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Ammonia (NH3) volatilization is a major pathway of nitrogen (N) loss in agricultural systems worldwide,
and is conducive to low fertilizer N use efficiency, environmental and health issues, and indirect nitrous
oxide emission. While mitigating NHs volatilization is urgently needed, a quantitative synthesis is lacking
to evaluate the effectiveness of mitigation strategies for NHs volatilization from synthetic fertilizers
applied in agricultural systems. To fill this knowledge gap, we conducted a meta-analysis of 824
observations on impacts on NHs volatilization of ‘4R Nutrient Stewardship’ (right source, rate, place and
time), farming practices (irrigation, residue retention, amendments), and enhanced efficiency fertilizers
(fertilizers with urease inhibitors, nitrification inhibitors or controlled release coatings). We found that,
globally, up to 64% (an average of 18%) of applied N was lost as NHs. The use of non-urea based fertilizers,
deep placement of fertilizers, irrigation, and mixing with amendments (pyrite, zeolite and organic acids)
significantly decreased NHs5 volatilization by 75, 55, 35 and 35%, respectively. In contrast, NH;
volatilization was not affected by split application, but significantly increased with N application rate and
residue retention. Among the enhanced efficiency fertilizers, urease inhibitors and controlled release
fertilizers decreased NHs volatilization by 54 and 68% respectively whereas nitrification inhibitors
increased NHs volatilization by 38%. These results confirm that NHs volatilization represents a
substantial loss of N from agricultural systems, and that this N loss can be mitigated through adaption of
appropriate fertilizer products and/or improved management practices.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The excessive release of reactive nitrogen (Nr) poses adverse
impacts on the natural biogeochemical cycle of N, causing negative
consequences on water, air and land (Fowler et al., 2013; Galloway
et al., 2008). As a species of Nr, ammonia (NH3) is lost via
volatilization as one of the main pathways of N loss in agricultural
systems. While >40% of the applied N is reported to be lost as NH3
under certain environmental and edaphic conditions (Singh et al.,
2013), an average of 10-14% of N is lost via volatilization from
synthetic fertilizers (Bouwman et al., 2002; De Klein et al., 2006).
Globally, the approximated demand for N fertilizers was 112
million tons of N in 2014 (FAO, 2015). Using the IPCC default value
(10%, De Klein et al., 2006) and Bouwman et al. (2002)’s average
value (14%) for volatilization from applied N, 11.2-15.7 million tons
of fertilizer-N are lost as NHs3-N globally. This N loss as NHs3
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represents a substantial financial cost to farmers. Furthermore,
based on the IPCC's default emission factor for indirect N,O
emission from N volatilization and deposition (EF,) of 1% (De Klein
etal., 2006), this loss equates 0.1-0.16 million tons of indirect N,O-
N emission, or 52.4-73.5 million tons of carbon dioxide equivalent
(CO,-e). However, this indirect connection between NH3z and N,O
emissions is often neglected, and in most countries, there are no
regulations or incentive programs to tackle the challenge of NH3
volatilization (Behera et al., 2013).

Mitigation strategies for NHs volatilization from N applied in
agricultural systems are widely studied. The 4R nutrient steward-
ship concept (right fertilizer source, rate, place and time) was
introduced by Bruulsema et al. (2009) to achieve cropping system
goals with economic, social and environmental benefits. For
example, when compared to urea (the most commonly used N
fertilizer), alternative N source such as ammonium sulphate,
diammonium phosphate and calcium ammonium nitrate de-
creased NHj volatilization by 22-55% (Bayrakli, 1990). It is widely
reported that NHjs volatilization increased with N application rate
(Black et al., 1985; Bosch-Serra et al., 2014; Turner et al., 2012).
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Sub-surface banding or deep placement of urea reduced NHs
volatilization when compared to surface broadcast of urea on
calcareous or well-buffered soils (Cai et al., 2002; Rao and Batra,
1983). Rochette et al. (2013) found that urea applied at depths
>7.5cm resulted in negligible NHs volatilization. Split, band
application decreased NH; volatilization when compared to a
single, surface application (Junejo et al., 2013). However, in
Rodgers et al. (1984)’s study, NH3 volatilization tended to increase
under split application in summer.

Farming practices such as adjusting irrigation amount can
mitigate NHs volatilization by 47-90% (He et al., 2014; Holcomb
etal, 2011; Zaman et al., 2013). In contrast, compared to zero water
application, NH3 volatilization was increased by 9% when a 3 mm
water was added to the soil immediately after urea application
(Sanz-Cobena et al., 2011). The retention of crop residues on the
soil surface is a common feature in conservation farming.
Nevertheless, this may form a barrier which prevents urea from
reaching the mineral soil, and may increase NH3 volatilization (Su
et al., 2014). Recent studies focused on mitigating NH3 volatiliza-
tion using inexpensive amendments such as natural mineral or
industrial by-products or chemicals that have high ammonium
binding capacity e.g. zeolite (Ahmed et al., 2006b; Bundan et al.,
2011) or acidifying effects e.g. humic acid or fulvic acid (Ahmed
et al., 2006a; Reeza et al., 2009).

In addition to farm management practices, there have been
numerous studies on enhanced efficiency fertilizers in mitigating
NH; volatilization from agroecosystems. For example, urease
inhibitor N-(n-butyl) thiophosphoric triamide (NBPT) was found to
be more effective than phenyl phosphorodiamidate in retarding
urea hydrolysis and more widely used because NBPT works at a low
concentration and is easy to store (Chien et al., 2009; Saggar et al.,
2013). Nonetheless, the effects of urease inhibitors varied with
edaphic and environmental conditions (Suter et al., 2013).
Controlled-release fertilizers such as polymer sulphur-coated urea
and polyolefin-coated urea can improve N use efficiency, grain
yield and pasture quality (Chen et al., 2008). However, Hawke and
Baldock (2010) found that sulphur coated urea showed higher NH3
volatilization (10%) compared to uncoated urea. Nitrification
inhibitors prevent or slow the microbial conversion of ammonium
(NH4") to nitrate (NOs™) (Lee et al., 1999). Although nitrification
inhibitors are designed to target N,O emissions, the use of these
inhibitors may prolong the retention of NH4" in the soil resulting in
NH; volatilization (Kim et al., 2012; Lam et al., 2016; Ni et al., 2014).

