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Abstract: ™It is*widely recommended thatrop straw be retured to croplandsto
maintain orincrea® soil carbon(C) storagein arable soils However,becauseC and
nitrogens(N),biogeochemicalcles areclosdy coupled,straw returnmay also affect
soil reactiveN (Nr) losses but these effecteemainuncertain especiallyin terms of
theinteractionsbetween soil C sequestration and Nr logseter stravaddition.Here
we conducteda global metaanalysisusing 363 publicationso assesghe overall
effects”ofstraw returnon soil Nr losses C sequestratiomnd crop productivityin
agroecosystemOur resultsshowthaton averagescompared to mineral N fertilization,
straw returnwith same amount omineral N fertilizer significantly increagd soil
organicxC(SOC) content (14.9% crop yield (5.1%) andcrop N uptake(10.9%)
Moreover Nr losses irthe form of nitrous oxide (MO) emissiors from rice paddies
(17.3%)yN leaching(8.7%) and runoff(25.6%)were significantly reducedmainly
due toenhaned microbial N immobilization However, NO emissios from upland
fields (21.5%) andammonia (NH) emissiors (17.0%) significantly increased
following straw return mainly due tothe stimulaton of nitrification/denitrificaion
andsoil urease activitylhe increasin NHz and NO emissions wasignificantly and
negatively correlated with stra@/N ratio and soil clay contentRegardingthe
interactions=between C sequestration and Nr logfesincreasein SOC content
following straw returrwassignificantlyand positivelycorrelated withthe decreasen
N leaching and runoff. Howeveat a global scalestraw returrincreasedet Nr losges
frombothrice and uplandields due toa greater smulation of NH; emissionsthan
reduction in N leaching and runoffhe tradeoffs betweenncreasedet Nr losses
andsoil C sequestratiohighlighttheimportance ofeasonablynanagng straw return
to soils to limit NHz emissionswithout decreasingassociatedC sequestration
potential.
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I ntroduction

Globally, theannual production of crop strareached approximatels billion
metrictonsat the beginning othe 25t century(Lal, 2005) Partial or ful retention of
crop strawis an effectiveand economicét sound management practitte maintain
or increasesail carbon (C)sequestratiomn arable soil{Powlsonet al., 2008; Liuet
al., 2014) although the effects depemh straw quality (e.g., C/N ratio) amghantity
(Lal et al.,.2004; Smithet al., 2008; Lugatoet al., 2018) Based onan extensive
review/of soil analyseshaoet al. (2018)estimatedhat the averagesoil organic C
(SOQ stock.in the topsoil (@20 cm) of China’s croplandsincreasedrom 1980 to
2011 at'a rate of 140 kg C hayr ™. Moreover, they concluded thatraw return
contributed toapproximately40% of the incrementA metaanalysis conducted by
Liu et al. (2014)demonstratedhat straw returnsignificantly increasedhe average
SOC contentin global croplanddy 12.8%(0-15 cm soil layer) Straw returnmay
also improve soil fertility by supplying mineral elements andhcreasingwater
retention thusimproving crop yieldgMajumderet al., 2008; Singtlet al., 2008).

Becausec and nitroger{N) biogeochemicatycles are closely couplgtuo et al.,
2006),-=straw return also affecs soil N dynamics and associated
biosphere-atmosphere-hydrosphesechange processes ofactive N (Nr: all N
species except dinitrogenhese effects deperma straw quality (e.g., C/N ratio) and
soil praperties (e.g., texture and clay contéktiler et al., 2008; Cheret al., 2013)
Generally=erop strawwith a low C/N ratio (<30)is easily decomposed bysoil
microbes;=andhe mineralizd N becomesavailablefor nitrification, denitrification
and hydrologicalosses(Frimpong & Baggs, 2010Associated with these processes
is increasedproduction of nitrous oxide (MD) (ButterbackBahl et al., 2013)
dinitrogenandloss of N compounds such agrateand dissolved organic nitrogen via
leaching(Hagedorret al., 1997) However returning cop strawwith a high C/N ratio
(>30) mightstimulatemicrobialimmobilizationof soil ammonium NH4") andnitrate
(NO3") (Aulakh et al., 2001; Chengt al., 2017) therebydecreamg Nr loss through

gaseougN,O andammonia (NH) emissiois) and hydrological pathway$(leaching
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86 and runoff)(Xia et al., 2017).
87 The effects ofstraw returnon soil Nr losses camlso be regulated by soll
88 properties. For example, soil texture and clay cordetgrminepore size distribution
89 and thus soilaeration amkygen availability for straw decomposition, which in turn
90 controls'theyintensities different soil N transformatios andassociatedNr losses
91 (Skibar&Ball;*2002; Chemt al., 2013) Moreover,managemenpractices,such as
92 lowland (e.g., rice) and upland aralsi®pping mineral N fertiliation rate andstraw
93 applicationmmethod (surface application or incorpasa), as well as climate
94  conditions=(temperature and precipitatiocdn also regulate the response of soil Nr
95 losses tostraw returnby affecting straw acecomposition and soil N transformations
96 (ButterbachBahl et al., 2013; Liuet al., 2017) However, thentertwinedresponse of
97 various'Nrilosses (also C sequestrgtiorstraw returnin croplands under varying soll
98 propertiesstraw qualityand quantity, agricultural management ahichate conditions,
99 have not.been comprehensively explored and documented.
100 Studiesthat haveexamired the effects of straw returnon environmentaNr losses
101 oftenfecugd on N,O emissios (Miller et al., 2008; Cheret al., 2013; Shan & Yan,
102 2013).anchot otherNr losses (e.g., NH; emissiors, N leaching and runoffHowever,
103 the high complexity of cropland Nr dynamics highlights the importance of evaluating
104 the netbalance of Nr lossegther than focusing on a single Wss(Xia et al., 2017)
105 becausethe formation proceses and regulatory conditions of Nr losses dovary
106 substantially(e.g., biological process for J@ production and physicalkhemical
107 processsfor N leaching and runoff) (Hagedoehal., 1997; Davidsormt al., 2000).
108 Besides;-@ our knowledge, no comprehensive studies have expltihed
109 interactions betweervarious Nr loss pathwag and soil C sequestratiofollowing
110 strawreturn_although afew studieshave showrthat Nr lossesare closely coupled
111 with/C sequestration in agroecosystdirset al., 2005; Liuet al., 2014) For example,
112 theaccumulation of SO@llowing strawadditionis largely derived fromhe greater
113 formation of soilmacraggregategSix et al., 2002) which can in turn reduce the
114 occurrene of soil erosiorwith rainfall and may consequently reduce Nsses via
115 hydrological pathwaygBlanceCanqui & Lal, 2009)but may on the other hand
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116 regulatesoil NoO emissiongLi et al., 2005) This scenarichighlights the necessity to
117 considerthe interactions between Nr losses and SOC sequestradi@ssess the
118 overallenvironmental consequences of straw return to soils.

