulate the mechanical effect of hoeing during the field test.

2.7. Ammonia emission monitoring system

Ammonia emissions were measured starting from September 23rd to
October 17th 2019 using a wind tunnel apparatus (Lockyer, 1984;
Sommer and Misselbrook, 2016) combined with a FTIR multi-gas
analyzer Gasmet DX4015 (Gasmet Technologies, Vantaa, Finland). The
wind tunnel was 0.4 m wide and 2.5 m long, where the open area was
1.6 m long (measurement area 0.64 mz). The section area was 0.11 m2.
At the end of the tunnel, a fan drew air at a constant speed of 0.7 ms™*. A

Fig. 2. Images identifying urea after surface broadcast (A), incorporation with hoeing at 3 (B) and 6 cm (C) depth. Black dots in the main pictures are urea granules
on the soil surface. Magnifications of selected areas are reported on the right-side images: true color imagery is reported on the top, and binarized imagery with urea
(black) on the soil surface (green) is reported on the bottom. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article).
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Map of NH3; emission potential
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Fig. 3. Map of NH3 emission potential across the Veneto region.

small hole positioned at the top of the tunnel, provided a means to
measure wind speed inside the duct using an anemometer, and to
measure ammonia using the gas analyzer probe. The probe was a cable
made of polytetrafluoroethylene (PTFE) that prevented NH3 adsorption
during gas sampling. The detection limit of the gas analyzer for NHz was
0.065 ppm.

The experimental site was equipped with a meteorological station
consisting of an anemometer (HD54.3, DeltaOhm Srl, Selvazzano Den-
tro, Italy) and an air temperature (T, °C)-relative humidity (UR, %)
probe (HP3517TC2.2, DeltaOhm Srl). Each plot had a soil temperature
(T, °C)-water content (VWC, %) probe (HP3910.2, DeltaOhm Srl) at 1
cm depth; all probes were connected to a datalogger (HD35EDLMTC.E
and HD35EDLWS/3 T, DeltaOhm Srl). Probes were calibrated in labo-
ratory providing an accuracy of +3%.

2.8. NHj3 emission dynamics

Ammonia concentration was measured twice a day in the first two
weeks and, subsequently, at incremental intervals for a total of 14
monitoring days. Ammonia concentrations were converted into fluxes
(kg N-NH3 ha™? h’l) using the following equation (Eq. (1)), as in
Rochette et al. (2009):

In-nNH, = % X (Co - C[) 1)

where Q (m3h 1) is the air flow rate through the tunnel calculated as the
product of the wind speed and the sectional area of the tunnel; A (m?) is
the enclosed surface area; Cy and C; (mg m~3) were the background (out
of the tunnel) and internal N-NH3 concentrations, respectively.

Fluxes obtained from each plot were interpolated to calculate the
cumulative NHgs loss by implementing the model proposed by Demeyer
et al. (1995), as follows:

(i-1)
(]
o= dacie |:1 —e (2)

where dY/dt is the NH3 emission flux rate (kg N-NH3 ha! h’l), which is
a function of soil temperature (T, °C), soil moisture (9, %), time (t, h),
while a (value of the asymptote), c (rate constant, >0) and i (describing
the shape of the sigmoidal curve, i > 1) are fitting parameters. Moni-
tored wind speed, soil temperature and soil water content were used to
estimate hourly cumulative NHj3 fluxes for the duration of the
experiment.

2.9. Statistical analysis

The non-parametric Kruskal-Wallis method was used to compare
NH;3 emission concentrations during the field experiment; data were
reported in box-plots including the median, 25% and 75% percentiles
(box values), non-outlier range (whiskers values = 1.5 x the height of
the box) and outlier values. Post hoc comparison of mean ranks for all
groups was performed according to Siegel and Castellan (1988).

