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Abstract

Nitrification inhibitors show promise in decreasing nitrous oxidggNemission from
agriculturalsystems worldwideut they may be much less effective than previously thought
when both'direct and indirect emissions are taken into acdsnilst nitrification inhibitors
are effective atlecreasing direct XD emissiorand nitrate (N@") leaching limited studies
suggest thaheymay increase ammonia (NHvolatilization and subsequently, indireci®
emission. These dual effects &ypically not consideredhen evaluating the inhibitors as a
climate changemitigation tooHere we collte results from the literature that
simultaneously examined tleéfects of nitrificationinhibitors on NO and NH emissions.
We found that nitrification inhibitors decreased diregONemission by 0.2—4.5 kgJ®-N
ha'(8-57%), but generally increased Nemission, by 0.2-18.7 kg NFN ha* (3-65%).
Taking into_account thestimatedndirectN,O emission from deposited NHthe overall
impact of nitrification inhibitors ranged frord.5(reduction)to +0.5(increasekg N,O-N
ha’. Our results’suggest that the beneficial effect of nitrification inhibitors in decreasing
direct N,O'emissiorcanbe undermined or even outweighed byiraorease in NH

volatilization

I ntroduction

Globally, agriculture contributes abdd of thetotal anthropogenic emission of nitrous
oxide (N;O), a greenhouse gas approximately 300 times more potent than carbon dioxide
(Ciaiset al.,2013). The mitigation oN,O emission from agricultural systems s a
important issuavorldwide. Nitrification inhibitors are recommended by lREC as a
potential mitigation optiomor agricultural NO emission(IPCC, 2014), and have been
extensively.investigated amddely used acrasa broad range of agroesgstemyChenet al.,
2008; Qiaeet-al;;2015) Nitrification inhibitors temporarily suppreske microbial
conversionsef-ammoniurfNH,") to nitite (NO,") in soil. Thisredu@ssubstrate availability
for nitrate (NQ") formation and subsequent denitrification, therdbgreasing hO
emissiorandNQ@g leaching (Bundy &remner 1973; Cheret al.,2008). Recent meta
analyss indicatel that nitrification inhibitors decreased.® emission andNO3™ leaching by
31-48% and 32-59%, respectivedgrosdiverseagricultural ecosystemscluding upland,
grassland and paddy fields (Akiyamiaal.,2010;Qiaoet al.,2015).Nitratelost via leaching
and runoff may bé&ransported to groundwateiyers or estuaries/hete part ofit maybe
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converted to NO (Nevison, 2000). Thimdirect N,O emissiorcan be estimatey the IPCC
emission factor Efwith a default value of 0.75% (De Klegt al.,2006).

The use of nitrification inhibitors, however, prolongs tentionof NH4" in soil, which

could potentiallyincrease ammoni@H3) emission(Zaman& Nguyen, 2012). Deposition of
emitted NK not'enly poses a major threat to environmental quality and ecosystem
biodiversity Erismanet al.,2008), but indirectly it also contributes to® emissionvan der
Gon & Bleeker 2005) through subsequent nitrification and denitrification. According to the
IPCC guidelines (De Kleipt al.,2006), about 1%a(range of 0.25%) of the NH; emitted is
converted'to NO after deposition to landRCC emission factdeF,).

While the effect ofitrification inhibitorson NH; volatilizationis notaswidely studiedas
that on NO emissionQiaoet al.(2015)recently summarized the available studies and
concludedhat nitrification inhibitorancreased NHl volatilizationfrom synthetic fertilizrs
and animal.manures agricultural systemby 33—-67%. However most of the studies
included in.the.synthesis focussed on one or other of these gases, aataDigH15)
expressedhe impact of the inhibitor as percentage change, not absolute difference, in
nitrogen (N). The overall inhibitor effect on,® emission (direct and indirectyhich can be
determinedrom studies that simultaneously measug®©Nnd NH emissions antlO3™
leachingin the field remains uncertaii.he inclusion of indirect MO emissionis critical for
evaluatingthe effectiveness of nitrification inhibitors in mitigatiggeenhouse gasmissions

from agriculture We therefore conducted a literature review to address this knowledge gap.