119 Here weshow the results o& global metanalysisthat was based 0863
120 peerreviewed publicationsaand aimed to (1) evaluatethe overall effects oktraw
121 returnonwvarious Nr loss pathwayblH; emissios, N,O emissios, N leaching and
122 runoff)pcrop productivityand soilC sequestratiomn agroecosystemsnder different
123 environmental and management conditions (straw quality and quantity, s@tteep
124  agriculturalFmanagemennd climate conditions)2) explorethe interactios between
125 various Nr losses and SOC sequestrafidiowing straw returpand(3) estimaé how
126  strawreturnhas affectedNr losses fom global croplandandthe overall croplandNr

127  balancéorthe period2005-2015.

128 Materjalsand methods

129  Selection criteria and database

130 We used, several databassuch as Web of Science, Google Scholar, China
131 National*Knowledge Infrastructure databa€éjna Wanfang DataCurrent Contents
132 Connect (ISl),Academic Search comple{EBSCO) Scopus and CAB Abstracts
133 search peereviewed publicationgbeforeAugust 2018 related tathe effects oktraw
134 returnan variousNr lossescrop productivityandsoil C sequestratianThe keywords
135 used inthesearch included ‘crop straar crop residueor crop stubble ‘Nr losses
136 (NH5 "emissiors, N,O emissios, N leaching andrunoff), SOC content crop
137  productiviies (cropyield, crop N uptake and N use efficien@YUE)) and/or other
138 soil properties A study had to meet the following criteria to beludedin this
139 metaanalysis a) the control fnineralN fertilization) andstrawtreatment hineralN
140 fertilizationgplus straw retujnreceivedequal mineralN fertilization rates, which
141 indicatedthat the straw treatmenprovided additional straw N supply to soils b)
142  publicationsneededo report onat leastone of thetarget variablesnd samplesizes

143  for the control and treatment plots. Multiple observatitivad wereconductedat the

This article is protected by copyright. All rights reserved



144 same experimental site oveeveral sampling years were averageand c) the
145 observation durationf the experiment mugtavecoveedthe main discharge period
146  of various Nr lossesApplying these criteria, total of 363 peerreviewed publications
147  reporting results from global agroecosystemese selectedor further analyse¢Fig.
148  S1)

149 The dfects ofstraw returrwere evaluatednderthe following tireecategories(1)
150 Nr loses NH3; and NO emissios, N leaching and N runoff; (2) crop productivity
151 crop yield crop N uptake and NUE; (3) SOC content and otlodrpropertieg0-15
152 cm soil layed: soil total N content, soil microbial biomass N (MBN), swmilcrobial
153 biomass C (MBC)dissolved organic carbon (DOQoil labile carlon (LOC) soil
154 NH,*, NOs=eontent and N&/NO; ratio; soil available NP, and K;cation exchange
155 capacity,"soil porosity, soil pHsoil urease activitysoil water contenand crop water
156 use efficiencyCrop N uptake refers to total abgveundN uptake The NUE i.e.,
157 fertilizer.apparentN recovery,was calculated byrop N uptake of fertileed plots
158 minus N uptake of ndartilized plotsand thendivided by mineral fertilizer N-ate
159 (Congreves & Van Eerd, 2015)he dfects of straw returrwere further categorized
160 according tcsoil properties (soil clay content, textum@tial SOC and N contestand
161  soil pH), straw quality $trawC/N ratio) and quantity (straw input rate, strisvand C
162 input rate),.crop speciesjineral N fertilizer rates, durationof straw return straw
163 application methocand climate zore il textureswere classified based on the
164 USDA soil'texture classificatiosystem.

165 Meta-analysis

166 The effects ofstraw returron thevariables X) were quantified by theatural log
167 of the response ratio (RR) using the following equation (Hedgetsal., 1999)

168 INRR=In (X¢Xc) 1)
169 whereXandX. represent the mean of the treatment and control groups for vaXiable
170 respectively.The resultsare presented as the percentagehanges RR-1)x100)in
171 the variablesunderstraw return Positive percentage changes denote an increase due

172  tostraw returrwhereas negative values indicate a decr@adeerespective variables.
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In previous metanalysesthe effect sizes were generally weighted by the inverse
of the pooled variancéLiu et al., 2017)or replication(Lam et al., 2012; Xiaet al.,
2016), dependingn theavailability of standard deviationseportedin the included
studies: Most studies included in our database did not report the standard deviations of
the mean valuedn addition, there is a risk ofgenerang extreme weights when
weighting==by=the variancebased function, which is not the case for the
replicationbasedmethod (van Groenigeret al., 2011) Therefore, we adopted the
replicationbased weightingmetod in this metaanalysis using the following
equation:
weight'= @ X nc)/(ng + ne) (2)
where ng7and n. denote the number of replicates of the treatment and control,
respectively.

Mean effect sizes and the 95% confidence intervals (CIs) were generated by a
bootstrapping procedure with 4999 iterations, using MetaWin(Rokenberget al.,
2000). "Hfeets of straw returnwere considered significant if the 95% Cls did not
overlap, with zero.The means of the categorical variables were considered

significantly different from each other if their 95% Cls did not overlap.

Net changesin Nr losses induced by straw return

To evaluate the effectsf straw returron netchangesn Nr losses, we attempted
to quantifyNr losses fronglobal croplandgrice and uplandields) for the period of
2005-2015. The amount of Nr losses (e.g., Nigmission Gg N yr*) understraw
returnwascalculated using the following empirical model:
NH3 emissioRyaw-induced™ Nrate X PX Fyuz X E 3
where Nize (Gg N yr?) denotesthe rate of mineral N fertilizer applied torice
(14745.8 Gg:N yr') or uplandfields (82265.8 Gg N yr') during 2@5-2015 which
was ‘derived fronthe FAO databasgeP denotes the proportion of the global harvested
cropland areaeceivingstraw return Fyus denotes the fraction ohineralN fertilizer
that is lost to NH; andE denotes the effects sfraw returron NH; emissios (Table

1). Becausdhere areno dataavailable forthe proportionP) of global cropland area
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receivingstraw return, we calculated for different scenarimsH (S1, P=20%; S2,
P=40%; S3, P=60%andS4, P=80%)Strawinduced NO emissiors, N leachingand
runoff for the paddy field and uplarsdwere calculated usintheir corresponding F
and EpvaluegTable 1) F-N,O was derived froma recentglobal metaanalysis
conducted by iu et al. (2017). FNH3, F-Nieaching@nd F-Nunott were derived frona
global literature” synthesigTable 1), which is descriled in detail in the Supportimg

Information GI).