While studies on the mitigation strategies for NH3 volatilization
are sometimes inconclusive, a systematic synthesis of these
studies is lacking. To fill this knowledge gap we report the results
of a quantitative synthesis of the current literature on the
mitigation strategies of NH;3 volatilization to provide critical
information on how to minimize N loss as NHs3 in agricultural
systems. The information is crucial for improving global fertilizer N
use efficiency, environmental quality, and climate change mitiga-
tion.

2. Materials and methods
2.1. Database compilation

This meta-analysis was conducted based on studies of the
effects of mitigation strategies (the 4R nutrient stewardship,
farming practices and enhanced efficiency fertilizers) on NHs
volatilization in cropping and pasture systems published from
1971 to February 2016. We performed extensive keyword searches
of several databases (Web of Science (ISI), SCOPUS, CAB Abstracts
(ISI), Academic Search complete (EBSCO) and Google Scholar), and
the reference list of cited references. The keywords used in the
search included ammonia/NH3 emission; volatilization; loss and/

or mitigation; management practice; fertilizer N source; rate;
time; place; split application; irrigation; urease inhibitors;
controlled release fertilizers; nitrification inhibitors; name of
the inhibitors such as NBPT; DCD; DMPP; agriculture; cropping;
pastures; and their combinations. Original data were extracted
from tables and data values presented in figures were obtained
using digitizing software (Engauge Digitizer). Studies were
included if they met the following criteria. The sample sizes and
means of NHs volatilization had to be reported for control and
treatment plots. Details on experimental location; year; design and
conditions must be provided to enable the cross checking of
duplicate publication. Multiple observations from the same
experimental site over sampling time or year of study were
averaged. For fertilizer source; we treated urea (the most
commonly used N fertilizer that is associated with NHs3 volatiliza-
tion) as a control and the other fertilizers as treatments. Fertilizer
source was sub-divided into non-urea and urea-mixed fertilizers.
For fertilizer application rate (kg N ha~'); we calculated the factor
of application rate relative to the lowest N rate (x); and was
grouped into 1<x<2; 2<x<3; 3<x<4 and x>4. Location of
fertilizer application included deep placement of fertilizers relative
to surface application of fertilizers (control). Fertilizer application
time was categorized according to the splitting frequency (singe
application or splitting 3 or 4 times). Application time in terms of
plant growth stage was excluded in the analysis because most of
the relevant studies did not have a proper control treatment for
growth stages. Irrigation management included irrigation as the
treatment; whereas no irrigation (rainfed) and supplementary
irrigation (to keep the plants alive) were treated as the control.
Materials added as amendments comprised pyrite; zeolite and
organic acid; as these materials have been widely studied on their
use in tackling NHs3 volatilization. Enhanced efficiency fertilizers
were classified into fertilizers added with urease inhibitors;
nitrification inhibitors and controlled release coatings. A total of
824 observations (145 studies) were included in the meta-analysis
(references are listed in Appendix S1 in Supplementary materials).
A database (see Supplementary Tables S1-S10) was compiled
based on these literatures and classified into different categories.

This database encompasses the majority of studies that
reported NHj3 volatilization from cropping and pasture systems.
From this, we assessed the significance of NH; volatilization from
these systems and expressed the NHs3-N volatilization as a
percentage of N applied. To determine NH3 volatilization without
the effect of mitigation strategies under field conditions, we
assembled field experimental data from the treatment of surface
broadcast of urea fertilizers (78 observations). The results were
categorized by continents viz. Asia (East Asia, South Asia, Southeast
Asia), Australasia, Europe, North America and South America
(Table 1).

Table 1
Nitrogen loss as NH3 of applied urea from agricultural land worldwide.
Continent N loss as NH3
% kg N ha~!per cropping season
Mean Median Range Mean Median Range
Asia
East Asia 15.9 133 1.7-48.0 20.6 16 1.8-96.0
South Asia 30.7 219 3.0-56.7 375 272 5.6-69.7
Southeast Asia 16.1 14.5 14.4-19.5 10.7 8.7 8.6-14.6
Australasia 16 18.5 2.0-30.0 137 11.2 0.8-49.2
Europe 13 10.6 0.9-29.8 17 17.8 0.6-29.8
North America 17.5 15.3 0.6-64.0 22.2 20.5 0.6-89.6
South America 14.2 133 1.7-31.8 11.8 10.1 0.9-25.4
Average 17.6 15.3 0.9-64.0 191 159 0.6-96.0
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2.1.1. Meta-analysis

The response ratio (r=x'/x) is the ratio of treatment group to
the control group and it can be used to estimate the effect as a
proportionate change due to experimental manipulation (Lam
etal., 2012; Rosenberg et al., 2000). For NH; volatilization, we used
the natural log transformed response ratio as a metric for analyses
(Hedges et al., 1999):

T
X
Inr=In|—

Where X' is the mean of the treatment group, and X the mean of
the control group. Results are reported as the percentage change of
NH; volatilization under treatment effects ((r — 1) x 100). Negative
percentage changes mean the treatment decreased NHs volatili-
zation when compared to control whereas positive changes
indicate an increase in NH3 volatilization due to treatment. Effect
sizes are generally weighted by the inverse of pooled variance
(Ainsworth and Long, 2005), replication (Adams et al., 1997; Lam
etal., 2013) or unweighted (Wang, 2007), depending on availability
of weighting parameters. Not all the literatures reviewed in our
database had included variances. Moreover, extreme weights
might be obtained by variance-based weighting function (van

Groenigen et al., 2011). Therefore, in our analysis, effect sizes were
weighted by a function of sample size by

Weight = (Tlc X TlT)/( nct+ TlT)

Where n¢ and nt are the number of replicates of the control and
treatment respectively (van Groenigen et al., 2013).

