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Type of paper：Primary Research Articles 31 

Abstract: It is widely recommended that crop straw be returned to croplands to 32 

maintain or increase soil carbon (C) storage in arable soils. However, because C and 33 

nitrogen (N) biogeochemical cycles are closely coupled, straw return may also affect 34 

soil reactive N (Nr) losses, but these effects remain uncertain, especially in terms of 35 

the interactions between soil C sequestration and Nr losses under straw addition. Here, 36 

we conducted a global meta-analysis using 363 publications to assess the overall 37 

effects of straw return on soil Nr losses, C sequestration and crop productivity in 38 

agroecosystems. Our results show that on average, compared to mineral N fertilization, 39 

straw return with same amount of mineral N fertilizer significantly increased soil 40 

organic C (SOC) content (14.9%), crop yield (5.1%) and crop N uptake (10.9%). 41 

Moreover, Nr losses in the form of nitrous oxide (N2O) emissions from rice paddies 42 

(17.3%), N leaching (8.7%) and runoff (25.6%) were significantly reduced, mainly 43 

due to enhanced microbial N immobilization. However, N2O emissions from upland 44 

fields (21.5%) and ammonia (NH3) emissions (17.0%) significantly increased 45 

following straw return, mainly due to the stimulation of nitrification/denitrification 46 

and soil urease activity. The increase in NH3 and N2O emissions was significantly and 47 

negatively correlated with straw C/N ratio and soil clay content. Regarding the 48 

interactions between C sequestration and Nr losses, the increase in SOC content 49 

following straw return was significantly and positively correlated with the decrease in 50 

N leaching and runoff. However, at a global scale, straw return increased net Nr losses 51 

from both rice and upland fields due to a greater stimulation of NH3 emissions than 52 

reduction in N leaching and runoff. The trade-offs between increased net Nr losses 53 

and soil C sequestration highlight the importance of reasonably managing straw return 54 

to soils to limit NH3 emissions without decreasing associated C sequestration 55 

potential.  56 
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Introduction 57 

   Globally, the annual production of crop straw reached approximately 4 billion 58 

metric tons at the beginning of the 21st century (Lal, 2005). Partial or full retention of 59 

crop straw is an effective and economically sound management practice to maintain 60 

or increase soil carbon (C) sequestration in arable soils (Powlson et al., 2008; Liu et 61 

al., 2014), although the effects depend on straw quality (e.g., C/N ratio) and quantity 62 

(Lal et al., 2004; Smith et al., 2008; Lugato et al., 2018). Based on an extensive 63 

review of soil analyses, Zhao et al. (2018) estimated that the average soil organic C 64 

(SOC) stock in the topsoil (0−20 cm) of China’s croplands increased from 1980 to 65 

2011 at a rate of 140 kg C ha−1 yr−1

   Because C and nitrogen (N) biogeochemical cycles are closely coupled (Luo et al., 72 

2006), straw return also affects soil N dynamics and associated 73 

biosphere-atmosphere-hydrosphere exchange processes of reactive N (Nr: all N 74 

species except dinitrogen). These effects depend on straw quality (e.g., C/N ratio) and 75 

soil properties (e.g., texture and clay content) (Miller  et al., 2008; Chen et al., 2013). 76 

Generally, crop straw with a low C/N ratio (<30) is easily decomposed by soil 77 

microbes, and the mineralized N becomes available for nitrification, denitrification 78 

and hydrological losses (Frimpong & Baggs, 2010). Associated with these processes 79 

is increased production of nitrous oxide (N

. Moreover, they concluded that straw return 66 

contributed to approximately 40% of the increment. A meta-analysis conducted by 67 

Liu et al. (2014) demonstrated that straw return significantly increased the average 68 

SOC content in global croplands by 12.8% (0−15 cm soil layer). Straw return may 69 

also improve soil fertility by supplying mineral elements and increasing water 70 

retention, thus improving crop yields (Majumder et al., 2008; Singh et al., 2008).  71 

2O) (Butterbach-Bahl et al., 2013), 80 

dinitrogen and loss of N compounds such as nitrate and dissolved organic nitrogen via 81 

leaching (Hagedorn et al., 1997). However, returning crop straw with a high C/N ratio 82 

(>30) might stimulate microbial immobilization of soil ammonium (NH4
+) and nitrate 83 

(NO3
-) (Aulakh et al., 2001; Cheng et al., 2017), thereby decreasing Nr loss through 84 

gaseous (N2O and ammonia (NH3) emissions) and hydrological pathways (N leaching 85 
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and runoff) (Xia et al., 2017).  86 

   The effects of straw return on soil Nr losses can also be regulated by soil 87 

properties. For example, soil texture and clay content determine pore size distribution, 88 

and thus soil aeration and oxygen availability for straw decomposition, which in turn 89 

controls the intensities of different soil N transformations and associated Nr losses 90 

(Skiba & Ball, 2002; Chen et al., 2013). Moreover, management practices, such as 91 

lowland (e.g., rice) and upland arable cropping, mineral N fertilization rate and straw 92 

application method (surface application or incorporation), as well as climate 93 

conditions (temperature and precipitation), can also regulate the response of soil Nr 94 

losses to straw return by affecting straw decomposition and soil N transformations 95 

(Butterbach-Bahl et al., 2013; Liu et al., 2017). However, the intertwined response of 96 

various Nr losses (also C sequestration) to straw return in croplands under varying soil 97 

properties, straw quality and quantity, agricultural management and climate conditions, 98 

have not been comprehensively explored and documented.  99 

   Studies that have examined the effects of straw return on environmental Nr losses 100 

often focused on N2O emissions (Miller  et al., 2008; Chen et al., 2013; Shan & Yan, 101 

