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Abstract: Knowledgebaseditrogen N) managementwhich is designed faa better
synchrenization of crop N demand with N suppsygritical for global foodsecurity
and environmentasustainability Yet, a comprehensivassessmeran howtheseN
managemenpractices affectfood productiongreenhouse gas emissi@@HG) and N
pollution in China is lacking We compiled the results 0B76 studies (1166
observationsjo evaluate the overalffects of seven knowledgeased N management
practiceston‘crop productity, nitrous oxide N,O) emissionand major reactive N
(Nr) losses (ammaa, NHs; N leaching and runofffor staple grain(rice, wheat and
corn) production in China These practices included the application of
controlledreleaseN fertilizer, nitrification inhibitor (NI) and uease inhibitor(Ul),
higher splitting frequency of fertilizer N application, lowleasalN fertilizer (BF)
proportion,.deep placement N fertilizer, and optinal N rate based on soil N test.
Our results showed that, compared to traditional N managemeahese
knowledgebased Npractices significantly increased graiields by 1.3 to 10.0%
whichgis attributed tothe higheraboveground N uptakés.1-12.1%) andN use
efficiency in grain (8.0-48.2%)Moreover, thee N managemenpractices overall
reducedGHG. emission andlir lossespy 5.4-39.8% for NO emission30.7-61.5%
for NHg emission(except for the NI application) 13.6-37.3% for N leaching and
15.545.0% for N runoff The use ofNI increased NH emission by 27.5%
(9.0-56.0%) which deserves extra attentiorhe cost and benefit analysis indicated
that thewyield profitof these N managemenpracticesexceeded theorresponding
input cost which resulted in asignificantincreaseof the net economic benefity
2.9-12.6%.These results suggest thatowledgebased N management practican
be considered an effective way ensurefood security and improvenvironmental
sustainability, while incre@sy economic return.
Introduction

Feeding the increasing population without devastating the environment
challenging(Chenet al., 2014) As the largesN fertilizer consumeiin the world,
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Chinaplays a major role imglobal food securitybut simultaneoushcontributes to
global greenhouse gas (GHG) emission altersthe nitrogen (N) cyclgGallowayet
al., 2008; Oitaet al., 2016) About 27Tqg of fertilizer N was used annualfpr food
productionduring 20032010in Ching and more than 60%f that was appliedor
staple grainy(rice, wheat and corn) product{an et al., 2014; Xiaet al., 2016)
However,maround 260% of the fertilizer is lost to the environment &G (e.q.,
nitrousgoxide, NO) and otherreactive Nspecies(e.g., ammonia, Nk} N leaching
and runofjmThis has create@ cascade of environmental problerfe.g., global
warmingyair pollution andeutrophicatioi that threatemcosystemand human health
(Suttonet/al.; 2011; Guet al., 2015) In 2015, the Ministry of Agriculture in China
announced a ‘Zero Increase Acti®han’ for national fertilizer use by 2020, which
aimed toreduce the environmental cestssociated with food producti¢hiu et al.,
2015) (This ‘Zero Increase plan highlights the need to adopt semable N
management to improve the nitrogen use efficiency (NdKkgy step to reduce the
unintended,climate and environment changes induced by fertilizer N application
(Chenet,al., 2014).