The meta-analysis was conducted using MetaWin version 2.1
(Rosenberg et al., 2000). Mean effect sizes and 95% confidence
intervals were generated by bootstrapping (4999 iterations)
(Rosenberg et al., 2000). A fixed-effects model or a mixed-effects
model is technically not applicable for non-parametric meta-
analytic procedures based on weighting by replication. However, to
perform a correct bootstrapping using MetaWin, a fixed-effects
model had to be selected. The effects of the mitigation strategies
were considered significant if the 95% confidence intervals did not
overlap with zero.

3. Results
3.1. Percentage of N loss as NH3

Globally, the average NHs volatilization losses ranged from 0.9
to 64% (a mean of 17.6%) of the applied N. The percentage of N loss
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Fig. 1. Effects of (a) fertilizer source, (b) application rate, (c) split application and (d) deep placement on NH5 volatilization. Means and 95% confidence intervals are depicted.

Numbers of experimental observations are in parentheses.
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as NHs was the highest in South Asia (30.7%), followed by North
America (17.5%) and Southeast Asia (16.1%). The regions in Europe
represent the lowest percentage of N loss as NH3 (13.0%) (Table 1).
In terms of amounts, NH;3 volatilization accounted for 0.6-96 (a
mean of 19.1) kg N ha~! per cropping season. The amount of NH3-N
volatilized per cropping season was the highest in South Asia
(37.5kgNha™!), followed by North America (22.2kgNha™!) and
East Asia (20.6 kgNha~!) (Table 1).

3.2. The 4R nutrient stewardship

When compared to urea fertilizers, the application of non-urea
based fertilizers and urea-containing mixed fertilizers significantly
decreased NH3 volatilization by 74.5% and 30.8%, respectively, with
an overall reduction of 63.5% (Fig. 1a). Ammonium nitrate and
ammonium sulphate were the two most effective non-urea
fertilizers in reducing NHs volatilization (by 87.9% and 78.8%,
respectively) relative to urea application. Ammonia volatilization
increased with N application rate (Fig. 1b). Overall, increasing N
application rate resulted in up to 180.7% increase in NHj3
volatilization. Deep placement significantly decreased NHs vola-
tilization through incorporation of fertilizers by 54.7% when
compared to surface application (Fig. 1¢). On the other hand, split
applications of N fertilizer did not affect NH; volatilization,
regardless of splitting frequency (Fig. 1d).

3.3. Farming practices

Irrigation significantly decreased NH; volatilization by 34.5%
compared to rainfed or supplementary (minimal) irrigation
(Fig. 2a). Residue retention significantly increased NH; volatiliza-
tion by 25.5% (Fig. 2b). Amendments significantly reduced NH;
volatilization by 31.4%. In particular, zeolite decreased NH;
volatilization by 43.5%, followed by pyrite (20.9%) and organic
acid (15.9%) when applied with fertilizers (Fig. 2c).

3.4. Enhanced efficiency fertilizers

Overall, urease inhibitors significantly reduced NHs volatili-
zation by 53.7% (Fig. 3a). CHPT was the most effective urease

inhibitor in decreasing NHs volatilization (by 86.6%). Hydroqui-
none, in contrast, was the only inhibitor that did not significantly
reduce NHj3 volatilization (Fig. 3a). Controlled release fertilizers
effectively lowered NH; volatilization by 68.0% (Fig. 3b). Methy-
lene urea was the most effective in decreasing NH; volatilization
(by 87.5%). Coated urea fertilizers such as thermoplastic resin-
coated urea, sulphur-coated urea, and polyfin-coated urea
significantly reduced NHj volatilization by 82.7%, 78.4%, and
69.4%, respectively (Fig. 3b). Nitrification inhibitors increased
NH3 volatilization by an overall of 38.0% (Fig. 3¢). Apart from
DMPP, which did not significantly affect NH5 volatilization, other
nitrification inhibitors increased the loss by 22.6-220.1%
(Fig. 3c).

4. Discussion
4.1. Ammonia as a major N loss pathway

Ammonia volatilization from N applied in agricultural systems
is a global issue that needs to be resolved. We found that the global
average percentage of N loss as NH; was 17.6%, which is
comparable to the range of 10-14% reported by the IPCC (De
Klein et al., 2006) and Bouwman et al. (2002). The values for
specific continents are similar to those reported by Sutton et al.
(1995), Bouwman et al. (2002) and Yan et al. (2003). It is worth
noting that up to 64% of N applied could be lost as NH; (Table 1).
Based on the approximated global demand for N fertilizers of 112
million tons of N in 2014 (FAO, 2015) and an average 5-year of US
$350 per ton of urea (World Bank, 2015), the global average of NH3-
N loss (17.6%, Table 1) equals a financial loss of US$15 billion. Using
EF,4 of 1% (De Klein et al., 2006), we estimated that this loss of 19.7
million tons NH3-N from fertilizers is equal to 0.2 million tons of
indirect N;O-N emission, or 92.3 million tons of CO,-e. Ammonia
volatilization represents agronomic losses and inefficient use of
fertilizers; it is also associated with eutrophication of aquatic
systems, formation of particulate matter, soil acidification, and
indirect N,O emission (Saggar et al.,, 2013). This highlights the
importance of mitigating NH; volatilization from agricultural
systems.
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60 -40 20 0 20 40 60