2013) and not other Nr losses (e.g., NH3 emissions, N leaching and runoff). However, 102 

the high complexity of cropland Nr dynamics highlights the importance of evaluating 103 

the net balance of Nr losses rather than focusing on a single Nr loss (Xia et al., 2017), 104 

because the formation processes and regulatory conditions of Nr losses do vary 105 

substantially (e.g., biological process for N2

   Besides, to our knowledge, no comprehensive studies have explored the 108 

interactions between various Nr loss pathways and soil C sequestration following 109 

straw return, although a few studies have shown that Nr losses are closely coupled 110 

with C sequestration in agroecosystems (Li  et al., 2005; Liu et al., 2014). For example, 111 

the accumulation of SOC following straw addition is largely derived from the greater 112 

formation of soil macroaggregates (Six et al., 2002), which can in turn reduce the 113 

occurrence of soil erosion with rainfall and may consequently reduce Nr losses via 114 

hydrological pathways (Blanco-Canqui & Lal, 2009) but may on the other hand 115 

O production and physical-chemical 106 

processes for N leaching and runoff) (Hagedorn et al., 1997; Davidson et al., 2000).  107 
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regulate soil N2

   Here, we show the results of a global meta-analysis that was based on 363 119 

peer-reviewed publications and aimed to (1) evaluate the overall effects of straw 120 

return on various Nr loss pathways (NH

O emissions (Li  et al., 2005). This scenario highlights the necessity to 116 

consider the interactions between Nr losses and SOC sequestration to assess the 117 

overall environmental consequences of straw return to soils.  118 

3 emissions, N2

Materials and methods 128 

O emissions, N leaching and 121 

runoff), crop productivity and soil C sequestration in agroecosystems under different 122 

environmental and management conditions (straw quality and quantity, soil properties, 123 

agricultural management and climate conditions); (2) explore the interactions between 124 

various Nr losses and SOC sequestration following straw return; and (3) estimate how 125 

straw return has affected Nr losses from global croplands and the overall cropland Nr 126 

balance for the period 2005−2015.  127 

Selection criteria and database 129 

   We used several databases such as Web of Science, Google Scholar, China 130 

National Knowledge Infrastructure database, China Wanfang Data, Current Contents 131 

Connect (ISI), Academic Search complete (EBSCO), Scopus and CAB Abstracts to 132 

search peer-reviewed publications (before August 2018) related to the effects of straw 133 

return on various Nr losses, crop productivity and soil C sequestration. The keywords 134 

used in the search included ‘crop straw or crop residue or crop stubble’, ‘Nr losses 135 

(NH3 emissions, N2O emissions, N leaching and runoff), SOC content, crop 136 

productivities (crop yield, crop N uptake and N use efficiency (NUE)) and/or other 137 

soil properties’. A study had to meet the following criteria to be included in this 138 

meta-analysis: a) the control (mineral N fertilization) and straw treatment (mineral N 139 

fertilization plus straw return) received equal mineral N fertilization rates, which 140 

indicated that the straw treatment provided additional straw N supply to soils; b) 141 

publications needed to report on at least one of the target variables and sample sizes 142 

for the control and treatment plots. Multiple observations that were conducted at the 143 
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same experimental site over several sampling years were averaged; and c) the 144 

observation duration of the experiment must have covered the main discharge period 145 

of various Nr losses. Applying these criteria, a total of 363 peer-reviewed publications 146 

reporting results from global agroecosystems were selected for further analyses (Fig. 147 

S1).  148 

   The effects of straw return were evaluated under the following three categories: (1) 149 

Nr losses: NH3 and N2O emissions, N leaching and N runoff; (2) crop productivity: 150 

crop yield, crop N uptake and NUE; (3) SOC content and other soil properties (0−15 151 

cm soil layer): soil total N content, soil microbial biomass N (MBN), soil microbial 152 

biomass C (MBC), dissolved organic carbon (DOC), soil labile carbon (LOC); soil 153 

NH4
+, NO3

- content and NH4
+/NO3

-

Meta-analysis  165 

 ratio; soil available N, P, and K; cation exchange 154 

capacity, soil porosity, soil pH, soil urease activity, soil water content and crop water 155 

use efficiency. Crop N uptake refers to total aboveground N uptake. The NUE, i.e., 156 

fertilizer apparent N recovery, was calculated by crop N uptake of fertilized plots 157 

minus N uptake of nonfertilized plots and then divided by mineral fertilizer N rate 158 

(Congreves & Van Eerd, 2015). The effects of straw return were further categorized 159 

according to soil properties (soil clay content, texture, initial SOC and N contents, and 160 

soil pH), straw quality (straw C/N ratio) and quantity (straw input rate, straw N and C 161 

input rate), crop species, mineral N fertilizer rates, duration of straw return, straw 162 

application method and climate zones. Soil textures were classified based on the 163 

USDA soil texture classification system. 164 

   The effects of straw return on the variables (X) were quantified by the natural log 166 

of the response ratio (lnRR) using the following equation (Hedges et al., 1999):  167 

lnRR = ln (Xt/Xc

where X

)                                                    (1) 168 

t and Xc represent the mean of the treatment and control groups for variable X, 169 

respectively. The results are presented as the percentage of changes ((RR-1)×100) in 170 

the variables under straw return. Positive percentage changes denote an increase due 171 

to straw return whereas negative values indicate a decrease in the respective variables.  172 
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   In previous meta-analyses, the effect sizes were generally weighted by the inverse 173 

of the pooled variance (Liu et al., 2017) or replication (Lam et al., 2012; Xia et al., 174 

2016), depending on the availability of standard deviations reported in the included 175 

studies. Most studies included in our database did not report the standard deviations of 176 

the mean values. In addition, there is a risk of generating extreme weights when 177 

weighting by the variance-based function, which is not the case for the 178 

replication-based method (van Groenigen et al., 2011). Therefore, we adopted the 179 

replication-based weighting method in this meta-analysis using the following 180 

equation:  181 

weight = (nt × nc)/(nt + nc

where n

)                                            (2) 182 

t and nc

   Mean effect sizes and the 95% confidence intervals (CIs) were generated by a 185 

bootstrapping procedure with 4999 iterations, using MetaWin 2.1 (Rosenberg et al., 186 