3. Results
3.1. Map of NH3 emission potential

A map of the Veneto region showed five distinct areas of cropland
which were at differing levels of susceptibility to NH3 emissions due to
mineral N fertilizer use (Fig. 3). To note that the map represented only
the NH3 emission potential that was independent of the impacts of any
fertilization practice. The most vulnerable areas, which were charac-
terized by pH > 7 and CEC < 10 cmol kg%, covered approximately 8.6%
of the total regional area. Intermediate potential emissions accounted
for 69.9% of total surface, where pH-driven NH3 emissions were offset
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by NHj adsorption due to greater cation exchange capacity (> 10 cmol
kg™1). By contrast, soils with low emission potential were those with pH
< 7. They differed in CEC by a threshold level that identified low (CEC <
20 cmol kg™1), and very low (CEC > 20 cmol kg™!) NH3 emission po-
tential. These soils comprised approximately 13.7% and 1.7% of the
regional arable cropland areas, respectively.

3.2. Results from the survey conducted with farmers and farm advisors

The main cultivated crops by 20 respondents were maize and winter
wheat, which represented 32% and 21% respectively of the total
investigated crops. Several minor crops were grown discontinuously, or
on small agricultural areas (Table 4). Despite being low the number of
surveys (20), farmers and farm advisors accounted for about 10,000 ha
of cropland area in the Veneto region.

In maize, base dressing consisted of localized placement at 5 cm
depth of NPK (80% of cases) or urea (20% of cases), just before sowing.
Average doses were 100 + 15 kg N ha™!. Top dressing, mostly with urea,
was generally split in two events between May and June (total average
=148 + 16 kg N ha™1). Fertilizers were applied with top or side dressing
(27% of cases), or as localized placement in the row with closed-slot
injection (36% of cases) and incorporation (37% of cases). In 60% of
the cases, N top dressing was the only fertilization in winter wheat,
amounting totally to a total of 122 4 14 kg N ha™'. Localized placement
with ammonium nitrate (AN) or urea-based fertilizers was never used.
Few farmers (27%) used a direct localized application of liquid urea-
ammonium nitrate (UAN).

3.3. Modeling BAT scenarios

3.3.1. N fluxes

Estimated N losses using the DNDC model (summarized in Table S1
shown as average values across pedo-climatic locations) mainly stem-
med from N removed by crop harvest, N losses through gaseous emis-
sions and N leaching. The DNDC model predicted average maize and
winter wheat N uptake of 231 + 8.4 and 65.7 + 2.2 kg N ha! yr™},
respectively. Broadcast application of urea-based N fertilizer (reference
scenario, SRF yre,) resulted in the lowest N uptake (maize = 185.9 +
26.1 and winter wheat = 58.00 + 5.3 kg N ha™! yr™!) (Table S1). The
surface application of only organic fertilizers followed by immediate
incorporation (the simulated N input rate was the same as the N mineral
one, Table S1) showed the highest values, both for maize with slurry
(254.4 + 5.6 kg Nha ! yr~!) and in winter wheat with digestate (74.2 +
2.3 kg N ha™! yr1). Such systems had also the higher simulated N
leaching than when mineral fertilizers were applied. The FE location was
the most prone to N leaching, being characterized by the highest yearly
cumulative rainfall (1574.9 £+ 263.5 mm yr’l) compared to the other
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locations (893.1 + 64.5 mm yr ', on average). An increase of N leaching
was also observed when AN-based fertilizers were used, both with sur-
face broadcast and closed-slot injection. Simulated cropping systems
and fertilization management had an average annual soil N loss of 31.2
kg N ha™! yr~! in maize, and surplus of 0.8 kg N ha~! yr! in winter
wheat.

3.3.2. NHg3 emissions

Across the Veneto region, predicted NHgz emissions from urea-based
surface broadcast application (SRF.yre,) in maize were on average 136.5
kg N-NH; ha~! yr}, ranging between 62.0 and 187.0 kg N-NH; ha™!
yr’l (Fig. 4A). Ammonia losses > 50% of N fertilizer input (248 kg N
ha™! yr’l) were observed at the southern BP location as well as in the
central locations (LE and BV1), all classified as areas with medium sus-
ceptibility to NHg emissions (Fig. 3). In contrast, NH3 losses were 25% of
N fertilizer input in the central BV2 location, being characterized by soils
with low susceptibility to emissions (pH = 6.84, CEC = 17 cmol kg™ 1).