Effect on NH, volatilization (%)

Fig. 2. Effect of (a) irrigation, (b) residue retention and (c) amendment on NHj3 volatilization. Means and 95% confidence intervals are depicted. Numbers of experimental

observations are in parentheses.
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Fig. 3. Effect of (a) urease inhibitors, (b) controlled release fertilizers and (c) nitrification inhibitors on NH3 volatilization. Means and 95% confidence intervals are depicted.
Numbers of experimental observations are in parentheses. CHPT: cyclohexyl phosphoric triamide, CHTPT: cyclohexyl thiophosphoric triamide, ATS: ammonium thiosulphate,
CTS: calcium thiosulphate, PPDA: phenyl phosphorodiamidate, NBPT: N-(n-butyl) thiophosphoric triamide, PPD: phenylphosphorodiamide, DMPP: 3,4-dimethylpyrazole
phosphate, AM: 2-amino-4-chloro-6-methyl pyrimidine, ATC: 4-amino-I, 2,4-triazole, N-serve: 2-Chloro-6-trichloromethyl pyridine, DCD: dicyandiamide.

4.2. Mitigation strategy—the 4R nutrient stewardship

The 4R nutrient stewardship was proposed for achieving
sustainable crop nutrition while minimizing field nutrient loss
and maximizing crop uptake (Bruulsema et al., 2009). Our meta-
analysis shows that three out of the four ‘R’s were effective in
decreasing NHj3 volatilization. The first ‘R’'—right fertilizer: Non-
urea fertilizers were effective in reducing NHs volatilization
compared to urea fertilizers. The use of non-urea fertilizers avoids
the localized pH hot spot that occurs during urea hydrolysis and
drives NH3 volatilization (Du Preez and Burger, 1988 ). Ammonium-
based products and other non-urea based fertilizers such as
sulphate and triple super phosphate, may contribute to soil
acidification and subsequently decrease NH5 volatilization (Akhtar
and Naeem, 2012; Du Preez and Burger, 1988; Fan and Mackenzie,
1993). While urea is a commonly used fertilizer due to its high N
content (cost-effectiveness) and ease of transport, our findings
suggest that urea should be applied with appropriate measures
taken (discussed in below sections) or at a lower rate blended with
ammonium based fertilizers to minimize NHs volatilization. The
second ‘R'—right N application rate: Our meta-analysis indicated
that NH; volatilization increased with N application rate. It is
expected that higher N (urea or ammonium) input would increase
NH,* availability, and for urea, the interaction among adjacent
granules on soil pH, thereby increasing NH; volatilization (Watson
and Kilpatrick, 1991). The third ‘R’—right place: Incorporating
fertilizers into the soil reduces their exposure to the air and
subsequent NHs volatilization (Al-Kanani et al., 1994; Cai et al,,
2002). The fourth ‘R'—right time: Split application of fertilizers did
not affect NHs volatilization in our synthesis, regardless of the

frequency of splitting. Indeed, the effects of split application
largely depend on edaphic conditions and plant growth stages. For
example, when split application was applied in summer with high
soil temperature and low soil moisture contents, NHs volatilization
tended to increase compared to single application (Rodgers et al.,
1984). In contrast, when split application was applied during
booting or panicle initiation stages, little NH3 was lost due to rapid
plant N uptake (Sommer et al., 2004). Nonetheless, split
application of fertilizers has been shown to decrease NO3;~
leaching, improving crop yield and N use efficiency of various
agricultural systems (e.g. Ahmad et al., 1999; Cassman et al., 2002;
Sitthaphanit et al., 2009).

4.3. Mitigation strategy—farming practices

Irrigation immediately after urea application dissolves and
washes urea into the soil, and NH4" can be adsorbed on cation
exchange sites (Zaman et al., 2013). While urea hydrolysis usually
occurs within a few days after fertilizer application (Black et al.,
1985), irrigation one week after fertilizer application would have
minimal mitigating effect on NH3 volatilization (Sommer et al.,
2004). In contrast, our study shows that residue retention overall
increases NHs3 volatilization although contrasting impacts of
residue retention on the exposure of urea to the air have been
reported. On the one hand, surface residues may stimulate
volatilization owing to restricted movement of urea into the soil
and higher urease activity in the residues (Su et al., 2014). On the
other hand, urea granules may be covered by the residue retained
on the soil surface, which reduces the exposure of urea to the air
(Tomar et al., 1985). In this regard, the rate and density of residue
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retention is critical. Ammonia volatilization can also be decreased
by adding amendments that have a high affinity for binding on
NH," ions (Ndegwa et al., 2008) such as zeolite as illustrated in our
meta-analysis. Zeolite with its high cation exchange capacity has
been proven effective in reducing NHs volatilization in both acidic
and alkaline soils (Ahmed et al., 2006b; He et al., 2002). Ammonia
volatilization may also be attenuated by the addition of pyrite to
urea fertilizers because the adsorbed sulphates and free sulphides
of pyrite can retard the increase in pH around urea microsite
(Blaise et al., 1996). While alkaline conditions favour NHj3
volatilization (Freney et al., 1983), amending fertilizers with
organic acid e.g. fulvic acid, humic acid reduces soil pH, and
subsequent NHj volatilization, as shown in our study.