2000). Effects of straw return were considered significant if the 95% CIs did not 187 

overlap with zero. The means of the categorical variables were considered 188 

significantly different from each other if their 95% CIs did not overlap.  189 

 denote the number of replicates of the treatment and control, 183 

respectively.  184 

Net changes in Nr losses induced by straw return 190 

   To evaluate the effects of straw return on net changes in Nr losses, we attempted 191 

to quantify Nr losses from global croplands (rice and upland fields) for the period of 192 

2005−2015. The amount of Nr losses (e.g., NH3 emission, Gg N yr−1

NH

) under straw 193 

return was calculated using the following empirical model: 194 

3 emissionstraw-induced = Nrate × P × FNH3

where N

 × E                             (3) 195 

rate (Gg N yr−1) denotes the rate of mineral N fertilizer applied to rice 196 

(14745.8 Gg N yr−1) or upland fields (82265.8 Gg N yr−1) during 2005−2015, which 197 

was derived from the FAO database; P denotes the proportion of the global harvested 198 

cropland area receiving straw return; FNH3 denotes the fraction of mineral N fertilizer 199 

that is lost to NH3; and E denotes the effects of straw return on NH3 emissions (Table 200 

1). Because there are no data available for the proportion (P) of global cropland area 201 
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receiving straw return, we calculated for different scenarios for P (S1, P=20%; S2, 202 

P=40%; S3, P=60%; and S4, P=80%). Straw-induced N2O emissions, N leaching and 203 

runoff for the paddy field and uplands were calculated using their corresponding F 204 

and E values (Table 1). F-N2O was derived from a recent global meta-analysis 205 

conducted by Liu et al. (2017). F-NH3, F-Nleaching and F-Nrunoff

Results  209 

 were derived from a 206 

global literature synthesis (Table 1), which is described in detail in the Supporting 207 

Information (SI).  208 

Impacts of straw return on SOC content and other soil properties  210 

   Across all studies, straw return significantly increased SOC content by 14.9% 211 

(0−15 cm soil layer) (n=246) (Fig. 1), with an increase of 11.4% (n=86) for rice 212 

paddies and 17.0% (n=160) for upland fields (Table S2). The SOC content increased 213 

significantly with an increasing straw addition rate (P<0.001) and straw C input rate 214 

(P<0.001) (Table S1). For straw quality, the increase in SOC content is greater with a 215 

straw C/N ratio larger than 30 (e.g., cereal straws) (15.1%, n=219), compared to a 216 

smaller ratio (C/N ratio<30, e.g., legume straws) (10.3%, n=25) (Table S2). With 217 

regard to agricultural management, the effect of straw return on SOC content is 218 

similar for different mineral N fertilization rates and application methods (surface 219 

application versus incorporated), but a long-term (≥4 years) straw addition resulted in 220 

significantly higher C sequestration (27.7%, n=28) than a short-term addition (13.4%, 221 

n=213). For soil texture and clay content, straw return resulted in the highest C 222 

sequestration in silt loamy soils (21.0%, n=59) or soils with clay content between 20 223 

and 40% (18.2%, n=127, Table S2). Climate conditions (temperature, precipitation 224 

and climate zones) had no significant impact on the responses of SOC content to 225 

straw return (Table S1).  226 

   Straw return also significantly increased the content of dissolved organic C (DOC, 227 

22.4%, n=54), labile organic carbon (LOC, 21.2%, n=36), total N (9.8%, n=171), and 228 

other nutrients such as available N (14.1%, n=138), phosphorus (P, 10.4%, n=144) 229 
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and potassium (K, 17.8%, n=148) (Fig. 1). The increase in nutrients availability was 230 

associated with an increase in microbial biomass C and N (MBC, 37.3%, n=101; 231 

MBN, 38.4%, n=80) (Fig. 1 and Table S3). In addition, straw return also increased 232 

soil aeration, as indicated by higher soil porosity (7.5%, n=28) and lower soil bulk 233 

density (6.1%, n=81). Besides, straw return significantly increased soil urease activity 234 

by 18.5% (n=133) (Fig. 1 and Table S4), which governs Nr loss through NH3

 239 

 235 

emissions in agricultural soils. However, soil pH was not significantly affected by 236 

straw return (-0.6%, n=90), regardless of crop type (rice paddies, -0.9%, n=37; upland 237 

crops, -0.4%, n=53) (Table S5 and see SI for further details). 238 

Impacts of straw return on crop productivity 240 

Overall, straw return significantly increased crop yield by 5.1% (n=636) in 241 

global agroecosystems (Fig. 2), with a similar increase of 5.3% (n=214) for rice 242 

paddies and 4.9% (n=422) for upland crops. The increase in crop yield was 243 

significantly and positively correlated with mineral N fertilization rate (P<0.01), straw 244 

N input rate (P<0.01) and mean annual temperature (MAT) (P<0.001) (Table 2). 245 

However, soil properties (SOC and N contents, clay content and pH) and straw C/N 246 

ratio had no significant effects on the response of crop yield to straw return (Table 2 247 

and Table S6), except that significantly larger yield increases were observed at sites 248 

with a sandy rather than loamy and clay texture (Table S6). In addition, long-term 249 

practice of straw return (≥4 years) can also result in greater increases in yields (Fig. 250 

2).   251 

On average, crop N uptake and fertilizer NUE were significantly increased by 252 

10.9% (n=157) and 15.0% (n=100) under straw return, respectively, with a similar 253 

increase for rice paddies and upland crops (Fig. 2). The increases in crop N uptake 254 

and fertilizer NUE were significantly and positively correlated with mean annual 255 

precipitation (MAP) (both P<0.05) and SOC content (P<0.05 for N uptake and 256 

P<0.001 for NUE) (Table 2). The increase in crop N uptake also significantly 257 

increased with straw N input rate (P<0.001) but significantly decreased with straw 258 
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C/N ratio (P<0.001) (Table 2). However, mineral N fertilization rate, soil total N and 259 

clay contents, soil pH and MAT were not significantly correlated with crop N uptake 260 

or NUE changes (Table 2). The application method and duration also had no 261 

significant impact on the response of N uptake or NUE to straw return (Fig. 2).  262 