Results

Impactsof straw return on SOC content and other soil properties

Across all studiesstraw returnsignificantly increasedsOC contentby 14.9%
(0-15 cmsseil layer) (n=246)(Fig. 1), with an increase of 11% (n=86)for rice
paddiesand«17.0% (nx60) for uplandfields (Table S2. The SOC content incread
significantly with anincreasingstraw additionrate (P<0.001) andstraw C inputrate
(P<0.001)(Table ). For straw quality, the increase in SOC contergrisaterwith a
strav C/N ratio large than 30(e.g.,cereal straw) (15.1%, n=219)compared to a
smallerratio’(C/N ratio<30, e.g.,legume straw) (10.3%, n=2% (Table S2. With
regardto agricultural managementhe effectof straw returnon SOC content is
similar for different mineral N fertilization rates and application methodurface
application versus incorporatedjuta longterm ¢4 years) strawadditionresulted in
significantlyhigherC sequestration (27.7%=28) thara shorttermaddition (13.4%
n=213).For soil texture and clay contenstraw returnresulted inthe highest C
sequestration isilt loany soils (21.0% n=59 or soils with clay contentetween 20
and 40% (18.2%, n=127able S2. Climate conditios (temperature, precipitation
and climate zones) Hano significant impact on the respoesd# SOC content to
straw returi(Table S).

Straw returrmalsosignificantlyincreased the conteat dissolved organic (QDOC,
22.4%,n=54), labile organic carborLQOC, 21.2% n=36), total N (9.8%, n=171and
other nutrients such asvailable N 14.1%, n=138), phosphorusP( 10.4%, n44)
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and potassiumkK, 17.8%, n=148) (Fig. 1). The increase inutrientsavailability was
associated with an increage microbial biomass C and NVBC, 37.3%, n=101
MBN, 38.4%, n=80 (Fig. 1 and Table S3In addition straw returnalso increased
soil aerationas indicated byhigher soil porosity (7.5%, n=28) andower soil bulk
density«6.1%, n=81)Besidesstraw returrsignificantly increasedoil urease activity
by 18.5%(n=133) (Fig. 1 and Table S4 which governsNr loss through NH
emissiors in agricultural soils However, soil pH was not significantly affectety
straw return(-0.6%,n=90), regardless of crop tygece paddies;0.9% n=37; upland
crops, -014%, n=53)Table S5andsee Sl foffurtherdetails)

I mpactSof'straw return on crop productivity

Overall, straw returnsignificantly increase crop yield by 5.1% (n=636)in
global agroecosystemgFig. 2), with a similar increaseof 5.3% (n=214) for rice
paddies=and 4.9% (n=42Zpr upland crops. The increase in crop Yyield was
significantly=and positively correlatedith mineral N fertilizatiorrate £<0.01), straw
N inputstate P<0.0]) and mean annual temperatMAT) (P<0.001) Table 3.
Howewver, soil propertie6SOC andN contens, clay content and pH) and straw C/N
ratio hadno significant effects on the response of crop yieldttaw return(Table 2
and TableS6), except thasignificantly largeryield increase were observedat sites
with a /sang ratherthan loany and claytexture (Table S6. In addition, bngterm
practice ofstraw return(>4 years) can also result in greater increage yields (Fig.
2).

Onraverage, crop N uptake and fertili2dWE were significantly increased by
10.9% (n=157)and 15.0% (n=100) under straw returaspectively,with a similar
increase for.rice paddies and upland crffig. 2). The increases in crop N uptake
and “fertilizer NUE were significantly and positively correlated witkean annual
precipitation (MAP) (bothP<0.05) and SOC contentP&0.05 for N uptake and
P<0.001 for NUE) (Table 2). The increasen crop N uptakealso significantly

increased withstraw N input rate P<0.001) but significantly decreased with straw
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C/N ratio <0.001) (Table 2). However, mineral N fertilization rate, soil total N and
clay contets, soil pH and MAT were not significantly correlated with crop N uptake
or NUE changes (Table 2)The gplication method and duration also had no

significant impact on the response of N uptake or NUE to straw return (Fig. 2).

Impacts of straw return on gaseous Nr |osses

On‘averaggstraw returrsignificantlyincreasedNH; emissiors by17.0% (=116)
the positiveeffect was smaller forice paddieg11.4%, n=35)hanfor uplandcrops
(20.3%,n=81) Fig.3). Gop typesignificantly regulatedhe effects of straw return on
soil N,O emissios, which significantlydecrease by 17.3% (n=82jor rice paddies
but significanly increasd by 21.5% (n=196¥or upland cropgFig. 3). Theincreases
in NH3 and N,O emissionswere both positivelycorrelatedwith strawN input rate
(both P<0.001) Table 3 but negativly correlatedwith straw C/N ratio(P<0.01 for
NH; andP<0.001 for NO) and soil clay contenP<0.05 for NH; and P<0.01 for
N.O) (Fig. 47and Fig.6). As shown in Figure 3he largest increasa NH3; and NO
emissiongccurred whemeturning straw with &/N ratio<30 (e.g., legume straws)r
to sails'witha clay content<20%whereasapplying straw to sofl with higher soil clay
contents ¥40%) or with a large straw C/N ratio (=30) (e.g., cereal straws)id not
stimulateNHs emissiors, or even significaiyt decreasedoil N,O emissios.

In terms ofsoil texture returning straw to sardsoils resukd in much higher
increases In Nkl(60.9%, n=11) and MD emissions¥19.3%6, n=4) compared tdhat
for loamy(12.7% and n=51 for Nk and 3.9% and n=58 forJ®) and clay soils (4.3%
and n=16~for NH, and-10.4% and n34 for N,O) (Table 3. Neither mineral N
fertilization ratenor other soil propertiestgtal N and SOC conterg and pH were
significantly correlatedvith NH3; and N,O emissios increasegTable 3. In addition
strawereturn stimulatedNHs; and NoO emissionsmore at the sites with a warmer
climate(e.g., warm temperate and subtropi¢bBn thosdocated ina cool temperate

zone Fig. 3).
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Impacts of straw return on hydrological Nr losses

On averagestraw returnsignificantly decreasedN leaching by 8.7%n=60) and
runoff by 25.6% (n=52) with no significant differencéetweenrice paddies and
uplandy crops(Fig. 5). The decreasg in N leaching and runoff both positively
correlated withstraw C/N ratio and soil clay contergtithoughthese relationships
were not'significant £>0.05) (Fig. 4 and Fig.6). Gher factors, such abe rate of
mineral N fertilization soil properties (total N and SOC conteaihd pH),or climate
conditions(MAT and MAP)did not significantlyimpactthe effectsof straw return on
hydrological N losse§Table 3. However,the decreasi N leaching wasegativéy
correlatedwith straw addition rate and straw N input rateth P<0.05). It is
noteworthy=that thenegativeeffect of straw retrn on N leaching and runoff was
significanty“higher if straw was applied tbe soil surface (N leahing: -26.26, n=5
N runoff: -33.%%, n=28) and not incorporated into sdil¢ leaching -6.8%, n=55N
runoff: -15.1%, n=24§Fig. 5).
Rel ationships between SOC content and Nr losses changes under straw return

As“stobwn in Figure 7, thelecreasen the fourNr lossesall showed apositive
linearsrelationship with théncrease in SOC conteimiduced bystraw return i.e,
higher soil SOC content&ere accompanied by greater reductionn Nr losses
Howeverwthis linear relationship wasnly significant for N leaching(R*=0.37,
P<0.05 n=14 and N runoff (R*=0.52, P<0.05 n=9 but not for NH; (R?=0.15,
P>0.05, n=9) or NO emissionsR=0.09,P>0.05, n=29).