4.4. Mitigation strategy—enhanced efficiency fertilizers

Enhanced efficiency fertilizers have been widely adopted to
minimize N loss, including NH;5 volatilization from agricultural
systems. Our synthesis shows that urease inhibitors significantly
decreased NHj; volatilization. This is attributed to the inhibition of
urease activity by urease inhibitors, which slows down urea
hydrolysis (Sommer et al., 2004). For example, compounds with
thiosulphate such as ammonium thiosulphate and calcium
thiosulphate, can inactivate the sulphydryl groups of urease
(Saggar et al.,, 2013), but their effectiveness depends on edaphic
and environmental conditions (Sloan and Anderson, 1995). A
combination of urease inhibitors may exert positive or negative
effects on their ability to mitigate NH3 volatilization. For instance,
Al-Kanani et al. (1994) found that urease inhibitors NBPT and PPD
significantly decreased NHj3 volatilization, but their effectiveness
was reduced when combined with ammonium lignosulphonate, a
potential urease inhibitor. This interaction was attributed to a
reaction between urease and lignosulphonate, which makes
urease less susceptible to NBPT or PPD (Al-Kanani et al., 1994).
In contrast, Phongpan et al. (1995) demonstrated that a combina-
tion of NBPT and PPD was more effective in reducing NHs
volatilization than either of these inhibitors alone. This could be
due to the lag time between the two inhibitors in inhibiting urea
hydrolysis where PPD inhibited urease activity initially, followed
by NBPT which became effective after its conversion to NBPTO.

We also found that controlled release fertilizers effectively
decreased NHj; volatilization. These fertilizers delay the availability
of nutrients e.g. urea and ammonium for plant uptake and
utilization, or extend the period during which the nutrients are
available to the plant (Trenkel, 1997). Simultaneously, urea
hydrolysis is minimized in particular when urea granules are
covered with impermeable membrane such as a sulphur coating
(Trenkel, 1997). This significantly reduces NH5 volatilization.

In contrast, our study indicates that nitrification inhibitors
increased NH3 volatilization. This is in agreement with the meta-
analysis conducted by Qiao et al. (2015), who demonstrated that
nitrification inhibitors increased NH; volatilization from agricul-
tural systems by 33-67%. While these inhibitors are designed for
mitigating N,O emission, their use prolongs the detention period
of NH,4" in soil and may stimulate NH3 volatilization (Soares et al.,
2012; Zaman and Nguyen, 2012). This indicates that other climate
change mitigation strategies may indirectly affect NHs volatiliza-
tion, and subsequently N,O emission from deposited NHs (Lam
et al., 2016).

4.5. Potential for climate change mitigation

Our study demonstrated NH; volatilization could be mitigated
by 16% (organic acid amendment) to 88% (the use of ammonium
nitrate). As mentioned earlier, we estimated that the loss of 19.7
million tons NH3-N from fertilizers is equal to 0.2 million tons of

indirect N,O-N emission, or 92.3 million tons of CO,-e. Adopting
various NH3 mitigation strategies (reduction of 16-88%, Figs. 1-3)
would decrease emission of 15-81 million tons CO,-e annually
from agricultural systems.

5. Conclusion

This study highlights the significance of mitigating NHs
volatilization from agriculture and evaluates the potential of
various strategies for reducing the loss. The use of non-urea based
fertilizers, reduced fertilizer application rate, deep placement of
fertilizers, irrigation, urease inhibitors and controlled release
fertilizers are effective in reducing NH; volatilization. Adopting
these mitigation strategies can also reduce indirect greenhouse gas
emission. These strategies should be complemented by local level
practicality when implemented. In contrast, split application of
fertilizers did not affect NH; volatilization whereas residue
retention and the use of nitrification inhibitors may increase the
volatilization. Our results provide major implications for global N
management in agricultural systems, environmental quality and
climate change mitigation.

Acknowledgements

This work was supported by the BIP reinvestment funds of the
Faculty of Veterinary and Agricultural Sciences of the University of
Melbourne, and the Australia-China Joint Research Centre jointly
funded by Australian Government Department of Industry and
Science, and the Chinese Ministry of Science and Technology.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.agee.2016.08.019.

References

Adams, D.C., Gurevitch, J., Rosenberg, M.S., 1997. Resampling tests for meta-analysis
of ecological data. Ecology 78, 1277-1283.

Ahmad, A., Abrol, Y.P.,, Abdin, M.Z., 1999. Effect of split application of sulphur and
nitrogen on growth and yield attributes of Brassica genotypes differing in time
of flowering. Can. J. Plant Sci. 79, 175-180.

Ahmed, O., Aminuddin, H., Husni, M., 2006a. Effects of urea, humic acid and
phosphate interactions in fertilizer microsites on ammonia volatilization and
soil ammonium and nitrate contents. Int. ]. Agric. Res. 1, 25-31.

Ahmed, O., Aminuddin, H., Husni, M., 2006b. Reducing ammonia loss from urea and
improving soil-exchangeable ammonium retention through mixing triple
superphosphate, humic acid and zeolite. Soil Use Manag. 22, 315-319.

Ainsworth, E.A., Long, S.P., 2005. What have we learned from 15 years of free-air CO,
enrichment (FACE)? A meta-analytic review of the responses of photosynthesis,
canopy properties and plant production to rising CO,. New Phytol. 165, 351-372.

Akhtar, M., Naeem, A., 2012. Reduction in ammonia loss by applying urea in
combination with phosphate sources. Commun. Soil Sci. Plant Anal. 43, 2043-
2049.

Al-Kanani, T., Mackenzie, A., Fyles, J., O'halloran, I., Ghazala, S., 1994. Ammonia
volatilization from urea amended with lignosulfonate and phosphoroamide.
Soil Sci. Soc. Am. ]. 58, 244-248.

Bayrakli, F.,, 1990. Ammonia volatilization losses from different fertilizers and effect
of several urease inhibitors, CaCl, and phosphogypsum on losses from urea.
Fertil. Res. 23, 147-150.

Behera, S.N., Sharma, M., Aneja, V.P,, Balasubramanian, R., 2013. Ammonia in the
atmosphere: a review on emission sources, atmospheric chemistry and
deposition on terrestrial bodies. Environ. Sci. Pollut. Res. Int. 20, 8092-8131.