Simulated emissions when the BATs were applied averaged 47.5 kg
N-NH3 ha~! yr™!, from zero to 137 kg N-NH3 ha~! yr~!, which were
considerably lower than for surface applied urea (130.8 kg N-NHg ha™!
yr~! on average). Strong variability stemmed from differences in fer-
tilizer placement and formulation as well as local pedo-climatic condi-
tions. For instance, closed-slot injection of urea (INJg.yrea) and use of
urease inhibitor (INH.yea) reduced average emissions by 76.8 kg N-NHg
ha™! yr! (ie., 44%) and 67.7 kg N-NHs ha™! yr! (ie., 51%),
respectively. In this context, NH3 losses were < 3% for the low emission
potential location BV2, while they showed values > 50% of applied N at
the medium emission potential locations, following the same trend of
reference scenario. Closed-slot injection of ammonium nitrate (INJs.an)
showed the lowest NH3 losses. Emissions were flattened to values < 20
kg N-NH3 ha~! yr~! when organic fertilizers were used.

Similar to maize, DNDC simulated the highest NH3 emissions for
winter wheat from the SRF .y, scenario (on average 54.6 + 12.0 kg
N-NH3 ha~! yr™1), ranging between a minimum of 14.8% in BV2 and a
maximum of 70.4% in BP of N applied (120 kg N ha—! yr 1) (Fig. 4B). In
contrast to maize, average NHs emissions from SRF._sy (24.7 kg N-NHj3
ha! yr’l) were similar to those from mineral-fertilized BATs (26.1 kg
N-NH3 ha™! yr’l). The only exception was INJg.an, Which frequently
showed zero emissions as a result of closed-slot AN injection under
peculiar pedo-climatic conditions (high rainfall and low pH in BV1, BV2,
FE areas, Table 1). Organic N input, applied with the same N rate as the
mineral one (Table S1), strongly reduced NHs, being always lower than
3 kg N-NH3 ha! yr‘l as a result of 15 cm-depth incorporation before
sowing.

Table 4
Main results from the survey conducted with farmers and farm advisors on mineral N-fertilizer management. Average values are followed by standard errors (in
brackets).
Main investigated crops Irrigation ~ Base dressing Top dressing
Fertilizer Rate (kg N Management Number and period of Fertilizer Rate (kg N Management
ha! yr’l) applications ha-1 yr-1)
Maize Sprinkler ~ NPK 100 (15) Injection (5 cm) 2; May—June Urea 148 (16) Incorporation by
hoeing (5 cm)
Winter wheat - - - - 2; January-May AN 122 (14) Surface broadcast
Soybean Sprinkler =~ NPK 33 (2 Injection (5 cm) - - - -
Other winter cereals - - - - 2; February-April UAN 113 (13) Surface broadcast
(barley, einkorn, oat,
etc.)
Sugarbeet Sprinkler Urea; 75 (0) Incorporation 1; April AN 100 (25) Surface broadcast
NPK (7 cm)
Permanent meadow - - - - 1; March NPK; Calcium 63 (12) Surface broadcast
Nitrate
Rapeseed - NPK 50 (0) Incorporation - - - -

(5¢cm)
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Fig. 4. Predicted ammonia emissions under different fertilization managements and pedo-climatic conditions for maize (A) and winter wheat (B). Details about

fertilization management are reported in Table 2.

3.4. Evaluation of ammonia emissions based on field studies

The field experiment lasted 24 days after urea application, in which
air temperature averaged 17.8 °C (max = 30.1 during the day, min =
8.7 °C during the night) and wind speed was 0.42 m s, ranging be-
tween a minimum of 0.4 and a maximum of 1.0 m s~ L. Soil conditions
close to the surface (1 cm depth) showed a higher temperature (19.8 +
0.11 °C among treatments) and a lower variability (max = 29.8 + 0.67
°C; min = 13.3 £0.25 °C among treatments) compared to air tempera-
ture. Soil moisture averaged 0.098 + 0.008 m®m3 among treatments,
ranging from a minimum of 0.077 + 0.005 m® m~3 that was initially
found upon urea treatment, to a maximum of 0.131 + 0.011 m® m 3 due
to rainfall.