Srawreturn-induced net changesin Nr losses at a global scale

Assuming that40% of global croplands recedvstraw return global NH;
emissions wouldncreaseby 132Gg N yr*for rice paddiesand 100 Gg N yr* for
uplandfields comparedthat undera scenaridhat calculates NH emissiors based
only on mineral N fertilizer application (Table 3. In the samescenarip N,O
emissions wouldlecreaséy 6 Gg N yr*for rice paddiedutincrease by75 Gg N

yr *for upland fieldsN leachingwould decreasdy 32Gg N yr tin rice paddiesnd

This article is protected by copyright. All rights reserved



317 332Gg N yr* in upland fielas, andfor rice paddies and upland fields$,runoff would

318 decreaseby 64 and 436Gg N yr, respectively For all scenarios testedstraw

319 returninduced increases in NHemissions outweighed theeduction in other

320 environmental Nr lossesegardless otropgand type Thus,total environmental Nr
321 losseswotldincreas by 181Gg N yr*for the 20% scenari1)and up t6725Gg N

322 yr ! forthe'80% scenari(54) (Table S8).

323 Discussion

324 Response efisoil C sequestration and crop productivity to straw return

325 Straw returnis widely consideredto be one of the most sustainable and
326 economicdl \viable management practisdor sequestring atmospheric C@ and
327 improvingsglebalC storagen agricultural soils(Powlsonet al., 2008; Smithet al.,
328 2008).Oursmetaanalysis demonstradd¢hat straw returrsignificantly increasg SOC
329 contentby 149% in global croplandsHig. 8), which iscomparabldo the increaseof
330 12.8% reported byiu et al. (2014). Qur results also showed a higher increassOC
331 content in“upland fiekl(17.0%) than in rice paddies (11.4%@pble ). This result
332 can be"explained bihe higher inital SOC corgnt in rice paddies (on averagel®.7
333 g C kg, n=79 thanin upland soils (10.6) C kg*, n=143, as indicatedby the
334 negative correlation betwedhe increase iIr5OC contentand initial SOC content
335 (Table'S1)Soilswith a lower initial C content hva a greater saturation deficit, which
336 may resultiin'a higher initial soil C sequestration rate and a longeratutatreacta
337 newCequilibrium(Powlsonet al., 2008).

338 Apart from crodand type, straw qualityand soil texturemay also alter the
339 response 060il C sequestratioto straw return. Oumetaanalysisshowed thathe
340 increaseqin SOContentis smallerfor strawwith a C/N ratio80 (10.3%) tharfor
341 straw withalarger C/N ratic>30 (15.1%)(Table S2) Generally,strawwith a large
342 C/N ratio (>30) is rich in phenolic/lignin compoundfat decomposslowly. These
343 substances act as binding agdotsthe formation of soil aggregateshich promote

344  SOC accumulation over lorgtimeperiods(BlancaCanqui & Lal, 2009) Regarding
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soil texturewe found thastraw returmresulted ina higher increase i8OC contenin
loamy soils (14.521.0%) (e.qg., silt loam, silty clay loam and |gattman inclay soils
(11.5%) (Table S2) One possibleexplanationfor this observation is the hampered
degradation ef straws itlay soilsdue to limied oxygen availability, which results in
lower Crtransferring efficiency from stra@ to SOC (BlancoCanqui & Lal, 2009;
Liu et al'2014)

The: enhancedoil C sequestration following straw return may bengfip yield,
as evidenced by th@ositive correlation between SOC content and crop yield
(P<0.002y=Fig.S2). Crop growthcan benefit directly fromhigher organic matter
content(evidenced by higher SOC contebgcausdts decompositiorcontinuously
provides=nautrientsand SOC contentis often a major factorof nutrient retention in
agroecosystemd.al, 2004; Singlet al., 2008) In addition crop strawis an important
nutrient resourcefor crop growth (Majumder et al., 2008) we found that the
availability.of soil nutrients (particularly N, P and Kasincreased by 10-4.7.8%
following straw return(Fig. 1). We further demonstratetthat strawreturnimproved
soil physical propertiege.g.,porosity andsoil water retention capacity) and microbial
biomass“in soils (Figl), which are known to support healthy crop development and
contribute to higher crop water use efficigri&Ghuman & Sur, 2001).

The responses of crop yield straw returnare largely regulated bsoil textue
and climate ‘conditionsFor example higherincreases iryields were observed for
sites withsang andsilt loany texture orsiteslocated in warmer climate zones (e.g.,
subtropical and tropical(Table $ and Fig. 2). These conditions favostraw
decompesition anchutrient releaselue to better aeration conditioamdbr higher
temperature (Singhet al., 2008) In addition the increase in yield increased wikie
straw returning periqdlikely due to the higher increase in SOC contentinder

continuous straw additioffrig. 2 andTable S2.
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Response of Nr losses to straw return
a) Nr loss through hydrological pathways

Apart from increasing soil C sequestration and crop yield, straw refsm
significantly decreased Nr losses vigydrological pathway48.7-25.6%) (Fig. 5)
which wasmainly attributed to a stimulation ahicrobial N immobilization as our
metaanalysis showed th#te soil N immobilization rate and MBN &vesignificantly
enhanced by 227% £28) and 38.4%(n=80), respectivelyFig. 1 and Fig.S3). This
result isFalse in agreement with studiéisat show that increases in microbial N
immobilization lead to @ecreasén N runoff and leachingChenget al., 2017; Xiaet
al., 2017).