Tosprodue more grainswhile minimizing N,O emission andnajor Nr losses,
knowledgebased N managemeptactices were recommendedguch as the use of
enhanced. efficiency N fertilizers (controlleelease fertilizer, CRF; nitrification
inhibitors NI urease inhibitors, Uland optimumN application methasl (ncreasing
splitting frequencyanddeep placemepi{Zhanget al., 2011; Cuiet al., 2013a; Chen
et al., 2014) Knowledgebased N managemeptactices generallyimprove the NUE
by previdng-bettersynchronization of crop N demandth N supply and therefore
havebeen adopted fancreasng yield while decreasing MO emissionand other Nr
losses (Ju et al., 2009; Zhanget al., 2012) While some knowledgebased N
managemenpractices (e.g., NI application) increasgeld (Abaloset al., 2014) and
reduceone type of Nloss(e.g., NO emission), they can increabkloss via other
pathways(e.g., NH emission (Lam et al., 2016) Yet, acomprehensive assement
on theagronomic and environmentahpacts of these N managemearacticesis
lacking.
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Some knowledgdased N managemeptactices (e.g., deep placement and NI
application) requireadditional economic inputosts(Zhanget al., 2012; Wanggt al.,
2014).However, few studies hawssessd thenet economic benefi{NEB, balance
between theinput cost and yieldprofit) of the knowledgebased N management
practices; which is theimportantfactor for adopting theN practices (Wang et al.,
2014; Zhangetal., 2015) Wethereforeconducted a comprehensive mataalysis for
staplegrain (rice, wheat andorn) production in Chinaandassessed the responses
knowledgebased N managemenpractice of crop productivity (yield NUE;
aboveground N uptakeN,O emissionand major Nr losses (NH emission N
leaching and runoffand economic indicators (input cost, yigibfit and NEB).We
focused==on® seven knowledbpased N managemenpractices, including the
applicatios“of CRF, NI and Ul, increasing splitting frequency fartilizer N
application lower basalN fertilizer (BF) proportion, deep placement of Mrfilizer
and optimalNrate based on soil N test.

Materials and methods
Database compilation

The™Web of Sciencéhttp://apps.webofknowledge.comé@nd China National
Knowledge Infrastructure databadietp://www.cnki.netf were employed to search
peerreviewed studies published befdviarch 2016.The following criteria wereset
for a study to be included in theresent analysiskirst, only the field, pot and
lysimeter studiesn rice, wheat or corgrowth were includedThe crop grain had to
be harvested and weighted at the physiological mature s&sgpend, means and
samplessize had to be reporteavith a minimum of three replicates. Third,the
application rates of agricultural materials had to be reported, such as fertilizers (N, P
and K) and inhibitors (NI and Ul), for the consideration of the-besiefit analysisA
total of 1166 observationfrom 376 peerreviewed studiesvere included in our
analysis Supporting information, Fig. S1All studies were divided intthreegroups:

(1) Enhanced efficiency N fertilizer€€RF application 832 observatiorns and
NI (151 observations) and Ul applicati¢BO observations)N fertilizer (e.g, urea)
applicaton (control) was compared witN fertilizer treated withCRF (NI or Ul)
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117 application (treatment)The CRF mainly included those coated or encapsulated
118 fertilizers, such as sulftzoated urea and polymeoated urea.The NI mainly

119 included dicyandiamide (DCD), 3dimethypyrazole phosphate (DMPP) and
120 nitrapyrin (CP) while the Ul mainly comprised hydroquinone (HQ) aneriNoutyl)

121 thiophospheric triamide (NBPT).

122 (2)"Optimizing N fertilizer application method including three aspects:
123 increasingsplitting frequency of fertilizeN application(241 observations), reducing
124 BF proportien(92 observationspand employing deep placemef@8 observations)
125 Using thesmethod dfluanget al. (2016) br N split, N fertilizer treated with a higher
126  splitting frequency was set as the treatment, such as two split applications (treatment)
127 vs. a singlerapplication (contiplFor BF proportionreduction,N fertilizer treated
128 with a traditional proportion of BF (control) was comparedavith the BF proportion

129 reduction(treatment) The minimum percentage of BF reduction for ‘reducing BF
130 proportion’'was 10% in this studyzor N placement) fertilizer treated withsurface

131 broadcast (eontrol) was compared with deep placerfiszdatment) The minimum

132 depthof.the deep placement of fertilidékvas 5 cm below the soil surface

133 (3)*Optimzing N rate(232 observationsTraditional N application rate (control)
134 was compared witloptimal N rate (treatment). The optimal N ratefers tothe N