Ammonia emission dynamics showed increasing losses from the first
day after urea application until the 3rd day under SRF.yre, (1.71 kg
N-NHs ha ! h™1), the 5th day under INC3.yreq (1.86 kg N-NHz ha 1 h™1)
and INCg_yrea (2.03 kg N-NH;3 ha~' h™Y). Then, a gradual decrease of
NH3 emissions until less than 0.5 kg N ha~! h™! was observed (Fig. 5A).
In contrast, closed-slot injection of urea (INJg yrea) had values always <
0.27 kg N-NH3 ha™! h_l, with a maximum reached at 192 h (8 days)
after N application. A second peak of NH3 emissions was found in INC3.
Urea and INCg_yrea after 7 days, which was associated with the maximum
recorded air temperature (27.7 °C, on average). The interpolated NHg

emission dynamics highlighted the combined effect of time and soil
conditions (temperature and moisture) to control NHj3 emissions.
Notably, experimental NH; fluxes were significantly (p < 0.05) higher
under INCs.yrea and INCe.yrea (0.42 and 0.49 kg N-NH; ha! h™},
respectively) than SRF yrea and INJg yrea (0.26 and 0.09 kg N-NH3 ha!
hl, respectively) (Fig. 5A).

The estimated parameters used to interpolate fluxes (Table S2)
emphasized different emission dynamics between treatments: in
particular, the a parameter ranged between 0.28 with INJg yrea and 1.26
in INC3_yrea, Which indicated higher cumulative fluxes when urea was
incorporated and mixed with hoeing (INC3.yrea and INCg_yrea) than when
injected or maintained at the surface, as also shown in Fig. 5B. More-
over, urea reactivity leading to NH3 emissions changed between treat-
ments. A noticeable increase of the i parameter was observed when the
fertilizer interacted with the soil after mixing (INC3.yrea and INCg.yrea) OF
injection (INJo.yrea), than when superficially applied (SRF.yrea),
emphasizing a stronger sigmoidal curve trend in cumulative flux
(Fig. 5B), as also suggested by Demeyer et al. (1995).
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4. Discussion
4.1. Outcomes from the proposed methodological approach

Mapping of the Veneto region according to soil properties was a first
step towards identifying potential NH3 emissions scenarios and mitiga-
tion strategies at the site-specific level. Several studies emphasized the
benefits of adopting site-specific approaches to quantify impacts of
agricultural practices and identify best strategies that improve envi-
ronmental outcomes (Primdahl et al., 2010). This aspect is rapidly
emerging for policies addressing environmental management (Zasada
et al., 2017). Based on the outcomes from Duan and Xiao (2000), our
approach revealed that about 70% of the Veneto region was character-
ized by medium NH3 emission potential (Fig. 3). According to previous
studies (Dal Ferro et al., 2018), it was estimated that about 80.5% of
farming activities was under medium susceptibility to NH3 emissions,
while only 0.75% and 3.4% had high and very high susceptibility,
respectively. Different approaches were used to map NHg emissions. For
instance, Kelleghan et al. (2019) collected N management data across
Ireland, and identified NHj risk categories by integrating NH3 sources

with indicators of ecological impacts. Collection of data from farm
surveys was also used to identify subtle N management changes, that
otherwise are difficult to capture. Sometimes these inventories have
been criticized because they can suffer from poor spatial resolution, and
are not specific for each environmental condition (Insausti et al., 2020).
In this study, survey findings helped to identify the most common N
management practices among farmers, and to understand the extent to
which actions are required to achieve NH3 emissions reduction targets.
Moreover, involvement of farmers and farm advisors was essential to
target best management solutions that combine effectiveness, accep-
tance and, finally, their application (Dal Ferro et al., 2020; Enengel
et al., 2014).