Black, A., Sherlock, R., Smith, N., Cameron, K., Goh, K., 1985. Effects of form of
nitrogen season, and urea application rate on ammonia volatilisation from
pastures. N. Z. J. Agric. Res. 28, 469-474.

Blaise, D., Tyagi, P., Khola, O., 1996. Ammonia volatilization from urea as affected by
the addition of iron pyrites and method of application. Nutr. Cycling
Agroecosyst. 46, 97-101.

Bosch-Serra, A.D., Yagiie, M.R., Teira-Esmatges, M.R., 2014. Ammonia emissions
from different fertilizing strategies in mediterranean rainfed winter cereals.
Atmos. Environ. 84, 204-212.

Bouwman, A.E, Boumans, L.J.M., Batjes, N.H., 2002. Estimation of global NH3
volatilization loss from synthetic fertilizers and animal manure applied to
arable lands and grasslands. Glob. Biogeochem. Cycles 16, 8-1--8-14.


http://dx.doi.org/10.1016/j.agee.2016.08.019
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0005
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0005
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0010
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0010
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0010
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0015
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0015
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0015
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0020
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0020
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0020
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0025
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0025
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0025
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0030
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0030
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0030
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0035
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0035
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0035
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0040
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0040
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0040
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0045
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0045
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0045
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0050
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0050
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0050
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0055
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0055
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0055
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0060
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0060
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0060
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0065
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0065
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0065

B. Pan et al./Agriculture, Ecosystems and Environment 232 (2016) 283-289 289

Bruulsema, T., Lemunyon, ]., Herz, B., 2009. Know your fertilizer rights. Crop Soil 42,
13-18.

Bundan, L., Majid, N.M.A., Ahmed, O.H., Jiwan, M., Kundat, ER., 2011. Ammonia
volatilization from urea at different levels of zeolite. Int. J. Phys. Sci. 6, 7717-
7720.

Cai, G., Chen, D., Ding, H., Pacholski, A., Fan, X., Zhu, Z., 2002. Nitrogen losses from
fertilizers applied to maize, wheat and rice in the North China Plain. Nutr.
Cycling Agroecosyst. 63, 187-195.

Cassman, K.G., Dobermann, A., Walters, D.T., 2002. Agroecosystems, nitrogen-use
efficiency, and nitrogen management. Ambio 31, 132-140.

Chen, D., Suter, H., Islam, A., Edis, R., Freney, J., Walker, C., 2008. Prospects of
improving efficiency of fertiliser nitrogen in australian agriculture: a review of
enhanced efficiency fertilisers. Soil Res. 46, 289-301.

Chien, S., Prochnow, L., Cantarella, H., 2009. Recent developments of fertilizer
production and use to improve nutrient efficiency and minimize environmental
impacts. Adv. Agron. 102, 267-322.

De Klein, C., Novoa, R.S., Ogle, S., Smith, K., Rochette, P., Wirth, T., McConkey, B.,
Mosier, A., Rypdal, K., Walsh, M., 2006. N,0O emissions from managed soils, and
CO,, emissions from lime and urea application. In: Eggleston, H.S., Buendia, L.,
Miwa, K., Ngara, T., Tanabe, K. (Eds.), IPCC Guidelines for National Greenhouse
Gas Inventories. IGES, Hayama, Japan.

Du Preez, C., Burger, R.D.T., 1988. Ammonia losses from ammonium-containing and-
forming fertilizers after surface application at different rates on alkaline soils.
Fertil. Res. 15, 71-78.

FAO, 2015. World Fertilizer Trends and Outlook to 2018Food and Agriculture
Organization of The United Nations-Rome. . (accessed 01.02.16.). http://www.
fao.org/3/a-i4324e.pdf.

Fan, M., Mackenzie, A., 1993. Urea and phosphate interactions in fertilizer
microsites: ammonia volatilization and ph changes. Soil Sci. Soc. Am. J. 57, 839-
845.

Fowler, D., Coyle, M., Skiba, U., Sutton, M.A., Cape, ].N., Reis, S., Sheppard, L., Jenkins,
A., Grizzetti, B., Galloway, ]J.N., Vitousek, P., Leach, A., Bouwman, A.F.,
Butterbach-Bahl, K., Dentener, F.,, Stevenson, D., Amann, M., Voss, M., 2013. The
global nitrogen cycle in the twenty-first century. Philos. Trans. R. Soc. B-Biol. Sci.
368 20130164.

Freney, ].R., Simpson, J.R.,, Denmead, O.T., 1983. Volatilization of ammonia. In:
Freney, J.R., Simpson, J.R. (Eds.), Gaseous Loss of Nitrogen from Plant-Soil
Systems. The Hague, Boston; Martinus Nijhoff Publishers, Hingham.

Galloway, J.N., Townsend, A.R,, Erisman, J.W., Bekunda, M., Cai, Z., Freney, J.R,,
Martinelli, L.A., Seitzinger, S.P., Sutton, M.A., 2008. Transformation of the
nitrogen cycle: recent trends, questions, and potential solutions. Science 320,
889-892.

Hawke, B.G., Baldock, J.A., 2010. Ammonia volatilisation from urea fertiliser
products applied to an alkaline soil, in: Gilkes, RJ. and Prakongkep, N. (Eds.),
Proceedings of the 19th World Congress of Soil Science: Soil Solutions for a
Changing World, Brisbane, Australia, 1-6 August, 2010, pp 12-15.

He, Z.L., Calvert, D.V., Alva, AK, Li, Y.C, Banks, D.J., 2002. Clinoptilolite zeolite and
cellulose amendments to reduce ammonia volatilization in a calcareous sandy
soil. Plant Soil 247, 253-260.

He, Y., Yang, S., Xu, J., Wang, Y., Peng, S., 2014. Ammonia volatilization losses from
paddy fields under controlled irrigation with different drainage treatments. Sci.
World J. 2014, 417605.