Literature search
To assess the overall contribution of nitrificatiohibitors to NO emission (direct and

indirect),. we_ performed extensive keywaehrches of several databa@&eb of Science,

Scopus, CAB"Abstracts, Academic Search complete and Google Scholar), and the reference

list of citedwreferencesor studiespuldished prior toOctober 2015. The keywords used in the
search included nitrification inhibitors, namef the inhibitors such as DCD ab¥1PP,

nitrous oxide/NO emission, ammonia/Ndmission, volatilization, direct/indirett,O,
greenhouse gaagijtrateNO3™ leaching,Joss and/or mitigation, agriculture, cropping, pastures,
and their combinations. Only studies that simultaneously examip@dNd NH emissions

in the same field locatiowereincluded.The search resulted {8 observations in pasture

and cropping systems (Table 1).
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Dual effects of nitrification inhibitors on N,O emission

From the literature review, avfound that wrification inhibitorsconsistently decreaselirect
N.O emissiorfrom fertilizers (urea and ammonium based) and animal wéstesy and
urine), applied-at between 97 and 625 kg N,Hay 0.2—4.5 kg BNO-N ha*(8-57%) [Table
1). On thefotherthan®iH5 volatilizationwas increased by.2-18.7 kg NH-N ha* (3—65%)
following the application of the inhibitors in all but three observations. ApplyingeFeult
emission factovalue of 1%(De Kleinet al.,2006) forindirectN,O emissiorfrom NH3
volatilization and depositio(EF,), we found there was an overaB®-N reduction of 0.1—
4.5 kgN ha' from the usef nitrifi cationinhibitors However, when the upper rangefdt,
(5%)(De Kileinetal.,2006) was used, the change istNN ranged from —4.4 (reduction) to
+0.5(increasekg N ha* (Table 1).

We found that onlywo studiesreporedthe effectof nitrification inhibitors orNO3™ leaching
in addition‘to that on BO and NH emissionsThis precludes thestimationof indirect N,O
emissionfrom.measuretNO3 " leaching for the studies included in Table 1. Nonetheless,
NO3™ leaching.is assumed to be an insignificant source of indirgdteynission in dryland
cropping systems, and grassland systems where the amount of precipitation @ltisrirrig
does not exceed 80% of the potential evapotranspiration (IPCC, 2006; U.S. EPAA2014).
global proces®ased simulatioof terrestrial N cycle estimated thitae annual leaching load
is around 20 kg N hafor most regions witlfiertilizer application of >100 kg N ha Based

on the default Efvalue of 0.75% (De Kleiet al, 2006), anén averageeduction inNOz~
leachingof 47% By nitrification inhibitors(Qiaoet al, 2015) we estimatedhiat theinhibitors
maydecreaséndirectN,O emissiorassociated wittiNO3~ leaching by 0.07 kg N haor

have no effect on the emission whé@;~ leachingis negligible. This has minimal impact on

the overallleffect of nitrification inhibitoran NbO emission

The resultsseburliterature review (Table 1) indicate that nitrification inhibitefgectively

and consistentigecrease direct XD emission from agricultural systems. Nonetheléss,
beneficial effeet.can be weakened, negated or even reumridbdestimatecconcomitant
increase inndirect N,O emissiorfrom deposited NH. This highlights the importance of
considering both gases when evaluatimguse ohitrification inhibitorsas a climate change
mitigation option. An alternative approach would be to use a double inhibitor (a combinat

of a nitrification inhibitor and tease inhibitor). Urease inhibitors slow the hydrolysis of urea
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and consequently reduce MMolatilization and can be effective on u(€henet al.,2008).

A recentstudy showedhatbothNH; volatilizationand NO emission were decreased when
urea wagdreated with alouble inhibitor Zaman& Blennerhasset010). Howevethis

double inhibitor approach impracticalfor decreasing Nklvolatilization fromN sources
containing negligible urea but higdiH," content such as animahanure and ammonium
fertilizers In thisiregard, substances with a high affinity for binding ditiq* ionsmay be
usedas additive$o mitigate NH3 volatilization For instance, zeolite anghore recently,
lignite wereshown to effectively lower NElvolatilizationwhen mixed witranimal
manurgNdegwaet al.,2008; Cheret al.,2015).Alternatively,wherepractica] manure
should be‘incorporated into soil rather theengsurface appliedo prevent NH loss

Summary and implication

Nitrification inhibitors decrease direlbO emissiorandindirect N,O emission due thlO3~
leachingfrom agroecosystem¥et this beneficial effecis weakenedy any accompanying
increase inndirect N,O emissiorthatcan resulfrom increasd emission and deposition of
NH3. AppropriateNH; mitigationmeasures should bakenwherenitrification inhibitorsare
being useditalecreaselirect N,O emissions, to enabédfectiveand viableclimate change
mitigation
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Tables