According to UNECE guidelines (UNECE, 2014), management solu-
tions such as closed slot-injection and incorporation of urea-based fer-
tilizers can reduce NH3 emissions in the range of 50-90%. In both cases,
pedo-climatic conditions (e.g., soil pH, texture) and management factors
(e.g., adelay of incorporation after application, depth) can greatly affect
NH; emissions. A major role was provided by soil pH, that sharply
reduced NH3 emissions, e.g., in BV2 (pH = 6.8) compared with BV1 (pH
= 7.7), under similar climatic conditions of the central Veneto region.
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Anyway, even the climate modified the volatilization rate, being lower
the emissions when higher was the cumulative rainfall, with similar soil
properties at different latitudes (e.g., the northernmost simulated loca-
tion FE Vs. the central area BV1) (Table 1). About management, most of
the respondents declared that mineral fertilizers in maize were injected
or incorporated, suggesting that BATs for NHz emissions reduction were
already adopted. In Veneto, fertilizer incorporation in maize was always
performed immediately after fertilizer application (hoeing), varying the
depth at 3 cm (33%), 5 cm (58%), and 6 cm (9%). Incorporation was
never done in winter wheat because fertilizer equipment is not yet
available on the market. Survey findings highlighted that in most of the
cases AN and UAN were used, which should reduce NH3 losses up to 90%
(Pan et al., 2016; UNECE, 2014) relative to urea application. However,
in some cases there are risks in tradeoffs with other forms of N pollution,
such as higher N leaching by using AN or organic fertilizers (Table S1),
especially in areas of the low-lying Venetian plain that has shallow water
table and loose soils (Morari et al., 2012).

To note that in this study each simulated BAT was applied across
each entire area, despite its applicability is always limited by the
farmers’ management strategy and the characteristics of each agro-
ecosystem, as highlighted by Sanz-Cobena et al. (2014). For example,
using AN in maize at top dressing is infrequent due to lower N content
and higher price than urea. Furthermore, it was assumed that slurry and
digestate were always incorporated at equal N rates as the mineral fer-
tilizers and within 12 h, which was in some cases very optimistic and a
quicker practice than that required by national legislation (24 h). This
suggests that stakeholder perspectives and appraisal tools for their
quantification is pivotal to address site-specific measures (Okpara et al.,
2020), which in turn should be better integrated into the decision
making and evaluation of BAT strategies.

Table 5

Journal of Environmental Management 277 (2021) 111445

4.2. Suggested NH3 reduction strategies across the Veneto region

Modeling and experimental results were strongly affected by pedo-
climatic and management conditions. These factors modified the
magnitude of NH3 emissions under SRF.yr;, and BATs scenarios, and
have non-linearly influenced the BATs ability to reduce NHg emissions
compared to surface broadcast. Regardless of the application of BATs,
soil pH was the main driver that affected NHg emissions. Simulations on
BV2 soil, that showed low vulnerability to NH3 emission potential,
provided the greatest NHs reductions when BATs were applied
(Table 5). Ammonia emissions reduction was always > 74%, apart for
SRF_yan which reduced emissions by 38.7%. In contrast, simulations of
the effectiveness of BATs under medium vulnerability was on average
59%. Notably, each BAT varied greatly in its effectiveness within the
same soil class (coefficient of variation up to 60.7%) due to weather
variability, particularly rainfall. The effect of temperature cannot be
excluded, although the slight differences in temperature between
selected locations likely limited the variability in NH3 emissions. These
results emphasize that mapping pedo-climatic conditions is pivotal
because they can affect NH3 emission at different scales, and across
scales (Corstanje et al., 2008). Especially for coarse scale mapping (>
2000 m), the authors suggested CEC and bulk density as main factors
explaining the variability of NH3 emission, which in turn reflected dif-
ferences between parent materials. Moreover, they found that
small-scale emission measurements are prone to substantial variation
—thus their relevance is closely linked to well-known pedo-climatic
conditions— and their transferability to a broader scale difficult.