Straw returnalso reduces N runoHy improvingsoil structure and consequently
increagng the water infiltration rate (BlancoCanqui et al., 2006) The enhaned
infiltration decreasesurface runoffandthe risk of soil erosior{Lindstrom, 1986)
therebysreducing\ runoff. Moreover straw return can also decrease N leaching
throughdiminishing leachatepercolation.BlancoCanquiet al. (2007) reported that
soils subject taornstraw returncan retain 2660% more water for 0 to -6 kPasoil
waterspotential This redues the frequency of leaching events and the amount of
water transporting nutrients ton the unsaturated zonand groundwater. Bsides
higher SO©EC.content after straw return incredgbhesation exchange capaci(CEC,
8.4%, n=33)that prevents Nif loss andincreases the capacity to retain the very
mobile anion N@ due to deprotonated carboxyl grou(BlanceCanqui & Lal,
2009).

A=higher” reduction in N leaching and runoff can be achieved by surface
appliation of stram26.2-33.5%) compared tasoil incorporation (6.815.1%) (Fig.
5). Strawsurface applicatiomould betterprotectthe soil surface againghe erosive
impacts,_of rainfall and reducesthe formation of surfacecracks and crusts
(Blanco-Canquiet al., 2006), therefore leadirtg a higher reduction in hydrological N
losses Regarding the effects il texture, straw return to sarydsoils significantly

increased N leaching (19.7%), which was decreaskzhimyand clay soil{Table 3.
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401  Soils witha sang texturegenerally havepoor retentiorof water and nutrients due to
402 their low SOC and clay conten{Six et al., 2002) However,the increased water
403 infiltration paired with additional N substrate from straw mineralizatmould

404 aggravateN less via leachingBlancoCanqui & Lal, 2009).

405 b) Nr logssthrough N,O emissions

406 Soil"N20"is"mainly produced through nitrification and denitrification, which
407 depend on the availability of oxygesnil N and Csubstrates (Davidsast al., 2000;
408 ButterbachkBahl et al., 2013) The remarkable decreasa N,O emissios (17.3%)
409 from rice"paddiecould beattributad to enhancednicrobial N immobilizationand
410 completedenitrification (Aulakh et al., 2001) Straw decomposion in rice paddies
411 acceleratesoxygen consumption irthe soil aerobic layer and rhizosphesnd
412  increase DOC availability for denitrifiers(Fig. 1), which favas a furtherreductionof
413 N0 to'\; (Firestore & Davidson, 1989).

414 However;Straw returrsignificantly increased D emissios (21.5%)rom upland
415 soils (Fig. 3)y alsoreportedby Liu et al. (2014) mainly dueto enhanced nitrification
416 and denitrification In upland soils faster straw degradatiomprovides additionaN
417 substrate for autotroplic nitrification and heterotrophicdenitrification which
418 stimulate NO emissiongDavidsonet al., 2000; Cheret al., 2013). We further found
419 thatthisstimulationwas significantly and positivelyorrelatedwith strawN inputrate
420 (Table/S1). Moreover Zhao et al. (2018) reported that straweturn alsogreaty
421 increasedthe heterotrophic nitrification ratepossibly due to enhancedOC
422 availability. In addition increased soil watesontent(14.0%, n=72, Figl) together
423  with decreasedxygenavailablity during straw decompositiowould promotethe
424  formation of ymore anaerobicsoil microsites, whichcan further accelerateN,O
425  emissiors from denitrification proces@ButterbachBahl et al., 2013; Xiaet al., 2014)
426 The responses of XD emissios to straw return can also be regulated by soil
427 properties andstraw quality. Similar to Chenet al. (2013) we found the highest
428 increase in RO emissios understraw return fom loamy sang soils, followed by

429 loamy and claysoils (Table 3. Increasing clay content decreases soil aeration and
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430 oxygen availability, therebglecreamg straw decomposition and associalédelease
431 (Skiba & Ball, 2002) Moreover,soils with higher clay content (>40%are generally
432 characterized byow gas diffusivity, which mayenhancethe reduction of NO
433  (produeed ingsoil profiles) to Nhrough complete denitrificatiofWeitz et al., 2001)
434  This explains, thenegative relationship betwe®&hzO emissios following strawreturn
435 andsoilclay contenbbserved in our stud¥ig. 6).

436 As for straw quality, the increasein N,O emissios was significantly and
437 negatively eorrelated with straw C/N ratio (F#), a result thatvasalso reported by
438 previoussstudiegHuanget al., 2004; Cheret al., 2013) Straw with a lower C/N ratio
439 (<30)can/be decomposed quicklgading to higher N availability for nitrification and
440 denitrifieation(Frimpong & Baggs, 2010). In contraathigher straw C/N ratio (>30)
441 would increasemicrobal assimilaton of soil N (Aulakh et al., 2001) becausdow
442 straw N contentsnay not satisfy the microbidl demand. The N depletion due to net
443 N immobilization would decrease nitrification and denitrification rates and

444  consequently bD emissios (Liu et al., 2017).

445  c¢) Nrlessthrough NH3; emissions

446 Straw returnsignificantly increased Nkl emissions(17.0%), which was also
447 observed byPanet al. (2016),regardless of rice paddi€$1.4%)and upland fields
448  (20.3%;,Fig==3). Increases inNH3; emissionsfollowing straw returncan befirst
449  attributed tancreasedsoil ureasectivity (overall: 18.5%, n=133 rice paddies: 8.8%,
450 n=46; andupland fields: 24.6%, n=8{Table ). The presence afreasalrivesthe
451 hydrolysis of urea to NH" in paddy fields and upland soilsand promotesNH3
452  emissios(Panet al., 2016; Xuet al., 2017) Besideshigher NH" availability from
453  straw mineralizationfurther stimulatedNH3 emissiors, especiallyfor straw with a
454  C/N ratio<304(Fig. 3). Thisresultis further supported by thegnificant and positive
455  correlationbetweenthe increaséen NH; emissios andstrawN input rate (Table 3.
456 However, thancrease irNH3; emissios was lower witha strawC/N ratio>30 (Fig. 3
457 and Fig.4), attributed to the enhanced microbialitldmobilization (Aulakh et al.,

458 2001; Huanget al., 2004).
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459 In additon, straw returncan also promote NHemissionsby simulating
460 ammoniumrelatedsoil N transformationgWang et al., 2015; Zhacet al., 2019. For
461 example, we found thatraw returrsignificantly increasethegross N mineralization
462 rate byp82.4% (n=30) andissimilatoryNOs reduction toNH," (DNRA) by 155%
463 (n=9) (as’supported by the increased soil NMO3 ratio by 14.2%) butdecreased
464  the NHz™oxidation rateby 33.7% (n=18) (FigS3). These altezd N transformations
465 would provide more N substrates for Nl@missions as further demonstrad by
466 increased seil NI content (5.7%, n=83) (Fid).