Tablel Summary of studies that simultaneously investig#teceffects of nitrification inhibitors on XD and NH emissions, and the estimated overall impacts
Effect of nitrification inhibitor(NI)
Direct N,O Overall NI effect on Gas
emission NH3 volatilization N,O emission measurement
N rate technique
Agricultural system N form Season Inhibitor (kg N ha?) Country Reference
kg Nha Amount” Amount®
(1+ 11 x EFy) ©
%2 (kg Nha?) %° (kg Nha)
0) 0) EF;=  EF= N:O - NHs
1% 5%
Croppingtrice urea 180 summer N-serve  —49.9 -0.57 +64.9 +12.75 -0.44 +0.07 China CcC oC Sunet al, 2015
Croppingrice urea 240 summer N-serve  -19.2 -0.27 +37.5 +15.80 -0.11 +0.52 China CcC ocC Sunet al, 2015
Croppingmaize slurry 165 summer DCD -20.4 -0.79 -3.7 -0.40 -0.79 -0.81 Brazil CcC CC Aita et al, 2015
Croppingwheat slurry 135 winter DCD -52.3 -1.36 +3.1 +0.35 -1.35 -1.34 Brazil CcC CcC Aita et al, 2015
Croppingwheatbarley; pasture  urea 120-200 whole year DCD —46.5 -0.52 +6.1 +2.20 -0.50 -0.41 UK CcC WT Misselbrooket al, 2014
Croppingwheatbarley; pasture. AN 120-200 whole year DCD -28.7 -0.48 +5.4 +0.15 -0.48 -0.47 UK CcC WT Misselbrooket al, 2014
Pasture urine 365625  springautumn DCD -56.8 -1.24 -0.8 -0.97 -1.25 -1.29 UK CcC WT Misselbrooket al, 2014
Pasture urine 365625  springautumn PD -10.6 -0.23 +4.0 +4.87 -0.18 +0.01 UK CcC WT Misselbrooket al, 2014
Pasture slurry  106-181  spring/autumn DCD -30.1 -0.38 +7.7 +2.55 -0.36 -0.26 UK CcC WT Misselbrooket al, 2014
Pasture urine 600 autumn DCD —42.1 —2.93 +35.5 +18.65 —2.74 —2.00 New Zealand CC ocC Zamanet al, 2013
Pasture urine 600 spring DCD —40.5 -2.15 +13.3 +13.87 -2.01 -1.46 New Zealand CC oC Zamanet al, 2013
Pasture urine 600 autumn DCD -37.1 —4.47 +43.4 +12.60 —4.34 -3.84 New Zealand CC ocC Zaman &Blennerhassett 2010
Pasture urine 600 spring DCD —46.8 —4.33 +18.2 +8.00 —4.25 -3.93 New Zealand CC oC Zaman &Blennerhassett 2010
Pasture urine 600 spring DCD -38.6 -4.40 +9.1 +2.00 -4.38 -4.30 New Zealand CC ocC Zamanet al, 2009
Pasture urine 600 summer DCD —20.0 -0.30 +17.2 +8.60 -0.21 +0.13 New Zealand CC ocC Zamanet al, 2009
Pasture slurry 123 springsummer DMPP -7.9 -0.18 +13.9 +1.80 -0.16 -0.09 Spain CcC ocC Menéndezt al, 2009
Pasture ANS 97 spring DMPP -8.8 -0.39 -51.7 -0.15 -0.39 -0.40 Spain CcC oC Menéndezt al,, 2006
Pasture slurry 181 spring DMPP -29.1 -4.51 +42.0 +3.16 -4.48 -4.35 Spain CcC ocC Menéndezt al, 2006

#The value was caleulated by: {8 emission in the treatment with NIN,O emission in the control) /XD emission in the control x 100%

® The value was calculated by>® emission in the treatment with NIN,O emission in the control

°The value was caleulated by: (NKolatilizationin the treatment with N+ NH; volatilizationin the control) / NH volatilizationin the control x 100%

4The value was calculated by: NKolatilizationin the treatment with N+ NH; volatilizationin the control

°EF, of 1% and 5% represent the mean and upper range, respectively, of the IPCC default &ntssifor indirect NO emissioff
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AN: ammonium nitrate

ANS ammonium nitratsulphate

CC: closed chamber

DCD: dicyandiamide

DMPP: 3,4-dimethylpyrazele phosphate

EF,: emission factorferindirect X0 emission

NI: nitrification inhibitor

OC: open chamber:

PD: pyrazole derivatives 1H,2,4triazole and anethylpyrazole
WT: wind tunnel
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