Similarly, our study showed differences in NH3 emissions reduction
by comparing coarse-scale modeling with field-scale experiment
(Table 5). We tested different incorporation techniques of urea because
they were readily applicable by farmers to reduce NHs emissions, and
because urea was the most common fertilizer used. Therefore, solutions
limiting NH3 emissions from urea can cover most of the used arable area

Percentage NH3 emissions reduction compared to the reference scenario (surface broadcast urea) in maize and winter wheat. BATs marked with an asterisk (*) reduced
emissions by at least 30% compared with the reference method. The coefficient of variation (CV) is reported for every scenario. Details about fertilization management

are reported in Table 2.

BAT Fertilizer Method NHj3 emission potential Crop Validation NHj3 emissions reduction (%) CV (%)
INJ6-Urea * Urea Closed-slot injection, 6 cm Medium Maize Modelling 38.3 29.5
INJg Urea * Urea Closed-slot injection, 6 cm Medium Wheat Modelling 60.1 44.8
INJ6-Urea * Urea Closed-slot injection, 6 cm Medium Bare Soil Experimental 67.9 —
INJg.Urea * Urea Closed-slot injection, 6 cm Low Maize Modelling 88.5 6.2
INJg Urea * Urea Closed-slot injection, 6 cm Low Wheat Modelling 100 0.0
INCs.yrea Urea Incorporation by hoeing, 5 cm Medium Maize Modelling 17.9 53.3
INCs_yrea * Urea Incorporation by hoeing, 5 cm Low Maize Modelling 79.3 7.5
INCs.urea Urea Incorporation by hoeing, 3 cm Medium Bare Soil Experimental —54.2 —
INCs_yrea Urea Incorporation by hoeing, 6 cm Medium Bare Soil Experimental —51.0 —
INH yrea * Urea Urease inhibitor Medium Maize Modelling 45.7 28.3
INH._yrea * Urea Urease inhibitor Medium Wheat Modelling 43.4 60.7
INH yrea * Urea Urease inhibitor Low Maize Modelling 94.8 5.4
INH yrea * Urea Urease inhibitor Low Wheat Modelling 80.3 29.2
SRF AN * AN Surface broadcast Medium Maize Modelling 42.2 14.3
SRF Ay * AN Surface broadcast Medium Wheat Modelling 54.2 12.5
SRF AN * AN Surface broadcast Low Maize Modelling 74.4 3.9
SRF AN * AN Surface broadcast Low Wheat Modelling 75.8 7.4
INJg.an * AN Closed-slot injection, 6 cm Medium Maize Modelling 61 19.3
INJg.an * AN Closed-slot injection, 6 cm Medium Wheat Modelling 89.1 14.1
INJg.aN * AN Closed-slot injection, 6 cm Low Maize Modelling 100 0.0
INJg.an * AN Closed-slot injection, 6 cm Low Wheat Modelling 100 0.0
SRF_yan UAN Surface broadcast Medium Wheat Modelling 27.2 25.5
SRF.yan * UAN Surface broadcast Low Wheat Modelling 38.7 12.8
INCi5.514 * Slurry Incorporation, 15 cm Medium Maize Modelling 93.0 5.2
INCi5.91u * Slurry Incorporation, 15 cm Medium Wheat Modelling 96.7 0.7
INCi5.510 * Slurry Incorporation, 15 cm Low Maize Modelling 91.8 0.8
INCi5.514 * Slurry Incorporation, 15 cm Low Wheat Modelling 97.9 0.3
INC;5.pig* Digestate Incorporation, 15 cm Medium Maize Modelling 92.5 5.9
INCy5.pig* Digestate Incorporation, 15 cm Medium Wheat Modelling 93.7 1.3
INC15.pig* Digestate Incorporation, 15 cm Low Maize Modelling 94.5 0.5
INCy5.pig* Digestate Incorporation, 15 cm Low Wheat Modelling 98.3 0.3
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in northern Italy. Only the closed-slot injection reached the 30%
reduction threshold in soils with medium potential emission, ranging
from modeled average of 49.2% to field-test of 67.9% (Table 5).
Notably, differences in NH3 emissions between tested locations did not
change compared to SRF je,, suggesting that similar dynamics occurred
under different pedo-climatic conditions (Fig. 4). When injection was
applied to ammonium nitrate, sometimes NHj3 emissions were
completely cut, thus flattening the differences in effectiveness between
areas with low and medium susceptibility to emissions. Urea incorpora-
tion with hoeing was below the threshold according to DNDC simula-
tions, and even increases in emissions were found with field-testing. It
was hypothesized that a combination of factors may have led to these
results, which can be summarized as follows: (i) with surface broadcast,
a lower rate of urea hydrolysis (catalyzed by urease) than incorporation
likely occurred because of dry soil conditions (Rochette et al., 2009); as
our soil was close to wilting point at the soil surface (< 0.10 m® m ™), the
limited soil water content would have reduced both urea and carbamate
hydrolysis rate during the two-stage urea degradation process (Ferguson
and Kissel, 1986; Sommer et al., 2004); (ii) the partial coverage of urea
during soil mixing with hoeing likely enhanced the interaction with
urease compared to surface broadcast (Fig. 2); (iii) an increase in mac-
roporosity with hoeing would have lowered resistance to NHg diffusion
(Rochette et al., 2013) compared to urea injection.