 263 

Impacts of straw return on gaseous Nr losses  264 

   On average, straw return significantly increased NH3 emissions by 17.0% (n=116); 265 

the positive effect was smaller for rice paddies (11.4%, n=35) than for upland crops 266 

(20.3%, n=81) (Fig.3). Crop type significantly regulated the effects of straw return on 267 

soil N2O emissions, which significantly decreased by 17.3% (n=82) for rice paddies 268 

but significantly increased by 21.5% (n=196) for upland crops (Fig. 3). The increases 269 

in NH3 and N2O emissions were both positively correlated with straw N input rate 270 

(both P<0.001) (Table 2) but negatively correlated with straw C/N ratio (P<0.01 for 271 

NH3 and P<0.001 for N2O) and soil clay content (P<0.05 for NH3 and P<0.01 for 272 

N2O) (Fig. 4 and Fig. 6). As shown in Figure 3, the largest increase in NH3 and N2O 273 

emissions occurred when returning straw with a C/N ratio<30 (e.g., legume straws) or 274 

to soils with a clay content<20%, whereas applying straw to soils with higher soil clay 275 

contents (>40%) or with a larger straw C/N ratio (>30) (e.g., cereal straws) did not 276 

stimulate NH3 emissions, or even significantly decreased soil N2

   In terms of soil texture, returning straw to sandy soils resulted in much higher 278 

increases in NH

O emissions.     277 

3 (60.9%, n=11) and N2O emissions (119.3%, n=4) compared to that 279 

for loamy (12.7% and n=51 for NH3, and 3.9% and n=58 for N2O) and clay soils (4.3% 280 

and n=16 for NH3, and -10.4% and n=34 for N2O) (Table 3). Neither mineral N 281 

fertilization rate nor other soil properties (total N and SOC contents and pH) were 282 

significantly correlated with NH3 and N2O emissions increases (Table 2). In addition, 283 

straw return stimulated NH3 and N2

 287 

O emissions more at the sites with a warmer 284 

climate (e.g., warm temperate and subtropical) than those located in a cool temperate 285 

zone (Fig. 3).  286 
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Impacts of straw return on hydrological Nr losses  288 

   On average, straw return significantly decreased N leaching by 8.7% (n=60) and 289 

runoff by 25.6% (n=52), with no significant difference between rice paddies and 290 

upland crops (Fig. 5). The decreases in N leaching and runoff both positively 291 

correlated with straw C/N ratio and soil clay content, although these relationships 292 

were not significant (P>0.05) (Fig. 4 and Fig. 6). Other factors, such as the rate of 293 

mineral N fertilization, soil properties (total N and SOC contents and pH), or climate 294 

conditions (MAT and MAP) did not significantly impact the effects of straw return on 295 

hydrological N losses (Table 2). However, the decrease in N leaching was negatively 296 

correlated with straw addition rate and straw N input rate (both P<0.05). It is 297 

noteworthy that the negative effect of straw return on N leaching and runoff was 298 

significantly higher if straw was applied to the soil surface (N leaching: -26.2%, n=5; 299 

N runoff: -33.5%, n=28) and not incorporated into soils (N leaching: -6.8%, n=55; N 300 

runoff: -15.1%, n=24) (Fig. 5).  301 

Relationships between SOC content and Nr losses changes under straw return  302 

   As shown in Figure 7, the decrease in the four Nr losses all showed a positive 303 

linear relationship with the increase in SOC content induced by straw return, i.e., 304 

higher soil SOC contents were accompanied by a greater reduction in Nr losses. 305 

However, this linear relationship was only significant for N leaching (R2=0.37, 306 

P<0.05, n=14) and N runoff (R2=0.52, P<0.05, n=9) but not for NH3 (R2=0.15, 307 

P>0.05, n=9) or N2O emissions (R2

 309 

=0.09, P>0.05, n=29).  308 

Straw return-induced net changes in Nr losses at a global scale 310 

   Assuming that 40% of global croplands receive straw return, global NH3 311 

emissions would increase by 132 Gg N yr−1 for rice paddies and 1010 Gg N yr−1 for 312 

upland fields compared that under a scenario that calculates NH3 emissions based 313 

only on mineral N fertilizer application (Table 1). In the same scenario, N2O 314 

emissions would decrease by 6 Gg N yr−1 for rice paddies but increase by 75 Gg N 315 

yr−1 for upland fields. N leaching would decrease by 32 Gg N yr−1 in rice paddies and 316 
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332 Gg N yr−1 in upland fields, and for rice paddies and upland fields, N runoff would 317 

decrease by 64 and 436 Gg N yr−1, respectively. For all scenarios tested, straw 318 

return-induced increases in NH3 emissions outweighed the reduction in other 319 

environmental Nr losses regardless of cropland type. Thus, total environmental Nr 320 

losses would increase by 181 Gg N yr−1 for the 20% scenario (S1) and up to 725 Gg N 321 

yr−1

Discussion 323 

 for the 80% scenario (S4) (Table S8).  322 

Response of soil C sequestration and crop productivity to straw return 324 

   Straw return is widely considered to be one of the most sustainable and 325 

economically viable management practices for sequestering atmospheric CO2 and 326 

improving global C storage in agricultural soils (Powlson et al., 2008; Smith et al., 327 

2008). Our meta-analysis demonstrated that straw return significantly increased SOC 328 

content by 14.9% in global croplands (Fig. 8), which is comparable to the increase of 329 

12.8% reported by Liu et al. (2014). Our results also showed a higher increase in SOC 330 

content in upland fields (17.0%) than in rice paddies (11.4%) (Table S2). This result 331 

can be explained by the higher initial SOC content in rice paddies (on average of 15.7 332 

g C kg−1, n=79) than in upland soils (10.6 g C kg−1

   Apart from cropland type, straw quality and soil texture may also alter the 338 

response of soil C sequestration to straw return. Our meta-analysis showed that the 339 

increase in SOC content is smaller for straw with a C/N ratio<30 (10.3%) than for 340 

straw with a larger C/N ratio>30 (15.1%) (Table S2). Generally, straw with a larger 341 