Hedges, L.V., Gurevitch, ]., Curtis, P.S., 1999. The meta-analysis of response ratios in
experimental ecology. Ecology 80, 1150-1156.

Holcomb, ].C., Sullivan, D.M., Horneck, D.A., Clough, G.H., 2011. Effect of irrigation
rate on ammonia volatilization. Soil Sci. Soc. Am. J. 75, 2341-2347.

Junejo, N., Khanif, M., Hanfi, M., Yunus, W., Dharejo, K., 2013. Role of inhibitors and
biodegradable material in mitigation of nitrogen losses from fertilized lands.
Afr. ]. Biotechnol. 10, 3504-3514.

Kim, D.-G., Saggar, S., Roudier, P., 2012. The effect of nitrification inhibitors on soil
ammonia emissions in nitrogen managed soils: a meta-analysis. Nutr. Cycling
Agroecosyst. 93, 51-64.

Lam, S.K,, Chen, D., Norton, R., Armstrong, R., Mosier, A.R., 2012. Nitrogen dynamics
in grain crop and legume pasture systems under elevated atmospheric carbon
dioxide concentration: a meta-analysis. Global Change Biol. 18, 2853-2859.

Lam, S.K., Chen, D., Mosier, A.R., Roush, R., 2013. The potential for carbon
sequestration in Australian agricultural soils is technically and economically
limited. Sci. Rep. 3, 2179.

Lam, S.K., Suter, H., Mosier, A.R., Chen, D., 2016. Using nitrification inhibitors to
mitigate agricultural N,O emission: a double-edged sword? Global Change Biol.
doi:http://dx.doi.org/10.1111/gcb.13338.

Lee, ].H., Lee, H.J., Byun-Woo, L., 1999. Effects of urease inhibitor, nitrification
inhibitor, and slow-release fertilizer on nitrogen fertilizer loss in direct-seeding
rice. Korean ]. Crop Sci. 44, 230-235.

Ndegwa, P.,, Hristov, A., Arogo, ]., Sheffield, R., 2008. A review of ammonia emission
mitigation techniques for concentrated animal feeding operations. Biosyst. Eng.
100, 453-469.

Ni, K., Pacholski, A., Kage, H., 2014. Ammonia volatilization after application of urea
to winter wheat over 3 years affected by novel urease and nitrification
inhibitors. Agric. Ecosyst. Environ. 197, 184-194.

Phongpan, S., Freney, J., Keerthisinghe, D., Chaiwanakupt, P., 1995. Use of
phenylphosphorodiamidate and n-(n-butyl) thiophosphorictriamide to reduce
ammonia loss and increase grain yield following application of urea to flooded
rice. Fertil. Res. 41, 59-66.

Qiao, C, Liu, L, Hu, S., Compton, J.E., Greaver, T.L,, Li, Q., 2015. How inhibiting
nitrification affects nitrogen cycle and reduces environmental impacts of
anthropogenic nitrogen input. Global Change Biol. 21, 1249-1257.

Rao, D.L.N,, Batra, L., 1983. Ammonia volatilization from applied nitrogen in alkali
soils. Plant Soil 70, 219-228.

Reeza, A.A., Ahmed, O.H., Nik Muhamad, N.A.M.,, JallohN, M.B., 2009. Reducing
ammonia loss from urea by mixing with humic and fulvic acids isolated from
coal. Am. J. Environ. Sci. 5, 420-426.

Rochette, P., Angers, D.A., Chantigny, M.H., Gasser, M.O., Macdonald, ].D., Pelster, D.
E., Bertrand, N., 2013. Ammonia volatilization and nitrogen retention: how deep
to incorporate urea? J. Environ. Qual. 42, 1635-1642.

Rodgers, G., Widdowson, F., Penny, A., Hewitt, M., 1984. Comparison of the effects of
aqueous and of prilled urea, used alone or with urease or nitrification inhibitors,
with those of ‘nitro-chalk’on ryegrass leys. ]. Agric. Sci. 103, 671-685.

Rosenberg, M.S., Adams, D.C., Gurevitch, J., 2000. MetaWin Version 2: Statistical
Software for Meta-analysis. Sinauer Associates Inc., Sunderland.

Saggar, S., Singh, ]., Giltrap, D., Zaman, M., Luo, ]J., Rollo, M., Kim, D.-G., Rys, G., Van
der Weerden, T., 2013. Quantification of reductions in ammonia emissions from
fertiliser urea and animal urine in grazed pastures with urease inhibitors for
agriculture inventory: New Zealand as a case study. Sci. Total Environ. 465, 136-
146.

Sanz-Cobena, A., Misselbrook, T., Camp, V., Vallejo, A., 2011. Effect of water addition
and the urease inhibitor nbpt on the abatement of ammonia emission from
surface applied urea. Atmos. Environ. 45, 1517-1524.

Singh, J., Kunhikrishnan, A., Bolan, N.S., Saggar, S., 2013. Impact of urease inhibitor
on ammonia and nitrous oxide emissions from temperate pasture soil cores
receiving urea fertilizer and cattle urine. Sci. Total Environ. 465, 56-63.

Sitthaphanit, S., Limpinuntana, V., Toomsan, B., Panchaban, S., Bell, RW., 2009.
Fertiliser strategies for improved nutrient use efficiency on sandy soils in high
rainfall regimes. Nutr. Cycling Agroecosyst. 85, 123-139.

Sloan, J., Anderson, W., 1995. Calcium chloride and ammonium thiosulfate as
ammonia volatilization inhibitors for urea fertilizers. Commun. Soil Sci. Plant
Anal. 26, 2425-2447.

Soares, J.R., Cantarella, H., Menegale, M.L.D., 2012. Ammonia volatilization losses
from surface-applied urea with urease and nitrification inhibitors. Soil Biol.
Biochem. 52, 82-89.