In this context, differences from field-tested treatments may have
been even greater, being the fitting model (Eqn 2) able to describe the
daily fluctuation of NHj3 volatilization, although it underestimated some
peaks > 1.5 kg NH3-N ha~! h™! (Fig. 5). In contrast, results of NHs
dynamic from DNDC model did not include the effect of partial coverage
of urea with hoeing, as well as the changes in soil porosity that likely
affected NH3 losses. Despite these differences, results were consistent to
exclude hoeing as a viable practice to reduce significantly NH3 emissions
across the Veneto region.

Promising findings were obtained by replacing mineral fertilizers
with the organic ones that often achieved NHs reductions > 90%.
Organic fertilizers include a mixture of organic and ammonium N, which
means a reduced propensity to volatize NH3 in comparison to urea
regardless the soil type; moreover, the simulated BATs included 15 cm
incorporation within few hours of distribution which strongly reduced
NHj losses (Sommer and Hutchings, 2001; Sutton et al., 2015). How-
ever, organic fertilizers usually have lower N use efficiency compared to
mineral fertilizers in the intensive cropping systems of Veneto region,
and there can be high N losses to surface and ground water, particularly
due to continued mineralization in off season when no crop is grown.
Attention should be paid also to impacts on the atmosphere, because
slurry or digestate injection may enhance N»O production due to favored
microbial activity and anaerobic conditions in N-abundant soils (Duncan
et al., 2017; Smith et al., 2019).

5. Conclusions

The present study proposes a methodological approach, where BATs
to limit NH3 emissions from agricultural soils must be tailored to site-
specific management and pedo-climatic conditions, assisting practi-
tioners and policymakers to identify most effective practices not only at
specific locations, but across scales. Moreover, the N balance is consid-
ered such that mitigation of NH3 emissions does not worsen, e.g., N
leaching or N2O emissions. The initial mapping of the Veneto region
revealed substantial homogeneity in NHj3 emission potential from
croplands. However, an in-depth territorial modeling highlighted
greater differences, where each specific soil and its interaction with the
climate may determine changes in NH3 emission. This suggests that the
same scale of susceptibility to NHs emissions cannot be adopted to the
entire region. The closed-slot injection is suggested to reduce NHj
emissions with any type of mineral or organic fertilizers. This is likely
the most promising practice being already adopted by farmers. How-
ever, research of new technologies should be pursued to allow for deep
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placement and cover of the fertilizer during top-dressing, especially in
winter wheat. By contrast, the most common technique of urea incor-
poration with hoeing did not show satisfactory results. Indeed, only
partial burial of urea can increase NHg emissions, to a level that is
sometimes greater than under surface broadcast. Use of urea inhibitor,
or different types of fertilizers (ammonium-nitrate, organic fertilizers) is
also suggested to reduce NH3 emission. Nevertheless, there may be side-
effects due to increased N leaching to surface and ground water, and
N2O gas emission. All fluxes should be carefully evaluated according to a
holistic approach that include the whole N cycle, and that quantifies all
the impacts generated on agroecosystems.
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