135 application. ratedeterminedbasedon the soil N test, whichwas calculatedby the

136 difference betweenrop N demand and soil N supply, i.e. the target crop N demand
137 minusthe soilNH4" andNOs™ presentin the root zondJuet al., 2009; Huangt al.,

138 2013).0n average, the optimal N rate was 28% lower thanrdubtipnal Nrate of

139 the studies=includeth this metaanalysis The optinal rates in some studies were
140 determined hased dhe recommendation of local agronomi&@sii et al., 2013b; Yao

141 et al., 2013)according tahe results of ‘National Soil N TesProject’ (Zhanget al.,

142 2012).

143 Treatment and control in above database, exXoepihe ‘optimizing N rate’, have
144 identical N application ratesEffects of these knowledgeased N management
145 practices were evaluated by théllowing three categories witH O variables,
146 including (1) crop productivity: yieldptal aboveground N uptake aNdJE; (2) N,O
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emissionand othermajor Nr losses llH3; emission N leaching and N runoff (3)
economic indicators: inpwost, yietl profitand NEB.The NUE in this study refers to
the grain NUE calculated bydividing the differencan the grain N uptakdéetween
the treatments with and without fertilization lgrtilizer N rate In addition the
effects of these practices were categorizedording to crogpecie (rice, wheat and
corn), séil"organic carlio(SOC) content €10, 10-20 and>20, g kg ), soil TN
content €1, 1-2 and>2, g kg %), pH €6, 6-8 and>8) andN applicationrate (<200,
200-300vane>300, kg N ha'). Due tothe lack of datathe effects olUl application
on N leachingand runoffreducing BF proportioon N,O emission and N runoff, and
deep placemertn N leachingvere unable to be assessethis study.
Meta-analysis

Impacts of knowledgéasedN managemenpractices an the values ofzariables
(X;) were evaluated againsteir corresponding contrqlX;) using thefollowing

equation.
InR =In (39, (1)

whereln Rerepresents the natural log of response ratio which is the effeciThige.
results-werespresented as the percentage chamyy&p<@(00) under knowledgeased
N managemenpractices. Positive percentage changes denote an increase due to N
managements whereas negative values indicate a decrease in the variables.
Effect sizes were weighted by the inverse of pooled vari@yeeag et al., 2016)
or replications(Lam et al., 2012) in previous metanalyses,depending on the
integrity of the reportedstandard deviatiain thedatabaseln this studyaround 506
studiesdid notreport the standard deviatioobthe mean values. In additioextreme
weights may be generated byariancebased weiglmg function but not for
replicatiorbasedone (Van Groenigeret al., 2011) Thereforethe replicatiorbased
weighting was adopted in thanalysis usinghe following equation(Lam et al.,

2012):

weight = LeXMe (2)

ng+ng’

where n, and n,. representhe numbers of replicates of the treatment and control
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176  groups respectivhy.

177 Mean effect sizes antthe 95% confidence interva(€Is) were generatedly a
178 bootstrapping procedure with 4999 iterations, using MetaWinRokenbergt al.,
179 2000).q Bfects of knowledgebased N managemenractices were considered
180 significant ifythe 95% Clglid not overlap wittzera Means of categorical variables
181 were consideredignificantly different from each other if their 95% Cls did not
182 overlap.

183  Cost-benefitranalysis

184 To “evaluate whetherthe knowledgdsased N managemenpractices are
185 economically viablea costbenefit analysis was conductég incorporating in this
186 analysis=theinput cost, yieldprofit and NEB Input cost included the cost of
187  agricultural"materialsfértilizers, NI and Ul),andlabor costassociated witlertilizer
188 applicationand themanagemenpractice (e.g.,increasing splitng frequency,deep
189 placement.and soil Nest). Yield profit was the gross economic benefitom crop
190 grains. icesof fertilizers and labor cost welisted in theSupporting information
191 (TableSl). The NEB represented the net economic benefit, calculated by suigtract
192 the input'cost from the yield profit.