467 The “responsesf NH; emissiors to straw return can also keffected by soill
468 properties andclimate conditions A lower increaseor even noeffect on NH3
469 emissiosfollowing straw returrwasobserved at sites wittlay conter40% or sites
470 located“in“cootemperate zorse(Fig. 3 andTable 3, wherestraw degradatiomvas
471 relatively hamperedVioreover, soils with higher clay content (>40g@nerally have
472  greater .CEQ(Parfitt et al., 1995), whichcan increase NH adsorption by clay
473  particles andhus reducéNH; emissiors (Xia et al., 2017). Thisscenaricexplains the
474  negativerelationshipbetweenthe increases ilNH3 emissionfollowing strawreturn
475  with sail'€lay content observed in our stuéyg. 6).

476

477  Interactionsbetween SOC content and Nr losses under straw return

478 A detailed investigation ofthe interactions between Nr losses and SOC
479 sequestratioprovides abetterunderstanithg of the overall effects a$traw returron

480 soil N .and C cycledn this study, we found thalhe decreases iNr losses especially
481 N leachingrand runoffyerepositively correlated with increasgn SOC contentinder
482  strawreturn(Fig. 7), which suggestshatenhancedoil C sequestratiomay increase
483 the redudbnsin Nr losses from croplandsThis result can be attributed to the
484  following reasonsFirst, the strawinduced increase in soil C sequestratiofaigely
485 derived from thencrease irsoil macraggregategTisdall & Oades, 1982; Sigt al.,

486 2002; Liuet al., 2014) The increasen macraggreates wouldncrease soil water

487 and nutrientretention capacitieand reduce therisk of soil erosion, consequently
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reducingN losses via hydrological pathwagBlancoCanqui & Lal, 2009; Xiaet al.,
2017).

Second, highersoil organic matter (SOM) content understraw return may
facilitate a better synchronizationbetweencrop nutrient demand andoil nutrient
supply(Singhet al., 2008; BlanceCanqui & Lal, 2009)which can promotenutrient
uptake~and crop growthrhis scenariomay explain the beneficial effect of straw
return @n crop N uptake and NUEiIg. 2). The environmentalNr lossesare closely
linked tecrop NUE (or crop N uptake) as shown irCui et al. (2013) and Groenigen
et al. (2020). Bothstudies indicad an exponential increase in Nr losses with
increasing N surplus or decreasing NUE. In other wondsreasingN uptake
efficieneyby:crops associated with higher SOC content unsteaw return(P<0.001,

Table 2)mayreduceNr lossedo theenvironment.

Balanceef.global Nr losses under straw return to croplands

Overallpstraw returnsignificantly increased NfHemissios but decreased N
losesthroughleaching and runoffFig. 8). As the stimulation of Nkllosswasmuch
higherthan the overall reductiamthe other Nr loss pathwaystrawreturnincreased
net Nrlosses from both rice paddies (30 Gg N'yand upland fiels 316 Gg N yr)
(P=40%)==Nevertheless crop productivity under straw return still significantly
increasedFig. 8) becauseahe total N contenbf the soils wassignificantly increased
(9.8%) under straw returFig. 1), probably due to thetrawN input rate exceeding
the increased Nr losses from global cropladdisiough returning saw with a higher
C/N ratioswould §mulate microbial N immobilizationwhich is also known as tHé&l
tie-up’ effect\(Kirkegaard et al., 2018) the immobilized N by microbes carbe
released acredbe growingseason antlenefit crop growtt{Xia et al., 2017) crop N
uptake,and consequently crop yiékig. 2).

It is still critical to minimizeNHs; emissiors when straw returs are adoptedto
increag C sequestratiorand/or crop productiviy in global agroecosystem®©ne

possible management optionsisrface applicationf strawinstead ofincorporatng it
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into soils which may largelyattenuate the increased BEmissios (Fig. 3). This
effect canbe attributed t@ weakestimulatoryeffect onsoil urease activity due to the
incompletemixing between straw and se{Panet al., 2016) asdemonstrate by the
muchloewer increase irsoil urease activityindersurface applicatioof straw(3.3%,
n=25) tharnecorporationinto soils(22.6%, n=101)Table S4) Applying straw with a
higher 'C/N-ratio ¥30) would alsattenuate the increased BemissiongFig. 3 and
Fig. 6) andreduceother Nr lossesApplication of ureasenhibitor togethemwith straw
return can decrease urehydrolysis and NEf concentrationin soils and therefore
decreas'NH3; emissions(Xia et al., 2016) Reducing mineral N fertilization rates
based lorthe amount o&dditionalN input from straw into theoil may alsodecrease

NH3 emissions and other Nr losq@8anget al., 2015).

Implications and looking forward

Overall=@ir study shows thatraw returns effectivein increasng soil C storage
and crop productivitfFig. 8). Although thencreasen SOC contentis accompanied
by a reductionn N leaching and runoffFig. 7), straw returnincreased net Nr losses
from.global croplands due tgreater smulation of NH; emissiongTable 1) Since
straw returnis becomingmore widely adoptedLu et al., 2009), our findings on the
tradeoffs=betweenthe increasednet Nr lossesto the environment andoil C
sequestratioprovidea better understandiragf N and Cbalancs inglobal croplands
Our results also highlight that any initiatitieat aims to reducethe environmental
footprint of agricultural production systems needs to consider thatt@aycles are
closely couplechnd thatantagonistieeffects, e.g.increased soil C sequestration and
stimulation of NH emissions, might occur simultaneously.

Our estimationof global Nrlossesbalance undestraw returnwas based on @
empiricalmodel that onlydifferentiatel two crodand types (rice paddies and upland
fields). This introduced someincertaintiesin the upscaling of global Nr losses
becauseother parameterssuch assoil properties (soil texturegtraw quality $traw

C/N ratig and quantity (straw N input rate) also gredy impact soil N
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546 transformations anir losseqTable 3) Howeverthese parameters are notdtinto
547 the model of this studygue toa lack of dataparticularly regarding therhineral N
548 fertilization rate (Nye)’ and ‘fraction of mineral N fertilizetost to Nr(F)’ in equation
549  (3) under different(parametéer categoriesFor examplethere weradeficientdataon
550 Nme and™Fyunderdifferent soil types (sand, clay and loam) which receibe
551 application“ofstrawwith different C/N ratis. This underscores the importance of the
552 inclusien ofthese parameters fature studies.

553
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Table 1 Net changes in various reactive N (Nr) losses under straw retgiotial

croplands (P=40%)

Nr losses Paddy field Upland field

Global croplands
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725

726

727

728

729

730

731

732

733

734

735

736

737

738

739

740

741
742
743
744

% (%) P°E (%) Nrchangé F (%) E (%) Nrchange F (%) E (%) Nrchange

NH; emissios  19.7 11.4 132.2 151 20.3 1009.5 16.9 17.0 11145
N,O emissios 0.62 -17.3 -6.3 11 21.5 74.5 095 59 21.5
N leacting 7.8 -7.0 -32.1 104 9.8 -332.3 89 -87 -300.9
N runoff 4.5 -24.1 -63.9 50 -26.4 -436.0 48 -25.6 4727
Net Nrchanges™ -- -- 29.9 -- -- 315.8 -- -- 362 4

2F denotes the fraction of minendlfertilizer that is lost ablr.
bE denotes theffects of straw return oNr emissiors.