C/N ratio (>30) is rich in phenolic/lignin compounds that decompose slowly. These 342 

substances act as binding agents for the formation of soil aggregates, which promote 343 

SOC accumulation over longer time periods (Blanco-Canqui & Lal, 2009). Regarding 344 

, n=143), as indicated by the 333 

negative correlation between the increase in SOC content and initial SOC content 334 

(Table S1). Soils with a lower initial C content have a greater saturation deficit, which 335 

may result in a higher initial soil C sequestration rate and a longer duration to reach a 336 

new C equilibrium (Powlson et al., 2008).  337 
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soil texture, we found that straw return resulted in a higher increase in SOC content in 345 

loamy soils (14.5−21.0%) (e.g., silt loam, silty clay loam and loam) than in clay soils 346 

(11.5%) (Table S2). One possible explanation for this observation is the hampered 347 

degradation of straws in clay soils due to limited oxygen availability, which results in 348 

lower C transferring efficiency from straw C to SOC (Blanco-Canqui & Lal, 2009; 349 

Liu et al., 2014).     350 

   The enhanced soil C sequestration following straw return may benefit crop yield, 351 

as evidenced by the positive correlation between SOC content and crop yield 352 

(P<0.001, Fig. S2). Crop growth can benefit directly from higher organic matter 353 

content (evidenced by higher SOC content) because its decomposition continuously 354 

provides nutrients, and SOC content is often a major factor of nutrient retention in 355 

agroecosystems (Lal, 2004; Singh et al., 2008). In addition, crop straw is an important 356 

nutrient resource for crop growth (Majumder et al., 2008); we found that the 357 

availability of soil nutrients (particularly N, P and K) was increased by 10.4−17.8% 358 

following straw return (Fig. 1). We further demonstrated that straw return improved 359 

soil physical properties (e.g., porosity and soil water retention capacity) and microbial 360 

biomass in soils (Fig. 1), which are known to support healthy crop development and 361 

contribute to higher crop water use efficiency (Ghuman & Sur, 2001).  362 

   The responses of crop yield to straw return are largely regulated by soil texture 363 

and climate conditions. For example, higher increases in yields were observed for 364 

sites with sandy and silt loamy texture or sites located in warmer climate zones (e.g., 365 

subtropical and tropical) (Table S6 and Fig. 2). These conditions favor straw 366 

decomposition and nutrient release due to better aeration conditions and/or higher 367 

temperatures (Singh et al., 2008). In addition, the increase in yield increased with the 368 

straw returning period, likely due to the higher increase in SOC contents under 369 

continuous straw addition (Fig. 2 and Table S2).  370 

 371 
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Response of Nr losses to straw return 372 

a) Nr loss through hydrological pathways 373 

    Apart from increasing soil C sequestration and crop yield, straw return also 374 

significantly decreased Nr losses via hydrological pathways (8.7−25.6%) (Fig. 5), 375 

which was mainly attributed to a stimulation of microbial N immobilization, as our 376 

meta-analysis showed that the soil N immobilization rate and MBN were significantly 377 

enhanced by 227% (n=28) and 38.4% (n=80), respectively (Fig. 1 and Fig. S3). This 378 

result is also in agreement with studies that show that increases in microbial N 379 

immobilization lead to a decrease in N runoff and leaching (Cheng et al., 2017; Xia et 380 

al., 2017).  381 

    Straw return also reduces N runoff by improving soil structure and consequently 382 

increasing the water infiltration rate (Blanco-Canqui et al., 2006). The enhanced 383 

infiltration decreases surface runoff and the risk of soil erosion (Lindstrom, 1986), 384 

thereby reducing N runoff. Moreover, straw return can also decrease N leaching 385 

through diminishing leachate percolation. Blanco-Canqui et al. (2007) reported that 386 

soils subject to corn straw return can retain 20−50% more water for 0 to -6 kPa soil 387 

water potential. This reduces the frequency of leaching events and the amount of 388 

water transporting nutrients into the unsaturated zone and groundwater. Besides, 389 

higher SOC content after straw return increases the cation exchange capacity (CEC, 390 

8.4%, n=33) that prevents NH4
+ loss and increases the capacity to retain the very 391 

mobile anion NO3
-

   A higher reduction in N leaching and runoff can be achieved by surface 394 

application of straw (26.2−33.5%) compared to soil incorporation (6.8−15.1%) (Fig. 395 

5). Straw surface application would better protect the soil surface against the erosive 396 

impacts of rainfall and reduces the formation of surface cracks and crusts 397 

(Blanco-Canqui et al., 2006), therefore leading to a higher reduction in hydrological N 398 

losses. Regarding the effects of soil texture, straw return to sandy soils significantly 399 

increased N leaching (19.7%), which was decreased in loamy and clay soils (Table 2). 400 

 due to deprotonated carboxyl groups (Blanco-Canqui & Lal, 392 

2009).  393 
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Soils with a sandy texture generally have poor retention of water and nutrients due to 401 

their low SOC and clay contents (Six et al., 2002). However, the increased water 402 

infiltration paired with additional N substrate from straw mineralization could 403 

aggravate N loss via leaching (Blanco-Canqui & Lal, 2009).  404 

b) Nr loss through N2O emissions 405 

   Soil N2O is mainly produced through nitrification and denitrification, which 406 

depend on the availability of oxygen, soil N and C substrates (Davidson et al., 2000; 407 

Butterbach-Bahl et al., 2013). The remarkable decrease in N2O emissions (17.3%) 408 

from rice paddies could be attributed to enhanced microbial N immobilization and 409 

complete denitrification (Aulakh et al., 2001). Straw decomposition in rice paddies 410 

accelerates oxygen consumption in the soil aerobic layer and rhizosphere and 411 

increases DOC availability for denitrifiers (Fig. 1), which favors a further reduction of 412 