193 Results

194 Grainyield

195 Overall, grain yield was significantly increasebdly 8.0% for CRF application
196 (Fig.1a), 10.0% for NI application (Fig.1b), 7.1% for Ul application (Fig.2&% for
197 increasingsplitting frequency ofertilizer N application(Fig.2a), 4.1% for reducing
198 BF propertion(Fig.2b), 6.9% for deep placeme(itig.2c), and 1.3% for optinzing N
199 rate(an average N rate reduction of 28b&sed on soil N tegFig.3a). The effect of
200 NI application on grain yieldvas strongerin wheat(12.1% than corn(6.5%) and
201 that'efincreasing splttng frequencyof fertilizer N application was strongen rice
202 (8.1%)than whea(4.0%) and corn(4.5%)(Fig.1 and Fig2). The effect ofreduction
203 of BF proportion on grain yieldbecame nossignificant if the reductionrate was
204 larger than 60%TableS6). N application rateand soil properties (e.g., SOC, BNd
205 pH) also changedthe yield response to the knowledgebased N management
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206 practicesto some extenfTableS10).

207  Aboveground N uptake and NUE

208 On averagethe aboveground N uptake was significantly reduced by SvB&h
209 the optimum;N rate was uséig.3), but increased bgtherN managemerpractices,
210 rangingfrom5.1% (ncreasing splithg frequencyof fertilizer N applicatiop to 12.1%
211 (NI application=(Fig.1 and Fig). The NUE wasalso significantly improved by
212 emploiing these N managemenpractices by 26.5% (NI applicatioh to 48.2%
213  (optimizing'N rate), exceptfor the practice ofreducing BF proportiorfFig.1, Fig2
214 and Fig3)which led to a nossignificantincrease (8.0%) in NUEig.2b). Responses
215 of aboveground N uptake and NUE were in gensmatilar for various crops, N
216 application-rate andsoil propertieg TableS10).

217 NH3emission

218 NItapplicationoverall significantly increased Nglemissionby 27.5% (Fig4b),
219 but aher._knowledgebased N managementpractices significantly reducedthe
220 emissionby,30.7% (optinzing N rate) t061.5% (reducing BF proportidr(Fig.3,
221 Fig.4“and Fig.5)Applying CRF in rice and corahowed stronger effecn reducing
222  NHj3 emissionthanwheat(Fig.4a). The effect of CRFon NH3 emissionalso varied
223  significantly withSOC and TN contentand N application ratéTable S2 and Table
224  S10, andthatof deep placement on NHemission variedignificantlywith crops, TN
225 contentand pHTable S7 and Table SLG-or other Nmanagement practisesimilar
226 responses of Nk emissionwere observed fordifferent crops, N rates and soll
227  propertiegTableS10).

228 N0 emission

229 Averaged across all studied,O emission wasignificantly reduced by38.3%
230 for CRF application, 39.8% for NI application, 27.8% for Ul application and 31.2%
231 for optimizing N rate (Fig.3, Fig.4 and Fig.5) Increasingspliting frequency of
232 fertilizer N applicationand employing deep placement also reducgd Bmission by
233 5.4% and 14.6%, respectively, albeit sanificanty (Fig.5). A higher reduction in
234 N0 emission was observed in rice (50.4%) than c2f3%o0)for CRF application
235 (Fig.4a), in rice (51.0%) than wheaB1.8%)for NI application (Fig.#), and in corn
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(37.0% than wheat X1.9%)for Ul application (Fig.4), andin wheat 20.4%) than
rice @4.0%) for higher splitting frequencyf fertilizer N application (Fig.5a). In
general, theesponses dfl,O emissiorto theseN managementaere not affected by
soil properties (Tabl&10).
N leaching and runoff