°The unit'ef(net) Nr changes is Gg N'yrThe calculation is based on the scenario of P=40%.

Table 27"Linear regression analysis betweenop productivityand reactive N(Nr)
losseswith=different climate conditions, soil properties, straw quality and quantity
understraw return to global croplands

INRR of variables

Parametefs

Yield N uptake NUE NHzemissios N,O emissios N leaching N runoff
MAT wok b ns ns ns ns ns ns
MAP ns * * ns ookl ns ns
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Soil clay content ns ns ns * ** ns ns

SOC content ns * Fohk ns ns ns ns
Soil pH ns ns ns ns ns ns ns
Total N eontent ns ns ns ns ns ns ns
Mineral N'rate *x ns ns ns ns ns ns
Straw input'rate “'ns ns ns ns ns * ns
StrawN input *x il ns il ol * ns
StrawC input ns ns ns ns ns * ns
Straw C/Niratio ns o ns ** Frx ns ns

745 ®MAT, mean annual temperature; MAP, mean anmuetipitation; soil propertiesefer to the
746 initial soil'properties prior tatarting theexperiment mineral N rate means mineral N fertilization
747  rate.

748 °* means 0.01R<0.05, * means 0.001R<0.01, ** meansP<0.001, hs means the linear
749 relationship is not significant, and stars withderlinedenote a negative linear relationshighile

750 othersrepresent a positive linear relationship.
751
752
753
754
755
756
757
758

759
760 Table 3 Changes (%) in various reactive N (Nr) losses under straw retugiotal

761 croplands in different soil textusavith a 95% confidence interval (Cl)

NH; emissios® N,O emissios N leaching N runoff
Soil texture

Mean 95% ClI Mean 95% CI Mean 95% ClI Mean 95% ClI
Sand 60.9 7.9-166.8 119.3 -34.2-7401 19.7 4.2-35.8 =P --
Loam sand 78.5 21.5125.6 483.5 210.9-1008 -28.2 -(32.7-23.4) -- --
Sandy loam -- -- -0.5 -15.4-18.2 -20.6 -(31.7-3.6) -- --
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763

764
765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

Sandy clay loam 34.8 15.757.1 -8.2 -36.4319 -- - - --

Silt loam 19.2 3.1-375 35 -11.7222 94 -11.942.2 -39.3 -(48.9-28.7)
Silty clay loam 1.2 -32.538.2 7.1 -26.448.0 -225 -(26.9-17.0) 4.6  -8.9-30.6
Loam 12.7 15262 39 -6.6-143 -23.3 -(39.16.3) -21.5 -(29.5-13.1)

Clay 43 -7.6-19.2 -104 -29.8170 -71 -26.6-16.2 -42.8 -(61.717.0)

4The number of'eéxperimental observations under different soil texded1, 3, 4, 18, 6, 51 and
16 for NH; emissions4, 13, 51, 16, 53, 20, 58 and 34 fofNemissios; 9, 2, 8, 84, 11 and 14

for N leachingand 13, 6, 24 and 5 for N runoff.
®No data.are.available.

Figure'captions

Fig. 1. Ghanges in soil propertiesxdcrop water use efficiencynderstrawreturn to

croplands=The rumber of experimental observat®ns in parentheses. MBN,
microbial biomass nitrogenSOC, soil organic carbonyIBC, microbial biomass
carbony DOC, dissolved organic carb&®C, labile organic carboand CEC cation

exchangeapacity

Fig. 2" Changes incrop yield (a), crop N uptake (b) antl use efficiency (c)for
croplands usingstraw return The rumber of experimental observatns in
parenthesesl'<4 yearsdenoteghat crop strawhas beercontinuouslyused for less

than4 years. N rate denotes the application rate of mineral N fertfkgeX ha®).
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Fig. 3. Changes in Nkl and NO emissions induced bgtraw return toglobal
croplandg. The rumber of experimental observat®is in parentheses. Clay means

soil clay content (%).

Fig. 4. Relationship betweethe changes in Nr losses BR) under straw return and
straw C/N-ratior Negative values ofRR denote a reductive effect of straw return on

Nr losses.

Fig. 5. Changes in N leaching and runoff inducedsinaw return tagylobal cropland.
The rnumber of experimental observat®is in parentheses. Clay means soil clay

content(%):

Fig. 6. Relationship betweethe changes in Nr losses BR) under straw return and
soil clay.content. Negative values oRR denote a reductive effect of straw return on

Nr losses.

Fig. 7Z.Relationship betweethe changes in SOC content RR) and Nr losses (RR)
induced by straw return to global croplands. Negative values RR bfenote a

reductive.effect of straw return on Nr losses.

Fig. 8. Overall effects ofstraw returnon soil C dynamicscrop productivityand
reactive. N losss SOC, soil organic carbom)OC, dissoled organic carbonMBC,
micrabial=biomass carbon; MBN, mabial biomass nitrogenDON, dissoved
organic nitrogenNUE, nitrogen use efficiency; WUE, water usiiciency Data on
the danges_inCH,; emissios from rice paddiesand CQ emissios from upland
(27.8%) and rice paddies (51.0%) under straw return were derivedLitort al.

(2014).

This article is protected by copyright. All rights reserved



gcb_14466_f1.tif

This article is protected by copyright. All rights reserved



roaral | £l ! [T 1538 1k | M
] 1
Ris i o 121% 1 g
Wpans crap 1 = o) I - ILE:
H b AT | i H| e ]
TS b oakes 22 I = o ] | 1P
M ranz =20 1 —— =41 I o= | 13K
] 41
Te : ot P | I FH e
== . —— 121 1 H T
TRTRENTRL e e s Y N I i ey e
M rad o it 131} 1 | (]
R CH rHe B 1 v | =- [
L' rab o=kl : | e | 126} : [T el
Biskice applicaian ! —— yAnT I (8 1ex
In-or o 1 o P | B4 1TH,
............ e sameeriesns miessesriel ssmesisn Tk Py
Loy be 1 I + i Il IE
o e npeials 1 i ol I (| b | [ | 123
T BT ! —— = . A HE| —— 165
Tmpdral H S S— 172 1 [ . .
E L 3 10 16 ) n Y B a1 v L B w £