N2O to N2 (Firestone & Davidson, 1989).  413 

   However, straw return significantly increased N2O emissions (21.5%) from upland 414 

soils (Fig. 3), also reported by Liu et al. (2014), mainly due to enhanced nitrification 415 

and denitrification. In upland soils, faster straw degradation provides additional N 416 

substrate for autotrophic nitrification and heterotrophic denitrification, which 417 

stimulate N2O emissions (Davidson et al., 2000; Chen et al., 2013). We further found 418 

that this stimulation was significantly and positively correlated with straw N input rate 419 

(Table S1). Moreover, Zhao et al. (2018) reported that straw return also greatly 420 

increased the heterotrophic nitrification rate, possibly due to enhanced DOC 421 

availability. In addition, increased soil water content (14.0%, n=72, Fig. 1) together 422 

with decreased oxygen availability during straw decomposition would promote the 423 

formation of more anaerobic soil microsites, which can further accelerate N2O 424 

emissions from denitrification process (Butterbach-Bahl et al., 2013; Xia et al., 2014).     425 

   The responses of N2O emissions to straw return can also be regulated by soil 426 

properties and straw quality. Similar to Chen et al. (2013), we found the highest 427 

increase in N2O emissions under straw return from loamy sandy soils, followed by 428 

loamy and clay soils (Table 3). Increasing clay content decreases soil aeration and 429 
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oxygen availability, thereby decreasing straw decomposition and associated N release 430 

(Skiba & Ball, 2002). Moreover, soils with higher clay content (>40%) are generally 431 

characterized by low gas diffusivity, which may enhance the reduction of N2O 432 

(produced in soil profiles) to N2 through complete denitrification (Weitz et al., 2001). 433 

This explains the negative relationship between N2O emissions following straw return 434 

and soil clay content observed in our study (Fig. 6).  435 

   As for straw quality, the increase in N2O emissions was significantly and 436 

negatively correlated with straw C/N ratio (Fig. 4), a result that was also reported by 437 

previous studies (Huang et al., 2004; Chen et al., 2013). Straw with a lower C/N ratio 438 

(<30) can be decomposed quickly, leading to higher N availability for nitrification and 439 

denitrification (Frimpong & Baggs, 2010). In contrast, a higher straw C/N ratio (>30) 440 

would increase microbial assimilation of soil N (Aulakh et al., 2001), because low 441 

straw N contents may not satisfy the microbial N demand. The N depletion due to net 442 

N immobilization would decrease nitrification and denitrification rates, and 443 

consequently N2O emissions (Liu et al., 2017). 444 

c) Nr loss through NH3 emissions 445 

   Straw return significantly increased NH3 emissions (17.0%), which was also 446 

observed by Pan et al. (2016), regardless of rice paddies (11.4%) and upland fields 447 

(20.3%, Fig. 3). Increases in NH3 emissions following straw return can be first 448 

attributed to increased soil urease activity (overall: 18.5%, n=133; rice paddies: 8.8%, 449 

n=46; and upland fields: 24.6%, n=87) (Table S4). The presence of urease drives the 450 

hydrolysis of urea to NH4
+ in paddy fields and upland soils and promotes NH3 451 

emissions (Pan et al., 2016; Xu et al., 2017). Besides, higher NH4
+ availability from 452 

straw mineralization further stimulated NH3 emissions, especially for straw with a 453 

C/N ratio<30 (Fig. 3). This result is further supported by the significant and positive 454 

correlation between the increase in NH3 emissions and straw N input rate (Table 2). 455 

However, the increase in NH3 emissions was lower with a straw C/N ratio>30 (Fig. 3 456 

and Fig. 4), attributed to the enhanced microbial N immobilization (Aulakh et al., 457 

2001; Huang et al., 2004).  458 
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   In addition, straw return can also promote NH3 emissions by stimulating 459 

ammonium-related soil N transformations (Wang et al., 2015; Zhao et al., 2018). For 460 

example, we found that straw return significantly increased the gross N mineralization 461 

rate by 82.4% (n=30) and dissimilatory NO3
- reduction to NH4

+ (DNRA) by 155% 462 

(n=9) (as supported by the increased soil NH4
+/NO3

- ratio by 14.2%) but decreased 463 

the NH4
+ oxidation rate by 33.7% (n=18) (Fig. S3). These altered N transformations 464 

would provide more N substrates for NH3 emissions, as further demonstrated by 465 

increased soil NH4
+

   The responses of NH3 emissions to straw return can also be affected by soil 467 

properties and climate conditions. A lower increase or even no effect on NH3 468 

emissions following straw return was observed at sites with clay content>40% or sites 469 

located in cool temperate zones (Fig. 3 and Table 3), where straw degradation was 470 

relatively hampered. Moreover, soils with higher clay content (>40%) generally have 471 

greater CEC (Parfitt et al., 1995), which can increase NH4

 content (5.7%, n=83) (Fig. 1).  466 

+

 476 

 adsorption by clay 472 

particles and thus reduce NH3 emissions (Xia et al., 2017). This scenario explains the 473 

negative relationship between the increases in NH3 emission following straw return 474 

with soil clay content observed in our study (Fig. 6).  475 

Interactions between SOC content and Nr losses under straw return  477 

   A detailed investigation of the interactions between Nr losses and SOC 478 

sequestration provides a better understanding of the overall effects of straw return on 479 

soil N and C cycles. In this study, we found that the decreases in Nr losses, especially 480 

N leaching and runoff, were positively correlated with increases in SOC content under 481 

straw return (Fig. 7), which suggests that enhanced soil C sequestration may increase 482 

the reduction in Nr losses from croplands. This result can be attributed to the 483 

following reasons. First, the straw-induced increase in soil C sequestration is largely 484 

derived from the increase in soil macroaggregates (Tisdall & Oades, 1982; Six et al., 485 