N leachingwas significantly reduced by 17.3% for CRF applicati@rg’a for
NI application, 2.7 for increasingsplitting frequency offertilizer N application
13.6% for reducingBF proportionand 35.3% for optiming N rate(Fig.3, Fig.4 and
Fig.5). Nerunoff wasalso significantly decreasd by these N management practices,
by 31.7% for CRF application, 45.0% for NI application, 36.5% ifareasing
splitting=frequencyof fertilizer N application 15.5% for deep placement and 27.6%
for optimizing N rate A higher reduction in N leaching was observed in c4g8%)
than wheat 26.4%) for optimizing N rate(Fig.3a), while a stronger reduction in N
runoff was.shown inrice (45.®%6) than wheat (2.5%) for increasing splitting
frequeney of fertilizer N applicatiofFig.5a). Responses of N leaching and runoff
were in.general similar fatifferentsoil properties (Tabl&10).
Cost-benefit analysis

The input costwas significantlyreduced lfy 3.2% when the optimum N rate
was usedbut was not affected byeducing BF proportion (Table .1Other N
managémenpracticessignificantly increased the input cosgngingfrom 6.4% for
CRFapplication ta21.4% forincreasing splitting freqgncy offertilizer N application
due tothe additional financial costssociated witlileep placement, extra topdressing
and the -higher price oenhanced efficiency N fertilizers tharaditional fertilizers
(Table S1).All theseN managemenpracticessignificantlyimproved the yielgrofit,
rangingfrom_1.3% Optimizing N rate to 10.0 % KI application) Likewise, theseN
managemenpractices significanty increased th&lEB by 2.9% foroptimizing N rate
to 12.6%for NI application.
Discussion
Crop productivity and N loss to environment

The global population is projected to reach 9 billion by 2050, with éevdand
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266 likely to be doubled(Tilman et al., 2011) Can the increasa food production be
267 adieved onthe existing farmland? Based on the matelysis of376 studieswe

268 found that the application ofingle knowledgdrased N managemerygractice

269 significantly increased staple grain production £1@®%)in China(Fig.6). Moreover,

270 applyingcombimation ofthese N management practices would result in much higher
271  (18-35%)"increasen thegrain yield, as reported bghenet al. (2014).This increase

272 in yield was largely attributed to greater plant N uptake and higher NBIg.6),

273  becausdhesknowledgébased N management practice generally resultedbiettar

274  synchronization between crop N demand and N supply throughout the crop growing
275 season(Ju et al., 2009; Yanget al., 2012) For instance, a lower BF proportion
276 reducesN-rate applied to earlgrowth stage ofcrop, and satigés the N requirements
277  for the 'rapid growth stages (e.g., stem elongation of wheat and expanded leaf stage of
278 maize), thus improving N uptake and NWWEhanget al., 2012) Nonethelessthere

279 was no.significant improvement in grain yield whBk was reduced by more than
280 60%, which,deserves additional attention. This was likely becausmghb#icient N

281 supply=could damage the healthy root growth at the early stage of crop ¢@wwth

282 al., 2008):

283 Becuse of the traditionabelief that higher fertilizerN rates increase yield
284 farmers,often use excessive N fertilizer pursue high yield profitgoarticularly in

285 China(@uetal., 2009) However, N losses will be substantial when the availability of
286 N in the soils exceeds crdpdemandCui et al., 2013a) Our study indicated that the
287 use of'knowledgdased N margement practicdargely reducedvarious N losses

288  whilesinereasing grain yield (Fig.6)rhrough better synchronizingrop N demand

289  with N supply(Linquistet al., 2013) applyingCRF applicationand optimizing N rate

290 reducedall the Nloss pathways targeted in this studfyg.6). Through reducing urea
291 hydralysis (Huanget al., 2016),Ul application decreased NHemission by 50.0% in
292  this study (Fig.4). In contrast toAkiyama et al. (2010)s study, we found that YO