Macle ol g “emim 1y

dul Criz ikl

MMiarkeclamae mam T BTz of sheaw relin 173

hiCrap N upaka ) W Al Ty

gcb_14466_f2 tif

This article is protected by copyright. All rights reserved



fesarall | (3| [ ] et 3 |
e aea |_:_| i . wainn ::._ll i Ph'l ml :
Uy WIE: LTUY == | : | 1B
mme o masmssas| | asmesmsss sassssdes  somasswss | I [ [ - aei e |
M rule< 18 || (I | 10 1= |
AL b i R il f+ IEE; |
P ru b T4 P 11 § ||-"-'—| I5E
Cluy — — 1 | ot FE
N Al &) 34 KA iE|
Llayail =— rig | | w:-l -l HE |
L' el —_— | ! —_— |
i SoH rade &0 F ) | hi-| T
L'M rabuEl —— || | ko P I [
A - T ol
Suris applicsrd on | HE | [T==] .'“':
Iz o oui rivke o = i II'-'I |
Tl 1P —_— | Fo—! Iw |
Warm lmparab == — | [T Had |
Futires:lcal (R et | b BT
Tmpiral | —— m
A r = I (LI n 1 azr
Elhiiis o araw o [453 Ef'cris of araw Tum 4
73l MH, omissions il N0 erakssions

gcb_14466_f3.tif

This article is protected by copyright. All rights reserved



El

MH. mmiieszivem nFfR

N lemching MR

p it 4 =-DLONGs + 0,42 : L) ¥ = S + 1,24
; o R=iis. P<0.01 e . A= 0.28, F = oo
[ —
3 i o = X
£ n=114 £ al 3 n= 278
= F
LT
0.3 ! e g o T L LT : b,
M Al = 2 [ i T B e T
,__.‘H'\—\— =) A - = iE TR o ks s e T
0o Mo et e 2 I Sy
ot " [
C o] =
R -
.r_'. | i
a an ED g4 120 o 40 &0 190 160
1.0 1.0
i) [d)
el = % % _ D5} 5 § = 000 & - DEE
-, it % i R’z 0.00% . P = .05
: oFi I et =
n.n H = .-_-! 1 = nnf ] iy n=53 =
B - . o - ' ok 1
: = w = 5 g ?
e i c 2 = ; _—
na S 2 -05f- = eH
% w=-0.00084-0.036 | = =TE
! R=0.0M , F2n0s i ;
L1 -1}
n=40 L " 4 o
L=
11. a .| .| TR T = 1_= 1 | L. LT
0 40 HO 120 150 an HO 120 160

Etraw T ratia

gcb_14466_fA.tf

Strwme Cild ratia

This article is protected by copyright. All rights reserved



eaerall | Rl —— o L2 —a—] : = |

i Faa st | R

lipan: rmp b — g —— 1 ]
L B L ANRE o P ey I (SRR PR o Trv. oL L e ) g e |
H rate= 4 —_ (R —_ 1 (L]
1605 b ks g0 —— ELH —— | g
h ralex21 | ey 1 | —— | 1 ]| H
S ] I S R |_..._| I :”“;

L GhayS ) Pt ——H g —— 1 |

Elapetil | e——— i | _— : 1=

"M radres il —_— | :

Ak T bz B —— M P, I

(ALY T —— anl —— | 6
iragg applicedan | o 19 —— 1 I |
Inzorundkd —— ool |41 I & |
Ceul el e | v .: —r— 1 |

"W e —— o4 | —_ : Hib ]
Sihlrupicul —— n | | |
: ; : |

e FH 1 | 40 ] £ =01 -1 i}
Tecw o' fnw rahern | 20 Eluuta ul drum v un 04
1A} M aching Wi N runall

gcb_14466_f5.tif

This article is protected by copyright. All rights reserved



El

NH. spsivam R

M T hing Mnf=

i rat ¥ =-0.008% + .24 2 _‘:b] w=-0.013x + 054
T - RS k4. P < 006 Rf= o P e 0
= T E o n = 2410
L R w
E F deal noyg
naf:: = T R I ST
. = L5 ol
20 Esﬁﬂ,ﬁ,ﬁn T
ok E S8 R I oo o
=y
=
JdHE o
] R %]
L L 1 i i
[a] a0 40 ElF 1] i in B0 =0
.0 1.0
=] o ¢ [d}
: 0.5 - L
.3 = o c E i
E l:.ll;-:I e = < 0. _
T i [ = 0.0- [ C
F - .1 i * 4 H, ¥
VR T S i ~ ; "
1.3 5 g -G - o i -
u = 0,002k - 0% = L y = ALM0d=s - 0.27
&= .00, P> 0.05 * R=Da0b, Ps 005
il P i 10 - i om=dn '_:
A3 - - 15 . . .
16 an &5 u] 16 410 45 Ll

Ball clay cenban &

Enll clay condart {%,)

gcb_14466_f6.tif

This article is protected by copyright. All rights reserved



M H:I enigsianys {In&F)

H laa=hing [InEH}

0.2 1.4
{a) - y--lsgasnorz | _ |
- i & 0
R=0,15, "= 0.]% ic %
0.9t nm=g E o7} =
AT T i - LlLsEet 55
o < s I
Sl G U:. i =
o o _H-‘-‘_\_\_‘—\—_\_‘_\_ e o BT -‘_:__"'3""--_
B IE ¥ =-1.50x + 0.37 i
= F=0.a, P> 0.06
0.4t L.7F n=29 =
) 3
400 012 b_24 b.3E .2 -0 a.o a.1 0.3
0 captant (InlR) 0 contant 1InRRI
1.4 .2
C d
el ¥ =-1.4 + 001 tdl y = -0.E9% # 0.092
e e A=1IT , P2005 | ik m 1.52 , Pe 005
.:I n=1d g gr o0 =g
o - C
0.0 s - & =
£ 02t
T &
.z a i '.E'
i £ A4
e
0.k
1 1 1 1 A8 1 1 1 1
0.0 nar .14 0.z 023 0.35% .0 0.2 0.4 .a

S0C eonb=nt (Inf&

gcb_14466_f7.tif

5OC pontant InRR]

This article is protected by copyright. All rights reserved

0.8



gcb_14466_f8.tif

Author M

This article is protected by copyright. All rights reserved



University Library

* o A gateway to Melbourne's research publications

Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Xia, L;Lam, SK;Wolf, B:Kiese, R;Chen, D;Butterbach-Bahl, K

Title:

Trade-offs between soil carbon sequestration and reactive nitrogen losses under straw
return in global agroecosystems

Date:
2018-12-01

Citation:
Xia, L., Lam, S. K., Wolf, B., Kiese, R., Chen, D. & Butterbach-Bahl, K. (2018). Trade-offs
between soil carbon sequestration and reactive nitrogen losses under straw return in global

agroecosystems. Global Change Biology, 24 (12), pp.5919-5932. https://doi.org/10.1111/
gcb.14466.

Persistent Link:
http://hdl.handle.net/11343/284587


http://hdl.handle.net/11343/284587