2002; Liu et al., 2014). The increase in macroaggregates would increase soil water 486 

and nutrient retention capacities and reduce the risk of soil erosion, consequently 487 
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reducing N losses via hydrological pathways (Blanco-Canqui & Lal, 2009; Xia et al., 488 

2017).  489 

   Second, higher soil organic matter (SOM) content under straw return may 490 

facilitate a better synchronization between crop nutrient demand and soil nutrient 491 

supply (Singh et al., 2008; Blanco-Canqui & Lal, 2009), which can promote nutrient 492 

uptake and crop growth. This scenario may explain the beneficial effect of straw 493 

return on crop N uptake and NUE (Fig. 2). The environmental Nr losses are closely 494 

linked to crop NUE (or crop N uptake), as shown in Cui et al. (2013) and Groenigen 495 

et al. (2010). Both studies indicated an exponential increase in Nr losses with 496 

increasing N surplus or decreasing NUE. In other words, increasing N uptake 497 

efficiency by crops associated with higher SOC content under straw return (P<0.001, 498 

Table 2) may reduce Nr losses to the environment. 499 

 500 

Balance of global Nr losses under straw return to croplands 501 

   Overall, straw return significantly increased NH3 emissions but decreased Nr 502 

losses through leaching and runoff (Fig. 8). As the stimulation of NH3 loss was much 503 

higher than the overall reduction in the other Nr loss pathways, straw return increased 504 

net Nr losses from both rice paddies (30 Gg N yr−1) and upland fields (316 Gg N yr−1

   It is still critical to minimize NH3 emissions when straw returns are adopted to 514 

increase C sequestration and/or crop productivity in global agroecosystems. One 515 

possible management option is surface application of straw instead of incorporating it 516 

) 505 

(P=40%). Nevertheless, crop productivity under straw return still significantly 506 

increased (Fig. 8) because the total N content of the soils was significantly increased 507 

(9.8%) under straw return (Fig. 1), probably due to the straw N input rate exceeding 508 

the increased Nr losses from global croplands. Although returning straw with a higher 509 

C/N ratio would stimulate microbial N immobilization which is also known as the ‘N 510 

tie-up’ effect (Kirkegaard et al., 2018), the immobilized N by microbes can be 511 

released across the growing season and benefit crop growth (Xia et al., 2017), crop N 512 

uptake and consequently crop yield (Fig. 2).  513 A
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into soils, which may largely attenuate the increased NH3 emissions (Fig. 3). This 517 

effect can be attributed to a weaker stimulatory effect on soil urease activity due to the 518 

incomplete mixing between straw and soils (Pan et al., 2016), as demonstrated by the 519 

much lower increase in soil urease activity under surface application of straw (3.3%, 520 

n=25) than incorporation into soils (22.6%, n=101) (Table S4). Applying straw with a 521 

higher C/N ratio (>30) would also attenuate the increased NH3 emissions (Fig. 3 and 522 

Fig. 6) and reduce other Nr losses. Application of urease inhibitor together with straw 523 

return can decrease urea hydrolysis and NH4
+

 528 

 concentration in soils and therefore 524 

decrease NH3 emissions (Xia et al., 2016). Reducing mineral N fertilization rates 525 

based on the amount of additional N input from straw into the soil may also decrease 526 

NH3 emissions and other Nr losses (Wang et al., 2015).  527 

Implications and looking forward  529 

   Overall, our study shows that straw return is effective in increasing soil C storage 530 

and crop productivity (Fig. 8). Although the increase in SOC content is accompanied 531 

by a reduction in N leaching and runoff (Fig. 7), straw return increased net Nr losses 532 

from global croplands due to a greater stimulation of NH3 emissions (Table 1). Since 533 

straw return is becoming more widely adopted (Lu et al., 2009), our findings on the 534 

trade-offs between the increased net Nr losses to the environment and soil C 535 

sequestration provide a better understanding of N and C balances in global croplands. 536 

Our results also highlight that any initiative that aims to reduce the environmental 537 

footprint of agricultural production systems needs to consider that C and N cycles are 538 

closely coupled and that antagonistic effects, e.g., increased soil C sequestration and 539 

stimulation of NH3 emissions, might occur simultaneously.  540 

   Our estimation of global Nr losses balance under straw return was based on an 541 

empirical model that only differentiated two cropland types (rice paddies and upland 542 

fields). This introduced some uncertainties in the upscaling of global Nr losses 543 

because other parameters, such as soil properties (soil texture), straw quality (straw 544 

C/N ratio) and quantity (straw N input rate), also greatly impact soil N 545 
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transformations and Nr losses (Table 3). However, these parameters are not fitted into 546 

the model of this study due to a lack of data, particularly regarding the ‘mineral N 547 

fertilization rate (Nrate)’ and ‘fraction of mineral N fertilizer lost to Nr (F)’ in equation 548 

(3) under different (parameter) categories. For example, there were deficient data on 549 

Nrate and F under different soil types (sand, clay and loam) which receive the 550 

application of straw with different C/N ratios. This underscores the importance of the 551 

inclusion of these parameters in future studies.  552 
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 720 

 721 

 722 

Table 1 Net changes in various reactive N (Nr) losses under straw return to global 723 

croplands (P=40%) 724 

Nr losses Paddy field   Upland field   Global croplands 
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aF (%) b Nr changeE (%)   c F (%) E (%) Nr change   F (%) E (%) Nr change 