293 emission was significantly reduced when Ul was appiedstaple grainproduction

294 in China, which is likely due to the differende the targeted cropspeciesand

295 agricultural systembetween thesevo studies.
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296 Nitrification inhibitors sugpress the conversion of NOfrom NH;" (Chenet al.,

297 2008),and decrease the,N emission, N leachingnd runoff (Fig.4b). However,
298 more NH," may reain in soils under NI application, which may stimulate ;NH
299 emission(Lam et al., 2016) The increase in NHemission under NI application
300 observedinithis study (27.5%) is slightly higher than that reported by othe20¢4B
301 (Qiao et alty 2015; Yanget al., 2016) Previous studies have demonstrated that the
302 majority of Nr losses (e.g., NHemission, N leaching and runoff) occurred Iz t
303 early grewth, stage of crops when N uptake by roots is lim{i@tenet al., 2011)

304 Reducing=BF proportion and increasing spld frequency ofertilizer N application
305 avoidover basaN fertilization and increased N uptak&ngcropsgrowth (Zhang et
306 al., 2012);=thus reducing NHemission,N leaching and runoff (Figa,b). These N
307 losses'eould also be minimized through tleemblacement of N fertilizeFig.5c¢),

308 which decrease theconcentrations ofiH4* or NOs in the flooded wate(padd/) or

309 surface.soilguplandsystem (Linquistet al., 2013;Xu et al., 2013)

310 Overall, the use of knowledgmsed N management practice is effeciive
311 decreamg various N losses tthe environment \kile increasinggrain yield (Fig6).

312 Howeyver, it should be netl that sil properties and crop speciesight affect the
313 responsesf yield and Nlosses to theepracticeq TableS10) For instancethe effect
314 of increasing.splitting frequency of fertilizdr applicationon grain yieldwasstronger
315 inrice thanwheatandcorn(Fig.2). The effects of enhancexdficiency N fertilizers on
316 N,O mitigation and grain yieldalso varied with crop speciesnd certainsoll
317 properties (e.g.pH) (Fig.4 and TableS10) More studies are needed to uncover the
318 underlying=mechanisms before applying these N management practieesarge
319 scale.

320 Implication of.the cost-benefit analysis

321 By.takingthe costs of various agricultural inputs (e.g., fertilizers and lalts)
322 considerationwe conducted a preliminary assessment of the NEB associated with the
323 application of the knowledgleased N management practicA#though grain yields
324 were significantly enhanced bthese N managementpractices, the input cost
325 increased accordingly (Tablg. In contrast, the input cost optimizing N ratebased
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on soil N testwas lower, becaus¢he cost saved from N fertilizer reduction
outweigheahat associated witthe soil N test Overall,the yield profit exceeded the
corresponding input cost, anidereforeresulted in a significant increage the NEB
(Fig.6)a TheNEB would beeven greater ithe environmental benefits achieved by the
reduction ofiN lossvereincludedin the costbenefit analysigGuet al., 2012; Qiacet

al., 2015y

Despitetheir positive NEB, these knowledfpased N management practices are
not populamin China. Why are these practices adopted by the Chinese farmers?
Most of the*farms in China are tiny, making the lasgale mechanization of these N
practices /impracticalZhanget al., 2013). In addition, farmers often have garte
jobs inturban areas to source additional incomeei(&l., 2009). Therefore, in most
instances“the opportunity cost (e.g. labor, time and education/training costs) of
implementing these N practices is very high. Farmers are mosthaveske when
faced with.new agricultural management practices (Wetngl., 2014), but more
importantly.it is the opportunity cost that impedes the popularity of these new N
technolegies. Tochange this situationpational subsidy programs should be
establishedo provide an incentive for farmets gradually adopthese Npractices,
such aghe ‘Carbon Farming Initiativein Australia(Lam et al., 2013) Farmersare
reluctant.to..increas the input cost without realizinghe effecivenes of the
knowledgebased N practices (Wang et al.,, 2014; Xia et al., 2014) More
demonstration trialshouldbe conducted in the majareas oftaplegrain production
in China (e.g., NortlChina Plain and Taihu Lake region) ¢onvincefarmess of the
econemic-viabilityof these N practice(Zhanget al., 2012; Zhangt al., 2013)