Sommer, S.G., Schjoerring, J.K., Denmead, O.T., 2004. Ammonia emission from
mineral fertilizers and fertilized crops. Adv. Agron. 82, 557-622.

Su, W,, Ly, J., Wang, W., Li, X,, Ren, T., Cong, R., 2014. Influence of rice straw mulching
on seed yield and nitrogen use efficiency of winter oilseed rape (Brassica napus
L.) in intensive rice—oilseed rape cropping system. Field Crop Res. 159, 53-61.

Suter, H., Sultana, H., Turner, D., Davies, R., Walker, C., Chen, D., 2013. Influence of
urea fertiliser formulation, urease inhibitor and season on ammonia loss from
ryegrass. Nutr. Cycling Agroecosyst. 95, 175-185.

Sutton, M., Place, C., Eager, M., Fowler, D., Smith, R., 1995. Assessment of the
magnitude of ammonia emissions in the united kingdom. Atmos. Environ. 29,
1393-1411.

Tomar, J., Kirby, P., Mackenzie, A., 1985. Field evaluation of the effects of a urease
inhibitor and crop residues on urea hydrolysis, ammonia volatilization and yield
of corn. Can. J. Soil Sci. 65, 777-787.

Trenkel, M.E., 1997. Controlled-release and Stabilized Fertilizers in Agriculture.
International fertilizer Industry Association, Paris, France.

Turner, D.A., Edis, R.E., Chen, D., Freney, J.R., Denmead, O.T,, 2012. Ammonia
volatilization from nitrogen fertilizers applied to cereals in two cropping areas
of southern australia. Nutr. Cycling Agroecosyst. 93, 113-126.

Wang, X., 2007. Effects of species richness and elevated carbon dioxide on biomass
accumulation: a synthesis using meta-analysis. Oecologia 152, 595-605.

Watson, C., Kilpatrick, D., 1991. The effect of urea pellet size and rate of application
on ammonia volatilization and soil nitrogen dynamics. Fertil. Res. 28, 163-172.

World Bank, 2015. World Bank GEM Commodities. . (accessed 15.02.16.). http://data.
worldbank.org/data-catalog/commodity-price-data.

Yan, X., Akimoto, H., Ohara, T.,, 2003. Estimation of nitrous oxide, nitric oxide and
ammonia emissions from croplands in east, southeast and south asia. Global
Change Biol. 9, 1080-1096.

Zaman, M., Nguyen, M., 2012. How application timings of urease and nitrification
inhibitors affect n losses from urine patches in pastoral system. Agric. Ecosyst.
Environ. 156, 37-48.

Zaman, M., Saggar, S., Stafford, A., 2013. Mitigation of ammonia losses from urea
applied to a pastoral system: the effect of NBTPT and timing and amount of
irrigation. Proc. N. Z. Grassl. Assoc. 75, 121-126.

van Groenigen, K.J., Osenberg, C.W., Hungate, B.A., 2011. Increased soil emissions of
potent greenhouse gases under increased atmospheric CO,. Nature 475, 214—
216.

van Groenigen, KJ., Van Kessel, C., Hungate, B.A., 2013. Increased greenhouse-gas
intensity of rice production under future atmospheric conditions. Nat. Clim.
Change 3, 288-291.


http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0070
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0070
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0075
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0075
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0075
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0080
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0080
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0080
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0085
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0085
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0090
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0090
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0090
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0095
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0095
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0095
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0100
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0100
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0100
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0100
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0100
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0105
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0105
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0105
http://www.fao.org/3/a-i4324e.pdf
http://www.fao.org/3/a-i4324e.pdf
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0115
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0115
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0115
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0120
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0120
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0120
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0120
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0120
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0125
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0125
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0125
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0130
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0130
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0130
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0130
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0140
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0140
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0140
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0145
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0145
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0145
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0150
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0150
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0155
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0155
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0160
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0160
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0160
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0165
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0165
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0165
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0170
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0170
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0170
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0175
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0175
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0175
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0180
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0180
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0180
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0185
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0185
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0185
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0190
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0190
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0190
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0195
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0195
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0195
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0200
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0200
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0200
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0200
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0205
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0205
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0205
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0210
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0210
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0215
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0215
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0215
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0220
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0220
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0220
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0225
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0225
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0225
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0230
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0230
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0235
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0235
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0235
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0235
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0235
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0240
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0240
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0240
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0245
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0245
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0245
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0250
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0250
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0250
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0255
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0255
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0255
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0260
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0260
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0260
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0265
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0265
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0270
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0270
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0270
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0275
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0275
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0275
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0280
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0280
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0280
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0285
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0285
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0285
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0290
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0290
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0295
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0295
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0295
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0300
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0300
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0305
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0305
http://data.worldbank.org/data-catalog/commodity-price-data
http://data.worldbank.org/data-catalog/commodity-price-data
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0315
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0315
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0315
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0320
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0320
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0320
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0325
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0325
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0325
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0330
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0330
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0330
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0335
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0335
http://refhub.elsevier.com/S0167-8809(16)30422-4/sbref0335

	Ammonia volatilization from synthetic fertilizers and its mitigation strategies: A global synthesis
	1 Introduction
	2 Materials and methods
	2.1 Database compilation
	2.1.1 Meta-analysis


	3 Results
	3.1 Percentage of N loss as NH3
	3.2 The 4R nutrient stewardship
	3.3 Farming practices
	3.4 Enhanced efficiency fertilizers

	4 Discussion
	4.1 Ammonia as a major N loss pathway
	4.2 Mitigation strategy—the 4R nutrient stewardship
	4.3 Mitigation strategy—farming practices
	4.4 Mitigation strategy—enhanced efficiency fertilizers
	4.5 Potential for climate change mitigation

	5 Conclusion
	Acknowledgements
	Appendix A Supplementary data
	References