NH3 emissions 19.7 11.4 132.2 15.1 20.3 1009.5 16.9 17.0 1114.5 

N2O emissions 0.62 -17.3 -6.3 1.1 21.5 74.5 0.95 5.9 21.5 

N leaching 7.8 -7.0 -32.1 10.4 -9.8 -332.3 8.9 -8.7 -300.9 

N runoff 4.5 -24.1 -63.9 5.0 -26.4 -436.0 4.8 -25.6 -472.7 

Net Nr changes   -- --  29.9    --  -- 315.8    --  -- 362.4 

a F denotes the fraction of mineral N fertilizer that is lost as Nr. 725 

b E denotes the effects of straw return on Nr emissions. 726 

c The unit of (net) Nr changes is Gg N yr−1

 728 

. The calculation is based on the scenario of P=40%.   727 

 729 

 730 

 731 

 732 

 733 

 734 

 735 

 736 

 737 

 738 

 739 

 740 

 741 

Table 2. Linear regression analysis between crop productivity and reactive N (Nr) 742 

losses with different climate conditions, soil properties, straw quality and quantity 743 

under straw return to global croplands 744 

Parameters
lnRR of variables 

a 
Yield N uptake NUE NH3 emissions N2O emissions N leaching N runoff 

MAT *** ns b ns ns ns ns ns 

MAP ns * * ns *** ns ns 
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Soil clay content ns ns ns * **  ns ns 

SOC content ns * *** ns ns ns ns 

Soil pH ns ns ns ns ns ns ns 

Total N content ns ns ns ns ns ns ns 

Mineral N rate ** ns ns ns ns ns ns 

Straw input rate ns ns ns ns ns * ns 

Straw N input  ** *** ns *** *** * ns 

Straw C input ns ns ns ns ns * ns 

Straw C/N ratio ns ***  ns ** ***  ns ns 

a MAT, mean annual temperature; MAP, mean annual precipitation; soil properties refer to the 745 

initial soil properties prior to starting the experiment; mineral N rate means mineral N fertilization 746 

rate. 747 
b 

 751 

*  means 0.01<P<0.05, **  means 0.001<P<0.01, ***  means P<0.001, ‘ns’ means the linear 748 

relationship is not significant, and stars with underline denote a negative linear relationship, while 749 

others represent a positive linear relationship.  750 

 752 

 753 

 754 

 755 

 756 

 757 

 758 

 759 

Table 3 Changes (%) in various reactive N (Nr) losses under straw return to global 760 

croplands in different soil textures with a 95% confidence interval (CI)  761 

Soil texture 
NH3 emissions  N2O emissions a    N leaching    N runoff 

Mean 95% CI Mean 95% CI Mean 95% CI Mean 95% CI 

Sand 60.9 7.9–166.8 119.3 -34.2–7401 19.7 4.2–35.8 -- -- b 

Loam sand 78.5 21.5–125.6 483.5 210.9–1008 -28.2 -(32.7–23.4) -- -- 

Sandy loam -- -- -0.5 -15.4–18.2 -20.6 -(31.7–3.6) -- -- 
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Sandy clay loam 34.8 15.7–57.1 -8.2 -36.4–31.9 -- -- -- -- 

Silt loam 19.2 3.1–37.5 3.5 -11.7–22.2 9.4 -11.9–42.2 -39.3 -(48.9–28.7) 

Silty clay loam 1.2 -32.5–38.2 7.1 -26.4–48.0 -22.5 -(26.9–17.0) 4.6 -8.9–30.6 

Loam 12.7 1.5–26.2 3.9 -6.6–14.3 -23.3 -(39.1–6.3) -21.5 -(29.5–13.1) 

Clay 4.3 -7.6–19.2 -10.4 -29.8–17.0 -7.1 -26.6–16.2 -42.8 -(61.7–17.0) 

a The number of experimental observations under different soil textures are 11, 3, 4, 18, 6, 51 and 762 

16 for NH3 emissions; 4, 13, 51, 16, 53, 20, 58 and 34 for N2O emissions; 9, 2, 8, 8, 4, 11 and 14 763 

for N leaching; and 13, 6, 24 and 5 for N runoff. 764 
b 

 766 

No data are available.  765 

 767 

 768 

 769 

 770 

 771 

 772 

 773 

 774 

Figure captions 775 

Fig. 1. Changes in soil properties and crop water use efficiency under straw return to 776 

croplands. The number of experimental observations is in parentheses. MBN, 777 

microbial biomass nitrogen; SOC, soil organic carbon; MBC, microbial biomass 778 

carbon; DOC, dissolved organic carbon; LOC, labile organic carbon and CEC, cation 779 

exchange capacity. 780 

 781 

Fig. 2. Changes in crop yield (a), crop N uptake (b) and N use efficiency (c) for 782 

croplands using straw return. The number of experimental observations is in 783 

parentheses. T<4 years denotes that crop straw has been continuously used for less 784 

than 4 years. N rate denotes the application rate of mineral N fertilizer (kg N ha−1

 786 

).  785 
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Fig. 3. Changes in NH3 and N2O emissions induced by straw return to global 787 

croplands. The number of experimental observations is in parentheses. Clay means 788 

soil clay content (%). 789 

 790 

Fig. 4. Relationship between the changes in Nr losses (lnRR) under straw return and 791 

straw C/N ratio. Negative values of lnRR denote a reductive effect of straw return on 792 

Nr losses. 793 

 794 

Fig. 5. Changes in N leaching and runoff induced by straw return to global croplands. 795 

The number of experimental observations is in parentheses. Clay means soil clay 796 

content (%). 797 

 798 

Fig. 6. Relationship between the changes in Nr losses (lnRR) under straw return and 799 

soil clay content. Negative values of lnRR denote a reductive effect of straw return on 800 

Nr losses. 801 

 802 

Fig. 7. Relationship between the changes in SOC content (lnRR) and Nr losses (lnRR) 803 

induced by straw return to global croplands. Negative values of lnRR denote a 804 

reductive effect of straw return on Nr losses.  805 

 806 

Fig. 8. Overall effects of straw return on soil C dynamics, crop productivity and 807 

reactive N losses. SOC, soil organic carbon; DOC, dissolved organic carbon; MBC, 808 

microbial biomass carbon; MBN, microbial biomass nitrogen; DON, dissolved 809 

organic nitrogen. NUE, nitrogen use efficiency; WUE, water use efficiency. Data on 810 

the changes in CH4 emissions from rice paddies and CO2 emissions from upland 811 

(27.8%) and rice paddies (51.0%) under straw return were derived from Liu et al. 812 

(2014).   813 
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