Extra attention should beam on the NI applicationsince it considerably
increasedNHg emission Nonetheless, his problem can bdikely solved bythe
combiningNI application with other N management pradiide.g.,Ul application)
(Zhanget al., 2012) The use othe NI dicyandiamie has been reported to result in
the contamination of milk power in New Zealand (Lucas, 2013). Thereforeffelotse
of NI (Ul) application onstaple food securityn China should also be taken into
consideration in future studieShe effects of these N management practices on the
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global warming potential é&n overall consideration ofmethaneemission N,O
emissionand soil organic carbon change) should be fidysessd, but the current
assessmentas restricted ttl,O emissiordueto data deficiencyFig.6). Despite tis
limitation, we demonstrated th&nhowledgebased N management practice can be
considered“an effective way to ensure food security and improve environmental
sustainability;"while incre@sg economic return
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508 various knowledge-based N management practices with 95% bootstrap Cl.

509 Table S10.Effects ofknowledgebased N management practicesbetween group

510 heterogeneity (Qb) for each variable.
511 Data S1 Source references of all datasets used in this-amstlysis.

512
513
514
515
516
517 Table 1 Changes (%)n the input cost, yielgrofit and net economic benefit (NEB)

518 induced by the application of knowledgased N managemeprtactice

Input cost Yield profit NEB

Knowledgebased Noracticé
mean  95% CI mean 95% CI mean  95% CI
CRF application 6.4 4978 7.7 6.58.8 7.8 6.3-9.2
NI application 9.8 8.1-115 10.0 8.212.1 126 9.0-17.1
Ul application 7.1 5.58.7 7.1 55389 5.9 2.293
Increasing splitting frequency  21.4 20.1-22.8 58 4.86.8 3.6 2.44.7
Reducing BF proportion 0 0 41 2754 5.0 3.56.7
Applying deep placement 8.2 7590 6.6 4.7-8.9 6.1 3.8-8.6
Optimizing"N, rate 3.2 -(4.6-1.9) 1.3 0323 2.9 1.44.5

519 %CRF, controllegrelease fertilizer; Nipitrification inhibitor; Ul, urease inhibitor; BF,

520 basal N fertilizer "The negative value denotes that optimizing N rate reduced the

521 input.cest by:3.2 (95% CI: 1-4.6).

522

523  Figure captions

524  Fig.ZrChanges in grain yield, total aboveground N uptake and nitrogen use efficiency
525 (NUE) induced by the applications of controledease fertilizer (a), nitrification

526 inhibitor (b) and urease inhibitor (c). Numbers of experimental observation are in

527 parentheses.
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This article is protected by copyright. All rights reserved



529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

Fig.2. Changes in grain yield, total aboveground N uptake and nitrogen use efficiency
(NUE) induced by the applications of increasing splitting frequency of fertiNzer
application (a), reducing basal N fertilizer proportion (b) and geéepement of N

fertilizer (c). Numbers of experimental observation are in parentheses.

Fig.3. Changes'in grain yield, total aboveground N uptake and nitrogen use efficiency
(NUE)«(a), and various Nr losses (b) induced by the application of optimizintgeN ra

Numbers ofiexperimental observation are in parentheses.

Fig.4. Changes in various N losses induced by the applications of conteldade
fertilizer=(a); nitrification inhibitor (b) and urease inhibitor (c). Numbers of

experimental observation areparentheses.

Fig.5. Changes in various N losses induced by the applications of increasing splitting
frequeney of fertilizer N application (a), reducing basal N fertilizer proportion (b) and
deep ‘placement of N fertilizer (c). Numbers of experimentaleniation are in

parentheses.

Fig.6. Effects of knowledgbased N management practices on crop produc